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Abstract: The thesis addresses various applications of drop coating deposition
Raman (DCDR) spectroscopy. The first part tackles the capability of detecting
agricultural (thiram, bentazon, picloram) and food (melamine) contaminants.
Moreover, the detection of melamine from intentionally blended real infant formula
was investigated. It was demonstrated that for successful detection, not only
the pre-concentration, but also the spatial segregation of compounds together
with potential interaction between them could be crucial. DCDR was shown
to be a powerful yet simple approach for detecting contaminants. The second
part deals with DCDR application for studies of dried phospholipids. It includes
the discussion of drying dynamics of liposomal suspension droplet, comparing
dried patterns (smooth/nanostructured substrate, homogeneous/non-homogeneous
suspension) and analysing the difference between DCDR spectra and Raman
spectra acquired directly from suspension (Raman tweezer microspectroscopy).
Finally, conformational changes in the dried deposit triggered by heating (the
thermotropic behaviour) or by drying at different relative humidity were monitored.
DCDR showed great potential to contribute to the investigation of fundamental
properties of biomolecules in the absence of water. As straightforward as the
method is, it provides valuable information, combining the analysis of the drying
process and the observation of the dried pattern with detailed spectroscopic study
by Raman spectroscopy.
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Abstrakt: Práce se zabývá různými aplikacemi Ramanovy spektroskopie kapkově
nanášených povlaků (DCDR). První část je věnována detekci jednoho potravi-
nového (melamin) a tří zemědělských (thiram, bentazon, picloram) kontaminantů.
Melamin jsme dále zkoušeli detekovat i ze záměrně kontaminovaného vzorku
kojenecké výživy. Pro úspěšnou detekci se jako rozhodující ukázalo nejen zakon-
centrování, ale také prostorové vydělení a potenciální interakce složek ve vzorku.
Ukázali jsme, že DCDR je jednoduchá, ale zároveň účinná metoda pro detekci
kontaminantů. Druhá část se zabývá aplikací DCDR ke studiu vyschlých fos-
folipidů. To zahrnuje diskusi o dynamice schnutí kapky lipozomální suspenze,
srovnání vyschlých depositů (na hladkém/nanostrukturovaném substrátu, schnutí
homogenní/nehomogenní suspenze) a analýzu rozdílu mezi DCDR spektrem a
Ramanovým spektrem získaným přímo ze suspenze (Ramanova pinzeta). Následně
byly pozorovány konformační změny vyschlých fosfolipidů vyvolané zahříváním
(termotropní chování) nebo sušením při různých relativních vlhkostech. Metoda
DCDR ukázala, že má velký potenciál přispět ke zkoumání základních vlastností
biomolekul v nepřítomnosti vody. Jakkoli je metoda přímočará, poskytuje cenné
informace, přičemž umožňuje kombinovat analýzu procesu schnutí a pozorování
vyschlého depositu s jeho detailním spektrálním rozborem pomocí Ramanovy
spektroskopie.
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1 Introduction
The phenomenon of inelastic light scattering, Raman scattering (RS), attracts

wide attention in the field of chemical and biological analysis. RS spectroscopy is
an essential non-invasive technique that carries fingerprint information extracted
from recorded Raman spectra. For biological analysis (biologically important
molecules and their complexes), RS spectroscopy benefits, in contrast to infrared
(IR) spectroscopy, from the minimal interference from water bands in the relevant
fingerprint region. Contrarily, the serious drawback of RS is the weak cross-section
when the maximum of the inelastically scattered photons is only one from about
105 − 107. Thus, relatively highly concentrated samples (more than 1 mM) and
large amounts of material (more than 1 µg) are needed to obtain a sufficient
signal-to-noise ratio. Particularly for biological samples, these concentrations do
not reach physiologically relevant concentrations. There are several options to
improve the measured RS intensity enough to be sensitive and specific to detect
and identify an analyte of interest at low concentrations.

The surface-enhanced Raman scattering (SERS) spectroscopy is a well-known
approach profiting from electromagnetic enhancement in which the incident light
induces localised surface plasmon resonance on the metallic plasmonic (mostly
Ag, Au or Cu) nanostructures, producing huge enhancement of the Raman signal
[1]. The second enhancing mechanism in SERS spectroscopy, which is nowadays
widely studied, is a chemical enhancement, explained by photo-induced charge
transfer between the adsorbed molecule and the substrate [2]. The SERS method
has been significantly developed and is fruitfully used in various studies and
applications [3]. However, applicability is not straightforward to any molecule and
comes with spectral variations and problematic spectral reproducibility influenced
by enhancement mechanisms and used substrates. Thus, an alternative method
is presented here to broaden the measurement options and obtain improved
Raman signal from low-concentrated solutions or suspensions. Drop coating
deposition Raman (DCDR) scattering spectroscopy offers an intensity increase in
the acquisition of classical (non-enhanced) Raman spectra [4, 5, 6].

1.1 Principle of drop coating deposition Raman
(DCDR) spectroscopy

The DCDR method benefits from a simple process of solvent removal by
evaporation from droplet deposited on a hydrophobic substrate. Subsequent
analyte pre-concentration into dried patterns allows the acquisition of the classical
Raman spectra from pre-concentrated locations (Figure 1.1). The dried patterns
can have different forms, such as coffee-ring, small spots or crystals, as will be
further discussed. After droplet deposition and completion of evaporation, the
substrate with a dried pattern is placed under a microscope objective, where the
Raman spectrum is measured. To obtain a spectrum with a high signal-to-noise
ratio, a small initial volume of the low-concentrated sample is sufficient. This
approach improves sensitivity by several orders of magnitude compared to normal
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Raman measurement from solution or suspension [7]. Moreover, Raman spectral
mapping can be used to investigate the possible spatial separation of a solution´s
constituents and analyse the impact of the drying process on analyte properties
in the dried state and potential variations in acquired spectra. The starting point
for the method development was very likely the observation of a simple process
of drying the spilled liquid drop of coffee (generally droplets containing insoluble
particles). The primary mechanism was first more precisely described by Deegan
in 1997 [8]. The phenomenon where coffee, initially dispersed over the entire drop
volume, becomes, after drying, pre-concentrated into a ring pattern is known as a
coffee-ring effect.

Figure 1.1 The principle of the DCDR method: deposition of a droplet of low-
concentrated liquid sample on a hydrophobic (solvophobic) substrate followed by solvent
evaporation. The classical Raman spectrum is collected from the formed, dried pattern.

1.2 Formation of dried pattern
Deegan and colleagues stated that capillary flow in drying droplet with pinned

contact line on the surface ensures that liquid evaporated from the edges is
replenished by liquid from the interior. Outward flow in the drying droplet is
thus responsible for carrying dispersed material to the droplet edges to form the
coffee-ring dried pattern, as observed for coffee [8]. The mentioned mechanism
was assumed to be independent of the used substrate, solvents or deposited solids
(solutes) and was explained by only geometrical constraints such as a free surface
limited by a pinned contact line. On the other hand, the authors admitted that
additional effects not considered in their calculations could significantly modify
the deposition pattern [9]. For example, vertical mixing, viscous stresses, solute
interaction, diffusion (for smaller solute particles), sedimentation (for larger solute
particles) or Marangoni effects were not included. Since then, a number of studies
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have been conducted to investigate the drying phenomena experimentally with
the aim of controlling the morphology of dried patterns after solvent evaporation,
although often with no straightforward theoretical explanation [10, 11, 12, 13].
The pattern formation during free drying of a deposited droplet is an intricated
process influenced by numerous ways such as solute concentration [14, 15], solute
particle size and shape [16], ionic strength [17, 18], different solute mixtures [19],
environmental conditions (temperature, pressure, humidity) [20, 21], substrate
properties including its temperature, hydrophobicity or roughness [15, 22, 23, 24].

The Marangoni effect, when surface tension gradients drive the additional
flow at the liquid-gas interface, is often studied and discussed [13]. The surface
tension is typically altered by the nonuniform distribution of solute concentration
or temperature variation along the interface or by adding surfactants, which
substantially decrease the liquid surface tension [25, 26]. Marangoni flow can
overcome the coffee-ring effect to promote spot pre-concentration to the central
part of the deposited droplet. In this way, a small spot-like or spot-inside-ring
pattern can be formed [13]. However, heating the liquid or adding surfactants is
often not a possibility for most biological samples. Generally, the formation of
dried patterns, including coffee-ring, often challenges the performance of relevant
industrial production processes. Across diverse fields (inkjet printing, biological
assays, coatings), there is a high demand for uniform dried patterns, and the
question remains how to achieve them. One of the solutions can be to work with
a sufficiently high concentration, which is slightly higher than the theoretical
concentration for filling the wetted contact area of the deposited droplet [27].
In addition, variation in solution pH modifies the particle-particle and particle-
substrate interactions and then, for optimal value, also leads to a uniformly dried
pattern [17]. Another outcome of the drying process of small droplets can be
analyte crystallization. Crystals are formed mainly from saline solutions but also
from molecules susceptible to hydrogen bonding and π − π interactions. The final
dried pattern is composed of small crystals and is influenced not only by initial
concentration but also by complex droplet-substrate interactions such as substrate
wettability and topological patterns on the substrate. Crystals can accumulate in
a coffee-ring or in the centre of the dried droplet. The underlying mechanisms
in crystal pattern formation are not fully understood, as there are difficulties
in distinguishing the main components of these patterns by current analytical
techniques [10, 28].

Generally, there is a wide spectrum of possibilities for dried patterns formed
by particles on the substrate (Figure 1.2). The above-mentioned patterns include
coffee-ring, spot-like patterns, uniform patterns, crystal patterns or others such as
crack patterns, slick-slip patterns [29] or their combination [10]. Some studies also
discussed the segregation potential of the evaporation process based on particle
size [30]. It was shown that non-interacting particles formed concentric coffee-rings
near the contact line with different diameters when the smallest particles were
separated to the outermost ring and the biggest to the innermost ring. The
separation resolution was strongly dependent on the initial concentrations of
solutes, and a higher concentration implies a decrease in separation distance.
To test the segregation capability of drying for biological samples, a mixture of
fluorescently labelled antimouse IgG antibodies (< 10 nm), Escherichia coli (order
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of 500 nm), and fluorescently labelled murine B-lymphoma cells (WEHI-231)
(order of 5 µm) was suspended in deionized water and left to dry, where the
size-dependent separation was successfully demonstrated [30].

Figure 1.2 White light images of dried patterns of biomolecules and contaminants.
(a) lipid dipalmitoylphosphatidylcholine (DPPC), 1 mg/ml, (b) lactose, 1.2 mg/ml, (c)
bentazone, 0.5 mg/ml, (d) melamine, 2 mg/ml, (e) picloram, 0.5 mg/ml.

1.3 Substrates used in DCDR
Substrates, as an integral part of DCDR spectroscopy, play an important part

in dried pattern formation. The minimal requirements for utilized substrates are
low optical absorbance, high optical reflectance and no or minimal Raman signal in
the region of interest. An additional relevant feature is substrate wettability, which
is the ability of a liquid to maintain in contact with a solid surface. Wettability
is characterised by a contact angle of the deposited liquid droplet (Figure 1.3A)
and influences the final dried pattern and pre-concentration of the analyte [15].
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Generally, the smaller the dried pattern, the better sample pre-concentration,
which results in the Raman signal of higher intensity. Throughout DCDR develop-
ment, various substrates (preferentially hydrophobic) were developed and tested,
including two commercially produced:

• SpectRIMTM substrate from Tienta Sciences based on polished stainless
steel overcoated with a thin (50 nm) hydrophobic layer with contact angle
for the water droplet of 122° (no more available).

• µ-RIMTM stainless steel substrate from BioTools with a contact angle for
the water droplet of 108°. This highly reflective surface has no detectable
Raman or IR background signal (still available).

Multiple non-commercial substrates with contact angles in the range of about
80°- 120° include polished CaF2 slides, silanized glass platforms, quartz slides, gold
foil, aluminium foil, thiol-modified gold-coated glass, and polytetrafluoroethylene
(PTFE) tape. A specific class of hydrophobic substrates are smooth fluorocarbon
surfaces produced using a fully solvent-free plasma-based deposition with radio
frequency magnetron sputtering of PTFE target, so-called PTFE substrates. We
showed that the DCDR performance of the PTFE substrates can be improved
by their nanostructuring with invariant chemical composition of the surface.
Nanostructuring of the PTFE substrates was achieved by gas-phase synthesis of
copper (Cu) nanoparticles (Nps), which were embedded in the PTFE layer. The
production process allowed precisely tailoring the roughness and wettability where
more Cu Nps were linked with a higher contact angle of the deposited droplet (see
Attachment A.6). In this way, highly hydrophobic as well as superhydrophobic
substrates can be fabricated. Generally, with a higher contact angle, the pre-
concentration of the analyte in dried pattern is more efficient [15, 31].

1.4 DCDR employed on biomolecules, biologi-
cally relevant molecules

Everything becomes more difficult when biological systems come into play,
where different processes, such as chemical reactions or degradation, can be present.
Moreover, water, as an essence of life and the most important biochemical, repre-
sents a natural environment for biomolecules such as proteins or lipids, where the
desiccation process can lead to structural and packing alterations. Most research
on biological samples has been, therefore, conducted in water. The structural
integrity and function of biological membranes are undoubtedly dependent on the
surrounding water molecules. Dehydration can lead to irreversible or reversible
(anhydrobiosis) changes, which are still not fully understood [32]. Biological
membranes are the primary sites of different external stresses, such as drying.
As hydrophobic interaction is one of the key elements in the structural stability
of biomembranes, the removal of water has multiple consequences. Raman spec-
troscopy is commonly employed in lipid studies, generally for liposome suspension,
supported lipid bilayers or other self-assembling aggregates [33, 34, 35].

The first experiments with drying biological fluids started with urine droplets,
and in recent years, researchers have paid attention to the pattern formation of

12



Figure 1.3 (A) Definition of contact angle of a deposited droplet on the solid substrate
and (B) several examples of substrates employed in DCDR together with contact angle
of water droplet: (a) commercial SpectRIMTM, 122°, (b) commercial µ-RIMTM, 108°,
(c) nanoroughened platform with tailored hydrophobicity by embedded metal Nps in
PTFE layer, (d) smooth polished CaF2 glass, 90°, (e) thiol-modified smooth gold coated
glass, 110°.

biofluids such as tears, blood or serum with a focus on diagnosis and therapy [36,
37, 38]. The extension of the drying process of biological fluids by analyzing dried
patterns using RS was carried out by the pioneering work of Zhang et al. in 2003
on samples of lysozyme and human insulin protein [7]. From that time, more
DCDR research followed, focusing on biomolecules and biofluids [39, 40, 41, 42, 43,
44]. However, controlling pattern formation from biologically interesting molecules
is still a challenging task. The requirement for DCDR performance and acquisition
of Raman spectra is the successful pre-concentration of the analyte per se, not
the specific pattern. However, being able to predict and control the formation
of reproducible dried patterns of the studied analyte would be advantageous for
further method development where specific tailored applications would be possible.

Further and detailed information concerning DCDR studies over the last 15-20
years on different biologically important molecules (proteins, lipids, porphyrins
etc.) and biological fluids (tears, urine, serum) was summed up in our two review
papers (see Attachments A.3 and A.4). We covered the principle, a short history
of the method, including its state-of-the-art, and our contribution to the method’s
development. Moreover, as the droplet deposition process employed for successful
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pre-concentration has received considerable attention in Raman spectroscopy,
we also reviewed the progress of the analytical application of droplet deposition
Raman spectroscopy including not only DCDR but also SERS (see Attachment
A.5).
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2 Aims and objectives of the
theses

The main goal of the thesis was to explore the potential of the DCDR method in
the study of biomolecules and biologically important molecules. The approach was
first mentioned at the beginning of 21st century and was continuously developed
also in our research group, including testing and comparing commercial vs non-
commercial substrates and method application using them [31, 45, 46, 47, 48, 49,
50, 51, 52, 53, 54]. This thesis is a straightforward continuation of the utilization
of the DCDR method, along with an outline of its further potential.

2.1 Detection capability of DCDR
The first part focuses on employing the DCDR to detect selected agricultural

(thiram, bentazone, picloram) and food (melamine) contaminants from the low-
concentrated aqueous solution. The aim was to observe changing dried patterns
and to find the characteristic vibration in Raman spectra, which would allow
us to detect selected contaminants and determine the lowest DCDR detected
concentrations in deposited droplets using commercial SpectRIMTM substrate.
Additionally, we compared the achieved DCDR sensitivity with already published
SERS detection limits if possible.

Furthermore, the fungicide thiram was analysed for a better understanding
of its properties in degraded and undegraded forms. For that, DCDR results
were compared and discussed among additional SERS measurements and density
functional theory calculations (study done with collaboration).

Focusing on melamine, DCDR’s capability to detect melamine from melamine
blended infant formula was investigated. Firstly, pure milk infant formula was
studied by DCDR, where spatial segregation in the dried pattern was revealed for
carbohydrates and lipids. Then, melamine susceptibility to milk infant formula’s
main constituents, such as lactose and selected lipids, was tested. The simple
melamine blended models helped us to predict the melamine behaviour in the
melamine blended infant formula and its presence in the dried pattern.

2.2 Properties of dried phospholipids explored
by DCDR

The second part deals with employing DCDR on liposomal suspensions, where
the effect of the drying process on conformational changes and thermotropic
behaviour is studied. Liposomal suspensions composed of fully hydrated bilayer
aggregates are generally studied as model biomembranes. However, studying the
drying of liposomal suspension can shed some light on processes such as membrane
fusion or molecular interaction without the interference of water. Considering
applying the DCDR on liposomal suspension, we studied the drying process on
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different substrates (smooth and nanoroughened) by monitoring the droplet drying
dynamics and comparing the dried patterns. Then, we focused on the influence of
unilamellar homogeneous vs non-homogeneous liposomal suspension (in liposome
size, lamellarities and weights) on formed dried patterns. Applying the DCDR
approach to liposomal suspension composed of one kind of lipid, we compared
single spectra from different locations throughout the dried pattern to better
understand the possible inhomogeneity of the coffee-ring patterns. This was
followed by the study of the Raman spectral differences between fully hydrated
liposomes vs dried liposomal suspension. For this purpose, the Raman tweezer
microspectroscopy (RTM) approach was applied on liposomal suspension when
final spectra were compared with DCDR spectra acquired from dried patterns.
Finally, the thermotropic behaviour of dried liposomal suspensions was monitored
for selected phospholipids differing in the hydrocarbon chain length or polar head
group, with the motivation of discussing changes in the conformational order of
dried lipid aggregates when heated. Drying at different relative humidity (RH)
was also tested to better understand its influence on final dried patterns and
conformational order.
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3 Studied samples

3.1 Contaminants
Focusing on the DCDR performance in the detection of agricultural and food

contaminants from aqueous solution, the following compounds were selected

Thiram (bis(dimethylthiocarbamyl) disulphide) sulphur-containing fungicide that
serves as an animal repellent to protect fruit trees and prevent deterioration of
harvested crops in storage or transport from a variety of fungal diseases. This
compound can lead to liver damage and digestion issues due to its breakdown to
form the carbon disulfide in the body. The European Union has banned the use
of thiram in plant protection products on all commodities, as per Commission
Regulation (EU) 2022/1406, which amended Regulation (EC) No. 396/2005.
Therefore, monitoring possible illicit use is necessary.

Bentazone (3-isopropyl-2,1,3-benzothiadiazin-4-one 2,2- dioxide) is a herbicide
applied aerially on food crops to control the spread of weeds occurring among the
food crops by inhibiting photosynthesis. It can be dangerous due to its toxicity
and mutagenic effects.

Picloram (4-amino-3,5,6-trichloro pyridine-2-carboxylic acid) is a systemic her-
bicide used for broadleaf weed control in pasture and rangeland, wheat, barley,
oats, and woody plant species. It causes uncontrolled growth of the plant cells,
leading to the plant death.

Melamine (2,4,6-triamino-1,3,5-triazine) is known as a food additive for the
apparent elevation of protein content due to its high content of nitrogen, infamous
for infant formula contamination in China in 2008 and pet food in 2004 and 2007
[55, 56]. Excessive consumption can lead to the formation of kidney stones.

Furthermore, melamine detection from intentionally blended real infant for-
mula was tested with two types of local infant formula. To investigate the possible
chemical reaction of melamine with main infant formula constituents affecting the
dried pattern, simple model mixtures of the melamine-lactose and melamine-lipid
were prepared.

3.2 Membrane phospholipids
Biological membranes are highly complex and dynamic. They play a key role

in the structure and function of all cells. Extensive research has been held focusing
on the composition, structure and function of membranes and lipids in a hydrated
state since the membrane structure is stabilised by the hydrophobic effect. It is
known that five forces contribute to membrane stabilization: a hydrophobic effect
(the most prominent), caged tails, head-head interaction, head-water interaction,
and van der Waals interaction. It is noteworthy to mention that membranes (and
other self-assembling lipid aggregates) are stabilized without any covalent bonds
holding them together. Biological membranes are composed primarily of lipids
and proteins with significant variations in their relative amounts. Here, we are
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focused on membrane lipids, particularly phospholipids, as the major components
of plasma membranes. Phospholipids are amphipathic molecules in which a
hydrophilic head comprises the phosphate-containing group, and the hydrophobic
part comprises two fatty acids (FAs) known as an acyl (or hydrocarbon) chain.
Most common FAs have an even number of carbons (C), such as C14, C16, or C18
and different degree of unsaturation. Numerous long-range structures (phases)
of lipid amphipathic molecules in water are referred to as ”lipid polymorphism”.
Only four lipid phases are believed to be stable at high water content, which are
lamellar (bilayer, liposome), inverted hexagonal HII, cubic Q224 or Q227. The final
phase depends on the molecular shape of the lipids, which is derived from the
ratio of the cross-sectional area of the polar head group at the aqueous interface
and the cross-sectional area at the bottom of acyl chains [57].

The lamellar phase is the most prominent phase for biological membrane
structure. However, even the lamellar phase can exist in several variations
depending on the temperature. Upon heating, the lamellar phase undergoes
multiple thermotropic phase transitions where the most distinct transition is from
a solid-like gel (Lβ´) to a liquid-like crystalline phase (Lα) denoted as melting
behaviour (Figure 3.1). Upon heating, rotation of the C − C bonds results in an
accumulation of gauche kinks in the acyl chain linked with the conformational
disorder, which is characteristic of the liquid crystalline phase. Compared to
the gel phase, the liquid crystalline phase is, thanks to the gauche kinks, more
poorly packed, more fluid, more permeable, thinner, less stable, and disordered,
and it occupies a larger area per lipid. For hydrated lipid structures, the phase
transition is highly cooperative and occurs over a very narrow temperature range.
The cooperativity of transition decreases with a decrease in lipid purity [58]. The
temperature of the main thermotropic phase transition T m, when two phases
coexist, is influenced by the length of acyl chains, polar head group and degree
of unsaturation. The longer or the more unsaturated acyl chain, the higher
T m (for a more detailed description of lipid polymorphism, see [57, 59, 60]).
Monitoring the lipid thermotropic phase transitions in the fully hydrated state,
has been the subject of numerous studies using different methods, including Raman
spectroscopy [61, 62, 63]. However, the behaviour of amphipathic molecules in
anhydrous or poorly hydrated form can be different, including the phase transition
[64]. Therefore, in our studies, several phospholipids were selected to explore
the capabilities of DCDR to investigate the properties of dried lipids focusing
on thermotropic phase transitions and the conformational order. We employed
DCDR to study dried liposomal suspension of phospholipids differing in the polar
head or length of the acyl chain:

DPPC (dipalmitoylphosphatidylcholine, 16:0 PC) - choline head group (neutral),
acyl chain contains two saturated C16 FAs, T m = 41 °C (fully hydrated)

DMPC (dimyristoylphosphatidylcholine, 14:0 PC) - choline head group (neutral),
acyl chain contains two saturated C14 FAs, T m = 24 °C (fully hydrated)

DOPC (dioleoylphosphatidylcholine, 18:1(∆9-cis) PC) - choline head group
(neutral), acyl chain contains two monounsaturated C18 FAs, T m = −17 °C (fully
hydrated)

DMPS (dimyristoylphosphatidylserine, 14:0 PS) - serine head group (anionic
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under physiological conditions), acyl chain contains two saturated C14 FAs,
T m = 35 °C (fully hydrated)

DOPS (dioleoylphosphatidylserine, 18:1 PS) - serine head group (anionic under
physiological conditions), acyl chain contains two monounsaturated C18 FAs,
T m = −11 °C (fully hydrated)

Figure 3.1 Schematic structural characteristics for a fully hydrated DPPC bilayer in
a gel phase and liquid crystalline phase [65, 66].
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4 Material and methods

4.1 Sample preparation
All studied contaminants and lactose were purchased from Sigma-Aldrich, Inc.

in the highest possible purity as powders (product number - PN):

• thiram - PN 43966, 99 % purity

• bentazone - PN 32052, 99.9 % purity

• picloram - PN 36774, 99.6 % purity

• melamine - PN M2659, 99 % purity

• α-lactose monohydrate - PN L3625, ≥99 % purity

Two powdered milk infant formulas Sunar (Sun) and Nutrilon (Nut) were
obtained from the local market. All lipids were purchased from Avanti Polar
Lipids, Inc. as powder:

• DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) - PN 850355

• DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) - PN 850345

• DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) - PN 850375

• DMPS (1,2-dimyristoyl-sn-glycero-3-phospho-L-serine) - PN 840033

• DOPS (1,2-dioleoyl-sn-glycero-3-phospho-L-serine) - PN 840035

• DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) - PN 850725

Structural formulas of all purchased contaminants and biomolecules (lactose,
lipids) are shown in Figure 4.1.

Contaminant stock solutions were prepared by dissolving powders in deionized
water in the highest possible concentrations (except melamine, which is highly
soluble in water). Stock solutions for each contaminant (thiram - 62 µM, bentazone
and picloram - 2 mM, melamine - 16 mM) were subsequently diluted as far as
their detection was possible. To obtain DCDR results from pure lactose and infant
formulas, powders were dissolved in water (lactose - 1 mg/ml, infant formulas - 7.83
mg/ml). Concerning melamine detection from infant formula, mixture solutions
were prepared by mixing powders followed by dissolution in water (details of
prepared mixtures can be found in Table 4.1).
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Figure 4.1 Structural formulas of studied samples including contaminants, lactose
and lipids.
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Liposomal suspensions were prepared following the standard protocol [67].
Lyophilized lipids were dissolved in an organic solvent (pure chloroform or chlo-
roform/methanol mixture) to achieve complete dissolution in a glass flask. A
stream of nitrogen was then used for solvent removal, allowing the formation of a
thin layer of lipid spread on a glass surface. Subsequently, deionized water was
added to the flask (to achieve the required concentration - 2 mg/ml, 1 mg/ml
or 0.5 mg/ml) for lipid hydration and spontaneous vesicle formation. Complete
hydration to cloudy liposome suspension was achieved by maintaining the sus-
pension at the temperature above the thermotropic main phase transition for 1
h and finally by applying an ultrasonic bath. To obtain a unilamellar liposomal
suspension, an apparatus LiposoFast-BasicTM (Avestin) was used with a porous
polycarbonate membrane filter with 100 nm pores. The liposomal suspension
needs to be extruded through a membrane filter approximately thirty-five times
above transition temperature to ensure liposomal unilamellarity. Figure 4.2 from
Cryogenic electron microscopy (Cryo-Tem) illustrates an example of prepared
liposomal suspension.

All solutions and suspension were prepared in deionized water (Milipore-Q
18.2 MΩ), and studied sample was deposited on chosen substrate (non-commercial:
CaF2 glass, polished stainless steel plate or commercial: SpectRIMTM, µ-RIMTM)
by micropipette as 2 µl droplet and let to dry freely at room temperature (RT) and
approximate RH of 55 % covered with a Petri dish (to avoid dust pollution) for
approximately 1 hour. Liposomal suspension dried at RH of 0.5 % was deposited
and left to dry in a dry cabinet (model XC-315).

To test the effect of nanoroughened substrate on a drying process and formed
dried pattern of liposomal suspension, a non-commercial substrate based on a
PTFE layer was used, where sandwiched Cu Nps governed controlled roughness (see
Attachment A.6). For temperature-dependent studies with liposomal suspension,
polished stainless steel substrates were employed.

Figure 4.2 Cryo-Tem images of unilamellar homogeneous liposomal suspension (100
nm) prepared from DOPC (0.7 mg/ml).
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4.2 Instrumentation
Two confocal Raman microspectrometers were used to study and analyse dried

patterns and to acquire Raman spectra (single point spectra, line spectra, spectral
maps). LabRAM HR800 (Horiba Jobin Yvon) equipped with 300 grooves/mm
grating, a nitrogen-cooled CCD detector and a He-Ne laser (excitation line at
632.8 nm) was used for contaminants´ detection and some lipid studies. For
spectra acquisition, 50×ULWD objective with 3 mW laser power on a sample was
used with typical single spectrum accumulation of 60 × 1 s. White light images
of dried patterns were taken using objectives with magnifications 5× , 10×, and
50×.

The Alpha300 confocal Raman microspectrometer from WiTec (Oxford In-
struments) was used to study the melamine blended samples, as well as for the
majority of lipid studies. The microspectrometer was used with different excitation
lasers (785 nm, 633 nm, and 532 nm) and different gratings (300 grooves/mm,
600 grooves/mm, 1200 grooves/mm) depending on the desired spectral sensitivity
in measured wavenumber interval and sample type. A Carl Zeiss 50×/0.55 LD
objective was used to focus on the sample and collect back-scattering radiation.
The objective reduced laser power on the sample by a factor of 0.689. Images
of the dried pattern were taken using objectives with 5× and 50× magnification.
Temperature-dependent measurements were conducted at the copper heating stage,
calibrated using PT100 element and controlled by the software (stabilised at each
measured temperature for 1 min, 1 ◦C step). Laser powers and acquisition times
(single point spectra, line spectra, and spectral maps) were adjusted so as not to
degrade the sample (during heating experiments, laser power of only 2 − 4 mW
prior to the objective was used). For more information about microspectrometer
confocality, see Attachment A.1.

Raman tweezer microspectroscopy (RTM) measurements of liposomal sus-
pensions were carried by the Alpha300 confocal Raman microspectrometer from
WiTec. RTM successfully combines optical trapping with Raman probing when
the same laser is used for optical trap and for the excitation of RS of trapped
particles (Figure 4.3). A laser of 785 nm was used with a maximal power of cca
128 mW measured prior to the objective. The laser beam was focused through a
water immersion objective (Olympus UPlanSapo 60×/1, 2 W), which was used
in direct contact with liposomal suspension (100 µl) placed on a CaF2 glass.
During the measurements, the focal waist is located inside the liquid suspension,
serving as an optical trap. The same objective (reducing the power by a factor
of 0.730) was used to collect scattered light in back-scattering geometry. The
Raman signal from nanosized liposomes is extremely weak and sits on top of
the water Raman spectrum as soon as the liposomes are optically trapped. For
that, longer acquisition times are needed. Raman spectra were acquired with a
grating of 300 g/mm using a time series software feature preserving each measured
accumulation. The acquisition time was 3×300 s in three series in total. For water
correction, a signal of water was acquired with 3×50 s acquisition in total for each
series, while the constant movement of the sample table (liposomal suspension
remaining in contact with the objective) minimized the probability of an optical
trap while maintaining the same sample environment. The process of optical
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trapping depends on liposome composition, size, concentration, density and laser
power [68, 69]. The lipid concentration in liposomal suspension measured by RTM
was 1 mg/ml.

Figure 4.3 Demonstration of optically trapped nanoparticle.

4.3 Data treatment
Spectra measured on an Alpha300 confocal Raman microscope were processed

in the associated software from the WITec Suite SIX package with automatic
calibration. All raw spectra were first treated with the ”Cosmic Ray Removal”
procedure to detect and remove cosmic ray spikes. For processing spectral maps,
where appropriate, the “True Component Analysis” tool was used to identify
the dominant spectral component of the scanned area. The procedure involves
fitting each acquired spectrum with a linear combination of basis spectra using
the least squares method. The intensity distribution of different components and
their averaged spectra are simultaneously created. Raman spectra of liposomal
suspension acquired by the RTM technique were corrected for water background
by subtracting the averaged water signal from the signal of liposomal suspension
by the appropriate factor. Baseline correction for all measured spectral sets
(DCDR, RTM) was applied using in-house-developed software using the orthogonal-
differences baseline correction method [70]. To analyse temperature-dependent
measurement, factor analysis was employed to determine subtle spectral differences
with rising temperature to ascertain the phase transition temperature. ImageJ
software was used to determine lateral parameters of dried patterns, such as the
width and diameters of coffee-ring patterns. Inkscape 1.2.2 (732a01da63, 2022-
12-09) was applied to construct the final images. OriginPro 2024b (OriginLab
Corporation) was used for general data treatment, including smoothing methods,
Savitzky-Golay or Fourier transform, depending on the character of the treated
data, and to create all final graphs.

4.3.1 Factor analysis
Factor analysis is a multivariate statistical method applied to large data sets

describing them by extracting all their commonalities into a smaller number of
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factors [71]. Factor analysis can be performed using different methods, such as
principal component analysis or singular value decomposition (SVD), with the
same abstract results. The latter was employed here. SVD procedure decomposes
matrix A of m × n to the following matrix multiplication:

A = UWV T (4.1)

For a set of single Raman spectra, each column n of the matrix A contains
one measured spectrum. In general, a spectrum is represented by a set of intensity
values assigned to a corresponding wavenumber. Thus, each row m in the matrix
stands for intensity values at a specific wavenumber of individual spectra. SVD
procedure applied to matrix A includes solving the eigenvalue equation providing
an orthonormal set of subspectra Sj(υ), an orthonormal matrix of corresponding
scores V ij and a set of singular values or weights W j.

Yi(υ) =
m∑︂

j=1
WjVijSj(υ) (4.2)

The output of factor analysis contains the set of subspectra, their statistical
weights (singular values), normalised coefficients (scores) indicating the relative
contribution of subspectra in individual spectra, and finally, residual errors. The
first subspectrum computed using SVD algorithms presents the principal shape
common to each spectrum in the measured set. Using least square analysis, it was
shown that this subspectrum approximates the measured set in the best possible
way [70]. The second and following subspectra reflect various spectral changes in
the analysed spectral set. Moreover, information from individual subspectra is
independent because of their orthogonality. The more subspectra is considered in
the sum 4.2, the better approximation of experimental spectra is achieved with
lower residual error. To obtain the factor dimension (number of minimum factors
to approximate experimental spectra), singular values or residual errors assigned
to the subspectra can be used, where the significant drop in the value is the
deciding factor. The number of values before the drop indicates the dimension.

Raman spectral changes related to temperature-dependent measurements of
lipids treated by factor analysis are reflected in subspectra (except the first one)
and corresponding scores. Furthermore, a simple two-state model can help analyze
the thermotropic phase transition by fitting the scores dependencies for individual
subspectra.

4.3.2 Simple two-state model for lipid phase transition
A two-state model is an established phenomenological description for lipid

phase transitions [72, 73]. Within the model, we presume that both phases, gel
and liquid crystalline, behave linearly with temperature in the analysed region.
The transition from form A (gel) to form B (liquid crystalline) can be written as
follows:

A
K−→ B, K = cB

cA
(4.3)
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Regarding the form concentrations cA and cB, we can write:

cA + cB = 1, cA = 1
K + 1 , cB = K

K + 1 (4.4)

From thermodynamics, we utilized relations between equilibrium constant,
temperature, and changes in thermodynamic parameters linked to lipid phase
transition:

K = e− ∆G
RT , ∆G = ∆H − T∆S (4.5)

Where ∆G, ∆H, ∆S are changes in Gibbs energy, enthalpy and entropy, R
stays for the ideal gas constant, and T represents the absolute temperature.

Temperature of the phase transition is for K = 1, which means:

T m = ∆H

∆S
(4.6)

Finally, using the above-mentioned formulae, we performed fitting on the
factor analysis results according to the following relation by the linear least squares
method:

N∑︂
i=1

D∑︂
j=1

[
√︂

W jV ij − (aj0 + aj1ti)cA
i − (bj0 + bj1ti)cB

i ]2 = min (4.7)

Where N is the number of analysed spectra, and D stays for the factor
dimension of the measured spectral set.
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5 Results and Discussions

5.1 DCDR as a tool for contaminant detection
Generally, contaminants can be harmful, and both life and environmentally

threatening even in low concentrations. Therefore, their detection and identifica-
tion, even at trace concentrations, are required. Droplet coating and subsequent
pre-concentration of analyte into dried patterns represent a straightforward and
simple approach for sensitive detection. We focused on the DCDR detection
performance of selected agricultural and food contaminants, together with an
assignment of their characteristic vibrational modes according to which they could
be detected (detailed information in the Attachment A.7).

5.1.1 Agricultural and food contaminants
DCDR was employed to stock solutions of all selected contaminants (thiram,

bentazone, picloram and melamine). Stock solutions were subsequently indepen-
dently diluted into a series of concentrations for each contaminant according to
its DCDR spectra sensitivity. We observed dried patterns in different forms and
measured DCDR spectra from pre-concentrated locations (Figure 5.1). Picloram
exhibited two types of spectra depending on the deposited concentrations. Using
crossed polarization filters, we found out that the first type of spectrum corre-
sponded to amorphous picloram and the second type of spectra to crystalline
picloram. Both spectral types shared the distinct band of breathing vibration
at 1109 cm-1. To highlight the DCDR capability, the spectra of stock solutions
were measured under the same experimental conditions from liquid drops on a
microscope slide. As can be seen in Figure 5.2, no spectral features of contami-
nants are visible except the melamine band at 676 cm-1 assigned to its breathing
vibration. The lowest deposited concentrations detected by DCDR were deter-
mined as 0.31 µM, 20 µM and 2 µM, 6.4 µM for thiram, bentazone, picloram,
and melamine, respectively. Thiram was detected due to distinct S − S vibration
at 560 cm-1, bentazone was detected due to its partial breathing vibration at
1037 cm-1, picloram was detected due to its breathing vibration at 1109 cm-1 and
finally, the melamine was detected due to its breathing vibration at 676 cm-1.
Concerning thiram, the sophisticated SERS detection using Au@Ag nanoparticles
and paper-based microfluidic allowed its detection at 10-9 M concentration [74].
Additionally, DCDR measurements of thiram were further extended to analyse the
thiram behaviour in solution and solid phases to understand its properties (study
done with collaboration). DCDR results were discussed together with our SERS
measurements and density functional theory calculations. It was found that the
thiram molecule is susceptible to hydrogen bonding with chloroform and can be
coordinated to the silver nanostructured SERS substrates not only in the degraded
form but also in the undegraded form (more details in the Attachment A.8). SERS
detection of melamine using common Ag and Au Nps or solid nanostructures
allowed for detection of 10-7 −10-8 M concentration [75]. No SERS detection study
for comparison was found for bentazone and picloram.
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Figure 5.1 Results of DCDR detection of selected contaminants at different
concentrations including formed dried patterns, acquired spectra and highlighted
characteristic vibrations.
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Figure 5.2 Raman spectra of stock solutions of each studied contaminant: thiram,
bentazone, picloram and melamine.

5.1.2 Detection of melamine from real infant formula
Melamine DCDR detection from real infant formula was performed with two

kinds of pure infant formula (Sun and Nut). For dried patterns from both milk
samples, we observed the formation of distinct rings with the remaining thin
film spread in the central part as seen in Figure 5.3a and c. Acquired Raman
spectra revealed the segregation potential of the drying process. The ring edge
was mainly composed of lipids, particularly oleic acid, the most abundant FA in
infant formula. The thin central layer was mainly composed of carbohydrates,
mostly lactose. Comparing the spectra from both tested milk samples, Sun and
Nut, we observed only subtle differences (Figure 5.3b and d). Thus, we could see
a similar separation of solution constituents for both studied kinds of milk with
slightly different compositions.
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Figure 5.3 White light images of dried patterns of the (a) Sun and (c) Nut with
corresponding DCDR spectra accumulated from the edge rings and thin central layer
for (b) Sun and (d) Nut.

The main constituents of infant formula are oleic acid as fat and lactose
as a carbohydrate. The susceptibility of melamine to these compounds was
explored by simple melamine blended models that were prepared for DCDR
analysis. Melamine blended lipid mixtures, DOPE-mel and DOPC-mel, were
compared with corresponding pure liposomal suspensions from DOPE and DOPC.
A distinct coffee-ring dried pattern was formed for each sample, as is generally
observed for liposomal suspensions. However, Raman spectral mapping from the
DOPE-mel ring pattern treated by the ”True component analysis” procedure
(from Witec software) revealed the presence of melamine due to its characteristic
breathing vibration at 687 cm-1. From the spatial distribution of calculated
components, we determined that DOPE lipid was mainly pre-concentrated in the
outer ring pattern, and melamine was partially separated into the inner parts
of the ring (Figure 5.4). However, the measured Raman spectral map suggested
that melamine partially interacted with DOPE during mixing and drying. We
assumed that interaction was due to the DOPE polar head containing an amine
group prone to form hydrogen bonds with melamine molecules. To confirm or
exclude our assumption, we did the same experiment with DOPC (the same acyl
chain, different polar head group). Comparing pure DOPC and DOPC-mel dried
patterns, the latter consisted of small spots inside the ring structure absent in the
pure DOPC pattern. Acquired Raman spectra revealed, that small spots were
formed by melamine, whereas the spectral map from the ring structure exhibited
only lipid bands (Figure 5.5). The drying process separated melamine (small
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spots) from lipids (the coffee-ring pattern). Thus, the incomplete separation of
melamine from DOPE was likely a result of the partial interaction of melamine
with DOPE, namely with the ethanolamine head group.

Figure 5.4 a) The white light image of the dried pattern DOPE-mel mixture with
indicated area for spectral mapping with (b) showing the spatial distribution of two
identified components. c) Average spectrum for both components together with the
reference spectrum of DOPE.

Figure 5.5 a) The white light image of the dried pattern DOPC-mel mixture with
indicated area for spectral mapping and b) average spectrum from spectral mapping
and single Raman spectrum from the indicated points together with the reference
spectrum of DOPC.
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Melamine blended lactose mixture, Lac-mel, was also tested and compared with
pure lactose. The dried pattern of pure lactose solution had a crystalline character
confirmed by crossed polarization filters and Raman spectrum (Figure 5.6a-d). Lac-
mel mixture dried into a uniform thin layer pattern with an amorphous character.
Moreover, the Raman spectral map exhibited a homogeneous distribution of
melamine band at 681 cm-1 together with the bands assigned to amorphous
lactose (Figure 5.6e-g). The loss of lactose crystalline character and the presence
of a melamine breathing vibration band for the Lac-mel mixture suggested an
interaction between lactose and melamine. Lactose as a potent reaction partner
for melamine was observed and previously reported [76, 77, 78].

Figure 5.6 a), b) White light images of pure lactose dried pattern with c) the image
using crossed polarising filters and d) single point Raman spectrum from pure lactose
dried pattern. e) The white light image of Lac-mel mixture dried pattern with the
indicated area selected for spectral mapping, f) melamine distribution throughout the
scanned area using a spectral filter for the band of melamine breathing vibration at 682
cm-1, and g) average Raman spectrum from selected area.

Finally, two melamine blended kinds of infant formula were tested. Dried
patterns formed from blended samples were indistinguishable from the ones of pure
infant formula. The acquired Raman spectra revealed the presence of melamine
only in the thin film spread in the central part of the blended dried patterns
together with carbohydrates, mainly lactose (Figure 5.7 top). Therefore, melamine
retained its reaction potential to lactose also in the complex milk mixture while
simultaneously separated from lipids. Raman spectral mapping was used to show
the homogeneous melamine distribution in the thin central layer (Figure 5.7
bottom). These findings represent a promising utilisation of the DCDR approach
as the simple and efficient method for compound detection (as contaminants)
based not only on the pre-concentration but also on the spatial distribution in
the dried pattern strengthened by its reaction potential in the mixed solution.

Detailed information about the spatial separation of infant formula’s main
constituents, together with melamine detection from melamine blended samples,
can be found in the Attachment A.9.
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Figure 5.7 Top: DCDR spectra of melamine blended infant formulas at different
concentrations (see Table 4.1) with highlighted melamine breathing vibration. Bottom:
The white light image of a dried pattern of intentionally blended infant formula (Nut
B) with an indicated area for spectral mapping and a demonstration of melamine
distribution throughout the scanned area using a spectral filter for the band of
melamine breathing vibration at 681 cm-1 together with an average Raman spectrum
calculated from the scanned area.

5.2 Investigation of lipid properties by DCDR

5.2.1 Drying dynamics of liposome suspension
As previously described, drying of liquid droplets is a complex phenomenon.

Here, some aspects of liposomal suspension droplet drying dynamics are discussed
in the context of the generally accepted drying modes. Drying dynamics covers
observing a contact angle (CA) and a contact radius (CR) changes over time. A
common drying process monitored on different kinds of platforms includes several
sequential modes: constant contact radius (CCR) mode linked with CA decrease,
followed by constant contact angle (CCA) mode linked with CR decrease and a
mixed mode when both the CA and CR decrease up to the droplet diminishing [79,
80]. Modifications of drying dynamics influenced by the substrate properties are
mainly discussed with respect to water droplets. Here, we present the set of drying
dynamics of liposomal suspension droplets (2 µl) composed of unilamellar 100 nm
liposomes prepared from DPPC lipids. Non-commercial substrates, smooth PTFE
and nanoroughened ones with embedded Cu Nps in the PTFE layer were compared.
The deposition time of Cu Nps was 2 and 4 minutes, the corresponding substrates
were denoted as NpsCu2 and NpsCu4, respectively. The longer deposition of Nps
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leads to higher roughness and, thus, a more hydrophobic substrate. Moreover,
a set of water droplet drying dynamics on the same substrates is presented for
comparison.

A water droplet was deposited and left to dry freely at RT on each substrate
(PTFE, NpsCu2, NpsCu4). Figure 5.8a and b shows the time evolution of CA and
CR during the drying. We observe different drying dynamics of droplets dried on
smooth vs nanoroughened substrate. For smooth PTFE substrate (Figure 5.8c),
we can clearly determine three separate drying modes as previously described,
where CCR mode is followed by CCA and finally by mixed mode to the droplet
diminishing. For nanoroughened substrates (Figure 5.8d), only two drying modes
could be distinguished: CCR mode followed by mixed mode to the complete
droplet disappearance. CCA mode was effectively suppressed. Water droplets
remained pinned on the nanoroughened surface for almost the entire evaporation
time. This behaviour is in agreement with published results [81].

Figure 5.8 Drying dynamics (time evolution of a) CA and b) CR) of a water droplet
deposited on a smooth PTFE and nanoroughened NpsCu2, NpsCu4 substrates with
designation of the different drying modes (CCR, CCA, mixed) c) on smooth PTFE and
d) nanoroughened NpsCu2, NpsCu4 substrates.

Further, drying dynamics of unilamellar liposomal suspension prepared from
a 0.5 mg/ml lipid concentration were monitored. The evolution of CA and CR
with time for each substrate is shown in Figure 5.9a and b. We observe complete
suppression of CCA mode for each drying dynamics. The evolution of CR indicates
different drying modes of liposomal suspension on smooth substrate compared
to nanoroughened ones. Drying dynamics of liposomal suspension on smooth
PTFE substrate express CCR mode followed by mixed mode (Figure 5.9c) as
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Figure 5.9 Drying dynamics (time evolution of a) CA and b) CR) of a DPPC
unilamellar liposomal suspension droplet deposited on a smooth PTFE and
nanoroughened NpsCu2, NpsCu4 substrates with designation of the different drying
modes (CCR, mixed, CR expansion) on c) smooth PTFE and d) nanoroughened
NpsCu2, NpsCu4 substrates.

we could observe for water droplets on the nanoroughened substrate. A droplet
remained pinned on the smooth substrate almost to the end of the evaporation
process. Drying of liposomal suspension on nanoroughened substrate showed CCR
mode followed by CR expansion alongside the steep decrease in CA (Figure 5.9d).
Droplets on nanoroughened substrates stayed pinned to the contact radius for
approximately three-quarters of the complete evaporation process. After that,
droplet CR initially expanded by 10 % for NpsCu2 and 17 % for NpsCu4 and
subsequently shrank to droplet diminishing. This behaviour (not reported before)
is considerably different from liposomal suspension dried on the smooth substrate
and water droplets dried on the nanoroughened substrate, where CCR mode was
followed by mixed mode. It suggests that CR expansion mode has to be linked
to both the nature of the droplet (liposomal suspension) and the nature of the
substrate (nanoroughened).

Generally, drying of liposomal suspension is linked with a gradual increase in
liposome concentration as the water evaporates. Thus, we assume that liposomes
are warped when not enough water molecules are available to hold the liposome
structure via hydrogen bonding. Vesicles collapse and, based on simulations,
their deposition on hydrophobic substrate leads to unzipping at the substrate and
complete transformation into monolayer [82]. Moreover, water or lipid molecules
can be partially captured by the nanoroughened layer due to surface protrusions.
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From our point of view, both mentioned effects, the collapse of liposome entities and
capture by the nanoroughened layer, play an important role in drying dynamics,
particularly in CR expansion mode. The observed time evolution is considerably
different from the drying dynamics of water or solid Nps suspension described in
the literature [83, 84]. However, as no plausible explanation is available to our
knowledge, the observed mode needs to be further explored to be fully understood.

An adequate understanding of drying dynamics modes can help control the
formation of dried patterns for specific application and analysis. In the context of
the DCDR method, we compared and discussed dried patterns from liposomal
suspension formed on smooth PTFE substrate and nanoroughened NpsCu2 and
NpsCu4 substrates in the Attachment A.6. Drying a liposomal suspension leads to
the typical coffee-ring formation after an evaporation process on each tested sub-
strate. By observing dried patterns, we concluded that drying on nanoroughened
substrates led to the formation of coffee-rings with a smaller radius of the observed
rings together with smaller lateral ring widths (Figure 5.10) and, therefore, to
better pre-concentration of lipids, which was confirmed by acquired Raman spectra
as seen in Figure 5.11.

Figure 5.10 Widths and diameters of the ring dried patterns formed after drying of
a DPPC unilamellar liposomal suspension droplet.
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Figure 5.11 DCDR signal improvement for DPPC liposomal suspension by
employing nanoroughened substrates NpsCu2 and NpsCu4.

5.2.2 Dried patterns from liposomal suspension
Drying unilamellar liposomal suspension forms a nicely shaped ring pattern

known as a coffee-ring pattern. We showed how the chosen substrate and its
hydrophobicity linked with roughness can influence drying dynamics and dried
patterns, particularly the ring diameter and lateral ring width. Here, we will
demonstrate how the liposomal suspension itself can influence the formed dried
patterns. Homogeneous unilamellar liposomal suspension (100 nm) and non-
homogeneous liposomal suspension (prepared without extrusion) were prepared
from DPPC, DMPC and DOPC lipids (1 mg/ml lipid concentration) differing
only in hydrocarbon tail (length and saturation).

After deposition of 2 µl droplet of prepared suspension on a smooth substrate
(polished stainless steel in this case), we observed distinctive differences between
dried patterns from homogeneous and non-homogeneous suspension. Figure 5.12
demonstrates that drying a homogeneous unilamellar liposomal suspension formed
coffee-ring patterns for each selected lipid. For fully saturated DPPC and DMPC,
the ring surface is smooth when the ring of monounsaturated DOPC expresses
irregularities on the outer part of the ring. We assume that this is a result of
unsaturated acyl chains, which have higher conformational freedom. Drying of
non-homogeneous liposomal suspensions resulted in a fully covered circular dried
pattern with no distinctive ring structure as observed for homogeneous unilamellar
suspensions. We believe that this is achieved by a mixture of various liposome sizes,
lamellarities and weights (as a result of complete hydration and no extrusion),
which are influenced differently by the outward and inward flows induced during
the droplet evaporation.
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Figure 5.12 White light images of dried patterns of homogeneous unilamellar (on
the left) and non-homogeneous (on the right) liposomal suspensions of different lipids:
(a) DPPC, 1 mg/ml, (b) DMPC, 1 mg/ml, (c) DOPC, 1 mg/ml.
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5.2.3 Comparing Raman spectra measured from liposomal
suspension and from dried patterns

Hydration of phospholipids is still being studied using various techniques [85,
86]. It is known that the unsaturation of the hydrocarbon chain increases the chain
disorder just as the volume available for the lipid head group, which means an
increase in the amount of adsorbed water [87]. In RTM measurements, liposomes
are fully hydrated. In DCDR measurements, drying of the suspension from
unilamellar liposomes influences the bilayer conformation. It leads to minimizing
the volume between the head groups, and the cross-section area for one lipid
is smaller. This results in enhancing the lateral packing of the phospholipids
with hydrocarbon chains packed tightly together when solvent molecules (mainly
water) are fully or partially evaporated [87, 88]. Applying DCDR on unilamellar
liposomal suspension, Raman spectra are acquired from the coffee-ring pattern.
To determine what changes are distinguished using RS, we compared Raman
spectra acquired directly from unilamellar liposomal suspension by RTM with
DCDR spectra obtained from coffee-ring patterns dried from unsaturated DOPC
and DOPS lipids (1 mg/ml).

Firstly, the Raman signal was acquired from different locations of single dried
patterns (25 locations for DOPC and 32 locations for DOPS). To show spectral
variations, only a few spectra are presented in Figure 5.13a, together with indicated
locations on coffee-ring patterns. These DCDR experiments were done using a
laser of 785 nm with a power of cca 25 mW measured prior to the objective
(Carl Zeiss 50 × /0.55 LD with a power reduction factor of 0.689). Spectra were
recorded with 300 g/mm grating with 1 × 120 s acquisition. Measured Raman
spectra were firstly treated with the ”cosmic ray removal” procedure, then baseline
corrected by in-house-developed software using the orthogonal-differences baseline
correction method [70] and finally smoothed by Savitzky-Golay filter (window
width: 5, polynomial order: 2). Spectra were further normalised on δ(CH2)sc at
1440 cm-1. For both lipids, only intensity variations of Raman bands are observed,
and no wavenumber shifts. Intensity variations in the region of 800 − 950 cm-1

are characteristic of the change in chain order when higher intensity reflects a
disordered chain with higher gauche content [89]. Intensity variations of bands in
the 1030−1130 cm-1 region are also linked to the trans/gauche conformation when
the relative intensity ratio can be influenced by the position of gauche conformer
throughout the chain [89]. The band at 1268 cm-1 is linked with the unsaturated
bonds in the chain, whose intensity depends on the total number of double bonds.
Generally, these intensity variations result from different conformations of skeletal
C − C and C = C bonds in different locations of dried patterns, subsequently
influencing the lipid arrangement and its immediate vicinity. We assume that
mutual rearrangement could lead to a different change of polarizability, which
is directly linked to the Raman intensity. Interestingly, also choline head group
vibration at 716 cm-1 shows (for DOPC) intensity variations based on different
locations of the dried pattern. Assignment of the specific intensity changes to
specific lipid perturbations or different arrangements is the question of more
detailed measurements and analysis. However, it shows the heterogeneity of
coffee-ring dried patterns of monounsaturated phospholipids.
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Figure 5.13 a) Comparison of DCDR spectra for lipids DOPC and DOPS from
different locations of dried pattern and b) comparison of DCDR (averaged) and RTM
spectra of DOPC and DOPS with highlighted wavenumber shifts. Vibrational
denotation: ν - stretching vibration, δ - deformation vibration, ip - in-plane, op -
out-of-plane, g - gauche, tw - twisting, sc - scissoring, s - symmetric, as - asymmetric.
Band assignments can be seen in [88, 95, 93, 96, 97].
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Secondly, DCDR spectra were compared to RTM spectra (measured with
the same laser and the same grating covering the same spectral range) for both
lipids. We used the averaged DCDR spectrum from different locations (for DOPC
calculated from 25 spectra and for DOPS from 32 spectra) to obtain a better signal-
to-noise ratio. This means that possible intensity changes between the DCDR
and RTM spectrum could not be considered as a relevant indication of lipid state
change. All of the recorded raw RTM individual accumulations were first treated
with the ”cosmic rays removal” procedure. After that, each accumulation was
visually inspected, and spectra without (or very minor) liposome contribution were
eliminated from further treatment. The remaining spectra were corrected for water
background by subtracting the averaged water signal. Further, baseline correction
was applied using in-house-developed software using the orthogonal-differences
baseline correction method [70]. The resulting spectra were averaged, smoothed
by Savitzky-Golay filter (window width: 5, polynomial order: 2) and normalised
on 1440 cm-1 band. Figure 5.13b shows a comparison of the RTM spectrum and
averaged DCDR spectrum for both lipids. Excluding visible intensity changes,
we can distinguish differences in slight wavenumber shifts for several vibrations
for both lipids, particularly for ν(O − P − O), ν(C = O) and ν(C = C). The
most prominent shifts are observed for symmetric diester stretching vibration
ν(O − P − O), and carbonyl stretch ν(C = O). Both DOPC and DOPS lipid
molecules contain two C = O bonds connecting the head group with two acyl chains
and one phosphate group as a part of a polar head group. Non-ester phosphate
oxygens and carbonyl oxygens are the primary targets for water molecules to
stabilise liposomes by hydrogen bonding [90, 91, 92]. It is well known that
hydrogen bonding shifts the wavenumber position of the stretching vibration
to the lower frequency. However, the Raman signal of ν(P = O) vibration is
not unequivocally resolved, and it is spectrally overlapped by the vibration of
ρ(= CH2) [93]. On the contrary, infrared (IR) spectroscopy, as a complementary
vibrational method to RS spectroscopy, is much more sensitive to polar groups,
whose bands are clearly visible and readily distinguished. Thus, the wavenumber
shift of PO2

- due to lipid hydration in IR spectra can be easily monitored and
studied [94, 85]. On the other hand, the clearly distinguished Raman band of
ν(C = O) is shifted as expected to lower wavenumbers for the fully hydrated
sample, as seen in the RTM spectrum, compared to the dried sample reflected in
the DCDR spectrum.

Concerning the phosphate diester group (O − P − O) embedded in a lipid
molecule in the hydrophilic part, we can assume that the frequency of the vibration
is influenced by tightly packed phospholipid molecules with a lower amount of
water. For symmetric diester stretching vibration ν(O − P − O)s, there is an
evident shift to a lower wavenumber (for DCDR), which is reported in other
studies on different anhydrous phospholipids [93, 95]. Calculations of O − P − O
rotational isomers for different dihedral angles of both P − O bonds showed that
ν(O − P − O) vibrations are affected not only in intensity variation but also in
wavenumber shift [98]. Rotation about both P − O bonds simultaneously has
a similar but stronger effect than rotation about one P − O bond. Minimum
values for symmetric stretching vibration were assigned to the cis conformer
about the bond, and the maximum value was assigned to the trans arrangement
[98]. Furthermore, for both lipids, a slight wavenumber shift between DCDR

42



and RTM spectra is noticed for ν(C = C) group. This band is significant for
unsaturated lipids, as it is assigned to the stretching vibration of the unsaturated
olefinic bond. The position of the olefinic stretch is generally affected by various
processes, including (C = C) bond isomerization, conjugation of (C = C) bonds or
cyclization reaction. These processes are characterised by specific spectral changes
(more can be found in [99]), which are not present in our spectra. Moreover,
the position of this band can also be affected by the conformation of adjacent
bonds, where a slight change can shift the position by a few wavenumbers [96,
100]. From the above-mentioned processes, we assume that a slight wavenumber
shift is linked with minor conformational changes of adjacent bonds induced by
the drying process of liposomal suspension.

In conclusion, DCDR spectra acquired from different locations from dried
patterns express relative intensity variations mainly linked with the C − C and
C = C skeleton conformational changes, such as alterations in gauche conformer
content or its position in the acyl chain, but no wavenumber shifts. However,
RTM spectra compared to DCDR spectra exhibited wavenumber shifts, which
were assigned to the different levels of lipid hydration and also to the different
rotations of the O − P − O bonds in the dried and fully hydrated lipid aggregates.

5.2.4 Thermotropic phase transition of phospholipids
The DCDR method was used to monitor the thermotropic phase behaviour of

selected phospholipids. This was done from dried liposomal suspension patterns
using 532 nm laser and gratings of 600 g/mm. A substantial study has been
performed so far to investigate the conformationally dependent features in Raman
spectra of fully hydrated phospholipids. They include monitoring the thermal
behaviour through changes in ratios of relevant spectral bands. Less was done on
anhydrous of poorly hydrated lipid aggregates (dried). Besides, most studies have
been conducted on lyophilized phospholipids and not on the dried aggregates, as
here. The conformational order/disorder of hydrocarbon chains has a direct impact
on the structure and function of lipids. RS is sensitive to lipid conformational
changes occurring during the lipid thermotropic phase transition [61]. Raman
spectra obtained from the gel and liquid crystalline phase reflect changes related to
the structural alternations during the transition. Upon heating, changes in spectral
bands (intensity ratio, wavenumber shift and broadening) can be observed mainly
in spectral regions of 2800–3100 cm-1 assigned to C − H stretching vibrations or
region of 1050–1150 cm-1 assigned to C − C stretching vibrations of hydrocarbon
chains. Here, we focus on the C − H stretching region, which is the most intense
part of the phospholipid spectrum (Figure 5.14).

Three phospholipids that differ in the acyl chain length and the polar head
group were selected for temperature-dependent measurements: DPPC, DMPC,
and DMPS (Figure 4.1). DCDR spectra from dried patterns were acquired in the
temperature range covering the main phase transition from gel-to-liquid crystalline
phase as seen in Figure 5.15 (DPPC: 32 - 100 ◦C, DMPC: 24 - 80 ◦C, DMPS:
30 - 85 ◦C). For each measured phospholipid, we observe significant temperature-
dependent changes. Factor analysis using the SVD procedure was performed
on the acquired spectral sets individually. As already described, this statistical
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Figure 5.14 White light image of a dried pattern of unilamellar liposomal suspension
of DPPC lipid (0.5 mg/ml) with the corresponding DCDR spectrum. Vibrational
denotation: ν - stretching vibration, δ - deformation vibration, ip - in-plane, op -
out-of-plane, g - gauche, tw - twisting, sc - scisoring, s - symmetric, as - asymmetric.
Band assignments can be seen in [88, 95, 93, 97, 96].

treatment gave us the set of subspectra (S), their statistical weights (W ), and
normalised coefficients (V ), indicating the relative contribution of subspectra in
individual spectra, and residual errors (E). Results of factor analysis (Figure
5.16 for DMPC) indicated a factor dimension of 4 for each treated set (factor
analysis results for DPPC and DMPS can be seen in the Attachment A.2). The
second, third and fourth subspectra show the relevant changes in the spectral
shape throughout the measured temperature range, where the second is the most
dominant one. The most distinct changes (Figure 5.16 S2) are wavenumber shifts
of the ν(CH2)s and ν(CH2)as together with intensity changes of ν(CH2)as and
ν(CH3)as and ν(CH2)as broadening. These changes reflect the general trend of
gradually increasing disorder in the acyl chains. Specifically, the wavenumber
shift towards higher positions means the increase in decoupling of the chains [97].
Band broadening suggests the existence of several possible conformations through
the forming of gauche conformers [88].

In order to deduce the T m, the results of factor analysis were described as
a simple two-state model. Within the model, the temperature dependence for
gel and liquid crystalline phases was approximated by linear behaviour in the
analysed region. A least squares method was used to fit the scores from factor
analysis results (red line on Figure 5.16). The T m for each lipid was determined
as follows, T m(DPPC) = 72 ◦C, T m(DMPC) = 57 ◦C, T m(DMPS) = 55 ◦C .
Each T m is higher than for the fully hydrated sample.

Previously published T m for anhydrous or poorly hydrated DPPC are the fol-
lowing: 97.8 ◦C (differential scanning calorimetry - DSC, lipid sample recrystallised
from chloroform/acetone mixture) [101]; 100 − 108 ◦C (Raman spectroscopy, lipid
sample recrystallised from chloroform) [93]; 75 ◦C (DSC, mmonohydrated lipid
sample) [102]; 97.5 ◦C (DSC, lyophilized lipid sample) [102]; 95 ◦C (nanocalorime-
try, lipid sample recrystallised from ethanol) [103]; 106 ◦C (DSC, lyophilized lipid
sample) [104]. Published T m values for DMPC are 61 ◦C (DSC, monohydrated
lipid sample) [102]; 87.5 ◦C (DSC, lyophilized lipid sample) [102]; 97.6 ◦C (DSC,
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Figure 5.15 Temperature-dependent sets of DCDR spectra in the C − H stretching
vibration spectral region for DPPC, DMPC and DMPS covering their phase transition.

dried liposomes) and 84.3 ◦C (Fourier transform infrared (FTIR) spectroscopy,
measured in vacuum, dried liposomes) [94]; 101 ◦C (DSC, lyophilized lipid sample)
[104]. We did not find any information about DMPS. Different experimental
approaches were employed to determine the T m values, mainly for recrystallised or
lyophilized lipids, with slightly different results. It is clear, that dried lipids remain
in a gel phase towards higher temperatures. And yet, all published temperatures
are considerably higher than those determined from our measurements, except
monohydrated samples, which indicate that dried lipids are poorly hydrated. The
influence of RH on the transition temperature of DPPC was already investigated
by nanocalorimetry [103]. It was shown that ambient humidity levels have a
profound effect on the transition temperatures. Here, liposomal suspensions were
dried and also measured at 55 % RH. Some water molecules were, therefore, still
adsorbed in the dried lipid aggregates, and it was not completely anhydrous [105].
We believe, that this is the main source of the difference in the T m determined
by DCDR and already published values. However, we can not forget that we
are dealing with dried liposomes. In contrast, most of the studies (except works
by Popova) were done on recrystallised or lyophilized samples. For DPPC, it
was found that fully hydrated single-shell vesicles and multilamellar dispersion
exhibit slightly different T m and also different cooperativity of phase transition,
mainly because of the packing asymmetry by highly curved surfaces [61]. Thus,
we cannot exclude the possible influence of sample forms such as dried liposomes
and recrystallized or lyophilized lipids on the lipid thermotropic behaviour.
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Figure 5.16 Weights (W j) and residual errors (Ej) together with factor analysis
results (first 5 subspectra) applied on temperature-dependant measurements of DMPC
homogeneous liposomal suspension dried at 55 % RH monitoring thermotropic phase
behaviour. Denotation: S - subspectrum, V - coefficients
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Focusing on our results, for choline (DPPC and DMPC), we see an increase
of T m about 31 − 33 ◦C, whereas, for DMPS, an increase is only about 20 ◦C.
Interestingly, DMPC and DMPS express similar T m if dried but quite different
as fully hydrated. These two molecules carry the same acyl chain, but the
head groups differ in size, polarity, and charge. Head groups, generally, play an
important role in the thermotropic behaviour in fully hydrated lipids, where they
are hydrogen-bonded to water, which has an impact on conformational changes
induced by heating. Higher T m for hydrated DPPS results from lower hydration
compared to DPPC. However, the influence of the poorly hydrated head group on
the T m values is lower in the dried aggregates, as can be seen from our results.
Further on, we compared theoretical concentration profiles showing the gradual
change in phases for each phospholipid (Figure 5.17), calculated from a linear
dependence of each phase with temperature (as assumed in the simple two-state
model). Focusing on DMPC and DMPS, even though, they express similar T m,
we see different progress when heated. Concentration profiles show that phase
transition of DMPC is more gradual with temperature and less cooperative than
for DMPS, where a change in phases is more abrupt. This suggests that the
conformation of the gel phase of dried DMPS liposomal suspension is less sensitive
to heating at the beginning than DMPC.

Moreover, we looked into the relative conformational order of dried DMPC
and DMPS at temperatures far below (32 ◦C) and above (80 ◦C) their phase
transition. We compared two intensity ratios (colour-coded in Figure 5.18) in cor-
responding spectra (calculated from the fit). The ratio of I[ν(CH2)s]/I[ν(CH2)as]
is considered to be a sensitive indicator of lateral chain/chain interaction [88], the
ratio of I[ν(CH3)s]/I[ν(CH2)as] is correlated to intermolecular chain interactions
too, but is also an indication of the mobility of the methyl terminal group of
the hydrocarbon chain [106]. These ratios were often used to reflect the confor-
mational order [97, 107, 63]. Generally, the lower the ratios are, the higher the
conformational order of hydrocarbon chain is and the lower the mobility of the
methyl group. For both temperatures below (32 ◦C) and above (80 ◦C) the phase
transition, both ratios show that dried DMPC liposomal suspension expresses
a higher order of hydrocarbon chain conformation than DMPS. As mentioned
before, lipids differ only in the head group region, which clearly has an impact on
the different acyl chain packing in dried aggregates. For the PC head group, the
diameter of the head group is wider than that of the combined diameters of the
two all-trans chains. Thus, the chains in fully hydrated bilayer aggregates must be
tilted to the extent of the head group to restrict the water access. PS head group
is negatively charged and smaller than neutral PC. It results in smaller or no chain
tilt whatsoever for the fully hydrated head group. Acyl chains of both lipids are,
therefore, packed differently in the liposomal suspension as well. With drying and
loss of hydrogen bonds stabilizing liposomes, bilayer thickness generally increases
together with a decrease in area per lipid molecule [87]. An increase in bilayer
thickness by dehydration was reported before, which is consistent with higher-order
conformation [93]. To conclude, the head group region in phospholipids not only
plays an important role in stabilizing lipid aggregates in excess water but also has
a relevant impact on conformational order in the dried state.
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Figure 5.17 Calculated concentration profiles of gel and liquid crystalline phase for
DPPC, DMPC and DMPS dried patterns during temperature-dependant
measurements.

Finally, we focused on how dried patterns and Raman spectra of DMPC are
influenced by the drying of suspension at different RH. Up to now, each drying was
held at approximately 55 % RH. Droplets of homogeneous liposomal suspensions
of DMPC at the same lipid concentrations of 0.5 mg/ml were left to dry at 55 %
and 0.5 % RH. Free drying formed typical coffee-ring dried patterns for both RH,
but of different diameters and different structures of the pre-concentrated ring
part, as seen in Figure 5.19. The ring formed from DMPC liposomal suspension
dried at 55 % RH was wide and consisted of a more pre-concentrated part (r2 in
the Figure 5.19) and less pre-concentrated part (r1-r2 in the Figure 5.19 a) in the
inner ring side. The dried pattern formed at 0.5 % RH has a bigger diameter by
about 0.5 mm and a considerably thinner pre-concentrated ring (r in the Figure
5.19 b) with no sign of non-homogeneous pre-concentrations as for the former
pattern. Interestingly, the calculated area covered by pre-concentrated lipids for
annulus of r2 (55 % RH) and r (0.5 % RH) is approximately the same. But, for
a pattern formed at 55 % RH, there is an additional less pre-concentrated part
in the annulus of (r1-r2). Liposomal suspension dried at the lower RH was thus
pre-concentrated on the smaller area, which suggests that lipids should be packed
more tightly together, presumably with a higher level of conformational order. To
compare the conformational order, Raman spectra of C − H stretching vibration
were acquired at RT, and respected intensity ratios were calculated as seen in
Figure 5.20. These ratios revelead, that liposomal suspension dried at 0.5 % RH
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Figure 5.18 Comparison of intensity ratios of bands from C − H stretching vibration
region for DMPC and DMPS below (32 ◦C) and above (80 ◦C) their phase transition.

at RT is more ordered than liposomal suspension dried at 55 % RH. The results
of the observed dried patterns were therefore confirmed. We can conclude that
liposomal suspension dried at lower RH expresses a higher conformational order of
acyl chains in the gel phase, presumably because lipids are packed tightly together
as more water molecules stabilising the structure are evaporated.

To sum up, temperature-dependant measurements showed us the relative
importance of the polar head group. Polar head group and, moreover, its hydration
directly influences the T m of fully hydrated lipid aggregates, but it has a lower effect
on the value of T m in the dried state. However, we observed an indirect impact
of the head group on the relative conformational order/disorder of hydrocarbon
chains for dried liposomal suspension. A smaller PS head group caused a less
ordered gel phase together with a less ordered liquid crystalline phase compared to
PC. Our results of the T m values compared to the ones already published showed
us the importance of environmental conditions such as RH to the drying process
and final dried patterns. Drying of the liposomal suspension at different RH led
to different coffee-ring dried patterns. Measuring Raman spectra confirmed that
liposomal suspension dried at lower RH is packed more tightly together with
higher conformational order for the gel phase.
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Figure 5.19 White light images of DMPC dried patterns formed a) at 55 % RH and
b) at 0.5 % RH, both with their diameters, widths of ring patterns, and the
corresponding area of highly pre-concentrated lipids.

Figure 5.20 Comparison of intensity ratios of bands from C − H stretching vibration
region for DMPC dried at 55 % RH and 0.5 % RH.
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Conclusion
The thesis focuses on drop coating deposition Raman (DCDR) spectroscopy

and the exploration of its potential in the study of biomolecules and biologically
important molecules. The first part addresses DCDR’s detection capability, where
several contaminants were selected. It was shown that pre-concentration in dried
patterns was strongly dependent on the deposited concentrations, and for successful
detection, the characteristic vibrations of each studied contaminant were assigned.
Using commercial substrate, the lowest DCDR detected concentrations in deposited
droplets for thiram, bentazone, picloram, and melamine were determined as 0.31
µM, 20 µM and 2 µM, 6.4 µM, respectively. These concentrations represent
one or two magnitudes higher concentrations for melamine and thiram than
detected by SERS. For bentazone and picloram, no SERS detection limits were
reported. DCDR detection of melamine from intentionally blended real infant
formula was then investigated. For this purpose, two kinds of powder infant
formula were used and tested. Applying DCDR on pure infant formula revealed
the spatial segregation of carbohydrates and lipids in circular dried pattern. The
ring edge was composed mainly of lipid molecules, and the thin film in the central
part was composed mainly of carbohydrates, specifically lactose. From simple
melamine-blended model reactions such as melamine mixed with lactose, DOPC
and DOPE lipids, lactose was found to be a potent reaction partner for melamine.
The DCDR approach applied to the blended infant formula revealed that the
melamine compound was present only in the thin film in the central part of the
dried patterns together with lactose, confirming its reaction potential even in the
mixture. These findings represent a promising utilisation of the DCDR approach
as the efficient method for detecting compounds based not only on the successful
pre-concentration but also on the spatial distribution throughout the dried pattern,
together with the reaction potential between different compounds in the solution
mixture.

The next part dealt with the DCDR investigation of liposomal suspen-
sions. Several aspects of the DCDR approach applied to liposomal suspension
were discussed, including drying dynamics (smooth/nanoroughened substrate),
dried patterns (smooth/nanoroughened substrate, unilamellar homogeneous/non-
homogeneous liposome suspension) and its heterogeneity, comparison of DCDR
spectra with RTM spectra and lastly the effect of heating (thermotropic phase tran-
sition) and RH on the dried pattern. It was discovered that liposomal suspension
dried on nanoroughened substrate exhibits a new type of drying dynamics mode,
the CR expansion by 10 and 17 % for NpsCu2 and NpsCu4, respectively. CR
expansion took place in approximately three-quarters of the complete evaporation
time, followed by subsequent shrinking and droplet disappearance. Compar-
ing the coffee-ring patterns formed on smooth and nanoroughened substrates,
we observed smaller radii and smaller lateral ring widths and, therefore, better
pre-concentration for nanoroughened substrates. Better pre-concentration was
confirmed by Raman spectra. Observing dried patterns of different liposomal
suspensions, we found that the homogeneity (in liposome size) of suspension and
also the saturation of the acyl chain play a role. Monounsaturation caused the for-
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mation of small irregularities on the coffee-ring pattern, whether non-homogeneity
results in the fully covered circular dried pattern. The formation of dried patterns
within the DCDR approach is, therefore, affected by both the selected substrate
and the used liposomal suspension. Analyzing the dried patterns by Raman spec-
troscopy showed us the bands’ intensity variations when acquired from different
locations. From that, we learnt that the drying process can cause slightly different
conformational changes in C − C and C = C bonds throughout the dried pattern.
A comparison of DCDR spectra with RTM spectra from fully hydrated liposomes
showed us the influence of H-bond loss (on C = O band) and different rotational
conformers of O − P − O bonds in a dried and hydrated state.

Finally, by investigating the thermotropic behaviour of dried liposomal sus-
pension monitored by changes in the C − H stretching region, we determined the
T m for each studied lipid. We revealed the importance of the headgroup region
on the conformational order of lipids and the cooperation of phase transition,
even in the dried state. Interestingly, lipids with the smaller PS headgroup had
a less ordered acyl chain in the gel phase than PC. Comparing T m with already
published values, we supported the importance of external conditions like RH
on the final lipid hydration in a dried state, which has a direct impact on T m.
We learnt that drying a liposomal suspension at different RH influences the acyl
chain packing in the dried pattern. For lower RH, the acyl chain was more tightly
packed together, which was confirmed by Raman band intensity ratios.
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A Attachments

A.1 Confocality - Raman microspectrometer Al-
pha 300 from WiTec

Here, the confocality of the WITec Raman micro-spectrometer is presented for
different combinations of available objectives and laser wavelengths. The nature
of confocality in a microscope lies in the limitation of detected light only to
the focal plane by placing the pinhole to the image plane. In this manner, the
fluorescent background from areas above and below the focal plane is diminished,
and the axial resolution is improved. A combination of different objectives and
laser wavelengths or gratings adjusts the resulting confocality for a particular
Raman microspectrometer [108]. To find out the confocality using Raman mi-
crospectrometer Alpha 300 from WiTec, we performed a series of measurements
with a thin silicon (Si) slide. Three laser wavelengths (785 nm, 633 nm, 532 nm)
were tested with a combination of two objectives (Carl Zeiss 100×/0.9, Carl Zeiss
50×/0.55 LD). For each combination, the series of spectra were acquired with
stepwise change in the Z-axis (0.2 µm) linked with the spectral intensity alteration.
A distinct Si Raman band at 520 cm-1 was used for integral intensity calculation,
which was plotted depending on the Z-axis position as pictured on Figure A.1.
Individual dependencies were subsequently fitted with peak function to obtain
confocality for each measured combination. The measured confocality for each
combination can be found in the table A.1.

Table A.1 Experimentally obtained values of confocality

Laser wavelength and used grating
Objectives

100× 50× LD

785 nm (300 g/mm) (2.33 ± 0.05) µm (5.42 ± 0.03) µm

633 nm (300 g/mm) (1.29 ± 0.01) µm (3.50 ± 0.02) µm

532 nm (600 g/mm) (0.82 ± 0.01) µm (2.66 ± 0.01) µm
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Figure A.1 Confocality for different combinations of used objectives and laser
wavelengths employed in Alpha300 Raman microspectrometer from WiTec.

71



A.2 Supplementary results: factor analysis of
DPPC and DMPS
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Figure A.2 Weights (W j) and residual errors (Ej) together with factor analysis
results (first 5 subspectra) applied on temperature-dependant measurements of DPPC
homogeneous liposomal suspension dried at 55 % RH monitoring thermotropic phase
behaviour. Denotation: S - subspectrum, V - coefficients.
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Figure A.3 Weights (W j) and residual errors (Ej) together with factor analysis
results (first 5 subspectra) applied on temperature-dependant measurements of DMPS
homogeneous liposomal suspension dried at 55 % RH monitoring thermotropic phase
behaviour. Denotation: S - subspectrum, V - coefficients.

74



A.3 Drop coating deposition Raman (DCDR)
spectroscopy of biologically important
molecules

KUIŽOVÁ, Alžbeta; KOČIŠOVÁ, Eva. Drop coating deposition Raman (DCDR)
spectroscopy of biologically important molecules. Journal of Raman spectroscopy.
2023, vol. 54, no. 7, pp. 694-705.
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M I N I  R E V I E W
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A b st r a ct

Dr o p c o ati n g d e p ositi o n  R a m a n ( D C D R) s p e ctr os c o p y i ntr o d u c es a si m pl e a n d

e asil y a c c essi bl e a p pr o a c h t o st u d yi n g bi ol o gi c all y i m p ort a nt  m ol e c ul es a n d

t h eir  mi xt ur es.  T h e  m et h o d is b as e d o n dr yi n g a s m all dr o p of s ol uti o n or s us-

p e nsi o n of st u di e d  m ol e c ul es d e p osit e d o n a s p e ci al h y dr o p h o bi c s urf a c e.  T h e

dr yi n g pr o c es s effi ci e ntl y a c c u m ul at es t h e  m ol e c ul es i n t h e ‘c off e e-ri n g ’ or a n y

s m all p att er n fr o m  w hi c h t h e  R a m a n s p e ctr u m c a n b e  m e as ur e d. I n t his  w a y,

a si g nifi c a nt (s e v er al or d ers of  m a g nit u d e) i m pr o v e m e nt of t h e  R a m a n d et e c-

ti o n s e nsiti vit y c o m p ar e d  wit h  R a m a n  m e as ur e m e nt fr o m s ol uti o n c a n b e

r e a c h e d.  T h er ef or e, a s m all s a m pl e v ol u m e (s e v er al  mi cr olit ers), as  w ell as a

l o w i niti al c o n c e ntr ati o n of st u di e d  m ol e c ul es i n d e p osit e d dr o pl ets, ar e i m p or-

t a nt a d v a nt a g es of t h e  D C D R  m et h o d o v er t h e n or m al  R a m a n o n e.  R e c e ntl y,

m a n y r el e v a nt  D C D R a p pli c ati o ns o n bi o m ol e c ul es a n d r el at e d  m ol e c ul es h a v e

b e e n r e p ort e d.  T h e  mi ni-r e vi e w c o v ers a bri ef o v er vi e w of t h e  D C D R  m et h o d

( pri n ci pl e, s h ort hist or y, s uit a bl e h y dr o p h o bi c s urf a c es a n d st at e- of-t h e- art). It

will b e f oll o w e d b y a s u m m ar y of t h e st u di es o v er t h e l ast 1 5 – 2 0 y e ars o n dif-

f er e nt bi ol o gi c all y i m p ort a nt  m ol e c ul es, i n cl u di n g pr ot ei ns, li pi ds (i n t h e f or m

of li p os o m es) a n d s m all  m ol e c ul es ( e. g., p or p h yri ns, a nt hr a x  m ar k er di pi c oli-

ni c a ci d a n d f o o d a n d e n vir o n m e nt al c o nt a mi n a nts). Fi n all y, t h e a p pli c ati o n

p ot e nti al a n d f urt h er p ers p e cti v es of t h e  D C D R  m et h o d f or bi o m ol e c ul ar st u d-

i es  will b e dis c uss e d.

K E Y W O R D S

bi o m ol e c ul e,  D C D R, dr o p c o ati n g d e p ositi o n  R a m a n, h y dr o p h o bi c s u bstr at e

1 | I N T R O D U C T I O N

R a m a n s p e ctr os c o p y, si n c e t h e p eri o d of its i nt e nsi v e

d e v el o p m e nt, h as b e e n a p o w erf ul t o ol i n t h e st u d y of t h e

str u ct ur e a n d f u n cti o n of v ari o us  m ol e c ul es a n d t h eir

mi xt ur es.  H o w e v er, t his c a p a bilit y is o b vi o usl y h a m p er e d

b y a  w e a k  R a m a n s c att eri n g cr oss-s e cti o n r el at e d t o a

d e m a n d f or r el ati v el y hi g hl y c o n c e ntr at e d s a m pl es

( > 1  m M) a n d l ar g e q u a ntiti e s of a n al yt e ( > 1 μ g).  M or e-

o v er, i n t h e c as e of bi ol o gi c al  m ol e c ul es, t h es e hi g h

c o n c e ntr ati o ns d o n ot c orr es p o n d t o p h ysi ol o gi c al c o n di-

ti o ns.  T h e i nt e nsit y of  R a m a n s c att eri n g  m a y b e

i n cr e as e d b y r es o n a n c e a n d/ or s urf a c e- e n h a n c e m e nt

t e c h ni q u es.  T h e s urf a c e- e n h a n c e d  R a m a n s p e ctr os c o p y

( S E R S) is a n effi ci e nt p ossi bilit y t o o v er c o m e t his dis a d-

v a nt a g e,  w hi c h pr o vi d es e n h a n c e m e nt o v er 1 0 5 f or  m ol e-

c ul es a ds or b e d o n n a n ostr u ct ur al  m et al (s u c h as g ol d or

sil v er) s urf a c es. 1 T h e pr o p erti es of t h e ‘S E R S- a cti v e ’ s u b-

str at es aff e ct b ot h  R a m a n e n h a n c e m e nt a n d s p e ctr al

r e pr o d u ci bilit y.  Alt h o u g h t his  m et h o d is n o w a d a ys

R e c ei v e d: 1 7 J a n u ar y 2 0 2 3  R e vis e d: 2 7  M ar c h 2 0 2 3  A c c e pt e d: 2 8  M ar c h 2 0 2 3
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wi d el y a n d fr uitf ull y a p pli e d i n v ari o us st u di es a n d a p pli-

c ati o ns, its us e is oft e n n ot str ai g htf or w ar d a n d g e n er all y

n ot p ossi bl e f or a n y  m ol e c ul e.  M or e o v er, b ot h r es o n a n c e

R a m a n a n d S E R S t e c h ni q u es h a v e  m or e r estri ct e d a p pli-

c a bilit y b e c a us e of t h e pr o bl e ms  wit h s p e ctr al v ari ati o ns,

i n cr e as e d b a c k gr o u n d a n d t h e p ossi bilit y of p h ot o c h e mi-

c al d a m a g e.  T h er ef or e, t h er e is a n e e d t o d e v el o p a diff er-

e nt a p pr o a c h t o o bt ai n t h eir n or m al  R a m a n s p e ctr a fr o m

l o w- c o n c e ntr at e d s a m pl es, s u c h as t h e dr o p c o ati n g d e p o-

siti o n  R a m a n ( D C D R)  m et h o d.

A p ot e nti al i ns pir ati o n tri g g er f or t h e d e v el o p m e nt of

t h e  D C D R  m et h o d  w as t h e p a p er b y  D e e g a n et al. p u b-

lis h e d i n t h e j o ur n al N at ur e i n 1 9 9 7.2 T his st u d y  w as

f o c us e d o n a c o m m o nl y k n o w n p h e n o m e n o n ( a n d p h ys-

i cs b a c k gr o u n d as  w ell) a b o ut t h e f or m ati o n of a ri n g-li k e

d e p osit k n o w n as ‘c off e e-ri n g ’ w h e n a s pilt dr o p of c off e e

is e v a p or at e d o n a s oli d s urf a c e.  T h e y st at e d t h at t h e n e c-

ess ar y c o n diti o n f or s u c h ki n d of d e p osit is a s urf a c e  wit h

a n o n- z er o c o nt a ct a n gl e f or a d e p osit e d li q ui d s a m pl e

a n d t h e s u bs e q u e nt cr e ati o n of a dr o p c o nt a ct li n e t h at is

pi n n e d t o its i niti al p ositi o n.  D es pit e t h e f a ct t h at t h e

e v a p or ati o n pr o c ess d o es n ot al w a ys l e a d t o t h e ‘c off e e-

ri n g’ f or m ati o n, t his  w or k p oi nt e d o ut t h e p h e n o m e n o n

of a s a m pl e pr e c o n c e ntr ati o n,  w hi c h  w as l at er a p pli e d i n

t h e  D C D R  m et h o d.

2 | P R I N C I P L E  O F  T H E  D C D R
M E T H O D

T h e  D C D R  m et h o d is b as e d o n a si m pl e i d e a of a d e p osi-

ti o n of a s m all v ol u m e ( dr o p or dr o pl et) of s ol uti o n or

s us p e nsi o n c o nt ai ni n g  m ol e c ul es of i nt er est o n a s ol v o-

p h o bi c ( h y dr o p h o bi c f or a q u e o us s ol uti o n) s urf a c e

(i n t h e f oll o wi n g t e xt r ef err e d t o as a s u bstr at e)

( Fi g ur e 1 A ).  D u e t o t h e dr yi n g pr o c e ss a n d s u bs e q u e nt

pr e c o n c e ntr ati o n of t h e a n al yt e, t h e dri e d s a m pl es f or m a

p att er n of diff er e nt f or ms: (i) a ‘c off e e-ri n g ’, (ii) s m all

(s o m e w h at s p h eri c al) s p ot s.  T h e f or m e d p att er n c a n c o n-

t ai n a m or p h o us p arts as  w ell as s m all cr yst als

( Fi g ur e 1 B ).  T h e ‘c off e e-ri n g ’ is f or m e d if t h e e v a p or ati n g

dr o pl et h as a pi n n e d c o nt a ct li n e,  w hi c h c a us es t h at li q-

ui d e v a p or at e d fr o m t h e p eri p h er y of t h e dr o pl et t o b e

r e pl e nis h e d b y t h e li q ui d fr o m t h e i nt eri or. 2 T h e r e s ulti n g

fl o w c a n virt u all y c arr y all dis p ers e d  m at eri al t o t h e e d g e,

w h er e a ri n g of s a m pl e  m ol e c ul es is f or m e d. I n c o ntr ast,

t h e s m all s p ots ar e o bs er v e d  w h e n d e p osit e d dr o ps h a v e

l ess t e n d e n c y t o pi n t o t h e s urf a c e, s o t h e dr o pl ets  will

r e m ai n al m ost s p h eri c al as t h e y s hri n k d uri n g e v a p or a-

ti o n.3 T h e  m ost c o m m o nl y us e d s ol v e nt is  w at er or s o m e

or g a ni c s u bst a n c es s u c h as et h a n ol.  Aft er t h e dr o pl et

d e p ositi o n a n d c o m pl eti o n of t h e e v a p or ati o n, t h e f or m e d

F I G U R E  1 ( A)  T h e s c h e m e of t h e

dr o p c o ati n g d e p ositi o n  R a m a n ( D C D R)

e x p eri m e nt: t a ki n g of a s m all s a m pl e

v ol u m e ( a dr o pl et) b y  mi cr o pi p ett e, t h e

dr o pl et d e p ositi o n o n t h e s u bstr at e a n d

dr yi n g, f oll o w e d b y t h e  R a m a n s p e ctr u m

a c q uisiti o n, a n d ( B) e x a m pl es of

p att er ns f or m e d aft er c o m pl eti o n of t h e

e v a p or ati o n, fr o m l eft t o ri g ht: a ‘c off e e-

ri n g’, s m all h o m o g e n o us s p ot a n d a s et

of s m all cr yst als. [ C ol o ur fi g ur e c a n b e

vi e w e d at wil e y o nli n eli br ar y. c o m ]
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dri e d d e p osit is s ol v e nt fr e e.  W h e n pl a c e d u n d er a  mi cr o-

s c o p e o bj e cti v e, a n or m al  R a m a n s p e ctr u m is  m e as ur e d

fr o m t h e pr e c o n c e ntr at e d dri e d p arts i n t h e d e p osit.  T his

w a y, hi g h q u alit y s p e ctr a c a n b e o bt ai n e d fr o m l o w c o n-

c e ntr at e d s a m pl es at s m all i niti al v ol u m es ( a f e w  mi cr oli-

t ers ar e s uffi ci e nt),  w hi c h i m pr o v es t h e s e nsiti vit y s e v er al

ti m es  w h e n c o m p ar e d  wit h n or m al  R a m a n  m e as ur e m e nt

fr o m a s ol uti o n or s us p e nsi o n.

3 | D I F F E R E N T  T Y P E S  O F  D C D R
S U B S T R A T E S

C h o osi n g a s uit a bl e s u bstr at e is a n i nt e gr al p art of t h e

D C D R e x p eri m e nt. S u bstr at e  w ett a bilit y, t h at is, t h e

e xt e nt t o  w hi c h a dr o p of d e p osit e d s a m pl e c o v ers its s ur-

f a c e, aff e cts t h e dr yi n g pr o c ess a n d s o t h e fi n al a p p e ar-

a n c e of t h e p att er n.  G e n er all y, t h e f or m e d p att er n is

al w a ys t h e r es ult of t h e i nt er pl a y a m o n g  m or e f a ct ors,

s u c h as t h e t y p e of  m ol e c ul ar s ol uti o n or s us p e nsi o n

( a n al yt e), t h e s a m pl e c o n c e ntr ati o n a n d t h e c h os e n s u b-

str at e.  T h e s u bstr at e  w ett a bilit y is c h ar a ct eris e d b y a c o n-

t a ct a n gl e a n d i nfl u e n c es t h e si z e of t h e f or m e d p att er n

a n d t h us t h e a n al yt e pr e c o n c e ntr ati o n ( Fi g ur e 2 ). S m all er

p att er ns wit h  m or e pr e c o n c e ntr at e d s a m pl es gi v e ris e t o

R a m a n s p e ctr a of hi g h er i nt e nsit y. I n t his  w a y,  w e c a n

r e d u c e t h e d et e cti o n li mit, si g nifi c a ntl y i m pr o v e (s e v er al

or d ers of  m a g nit u d e) t h e d et e cti o n s e nsiti vit y a n d c o ns e-

q u e ntl y e xt e n d t h e us ef ul n ess of  R a m a n s p e ctr os c o p y f or

bi o m ol e c ul es i n bi ol o gi c all y r el e v a nt c o n c e ntr ati o ns.

O n e of t h e  m ost fr e q u e ntl y  m e nti o n e d a n d e x p eri-

m e nt all y us e d s u bstr at es is a c o m m er ci al S p e ct RI M ™

Sli d e ( Ti e nt a S ci e n c es; s e e Fi g ur e 2 B, a ). It c o nsists of a

3 1 0. 1 i n. pl a sti c c arri er  wit h a n o pti c all y fl at st ai n-

l ess st e el pl at e c o at e d  wit h a n ultr a-t hi n ( 5 0 n m) h y dr o-

p h o bi c l a y er pr o vi di n g a c o nt a ct a n gl e of 1 2 2 f or a dr o p

of  w at er.  T h e s u bstr at e is c h e mi c all y i n ert a n d hi g hl y s ol-

v o p h o bi c,  m a ki n g t h e m i d e al f or  D C D R s p e ctr os c o p y

fr o m dil ut e s ol uti o ns i n p ol ar s ol v e nts.  H o w e v er, t h e

S p e ct RI M ™ Sli d e s u bstr at e is n o l o n g er c o m m er ci all y

F I G U R E  2 ( A)  T h e s c h e m e of t h e d e p osit e d dr o pl et a n d its c o nt a ct a n gl e a n d ( B) e x a m pl es of dr o p c o ati n g d e p ositi o n  R a m a n ( D C D R)

s u bstr at es ( wit h c orr es p o n di n g c o nt a ct a n gl es f or a dr o p of  w at er): c o m m er ci al ( a) S p e ct RI M ™ ( 1 2 2 ) a n d ( b) μ RI M ™ ( 1 0 8 ) a n d n o n-

c o m m er ci al ( c) n a n ostr u ct ur e d pl atf or m  wit h  m et al n a n o p arti cl es o v er c o at e d  wit h pl as m a p ol y m eris e d fl u or o c ar b o n fil ms pr e p ar e d b y

m a g n etr o n s p utt eri n g ( c a n b e t ail or e d i n t h e r a n g e fr o m h y dr o p h o bi c t o s u p er h y dr o p h o bi c), ( d) p olis h e d  C a F 2 pl at e ( 9 0 ) a n d ( e) t hi ol-

m o difi e d g ol d c o at e d gl ass ( 1 1 0 ). [ C ol o ur fi g ur e c a n b e vi e w e d at wil e y o nli n eli br ar y. c o m ]
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a v ail a bl e.  A n ot h er o n e c urr e ntl y at dis p os al is a μ RI M ™

fr o m  Bi o T o ols (s e e Fi g ur e 2 B, b ),  w hi c h is l ess h y dr o p h o-

bi c wit h a c o nt a ct a n gl e of 1 0 8 .

T h e n o n- c o m m er ci al h o m e- m a d e s u bstr at es pr ofiti n g

fr o m t h e h y dr o p h o bi c c h ar a ct er of s m o ot h fl u or o c ar b o n

c o ati n g ( wit h a c o nt a ct a n gl e of 1 0 8 ) r e pr es e nt a pr o m-

isi n g pl atf or m f or  D C D R s p e ctr os c o p y.  T h e  m o difi c ati o n

of t his cl ass of h y dr o p h o bi c s u bstr at es is r e pr es e nt e d b y

n a n ostr u ct ur e d pl atf or ms  wit h  m et al n a n o p arti cl es t h at

ar e s a n d wi c h e d i n pl as m a p ol y m eris e d fl u or o c ar b o n

fil ms pr e p ar e d b y  m a g n etr o n s p utt eri n g ( Fi g ur e 2 B, c ).

T h e pr es e n c e of n a n o p arti cl es, d e p e n di n g o n t h eir t y p e

( c o p p er or sil v er), si z e a n d a m o u nt si g nifi c a ntl y i n cr e as es

t h e r o u g h n ess of t h e s urf a c e a n d t h us t h e c o nt a ct a n gl e

of t h e d e p osit e d dr o pl et. It  w as d e m o nstr at e d t h at s urf a c e

r o u g h n es s is a k e y p ar a m et er t h at g o v er ns hi g h er  w ett a-

bilit y. I n t his  w a y, hi g hl y h y dr o p h o bi c as  w ell as s u p er h y-

dr o p h o bi c s u bstr at es c a n b e f a bri c at e d. 4, 5

T h e ot h er n o n- c o m m er ci al  D C D R s u bstr at es i n cl u d e

p olis h e d  C a F 2 pl at es, sil a nis e d gl ass s urf a c es, q u art z

sli d es, g ol d f oil, t hi ol- m o difi e d g ol d- c o at e d gl ass a n d s o

f ort h ( Fi g ur e 2 B, d, e ) or p ol yt etr afl u or et h yl e n e t a p e as a

l a w- c ost h y dr o p h o bi c s u bstr at e. 6 – 8 T h eir c o nt a ct a n gl es

f or  w at er dr o pl ets v ar y i n t h e r a n g e of 8 0– 1 2 0 .  Wit h a

hi g h er c o nt a ct a n gl e, t h e pr e c o n c e ntr ati o n of t h e a n al yt e

is  m or e effi ci e nt.6

Fr o m t h e p oi nt of vi e w of t h e  R a m a n s p e ctr a a c q uisi-

ti o n, it is i m p ort a nt t h at t h e s u bstr at e its elf h as  mi ni m al

b a c k gr o u n d si g n al i n t h e d esir e d s p e ctr al r e gi o n.  T h e t hi n

fl u or o c ar b o n l a y er dis pl a ys n o a p p ar e nt  R a m a n or fl u o-

r es c e n c e si g n al a n d s o e ns ur es t h at t h e a n al yt e s p e ctr a

ar e of g o o d q u alit y.  M or e o v er, t h e pr es e n c e of p olis h e d

st ai nl ess st e el a cts as a  mirr or a n d si g nifi c a ntl y i n cr e as es

t h e a c q uir e d si g n al.  A c c or di n g t o o ur e x p eri e n c es, t h e

s u bstr at es b as e d o n st ai nl ess st e el pl at e c o at e d  wit h a

fl u or o c ar b o n h y dr o p h o bi c l a y er ar e t h e b est o n e s f or

D C D R s p e ctr os c o p y.  C o n c er ni n g ot h er s u bstr at es, t h e

R a m a n b a c k gr o u n d fr o m t h e gl ass s urf a c es c a n b e s u b-

st a nti all y r e d u c e d b y g ol d c o ati n g, a n d f or  C a F 2 pl at es

wit h a  R a m a n b a n d at 3 2 2 c m 1 , s u btr a cti o n  m et h o ds

c a n b e us e d.

4 | D C D R  S T U D I E S  O F
B I O M O L E C U L E S  A N D
B I O L O G I C A L L Y I M P O R T A N T
M O L E C U L E S

T h e gr o u p of  D or  B e n- A m ot z fr o m P ur d u e  U ni v ersit y

w as t h e first t o st art  D C D R e x p eri m e nts  wit h a f o c us o n

bi ol o gi c all y i m p ort a nt  m ol e c ul es, es p e ci all y o n a mi n o

a ci ds, p e pti d es a n d pr ot ei ns.  T his  w or k r es ult e d i n s e v er al

e x citi n g pi v ot al p a p ers p u blis h e d i n t h e y e ars 2 0 0 3 – 2 0 1 0.

T h e str o n g  m oti v ati o n  w a s t o s h o w t h at n o n- e n h a n c e d

R a m a n s c att eri n g s p e ctr a of hi g h q u alit y c a n als o b e

o bt ai n e d fr o m t h e s a m pl es i n l o w c o n c e ntr ati o ns.  T h e y

d es cri b e d t h e  m ai n f e at ur es a n d a d v a nt a g es of t h e  D C D R

e x p eri m e nt i n t h e c o nt e xt of n or m al  R a m a n  m e as ur e-

m e nts fr o m s ol uti o n or S E R S as  w ell.  T h e p ot e nti al of

D C D R d et e cti o n, t h us t h e  m e as ur e m e nt u n d er c o n diti o ns

c o m p ati bl e  wit h c hr o m at o gr a p hi c a n d  m ass s p e ctr o-

s c o pi c pr ot e o mi c s e p ar ati o n a n d s e nsi n g  m et h o ds  w er e

s u c c essf ull y i ntr o d u c e d. 9

T h e pi o n e eri n g  w or k of  Z h a n g et al. i n 2 0 0 3 9 o n t h e

pr ot ei n s a m pl es of l ys o z y m e a n d h u m a n i ns uli n d e m o n-

str at e d t h e p ossi bilit y of  m e as uri n g r e pr o d u ci bl e, hi g h-

q u alit y n or m al  R a m a n s p e ctr a fr o m f e mt o m ol e q u a ntiti es

of o nl y  mi cr o m ol ar c o n c e ntr ati o ns. It r e pr es e nts o v er a

1 0 0 0-f ol d i n cr e as e i n t h e s e nsiti vit y of n or m al  R a m a n

s p e ctr os c o p y fr o m pr ot ei n s ol uti o ns.  M or e o v er, t h e  m e a-

s ur e d  D C D R s p e ctr a  w er e pr a cti c all y i d e nti c al t o t h os e

m e as ur e d fr o m pr ot ei n s ol uti o ns i n hi g h er c o n c e ntr a-

ti o ns.  T h er ef or e, it s e e ms t h at pr ot ei ns  m ai nt ai n t h eir

str u ct ur e fr o m s ol uti o n  w h e n dr yi n g.  A n ot h er  w or k of

Z h a n g et al. 1 0 dis c uss e d t h e  D C D R a p pr o a c h as a p h ysi c al

s e gr e g ati o n  m et h o d e n a bli n g t h e r e d u cti o n of fl u or es-

c e n c e i nt erf er e n c e fr o m t h e s p e ctr a of i m p ur e s oli ds a n d

li q ui d  mi xt ur es.  D C D R c a n s er v e as a  m et h o d f or s e p ar at-

i n g pr ot ei ns fr o m ot h er s ol uti o n c o m p o n e nts, s u c h as

b uff ers a n d i m p uriti es ( m ai nl y fl u or es c e nt o n es). 1 0 T h e

eff e cti v e n ess of t h e  m et h o d d eri v es fr o m t h e f a ct t h at

c o m p o n e nts i n t h e d e p osit e d s ol uti o n t e n d t o pr e ci pit at e

i n diff er e nt r e gi o ns o n t h e  D C D R s u bstr at e.  A p ossi bl e

ki n eti c c o ntri b uti o n t o s e gr e g ati o n is t h e ‘c off e e-ri n g ’

eff e ct i n d u c e d b y c o n v e cti n g str e a mi n g d uri n g t h e e v a p o-

r ati o n of d e p osit e d li q ui d dr o pl et.  T his  w a s pr es u m e d t o

b e a n i m p ort a nt dri vi n g f or c e f or t h e o b s er v e d t e n d e n c y

of pr ot ei n a c c u m ul ati o n i n t h e e d g e ri n g of t h e p att er n.

T h e f or m ati o n of cr yst als  m a y als o c o ntri b ut e t o s p ati al

s e gr e g ati o n, as t h e s u bst a n c es  wit h diff er e nt cr yst allis a-

ti o n r at es t e n d t o d e p osit s e p ar at el y.  T h e dissi mil ar s ol u-

biliti es of s ol uti o n c o m p o n e nts pl a y a n ot h er i m p ort a nt

r ol e i n a s e gr e g ati o n pr o c e ss. Pr ot ei ns t h at ar e r el ati v el y

i ns ol u bl e pr e ci pit at e e arli er d uri n g t h e e v a p or ati o n pr o-

c ess, a n d hi g hl y s ol u bl e c o m p o n e nts of b uff ers ( al m o st

s alts) r e m ai n i n t h e e v a p or ati n g dr o pl et  m u c h l o n g er.

T h es e c o m p o n e nt s d e p osit i nsi d e t h e f or m e d p att er n

ar o u n d its c e ntr al p art. 1 0 H o w e v er, it s e e ms t h at

d es cri b e d c h e mi c al s e gr e g ati o n d uri n g t h e dr yi n g pr o c ess

is n ot u ni v ers al. F or e x a m pl e, c o m p o u n ds h a vi n g a

str o n g c h e mi c al affi nit y f or e a c h ot h er ar e ass u m e d n ot

t o s e gr e g at e i nt o diff er e nt s u bstr at e r e gi o ns. Si mil arl y,

s yst e ms t h at d o n ot cr yst allis e e asil y, s u c h as s u g ars, t e n d

t o r et ai n fl u or es c e nt i m p uriti es e v e n aft er dr yi n g.1 0 T h es e

st u di es i n cl u d e l ys o z y m e, i ns uli n,  m y o gl o bi n,  O- p h os-

p h o- L-s eri n e a n d gl y c a n is o m ers. 9 – 1 1
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F or m ati o n of t h e ‘c off e e-ri n g ’ p att er n is t y pi c all y

o bs er v e d f or pr ot ei ns a n d li p os o m es ( will b e  m e nti o n e d

l at er).  A r e pr es e nt ati v e e x a m pl e of s u c h a p att er n is i n

t h e u p p er p art of Fi g ur e 3 .9 T h e  w hit e li g ht i m a g e s h o ws

‘c off e e-ri n g ’ i n d et ail ori gi n ati n g fr o m t h e s a m pl e of

h u m a n s er u m al b u mi n d e p osit e d o n a fl at g ol d s u bstr at e.

T h e b ott o m p art of Fi g ur e 3 d e pi cts  D C D R s p e ctr a

o bt ai n e d fr o m t h e ri n g d e p osit a n d p ositi o ns o utsi d e a n d

i nsi d e t h e ri n g str u ct ur e.  A c q uir e d s p e ctr a pr ofil es c o n-

fir m t h e pr e c o n c e ntr ati o n of t h e a n al yt e i n t h e ri n g str u c-

t ur e.  H o w e v er, t h e  R a m a n s p e ctr u m  m e as ur e d fr o m t h e

i n n er p art of t h e ri n g i n di c at es t h at t h e t hi n l a y er of

m at eri al als o r e m ai ns i nsi d e t h e dr yi n g p att er n.  T h e s p e c-

tr u m o bt ai n e d fr o m t h e b ar e s u bstr at e (t h e o ut er p art of

t h e ri n g) s h o ws n o  R a m a n si g n al fr o m t h e pr ot ei n.  T h e

str u ct ur e of t h e dri e d ri n g its elf  w as als o t h e s u bj e ct of

i nt er est.  K o p e c k ý a n d  B a u mr u k1 2 st u di e d ri n g p att er ns

f or m e d fr o m d e p osit e d pr ot ei n ( al b u mi n) s ol uti o n.  T h e y

c o n cl u d e d t h at r e pr o d u ci bl e  D C D R s p e ctr a s h o ul d b e c ol-

l e ct e d fr o m c e ntr al or sli g htl y i n n er p arts of t h e ri n g

str u ct ur e.

Orti z et al.  w or k e d o n t hr e e i ns uli n v ari a nts ( h u m a n,

b o vi n e a n d p or ci n e) t h at diff er e d b y o n e t o t hr e e a mi n o

a ci d r esi d u es, 1 3 l ys o z y m e, o v al b u mi n, b-l a ct o gl o b uli n,1 4

a n d i ns uli n a m yl oi d fi brils. 1 5 R es ults s h o w e d t h e us ef ul-

n ess of t h e  D C D R  m et h o d i n t h e i d e ntifi c ati o n of pr o-

t ei ns of sli g htl y diff er e nt a mi n o a ci d c o m p ositi o n.  T his

s p e ctr os c o pi c i d e ntifi c ati o n a n d t h e cl assifi c ati o n of t h e

cl os e  m ol e c ul ar v ari a nts  w er e  m a d e aft er usi n g s uit a bl e

d at a tr e at m e nt.  A n or m ali s e d s e c o n d d eri v ati v e pr e pr o-

c essi n g a n d a  m ulti v ari at e p arti al l e ast s q u ar es cl assifi c a-

ti o n al g orit h m  w er e s u c c essf ull y e m pl o y e d i n t h e c as e of

i ns uli n v ari a nts.1 3 M or e o v er, t h e a ut h ors e m p h asis e d

(i) t h e hi g h q u alit y a n d t h e r e pr o d u ci bilit y of t h e  D C D R

s p e ctr a, (ii) t h e a bs e n c e of p h ot o c h e mi c al a n d t h er m al

s a m pl e d a m a g e i n d u c e d b y t h e l as er e x cit ati o n u n d er t y p-

i c al  D C D R d at a c oll e cti o n c o n diti o ns a n d (iii) t h e si mil ar-

iti es b et w e e n  D C D R s p e ctr a a n d  R a m a n s p e ctr a fr o m

s ol uti o n. 1 4

D C D R  m et h o d  w as f urt h er us e d t o d et e ct s p e ctr al

c h a n g es i n d u c e d b y t h e p h o s p h or yl ati o n of t yr osi n e

a mi n o a ci d r esi d u es i n f o ur p e pti d es  wit h s e q u e n c es

d eri v e d fr o m t h e h u m a n pr ot ei n-t yr osi n e ki n as e p 6 0 c-

sr c. 1 1, 1 6 T h e d e gr e e of t yr osi n e p h os p h or yl ati o n i n p e p-

ti d e  mi xt ur es  w as d et er mi n e d usi n g  D C D R s p e ctr a c o m-

bi n e d  wit h p arti al l e ast s q u ar es  m ulti v ari at e c ali br ati o n

tr e at m e nt. F oll o wi n g p H- d e p e n d e nt  D C D R  m e as ur e-

m e nts of p e pti d e c o nfir m e d t h at t his  m et h o d c a n b e

e m pl o y e d t o o bt ai n i nf or m ati o n o n c o nf or m ati o n al

c h a n g es i n d u c e d b y c h a n g es i n p H i n b ot h t h e p h os p h or-

yl at e d a n d u n p h os p h or yl at e d st at es. 1 7 D C D R a p pr o a c h

c a n als o b e a p art of t h e s cr e e ni n g a n d t h e c h ar a ct eris a-

ti o n of pr ot ei n-li g a n d bi n di n g d et e cti o n.1 8

A n i m p ort a nt p art of p u blis h e d p a p ers i n cl u d es

D C D R e x p eri m e nt s o n  mi xt ur es a n d c o m pl e x (r e al) s a m-

pl es,  w hi c h h a v e b e e n p u blis h e d si n c e 2 0 0 7. Fili k a n d

St o n e a n al ys e d c h a n g es i n t h e r el ati v e pr ot ei n c o n c e ntr a-

ti o ns of pr ot ei n  mi xt ur es c o m p os e d of l ys o z y m e, l a ct of er-

ri n a n d al b u mi n. 1 9 T h e y s h o w e d t h at t h e c o m bi n ati o n of

t h e  D C D R  m et h o d a n d pri n ci p al c o m p o n e nts a n al ysi s is

s e nsiti v e a n d s uit a bl e f or t h e d et e cti o n of s m all c h a n g es

i n t h e r el ati v e pr ot ei n c o n c e ntr ati o ns.  T h e s a m e a ut h ors

p u blis h e d ot h er  D C D R st u di es o n t h e a n al ysis of h u m a n

t e ar fl ui d ( Fi g ur e 4 ),  w hi c h is a c o m pl e x s ol uti o n c o nt ai n-

i n g pr ot ei ns,  m et a b olit es, el e ctr ol yt e s a n d li pi ds as

w ell. 2 0, 2 1 T his  w or k c o nfir m e d t h at t h e  D C D R  m et h o d

c o ul d pr o vi d e a fi n g er pri nt of t h e t e ar pr ot ei n a n d li pi d

F I G U R E  3 A n e x a m pl e of dr o p c o ati n g d e p ositi o n  R a m a n

( D C D R) st u d y o n h u m a n i ns uli n s a m pl e.  U p p er p art r e pr es e nts t h e

w hit e li g ht i m a g e of h u m a n i ns uli n ( 1 0 μ L of 1 0 0 μ M s ol uti o n)

d e p osit e d o n a n o mi n all y fl at g ol d s u bstr at e.  B ott o m p art is a

D C D R s p e ctr a ( a – d) a c q uir e d fr o m t h e c orr es p o n di n g p ositi o ns

s h o w n i n t h e a b o v e i m a g e ( wit h a n i nt e gr ati o n ti m e of 5 0 s, a n d t h e

b ar r e pr es e nts 5 0 μ m).  R e pr o d u c e d  wit h p er missi o n fr o m  Z h a n g

et al. 9
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c o m p ositi o n, a n d it is  w ort h p urs ui n g as a p ossi bl e di a g-

n osti c t e c h ni q u e. F oll o wi n g t his  w or k,  H u et al., i n t h e

st u d y of h u m a n t e ar fl ui d, e m pl o y e d b ot h  D C D R a n d

S E R S  m et h o ds. 2 2 T h e y d e m o nstr at e d t h at b ot h

a p pr o a c h es c o ul d b e us e d t o a n al ys e t h e s a m pl es  wit h o ut

a n y s a m pl e pr etr e at m e nt or s e p ar ati o n.  M or e o v er, b ot h

m et h o ds c a n pr o vi d e c o m pl e m e nt ar y i nf or m ati o n a b o ut

w h ol e h u m a n t e ars.  A n ot h er e x a m pl e of a  D C D R st u d y

of a r e al c o m pl e x s a m pl e is c er e br os pi n al fl ui d. 2 3 I n t his

w or k, it  w as r e v e al e d t h at t h e st a bilit y of t h e r e al s a m pl e

F I G U R E  4 A n e x a m pl e of dr o p

c o ati n g d e p ositi o n  R a m a n ( D C D R)

st u d y of h u m a n t e ar fl ui d; ( a)  w hit e

li g ht tr a ns missi o n i m a g e of a dri e d

1. 5- μ L t e ar dr o p d e p osit e d o n  C a F 2 pl at e

(s c al e b ar s h o ws 5 0 0 μ m), a n d ( b)  m e a n

t e ar pr ot ei n  D C D R s p e ctr a, (i)– (i v)

v ol u nt e ers 1 – 4, ( v) diff er e n c e b et w e e n

s p e ctr a i a n d i v, i nt e nsit y 3.

R e pr o d u c e d  wit h p er missi o n fr o m  Fili k

a n d St o n e. 2 1
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is li mit e d, a n d it is n e c ess ar y t o pr o c ess t h e s a m pl e f or

D C D R  m e as ur e m e nt as s o o n as p ossi bl e aft er c oll e cti o n.

A n ot h er e m pl o y m e nt of t h e  D C D R  m et h o d  w as a n e x a m-

i n ati o n of c h e mi c al c h a n g es i n s y n o vi al fl ui d of p ati e nts

wit h cli ni c al e vi d e n c e of k n e e ost e o art hritis,  w hi c h c a n

h a v e di a g n osti c a n d/ or pr o g n osti c v al u e. 2 4

D C D R  m et h o d  w as als o e m pl o y e d t o a n al ys e  mi cr o-

c ysti n ( M C) s a m pl es, a n u bi q uit o us a n d p ot e nt h e p at o-

t o xi n pr o d u c e d b y c y a n o b a ct eri a.  T h e ai m  w as t o

u n e q ui v o c all y i d e ntif y  M C- L R t o xi n fr o m a q u e o us s ol u-

ti o n i n tr a c e c o n c e ntr ati o n s b y  D C D R, as it c a n c a us e t h e

c o nt a mi n ati o n of fr es h w at ers us e d f or dri n ki n g  w at er

F I G U R E  5 U p p er p art is  R a m a n

s p e ctr a of 1, 2- dist e ar o yl-s n- gl y c er o-

3- p h os p o c h oli n e ( D S P C) li p os o m es

m e as ur e d fr o m ( A) a q u e o us s us p e nsi o n

a n d ( B) t h e ri n g of t h e p att er n o n dr o p

c o ati n g d e p ositi o n  R a m a n ( D C D R)

s u bstr at e ( S p e ct RI M ™ ,  Ti e nt a S ci e n c es).

S p e ctr a ar e b as eli n e- c orr e ct e d.  B ott o m

p art is  R a m a n s p e ctr a of as ol e cti n

li p os o m es  m e as ur e d fr o m ( A) a q u e o us

s us p e nsi o n a n d ( B) t h e ri n g of dri e d

dr o p o n  D C D R s u bstr at e ( S p e ct RI M ™ ,

Ti e nt a S ci e n c es). S p e ctr a ar e b as eli n e-

c orr e ct e d.  R e pr o d u c e d  wit h p er missi o n

fr o m  K oči š o v a a n d Pr o c h a z k a. 2 7 [ C ol o ur

fi g ur e c a n b e vi e w e d at

wil e y o nli n eli br ar y. c o m ]
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s u p pl y. F or t h e diff er e nti ati o n of  m or e  M C v ari a nts a n d

n o d ul ari n ( a n ot h er t o xi n pr o d u c e d b y a s p e cifi c c y a n o-

b a ct eri u m), pri n ci p al c o m p o n e nt a n al ysis a n d p e a k r ati o

a n al ysis  w er e us e d as  m at h e m ati c al a p pr o a c h es f or t h e

c oll e ct e d  D C D R s p e ctr a. 2 5, 2 6

T h e  D C D R st u di es o n li pi ds or g a nis e d  m ai nl y i n t h e

li p os o m es i n t h e li p os o m al s us p e nsi o n h a v e b e e n st art e d

b y o ur gr o u p si n c e 2 0 1 0. Li pi ds, as a n i m p ort a nt gr o u p of

bi ol o gi c al  m ol e c ul es, ar e t h e pri n ci p al str u ct ur al c o m p o-

n e nts of t h e li vi n g c ell  m e m br a n e.  T h e li p os o m es —

s p h eri c al s elf- cl os e d str u ct ur e s c o m p os e d of c ur v e d li pi d

bil a y ers i n t h e a q u e o us e n vir o n m e nt — ar e oft e n us e d as

s uit a bl e  m o d el  m e m br a n e s yst e ms.  T h e h o m o g e n e o us

li p os o m al s us p e nsi o n (i n li pi d c o m p ositi o n a n d si z e)

d e p osit e d o n t h e s u bstr at e dri es si mil arl y t o pr ot ei ns,

f or mi n g t h e ‘c off e e-ri n g ’ p att er n  wit h a cir c ul ar s h a p e

a n d t h e e d g e ri n g (s e e Fi g ur e 1 B , l eft i m a g e).  G e n er all y,

t h e di a m et er of t h e p att er n a n d t h e  wi dt h of t h e e d g e ri n g

v ari es d e p e n di n g o n t h e li pi d c o m p ositi o n of t h e li p o-

s o m es a n d t h e c o n c e ntr ati o n, as o bs er v e d i n t h e c as e of

1, 2- dist e ar o yl-s n- gl y c er o- 3- p h os p o c h oli n e ( D S P C) a n d

as ol e cti n s a m pl es. 2 7 N or m al  R a m a n s p e ctr os c o p y fr o m

a q u e o us li p os o m al s us p e n si o n d e m a n ds hi g h i niti al c o n-

c e ntr ati o ns of li pi ds s e v er al ti m es hi g h er t h a n is n e e d e d

f or  D C D R. F or i nst a n c e, t h e  R a m a n  m e as ur e m e nt of t h e

D S P C li p os o m al s a m pl e i n s us p e nsi o n h a d 1 2 0 ti m es

hi g h er c o n c e ntr ati o n t h a n t h at us e d f or t h e  D C D R  m e a-

s ur e m e nt ( 0. 3  m g  m L 1 ). It  w as f o u n d t h at t his c o n c e n-

tr ati o n is o pti m al f or t h e a c q uisiti o n of r e pr o d u ci bl e

D C D R s p e ctr a of g o o d q u alit y. 2 7, 2 8 T h us,  D C D R s p e ctr os-

c o p y pr o vi d e d  R a m a n s p e ctr a usi n g i niti al s a m pl e c o n-

c e ntr ati o ns of at l e ast t w o or d ers of  m a g nit u d e l o w er

t h a n t h os e n e e d e d f or n or m al  R a m a n s p e ctr os c o p y i n

a q u e o us s us p e nsi o ns. S p e ctr a i n Fi g ur e 5 c o m p ar e t h e

n or m al R a m a n s p e ctr a fr o m a q u e o us s us p e nsi o n a n d t h e

D C D R s p e ctr a f or  D S P C a n d as ol e cti n s a m pl es.  T h e s p e c-

tr al f e at ur es of li pi ds ar e t h e s a m e i n b ot h c as es,  w hi c h

m e a ns t h at t h e li p os o m es  m ai nt ai n e d t h eir p h as e e v e n

aft er dr yi n g, li q ui d- cr yst alli n e a n d g el o n e f or as ol e cti n

a n d  D S P C, r es p e cti v el y.  T h e e x c ell e nt r e pr o d u ci bilit y of

t h e li p os o m al s p e ctr a  w as c o nfir m e d b y s p e ctr al  m a p pi n g

fr o m t h e e d g e ri n g ar e a ( c o ns e c uti v el y  m e as ur e d s p e ctr a)

s c a n n e d at p arti c ul ar c h os e n p oi nts i n pr e cis el y d efi n e d

l o c ati o ns, as c a n b e s e e n i n Fi g ur e 6 .2 7

I n a d diti o n t o h o m o g e n e o us li p os o m es t h e ms el v es,

w e als o i n v esti g at e d li p os o m es  wit h i n cr e asi n g c o nt e nt of

c h ol est er ol.  C h ol est er ol, as a n i m p ort a nt c o m p o n e nt of

t h e a ni m al pl as m a  m e m br a n e,  w as i ns ert e d b et w e e n t h e

p h os p h oli pi d  m ol e c ul es i n li p os o m es,  w hi c h si g nifi c a ntl y

aff e cts t h e  m e m br a n e str u ct ur e a n d fl ui dit y.  T h e pr es-

e n c e of c h ol est er ol i n a li p os o m e c a us es a di mi nis h m e nt

of t h e dri e d p att er n si z e a n d a n i n cr e as e i n t h e di a m et er

of t h e ri n g. 2 9 H o w e v er, a hi g h er a m o u nt of c h ol est er ol

( 2 0 % of c h ol est er ol f or li p os o m es c o m p o s e d of

1, 2- di p al mit o yl- s n- gl y c er o- 3- p h os p h o c h oli n e) c a us es t h e

f or m ati o n of t h e c o m p a ct p att er n  wit h o ut t h e f or m ati o n

of t h e ri n g.  A c q uir e d  D C D R s p e ctr a c o nt ai n e d c h ar a ct er-

isti cs of b ot h p h os p h oli pi d s a n d c h ol est er ol.  M or e o v er,

li p os o m es di d n ot c h a n g e t h eir i niti al p h as e st at e aft er

dr yi n g. S p e ctr al  m a p pi n g d e m o nstr at e d t h at  m a xi m u m

R a m a n i nt e nsit y ori gi n at e d fr o m t h e c e ntr al p art of t h e

ri n g str u ct ur e.

A c o m p aris o n of  D C D R a n d S E R S  m et h o ds i n s e nsi-

ti v e li pi d d et e cti o n  w as  m a d e f or s y nt h eti c

1, 2- di m yrist o yl- 3-tri m et h yl a m m o ni u m- pr o p a n e

F I G U R E  6 U p p er p art r e pr es e nts a t y pi c al  w hit e-li g ht  mi cr o-

i m a g e. B ott o m p art is t h e c orr es p o n di n g s p e ctr al  m a p of a ri n g

s e cti o n of a dri e d dr o p of di p al mit o yl p h os p h ati d yl c h oli n e.  T h e b ar

c orr es p o n ds t o 2 μ m.  R e pr o d u c e d a n d a d a pt e d fr o m  K o či š o v a a n d

Pr o c h a z k a. 2 7 [ C ol o ur fi g ur e c a n b e vi e w e d at wil e y o nli n eli br ar y.

c o m ]
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( D M T A P).3 0 D C D R  m et h o d p r o vi d e d r e p r o d u ci bl e

D M T A P s p e ct r a  wit h o ut c o n si d e r a bl e l o s s of it s s ol u-

ti o n p r o p e rti e s if  m e a s u r e d f r o m t h e ‘c off e e- ri n g ’ p at-

t e r n d ri e d o n a S p e ct RI M™ s u b st r at e.  D M T A P  w a s

d et e ct e d f r o m 1 0 μ M i niti al s ol uti o n c o n c e nt r ati o n,

w hi c h i s a b o ut t h r e e o r d e r s of  m a g nit u d e l o w e r t h a n

t h at f o r  n o r m al  R a m a n s p e ct r o s c o p y. S E R S s p e ct r a

f r o m t h e d ri e d ri n g of  A g  h y d r o s ol / D M T A P s y st e m

d e p o sit e d o n a cl e a n gl a s s sli d e  w e r e o bt ai n e d d o w n t o

0. 3 μ M  D M T A P c o n c e nt r ati o n,  w hi c h  m e a n s t h at t h e

s e n siti vit y of S E R S i s a b o ut fi v e o r d e r s of  m a g nit u d e

hi g h e r t h a n t h at of  n o r m al  R a m a n s p e ct r o s c o p y.  H o w-

e v e r, i n c o nt r a st t o t h e  D C D R t e c h ni q u e, S E R S s p e ct r a

of  D M T A P of g o o d q u alit y  w e r e o bt ai n e d o nl y fr o m t h e

ri n g l o c ati o n s c o nt ai ni n g bi g  n a n o p a rti cl e a g g r e g at e s.

M o r e o v e r, t h e st r u ct ur al p r o p e rti e s of  D M T A P  w e r e

si g nifi c a ntl y p e rt u r b e d b y a d s o r pti o n o n t h e  A g

n a n o p a rti cl e s. 3 0

D C D R  m et h o d  w as t h e n e m pl o y e d t o i n v esti g at e t h e

i nt er a cti o n of t h e c o m pl e x e d c ati o ni c c o p p er

5, 1 0, 1 5, 2 0-t etr a kis( 1- m et h yl- 4- p yri d yl) p or p h yri n ( C u P)

a n d p h os p h or ot hi o at e  m o difi e d oli g o n u cl e oti d e  wit h

li p os o m es.3 1 T h e dr yi n g pr o c ess o n t h e S p e ct RI M ™ s u b-

str at e pr o d u c e d a s e p ar ati o n of li p os o m es  wit h b o u n d

C u P/ oli g o n u cl e oti d e c o m pl e x es f or mi n g a ri n g at t h e

e d g e p art of t h e p att er n.  T h e c o m pl e x its elf r e m ai n e d i n

t h e c e ntr al p art of t h e ri n g.  Hi g h- q u alit y s p e ctr a  m e a-

s ur e d fr o m t h e ri n g r e v e al e d a n u n p ert ur b e d arr a n g e-

m e nt of li pi d c h ai ns, p arti al bi n di n g of t h e

C u P/ oli g o n u cl e oti d e c o m pl e x es t o li p os o m es, a n d a c er-

t ai n r e ori e nt ati o n of li pi d c h ai ns as a c o ns e q u e n c e of t h e

i nt er a cti o n.  T h e  m ai n a d v a nt a g e  w as a p erf e ct a c c u m ul a-

ti o n of li p os o m es i n t h e ‘c off e e-ri n g ’ wit h o ut r e m ar k a bl e

l oss of t h e li pi d str u ct ur al arr a n g e m e nt a n d a c o m pl et e

s e p ar ati o n of s m all er  m ol e c ul es or  m ol e c ul ar c o m pl e x es

n ot b o u n d t o li p os o m es.  T his p er mits t h e  D C D R  m et h o d

t o o bs er v e i nt er a cti n g  m ol e c ul ar s yst e ms pr es e nt at l o w

p er c e nt a g es i n t h e ori gi n al li p os o m e s us p e nsi o n. 3 2

T o i m pr o v e  D C D R p erf or m a n c e e v e n  m or e,  w e p er-

f or m e d s u bst a nti al st u di es c o n c er ni n g n e w s u bstr at es f or

D C D R. I n a d diti o n t o t h e a v ail a bl e c o m m er ci al a n d n o n-

c o m m er ci al s u bstr at es, att e m pts t o pr e p ar e n o v el h y dr o-

p h o bi c s u bstr at es i n a n e as y a n d l o w c ost  w a y  w er e

m a d e.  T h e t hi ol- m o difi e d  A u- c o at e d gl ass s u bstr at e, pr e-

p ar e d b y v a c u u m e v a p or ati o n of a d h esi o n pr o m oti n g tit a-

ni u m fil m a n d a g ol d fil m o n a gl ass sli d e, s h o w e d o nl y a

w e a k b a c k gr o u n d si g n al. 7 G ol d c o ati n g si mil ar t o t h e

p olis h e d st ai nl ess st e el i n t h e S p e ct RI M ™ or μ RI M ™

s u bstr at es s er v e d as a hi g hl y r efr a cti v e l a y er, str o n gl y

i n cr e asi n g t h e  R a m a n si g n al.  T h e s u bstr at e  w a s t e st e d

wit h al b u mi n s ol uti o n a n d li p os o m al s us p e nsi o n a n d

s h o w e d si mil ar b e h a vi o ur  w h e n c o m p ar e d t o t h e c o m-

m er ci al S p e ct RI M ™ w h er e t h e  D C D R s p e ctr a  w er e i n

g o o d a gr e e m e nt  wit h o ur pr e vi o usl y p u blis h e d p a p er. 7

A n ot h er att e m pt i n cl u d e d gl a ss s u b str at e s  m o difi e d b y

diff er e nt sil a n e s ( wit h diff er e nt  w ett a biliti e s c orr e s p o n d-

i n g t o diff er e nt c o nt a ct a n gl e s) f a bri c at e d a n d t e st e d b y

a li p o s o m al s u s p e nsi o n.  A n effi ci e nt pr e c o n c e nt r ati o n

w a s e vi d e nt fr o m a s uffi ci e ntl y hi g h  D C D R si g n al,

alt h o u g h it  w a s s m all er t h a n f or S p e ct RI M ™ .6 A s t h e

D C D R p erf or m a n c e str o n gl y d e p e n d s o n t h e  w etti n g

pr o p erti e s of s u b str at e s, n o v el fl u or o c a r b o n n a n o str u c-

t ur e d c o ati n g s  w er e i nt r o d u c e d.5 T h e s e s u b str at e s  w er e

pr e p ar e d b y a n o v el  m et h o d b a s e d o n t h e d e p o siti o n of

arr a y s of n a n o p arti cl e s ( c o p p er or sil v er) f usi n g a g a s

a g gr e g ati o n s o ur c e a n d s u b s e q u e nt o v er c o ati n g b y

s p utt er- d e p o sit e d t hi n fl u or o c ar b o n fil m.  T h e n a n or-

o u g h n e s s a n d,  wit h it, c o n n e ct e d  w ett a bilit y of pr o d u c e d

c o ati n g s  w a s c o ntr oll e d b y t h e n u m b er of n a n o p arti cl e s

i n t h e b a s e l a y er.  F or t h e li p o s o m al s u s p e nsi o n, t w o

ti m e s hi g h er  R a m a n si g n al i nt e nsit y  w a s o b s er v e d c o m-

p ar e d  wit h s m o ot h fl u or o c ar b o n fil m s  wit h o ut c h a n g e

i n t h e pr ofil e of r e c or d e d  R a m a n s p e ctr a.  T hi s  w a s

a s s u m e d b e c a u s e of a b ett er pr e c o n c e nt r ati o n of li p o-

s o m e s i n t h e e d g e of t h e ri n g str u ct ur e.

I n a d diti o n t o l ar g e  m ol e c ul es,  m ol e c ul ar s yst e ms a n d

m or e c o m pl e x s a m pl es (i n cl u di n g r e al b o d y fl ui d s a m-

pl es), s m all  m ol e c ul es  w er e als o t h e s u bj e ct of t h e  D C D R

st u d y of o ur gr o u p.  T h e s ol uti o ns of t h es e  m ol e c ul es dr y

o b vi o usl y dissi mil ar t o pr ot ei ns a n d li p os o m es a n d oft e n

d o n ot f or m t h e p att er n  wit h a ‘c off e e-ri n g ’.  T h e o bs er v e d

p att er ns c a n b e c o m p o s e d of s m all cr yst als a n d/ or n o n-

u nif or m s p ots t h at ar e  m or e or l ess h o m o g e n o us. S m all

m ol e c ul es i n cl u d e a br o a d s et of s u bst a n c es, s u c h as

a mi n o a ci ds, p or p h yri ns, di pi c oli ni c a ci d, a c et yls ali c yli c

a ci d, ri b ofl a vi n,  m et h yl e n e bl u e, c o nt a mi n a nts (f o o d a n d

e n vir o n m e nt al) a n d s o f ort h. 3 3 – 3 7 W e r e p ort e d t h e

i m pr o v e m e nt of d et e cti o n s e nsiti vit y f or c ati o ni c ( c o p p er

(II) 5, 1 0, 1 5, 2 0-t etr a kis( 1- m et h yl- 4- p yri d yl) p or p h yri n) a n d

a ni o ni c ( c o p p er(II) 5, 1 0, 1 5, 2 0-t etr a ki s( 4-s ulf o n at o p h e n yl)

p or p h yri n) p or p h yri ns b y a f a ct or of 1 0 5 w h e n t h e  D C D R

s p e ctr a fr o m 2 0 n M d e p osit e d c o n c e ntr ati o ns  w er e

a c q uir e d.  M or e o v er,  w e  m e as ur e d t h e  D C D R s p e ctr u m of

pr ot o p or p h yri n I X k n o w n as a  m ar k er i n cli ni c al di a g-

n osti cs of c a n c er, e v e n fr o m 1 0 n M d e p osit e d c o n c e ntr a-

ti o n.  W e d e m o nstr at e d t h at t h e  D C D R d et e cti o n li mit is

c o m p ar a bl e  wit h or e v e n b ett er t h a n t h at of S E R S usi n g

A g n a n o p arti cl es. 3 4 Di pi c oli ni c a ci d, a n i m p ort a nt s p or e

bi o m ar k er f or B a cill us a nt hr a cis ( a nt hr a x),  w as d et e ct e d

at 5 1 0 7 M d e p osit e d c o n c e ntr ati o n t h at is e q ui v al e nt

t o a p pr o xi m at el y 9 0 b a ct eri al s p or es,  w hi c h is si g nifi-

c a ntl y b el o w t h e i nf e cti v e d os e ( Fi g ur e 7 ).3 5 T h e  D C D R

d et e cti o n li mits f or ri b ofl a vi n, a c et yls ali c yli c a ci d a n d

m et h yl e n e bl u e  w er e 1 0 6 , 1 0 7 a n d 1 0 8 M f or d e p osit e d

c o n c e ntr ati o ns, r es p e cti v el y.  T h es e d et e cti o n li mits ar e

c o m p ar a bl e t o or e v e n b ett er t h a n t h os e of S E R S usi n g
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c o m m er ci al  A g s u bstr at e. 3 6 T h e  D C D R s p e ctr a of s el e ct e d

c o nt a mi n a nts (f o o d c o nt a mi n a nt  m el a mi n e, f u n gi ci d e

t hir a m a n d h er bi ci d es b e nt a z o n a n d pi cl or a m)  w er e

d et e ct e d i n c o n c e ntr ati o ns r el e v a nt t o f o o d a n d

gr o u n d w at er c o nt a mi n ati o ns.  M or e o v er, n or m al  R a m a n

s p e ctr a fr o m st o c k s ol uti o ns of t h es e s u bst a n c es  w er e

i m p ossi bl e t o o bt ai n u n d er t h e s a m e e x p eri m e nt al

c o n diti o ns.  T h e l o w est  D C D R d et e ct e d c o n c e ntr ati o ns

w er e d et er mi n e d as 6. 4, 0. 3 1, 2 0 a n d 2  m M i n d e p osit e d

c o n c e ntr ati o ns f or  m el a mi n e, t hir a m, b e nt a z o n a n d

pi cl or a m, r es p e cti v el y. 3 7

5 | C O N C L U S I O N S  A N D  F U R T H E R
P E R S P E C T I V E S

T h e  D C D R  m et h o d is a v er y s uit a bl e t o ol f or t h e d et e c-

ti o n a n d st u d y of bi o m ol e c ul es a n d bi ol o gi c all y i m p ort a nt

m ol e c ul es, t h eir  mi xt ur es, as  w ell as  m or e c o m pl e x s a m-

pl es, s u c h as r e al b o d y fl ui ds.  T h e p ossi bilit y of  m e as ur-

i n g fr o m s m all v ol u m es ( u p t o u nits of μ L) of l o w-

c o n c e ntr at e d ( μ M) i niti al s ol uti o ns a n d s us p e nsi o ns

t h at ar e cl os e t o p h ysi ol o gi c al c o n c e ntr ati o ns or r el e v a nt

i n f o o d a n d gr o u n d w at er c o nt a mi n ati o ns r e pr es e nts t h e

F I G U R E  7 U p p er p art r e pr es e nts a

w hit e-li g ht mi cr oi m a g e of t h e p att er n of

di pi c oli ni c a ci d o n S p e ct RI M ™

s u bstr at e at a c o n c e ntr ati o n of 5 1 0 – 7

M, b ar c orr es p o n ds t o 2 0 μ m.  B ott o m

p art is a n e x a m pl e of dr o p c o ati n g

d e p ositi o n  R a m a n ( D C D R) s p e ctr a of

di pi c oli ni c a ci d  m e as ur e d fr o m p att er ns

i n d e p osit e d c o n c e ntr ati o ns ( a) 1 1 0 – 5

M, ( b) 1 1 0 – 6 M a n d ( c) 5 1 0 – 7 M.

R e pr o d u c e d fr o m  K o či š o v a a n d

Pr o c h a z k a. 3 5 [ C ol o ur fi g ur e c a n b e

vi e w e d at wil e y o nli n eli br ar y. c o m ]
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m ai n a d v a nt a g es. S e v er al or d ers of  m a g nit u d e i m pr o v e-

m e nt ( o b vi o usl y 1 0 3 t o 1 05 ) i n  R a m a n d et e cti o n s e n si-

ti vit y is oft e n a c hi e v e d c o m p ar e d  wit h n or m al  R a m a n

m e as ur e m e nt fr o m a s ol uti o n.  M or e o v er, t h e  D C D R

m et h o d c a n b e us ef ul  w h e n t h e n or m al  R a m a n s p e ctr a

fr o m t h e s ol uti o n or S E R S s p e ctr a ar e i m p ossi bl e t o

a c q uir e.  T h e p ot e nti al i m p ort a n c e of  D C D R als o c o m es

fr o m t h e f a ct t h at  R a m a n s p e ctr os c o p y off ers a d diti o n al

i nf or m ati o n n ot r e a dil y o bt ai n a bl e fr o m c urr e nt d et e cti o n

m et h o ds (s u c h as fl u or es c e n c e or  m ass s p e ctr os c o p y).

T h e  D C D R s p e ctr a ar e o b vi o u sl y  w ell r e pr o d u ci bl e

a n d of hi g h q u alit y  wit h a v er y g o o d si g n al t o n oi s e

r ati o, a n d  w h at i s i m p ort a nt, t h e y  m ostl y  m ai nt ai n t h e

pr o p erti e s fr o m s ol uti o n s a n d t h e p h a s e s f or li pi d s. I n

t h e c a s e of s m all  m ol e c ul e s, t h eir  D C D R s p e ctr a ar e

oft e n si mil ar t o t h e  R a m a n s p e ctr a of p o w d er. It  w a s

s h o w n t h at t h e  h y dr o p h o bi c s u b str at e a n d it s c h ar a ct er-

i sti c s ar e i m p ort a nt i n t h e  D C D R e x p eri m e nt a s t h e

f or m e d p att er n h a s b e e n t h e r e s ult of t h e i nt er pl a y

a m o n g n ot o nl y t h e t y p e of  m ol e c ul ar s ol uti o n s or s us-

p e n si o n s a n d t h e s a m pl e c o n c e ntr ati o n b ut al s o a c h o-

s e n s u b str at e.  Fr o m t h e p oi nt of vi e w of  D C D R

s e n siti vit y, t h e  D C D R s u b str at e s h o ul d b e o pti mi s e d t o

pr o vi d e a f or m ati o n of t h e hi g hl y c o n c e ntr at e d p att er n

of t h e st u di e d a n al yt e.  T h er ef or e, f urt h e r r e s e ar c h a n d

d e v el o p m e nt of o pti m al  D C D R s u b str at e s  w o ul d b e a

si g nifi c a nt c h all e n g e f or a d diti o n al i m pr o v e m e nt,

t h a n k s t o  w hi c h e v e n  m or e effi ci e nt si g n al c oll e cti o n

w o ul d b e p o s si bl e.  N a n o str u ct ur e d s u b str at e s  wit h t ai-

l or e d  w ett a bilit y a p p e ar t o b e v er y pr o mi si n g i n t hi s

dir e cti o n.

O pti mis e d s u bstr at es  w o ul d b e h el pf ul i n pl a n ni n g

a n d d esi g ni n g of t h e e x p eri m e nts f or t h e n e c essit y t o

m o nit or t h e pr es e n c e of v ari o us s u bst a n c es a n d c o nt a mi-

n a nts a n d/ or t h eir  m ut u al i nt er a cti o n.  T his, t o g et h er

wit h t h e s e gr e g ati o n p ot e nti al, c a n c a u s e t h e i m p ort a nt

pr o gr ess of t h e  D C D R  m et h o d, i n cl u di n g pr ot e o mi c s e p a-

r ati o n a n d p h ar m a c e uti c al d et e cti o n.  T h e c h all e n g e is t h e

e x a mi n ati o n of b o d y fl ui d s a m pl es f or di a g n osis a n d

i d e ntifi c ati o n of o n g oi n g pr o c ess es  wit h t h e p ot e nti al t o

tr e at dis e as es,  w hi c h c o ul d b e of gr e at b e n efit.
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c hi m.  A ct a, P art a 2 0 2 1 , 2 6 2 , 1 2 0 1 0 9.

H o w t o cit e t hi s a rti cl e: A.  K ui ž o v a,  E.  K o či š o v a,
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Drop coating deposition Raman (DCDR) spectroscopy: 
fundamentals and potential applications

Eva Ko�ci�sov�a and Al�zbeta Kui�zov�a 

Institute of Physics, Faculty of Mathematics and Physics, Charles University, Prague, Czech Republic 

ABSTRACT 
Raman spectroscopy has developed significantly since its discovery 
and has become an important analytical vibrational technique for 
investigating the sample’s chemical and structural properties. Today, 
great emphasis is placed on detecting low-concentrated samples of 
small volumes, which is a problematic task considering the weak 
intensity of the Raman signal. To improve the sensitivity significantly, 
resonance Raman spectroscopy and surface-enhanced Raman spec-
troscopy were employed. However, they face certain limitations and 
cannot generally be applied to any molecule. Here, we focus on 
drop coating deposition Raman (DCDR) spectroscopy that offers a 
general solution. DCDR lies in a droplet deposition of a liquid sample 
on an ideally solvophobic substrate where the subsequent drying 
process results in a preconcentrated deposit. After focusing on the 
preconcentrated dried parts in the deposit under the Raman micro- 
spectrometer, this offers high-quality classical Raman spectra even 
from a low-concentrated sample. Besides the overview of the 
method, its potential and the applications to biomolecules, biologic-
ally significant molecules and contaminants will be discussed.

KEYWORDS 
Drop coating deposition 
Raman; DCDR; hydrophobic 
substrate; biomolecule; 
contaminant   

1. Introduction

The Raman scattering phenomenon was discovered in 1928 and named after the physi-
cist Sir Chandrasekhara Venkata Raman, who made the first recorded observation.[1,2] 

Raman was awarded the Nobel Prize for Physics in 1930 for this first experimental evi-
dence. The phenomenon occurs when a sample is irradiated by incident light that is 
immediately scattered by molecules. Generally, the majority of the scattered light is elas-
tic scattering (Rayleigh), which occurs at the same wavelength as the incident light. The 
Raman scattering is inelastic, shifting the frequency/wavelength of scattered radiation 
due to molecular vibrational motion. The Raman signal is very weak, at about a million 
times less intense than Rayleigh scattering (only one of 105-107 photons is scattered 
inelastically). Moreover, at the time of the first Raman experiments, only rudimentary 
instruments were available, and it was truly remarkable that such a weak phenomenon 
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was detected. Nevertheless, the instrumentation gradually developed over time, making 
it possible to record Raman spectra of various compounds in liquid and solid phases.

However, despite the technical developments (e.g. using laser excitation sources and 
sensitive detectors), the maximal conversion of the incident laser photons into Raman 
signal is only about 108 due to the weak Raman scattering cross-section.[3] It is chal-
lenging to record Raman spectra from poor scatterers or low-concentrated materials, 
where relatively highly concentrated samples (more than 1 mM) and large amounts of 
analyte (more than 1 mg) are necessary. Concerning biological samples/molecules and 
contaminants (e.g. food and environmental contaminants), such high amounts do not 
correspond to physiological conditions and environmentally relevant concentrations.[3,4] 

Therefore, their detection is complicated.
To overcome the aforementioned obstacles, the Raman intensity is often increased 

using non-classical (enhanced) Raman spectroscopy such as resonance Raman spectros-
copy (RRS) and surface-enhanced Raman spectroscopy (SERS) methods. RRS occurs 
when the incident laser light is near resonance with an electronic transition of the 
molecule and thus amplifies Raman scattering from a specific vibrational mode of the 
molecule in resonance with the excitation. It can enhance the Raman scattering cross- 
section by orders of magnitude. SERS is based on the presence of metal nanoparticles in 
colloid or in the form of roughened/nanostructured metal (plasmonic), very often silver 
and gold surface/platform, called "SERS-active" providing the electromagnetic enhance-
ment due to the excitation of localized surface plasmons. For the molecule of interest 
adsorbed on such a platform (due to chemisorption or physisorption), the enhancement 
of the Raman signal over 105 can be achieved.[5] Used surfaces have an important influ-
ence on both Raman enhancement and spectral reproducibility. It has been widely and 
successfully employed in various applications over the past few decades. Even though 
the SERS method has brought many important discoveries, its use is often not straight-
forward and generally not applicable to any molecule. Moreover, both RRS and SERS 
have more restricted validity due to the problems with spectral alteration, increased 
background, strong fluorescence signal, and the propensity for photochemical damage.

Besides the above-mentioned enhanced methods, it would be advantageous to have 
another approach at one’s disposal to increase the intensity of the Raman scattering 
when measuring classical (non-enhanced) Raman spectra. The drop coating deposition 
Raman (DCDR) method meets these requirements and overcomes the above-mentioned 
obstacles. As discussed further, the method benefits from a simple deposition of a small 
volume of liquid sample, which, when dried, creates a deposit suitable for measuring 
high-quality classical Raman spectra from the preconcentrated dried parts under the 
Raman micro-spectrometer. This review summarizes the state of the art of DCDR spec-
troscopy and demonstrates its potential and current applications on biomolecules and 
biologically significant molecules in relevant concentration ranges.

2. Methods

2.1. Inspiration for the DCDR method

The development of the DCDR method was very likely inspired by the simple observa-
tion of drying a spilled liquid drop, such as a drop of coffee. Basic physical principles of 
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drying were elaborated in the paper by Deegan et al.[6] published in the journal Nature 
in 1997. It described the phenomenon of the formation of an annular (ring-like) deposit 
known as a "coffee-ring" when a spilled drop of coffee evaporated on a solid surface. 
The authors stated the necessary conditions which had to be fulfilled for the formation 
of a "coffee-ring" deposit. These included a surface with a non-zero contact angle for 
the deposited liquid sample and the subsequent formation of a droplet contact line (at 
the air-liquid-solid interface) that is pinned to its initial position when dropped and 
dried. Although the evaporation process does not always result in the formation of a 
"coffee-ring" for each deposited droplet, this study emphasizes the effect of sample pre-
concentration in the edge ring, which was later successfully applied in the DCDR 
method.[7]

In 2009, the paper by Larmour et al.[8] reminded and pointed out an idea about solv-
ent removal that could be a universal mode for signal enhancement from dilute solu-
tions. Solvent removal influences the increasing concentration of the solute. When the 
concentration of the solution increases, more molecules of interest (causing the inelas-
tically scattered photons) enter the laser beam, and a higher signal is detected. As 
Raman scattering is proportional to concentration, the signal is expected to increase lin-
early with concentration. The authors calculated that if a 2-ml drop with a diameter of 
1.56 mm shrinks by evaporation into the drop with a diameter of 100 mm, the signal will 
increase more than by a factor of 3000 �. Further evaporation of the solvent to a 
10 mm drop diameter will increase the concentration, and so will the Raman signal by at 
least a factor of 3 � 106 times. This approach is generally suitable for any solution and 
does not depend on the properties of diluted molecules or the surface used for depos-
ition. Nevertheless, some types of surfaces could be more beneficial because they give 
rise to smaller, more compact deposits that provide higher signal.[9]

2.2. The principle of the DCDR method and fundamental features

The principle of the DCDR method (Figure 1) is straightforward and simple. It lies in 
the deposition of a small volume – a droplet – of solution or suspension of molecules 
of interest on a surface, later in the text, mentioned as substrate. The optimal substrate 
should be highly solvophobic in the range of used solvents. Since the studied sample is 
in an aqueous solution, in most cases, the preferred substrate is hydrophobic. Another 
commonly used solvent is ethanol. The deposition is then followed by the drying pro-
cess, usually at room temperature. The sample deposited on the substrate is protected 
from dust by covering it with a Petri dish. A final preconcentration of the analyte 
occurs as a result of the complete drying process. The resulting dried samples create a 
pattern of different forms. Sessile droplets very often dry with the "coffee-ring" effect 
when the evaporating droplet has a pinned contact line, and the solvent that is evapo-
rated from the periphery of the droplet is replenished by solvent from the interior. The 
resulting flow (streaming) can virtually carry all dispersed material to the edge, where a 
ring of sample molecules is formed. After the droplet deposition and its subsequent 
evaporation, the formed dried deposit is solvent-free. After putting the substrate under 
the Raman micro-spectrometer and focusing on the preconcentrated dried parts in the 
deposit, classical Raman spectra are measured. Besides dried deposits with the "coffee- 
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ring" effect, other types of patterns formed after drying can be observed (Figure 2). 
Small spots with often spherical form are observed when sessile drops have less ten-
dency to pin to the substrate during drying. Thus, the droplets will remain almost 
spherical as they shrink during evaporation. In addition, the formed pattern may be 
nonuniform and non-compact (composed of several parts, such as small isles). It can 
contain some amorphous parts, as well as tiny crystals, formed when the molecules in 
the drop tend to form self-assembling complexes via crystalizing.

DCDR approach, due to the significant preconcentration during drying, usually leads 
to the acquisition of high-quality classical spectra. In addition, strong preconcentration 
permits the measurement from initially low-concentrated samples (lower than for clas-
sical Raman measurement measured directly from solution). It is enough to drop only a 
small initial volume, a droplet of a few microliters. This enables a several-fold improve-
ment of the sensitivity when compared to classical Raman measurement from solution 
or suspension.[7,10–12]

Choosing a suitable substrate is crucial for optimizing a DCDR experiment. 
Hydrophobic substrates are preferred because the studied molecules are mostly in aque-
ous solution. Therefore, the substrate wettability, i.e. the extent to which a drop of 
deposited sample covers the surface, is relevant and affects both the drying process and 
the resulting appearance of the pattern. The wettability is described by a contact angle, 
the angle between liquid-solid and liquid-air interfaces. Generally, the pattern formed 
by the drying process is a result of the interplay among more factors, such as the type 
of molecular solution (or analyte), i.e. its chemical composition, concentration, molecu-
lar or particle size, charge, as well as the used solvent, and the selected substrate. All of 
these strongly influence the ability of sessile droplets to pin to the substrate and subse-
quently keep the contact line during drying. The resulting pattern is always a combin-
ation of both the properties of the analyte and the properties of the substrate. As 
presumed in the work of Larmour et al.[8], the smaller dried patterns with more 

Figure 1. The principle of the DCDR method: the deposition of a droplet of solution or suspension 
on a solvophobic substrate followed by the drying process and the measurement of classical Raman 
spectra from the created deposit pattern.
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preconcentrated samples give rise to a Raman signal of higher intensity. In this way, we 
can reduce the detection limit and significantly (several orders of magnitude) improve 
the detection sensitivity. At the same time, it is possible to extend the attractiveness and 
usefulness of Raman spectroscopy for any analyte, biomolecules and contaminants (at 
physiological conditions and environmentally relevant concentrations) that we are inter-
ested in.

Different substrates were continuously tested from the beginning of the DCDR 
experiments. More experimental results showed that a polished stainless steel overlaying 
with a hydrophobic layer was the most promising. SpectRIMTM substrate, commercially 
produced by Tienta Sciences, was successfully employed in many published works. It 
consisted of a 3 � 1 � 0.1 inch plastic pad in which an optically flat stainless steel plate 
coated with an ultra-thin (50 nm) hydrophobic layer was placed. It provided a contact 
angle of 122� for a drop of water. The substrate was chemically inert and appeared ideal 
for DCDR spectroscopy for dilute solutions in polar solvents. However, the 
SpectRIMTM Slide is no longer commercially available. Another substrate that is cur-
rently at disposal is a lRIMTM from BioTools. This substrate is less hydrophobic than 
SpectRIMTM Slide, with a contact angle of 108�.

Figure 2. White-light microimages of dried deposit patterns. (a) DPPC, 1 mg/ml, (b) lactose, 1.2 mg/ 
ml, (c) bentazone, 0.5 mg/ml, (d) picloram – 0.5 mg/ml, (e) melamine, 2 mg/ml.
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Another big group of substrates are the noncommercial home-made ones profiting 
from the hydrophobic character of smooth fluorocarbon coating with contact angle in 
the range of 108�-120�. They represent a very promising platform for DCDR spectros-
copy. This class of hydrophobic substrates can be additionally improved to create nano-
structured platforms with metal nanoparticles to increase the hydrophobicity even 
more.[9,13,14] Metal nanoparticles are sandwiched in plasma polymerized fluorocarbon 
films and prepared by magnetron sputtering. The presence of nanoparticles, depending 
on the type of metal (copper or silver), their size and amount, leads to a significant 
increase in the roughness of the surface and so in the contact angle of the deposited 
droplet. It was shown that surface roughness is a key parameter adjusting the wettabil-
ity.[14] In this way, not only highly hydrophobic but also super-hydrophobic substrates 
with a contact angle of at least 150� can be produced.[13] Super-hydrophobic substrates 
thus can cause the formation of smaller dried patterns with better preconcentration.[15] 

Despite the use of metal nanostructures, the enhancement of the Raman signal from 
deposited molecules is caused only by a better preconcentration on the roughened sur-
face, and the contribution of the SERS enhancement to the resulting signal is excluded 
due to the long distance from the metal nanostructures.

The other noncommercial and often used DCDR substrates include polished CaF2 

plates, silanized glass surfaces, quartz slides, gold foil, aluminum foil, thiol-modified 
gold-coated glass etc.[16–18] A polytetrafluoroethylene tape as a low-cost hydrophobic 
substrate was also tested.[19] The contact angles of these substrates vary in the range of 
80�-120�. With a higher contact angle, the preconcentration of the analyte is generally 
more efficient.[9,17]

As for the Raman spectra measurement, there are several crucial points regarding 
substrates and measurement conditions. Any used substrate should have a minimal 
background signal in the spectral region of interest, otherwise, the subsequent signal 
subtraction of this signal may not be straightforward. It is also necessary to properly 
adjust the intensity of the incident laser beam, as the sample may be photodamaged, 
especially when the sample layer is very thin. The presence of the fluorocarbon layer is 
advantageous because when thin, it shows no apparent Raman or fluorescence signal 
and thus provides the spectra from dried deposits of good quality. Furthermore, the 
polished stainless steel performs as a mirror and significantly increases the incoming 
signal by reflecting it to the objective. Similarly, all the substrates with mirror-like sur-
face (e.g. gold and aluminum foils) profit from its presence. For substrates with the 
background signal from glass surfaces, a gold coating can be used to reduce it effi-
ciently. For polished CaF2 plates, the single Raman band at 322 cm−1 can be easily 
removed by subtraction methods. Although, CaF2 band is mostly outside the spectral 
region of interest. Based on experience to date, a stainless steel plate coated with a thin 
hydrophobic fluorocarbon layer appears to be the most suitable substrate for DCDR 
spectroscopy.

3. Results and discussion: Beginnings, first results and our work

In the first DCDR experiments, emphasis was placed on the research of important bio-
logical molecules, such as amino acids, peptides and proteins.[7,18,20–25] Later, due to the 
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promising results, the studies were extended to investigate other molecules, molecular 
mixtures and complex solutions.[10,11,26–31]

The first encouraging results were published by Zhang et al.[7] in 2003 on samples of 
lysozyme and human insulin proteins. Their work combined Raman measurements with 
chromatography and mass spectrometry to demonstrate proteomic sensing. The authors 
were driven by an effort to detect the proteins derived from a chromatographic (HPLC) 
fraction by classical Raman or by following the Raman acquisition by mass spectro-
scopic techniques (MALDI-TOF). Since the concentrations needed for the classical 
Raman spectroscopy from solutions are higher than those issued from chromatography 
and needed for mass spectroscopy, the possibility of following up on it was challenging. 
However, the work of Zhang et al.[7] reported the potential to reproducibly measure 
high-quality classical Raman spectra from femtomole amounts of only micromolar con-
centrations of protein samples when deposited and dried on a hydrophobic substrate. 
The observed results showed a more than 1000-fold increase in the sensitivity of clas-
sical Raman spectroscopy from protein solutions. An important aspect of the DCDR 
experiments was the observation that the DCDR spectra were virtually identical to those 
measured from protein solutions at higher concentrations. In addition, it turned out 
that proteins maintain their structure from solution after the drying process so their 
native structure is not disrupted. All this indicated a potential benefit of DCDR spec-
troscopy in proteomic diagnostics.

Moreover, the capacity of the DCDR to act as a segregation method was also shown 
by the effective separation of proteins from the other components, such as some impur-
ities (mostly fluorescent ones) and buffer compounds (obviously salts).[32] The segrega-
tion effect is produced by convective streaming occurring during the evaporation and 
subsequent precipitation of components in different regions on the substrate. The 
streaming is a prominent driving force for the observed tendency of proteins and lipids 
(in the form of liposomes) to accumulate in an edge ring of dried patterns. In addition, 
crystallization may also contribute to segregation, as compounds with higher nucleation 
and crystal growth rates tend to deposit separately from compounds with lower crystal-
lization rates. Different solubility of the solution’s components also plays an important 
role in the segregation process. However, for example, components with a strong affin-
ity for each other will not tend to segregate, and thus, the segregation process does not 
work universally for every two- or multi-component analyte. As mentioned later, the 
potential profit from the segregation of individual components can be useful for under-
standing the interactions in complex samples.

In addition to proteins, lipids were another group of biologically important molecules 
that were studied by the DCDR method.[33–38] Since 2010, these studies have been car-
ried out mainly in our laboratory. Lipids perform several functions in the cell, but in 
particular, they are the main structural components of living membranes (cell and 
organelle). This task is provided mainly by phospholipids. We studied lipids organized 
in liposomes (spherical self-enclosed structures formed by curved lipid bilayers) as a lip-
osomal suspension. Due to their structure, liposomes are often used as suitable model 
membrane systems. The homogeneous liposomal suspension (in liposome dimension as 
well as lipid composition), when deposited on a hydrophobic substrate, dries to similar 
patterns as proteins studied so far. It has an overall round shape form with a "coffee- 
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ring" edge ring.[37] The size of the formed pattern, the diameter, as well as the width of 
the edge ring varies depending on the type of lipid, its concentration in the deposited 
drop and the lipid composition, i.e. whether they consist of only one type of lipid or a 
lipid mixture. The differences in patterns were observed for 1,2-distearoyl-sn-glycero-3- 
phospocholine (DSPC) (pure) compared to asolectin (mixture) samples.[37] At the same 
initial deposited concentrations, the diameter of the DSPC dried pattern was higher 
than that for the asolectin sample. The formed edge rings had a width of about 65- 
70 mm. Moreover, when comparing DSPC and asolectin dried patterns, less asolectin is 
transported to the edge during the drying as the formed ring is less distinct. In the case 
of DSPC liposomes, the membrane is composed of lipids with fully saturated carbohy-
drate chains (with 18 carbons), so it is rigid. Since the phase transition temperature of 
DSPC is 54 �C, the DSPC suspension is in an ordered gel phase at room temperature. 
The studied asolectin is a natural lipid extract from soybeans and is composed of vari-
ous types of lipids with approximately equal proportions of lecithin, cephalin and phos-
phatidylinositol and other phospholipids, as well as polar lipids in small amounts. As it 
is a mixture of various lipids, the phase transition is broad, and the temperature cannot 
be precisely determined. Moreover, liposomes formed by asolectin differ from those 
formed by only one type of lipid, as that is a model system closer to and mimics nat-
ural/real membranes.

As for Raman measurement, the classical Raman spectroscopy directly from liposo-
mal suspension is possible only with high initial concentrations of lipids, obviously 
more than tenfold higher than are needed for DCDR. For the classical Raman measure-
ment of DSPC liposomes from suspension, it had about 120 times higher concentration 
than the one found to be optimal for the DCDR measurement (0.3 mg/ml).[37] Such a 
low concentration is sufficient to form a thin layer pattern and obtain high-quality and 
highly reproducible DCDR spectra, which was confirmed by Raman mapping. 
Moreover, comparing the classical Raman spectra from aqueous suspension of lipo-
somes and their DCDR spectra, the spectral features were the same in both cases. This 
demonstrates that the measured samples maintained their phase even after drying, 
liquid crystalline and gel one for asolectin and DSPC, respectively. As a result, DCDR 
spectroscopy provides Raman spectra of lipids using initial concentrations of at least 
two orders of magnitude lower than those needed for classical Raman spectroscopy in 
aqueous suspensions.[37]

Besides the liposomes composed of pure phospholipids or their mixtures, we have 
also studied the changes in liposomes containing cholesterol.[35] Cholesterol is a sterol- 
ringed lipid important in biosynthetic pathways, especially in mammalian organisms, as 
it acts as a precursor for the biosynthesis of steroid hormones. Although it does not 
form the membrane itself, it is an important structural component. Cholesterol helps to 
maintain the proper membrane heterogeneity in both membrane leaflets, its overall sta-
bility and the necessary permeability. When mixed with phospholipids, molecules of 
cholesterol insert between the phospholipid molecules so that their polar hydroxyl 
group is close to the head group of phospholipids and thus significantly affect the mem-
brane structure and fluidity. The presence of cholesterol in the liposomes influences the 
dried patterns and induces changes in the dimension and thickness of the edge ring. 
The growing amount of cholesterol leads to a diminishing of pattern size as well as the 
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increase of the edge ring thickness. This was confirmed for both homogenous liposomes 
composed of pure 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and mixed aso-
lectin liposomes. Moreover, a higher amount of cholesterol (20%) in DPPC liposomes 
caused the formation of a compact flat pattern without the edge ring. Measured DCDR 
spectra contained characteristics of both, phospholipid and cholesterol. The presence of 
cholesterol in the liposomes can be revealed in the DCDR spectra already at 5% 
amount. As the proportion of cholesterol increases in liposomes, so does its signal in 
the spectra. The measured Raman spectra showed that both liposomes without choles-
terol and with an increasing proportion of cholesterol after drying retain their initial 
phase from a liquid suspension, i.e. gel phase for DPPC and liquid crystalline for asolec-
tin samples. Additionally, spectral mapping was also used to examine the edge ring of 
the lipid dried patterns, and it demonstrated the formation of homogenous rings pro-
viding reproducible DCDR spectra with maximum intensity originating from the central 
part of the ring structure.

We[9] then utilize homogeneous DPPC liposomal suspensions to quantify the DCDR 
signal improvement by comparing the smooth fluorocarbon (C:F) surfaces and nano-
structured ones with increased hydrophobicity but identical surface chemical compos-
ition. The smooth C:F thin films were prepared by magnetron sputter deposition of 
40 nm thick polytetrafluoroethylene (PTFE) on the polished Si wafers. Nanostructured 
surfaces were prepared by embedding a controlled number of nanoparticles between 
two 20 nm thick C:F layers. The resulting surface roughness and increased hydrophobi-
city were reached by adjusting the size and the number of nanoparticles embedded in 
the C:F film. Drying the liposomal suspension on nanostructured surfaces led to a well- 
defined "coffee-ring" pattern with a lower diameter of the resulting rings when com-
pared to the pattern on the smooth C:F coating (pictured in Figure 3), which means a 

Figure 3. DCDR signal improvement for DPPC liposomal suspension by employing nanostructured 
substrates with embedded Cu nanoparticles in the PTFE layer. The deposition time set to deposit Cu 
nanoparticles was 2 min and 4 min. The longer deposition of nanoparticles leads to higher roughness 
and thus more hydrophobic substrate.
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better accumulation of lipid molecules in the ring. After measuring DCDR spectra, two 
times higher Raman signal intensity was acquired from a sample dried on a nanostruc-
tured substrate than from a dried pattern on smooth fluorocarbon film, without com-
promising the profile of recorded Raman spectra. It was shown that the intensity in 
DCDR spectra could be significantly increased only by changing and adjusting a sub-
strate roughness.

We[33,38] also did the DCDR study on the interaction of the complex of the cationic 
copper(II) 5,10,15,20-tetrakis(1-methyl-4-pyridyl) porphyrin (CuTMPyP) and phosphor-
othioate modified oligonucleotide with DPPC liposomes. In the first experiment, we 
prepared a suspension composed of CuTMPyP and liposomes. The DCDR spectra con-
tained both the lipid and porphyrin spectral features, but upon the treatment by factor 
analysis, it was demonstrated that the distribution of CuTMPyP throughout the dried 
pattern was not homogenous. In the next experiment porphyrin/oligonucleotide com-
plex was added to the liposome suspension. The drying process caused a separation of 
liposomes with bound complex CuTMPyP/oligonucleotide in the formed edge ring, and 
the complex remained in the pattern’s central part. Moreover, it was possible to distin-
guish the spectral changes caused by the drying process from the changes caused by the 
interaction of CuTMPyP with the DPPC liposomes. These were attributed to the per-
turbation of lipid chain order as well as porphyrin interaction with the lipid head.

Much work was then devoted to the study of smaller molecules of different origin, 
character and properties. Djaoued et al.[39] focused on a domoic acid (tribasic amino 
acid containing a proline ring, structurally related to glutamic acid, with a side chain 
having a conjugated double bond moiety and a hind carboxylic acid) that is naturally 
present in the marine ecosystem in different locations in the world and recognized as a 
neurotoxin. Poisoning can cause short-term memory loss, nausea, breathing difficulty 
and coma. The study demonstrated that DCDR spectroscopy can be applied for rapid 
detection down to 25 ng of domoic acid per ml (0.025 ppm).[39] Dingari et al.[29] dem-
onstrated an application of DCDR spectroscopy on the detection and quantification of 
glycated albumin, an important glycemic marker for long-term diabetes monitoring. 
Using this approach, it was possible to accurately discriminate glycated albumin from 
the unglycated variant, even at low lM concentrations. The reached limit of the detec-
tion for glycated albumin is nearly 4 times lower than the minimum physiological con-
centrations encountered in practice.[29]

Dipicolinic acid, another interesting small molecule, was studied in our laboratory.[11] 

It is a component of bacterial spores of Bacillus species and represents �10% of their 
dry weight. The spores are dormant and extremely resistant to different environmental 
stresses. Dipicolinic acid is a crucial component of the spore core responsible for this 
resistance. Using the DCDR approach, it was possible to detect dipicolinic acid from a 
2-ll drop of 5 � 10−7 M deposited concentration, which is equivalent to approximately 
90 Bacillus anthracis spores.[11] Other molecules with biological importance studied by 
the DCDR approach include acetylsalicylic acid (a substance with antipyretic, anti- 
inflammatory and cardioprotective properties), riboflavin (vitamin B2, important in the 
living cell functioning) and methylene blue (used in different areas of biology and medi-
cine for therapeutic and diagnostic purposes) [31]. The found DCDR detection limits are 
10−6, 10−7, and 10−8 M of deposited concentrations for riboflavin, acetylsalicylic acid, 
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and methylene blue, respectively. These detection limits are comparable to or even bet-
ter than those attained by the SERS method by means of commercial silver SILMECO 
substrate. For example, for acetylsalicylic acid, no SERS spectra were obtained from the 
concentrations used for the DCDR approach, probably due to weak adsorption on the 
silver surface. For riboflavin, a concentration of 10−5 M was the last concentration pro-
viding a SERS spectrum, and this is one order of magnitude lower than in the case of 
DCDR measurements. The SERS spectrum of methylene blue can be obtained from 
5 � 10−9 M concentration, which is only twice lower than the DCDR approach. Thus, it 
can be concluded that the sensitivity of DCDR could be comparable to or even better 
than that of SERS spectroscopy.[31] Using the DCDR approach, it was possible to 
improve the Raman detection sensitivity of porphyrins by a factor of 105 and thus, the 
spectra from �20 nM initial (deposited) concentrations of cationic CuTMPyP and 
anionic copper(II) 5,10,15,20-tetrakis(4-sulfonatophenyl) porphyrin were obtained. 
Protoporphyrin IX, known as a marker in the clinical diagnosis of cancer, was also 
detected from a deposited concentration of 10 nM, and although a fluorescence back-
ground also appeared, clear Raman bands of this molecule were observed in the spectra.

The relevant group of studied molecules represented food and agricultural contami-
nants. In our study[30] selected contaminants such as food contaminant melamine 
(known as an illegal food additive of infant formula in China in 2008 and pet food in 
2004 and 2007), fungicide thiram (an animal repellent to protect fruit trees and used as 
well to prevent deterioration from harvested crops in storage or transport from fungal 
diseases), and herbicides bentazon (detected in groundwater as well as in surface water, 
applied aerially on food crops to control the spread of weeds occurring amongst the 
food crops) and picloram (systemic herbicide used for broadleaf weed control in pasture 
and rangeland, wheat, barley, oats, and woody plant species, can contaminate ground-
water and surface water) were detected by DCDR approach whereas classical Raman 
spectra directly from stock solutions of these substances were impossible to obtain 
under the same experimental conditions.[30] In addition to that, no reported SERS study 
for bentazone and picloram was found in the literature for comparison. The lowest 
detected concentrations were determined as 6.4 lM, 0.31, 20 and 2 lM for deposited 
concentrations of melamine, thiram, bentazon and picloram aqueous solutions, respect-
ively. DCDR approach was shown to be a powerful tool for the detection of these con-
taminants at concentrations relevant to food/groundwater contamination.

Furthermore, concerning melamine contamination, our laboratory also focused on 
melamine detection from intentionally adulterated infant formula. Firstly, we applied 
the DCDR approach to pure milk infant formula to discover that the drying process 
induced the spatial separation of main milk constituents like carbohydrates and lipids 
(Figure 4). Lipids tended to accumulate in the ring structure, as discussed before, for 
liposomal suspensions, and the carbohydrates formed the thin film layer in the central 
part of the ring pattern. Spatial separation was confirmed by the acquired classical 
Raman spectra from the dried pattern. We observed the same spatial separation of lipids 
and carbohydrates even for the melamine-blended infant formula, detecting melamine 
only in the central thin layer with the sugars. Melamine detection was possible due to 
the distinct Raman band belonging to the breathing vibration of melamine at the pos-
ition of 681 cm−1. We assumed that melamine glycation by carbohydrates in the 
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formula played a crucial role in accumulating melamine molecules inside the ring, mak-
ing its detection possible even for relevantly low concentrations for melamine contamin-
ation. These findings are relevant for the future utilization of DCDR spectroscopy, 
which can profit not only from analyte preconcentration but also from the chemical 
reaction potential of molecules of interest and their drying-induced spatial separation in 
the deposit.

4. Conclusion

Raman spectroscopy, based on the phenomenon of inelastic light scattering, has under-
gone significant development and has become an important analytical vibrational tech-
nique. Nowadays, it is well-established for investigating the chemical and structural 
properties of a sample in both liquid and solid phases. From the beginning, it has grad-
ually branched out so much that currently, it includes several special methods that are 
successfully used in many different applications. Today, a strong emphasis is placed on 
high-quality detection of samples with small volumes and low concentrations. 
Resonance Raman spectroscopy and surface-enhanced Raman spectroscopy meet this 
requirement, although they face certain limitations, like spectral alteration, increased 
spectral background, propensity to photochemical damage, etc. Moreover, neither of the 
mentioned methods is generally applicable to any molecule.

This review focuses on drop coating deposition Raman (DCDR) spectroscopy that 
aspires to overcome these problems and increases the intensity of the Raman scattering 

Figure 4. The spatial separation of lipids and carbohydrates in the dried deposit pattern of melamine 
adulterated milk solution by using the DCDR method with melamine detection only from lipid ring 
structure.
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when measuring classical (non-enhanced) Raman spectra. This is ensured by the depos-
ition of a small volume – a droplet – of liquid of interest on a solvophobic substrate, 
leading after the evaporation process to the preconcentration of the analyte into the 
dried deposit. Measuring spectra from selected positions throughout the deposit pro-
vides high-quality and reproducible classical Raman spectra, even from small volumes 
of low-concentrated samples.

The DCDR method has already been applied for the detection and studies of proper-
ties of biomolecules, biologically significant molecules, and various food and environ-
mental contaminants at relevant concentrations, both physiological and environmental. 
The principal advantages of this method are the analyte preconcentration, the chemical 
reaction potential of the monitored molecules in the droplet, and the subsequent spatial 
separation (segregation) of interacting/non-interacting components induced by drying. 
In addition, the optimization of hydrophobicity of used substrates, for example, by tun-
ing surface roughness using nanoparticles of various numbers and sizes deposited in the 
PTFE film, is promising for its implementation in routine sensing applications.
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di s c u s s e d a n d s u m m ari z e d. Fi n all y, t h e p ot e nti al a n d f urt h er p er s p e cti v e s  of t h e  dr o pl et  d e p o siti o n

R a m a n  m et h o d s f or a n al yti c al st u di e s ar e i ntr o d u c e d.

1. I ntr o d u cti o n

M o d er n a n al yti c al t e c h ni q u e s s h o ul d b e  hi g hl y s p e cifi c a n d

s u ffi ci e ntl y s e n siti v e t o d et e ct, i d e ntif y, a n d q u a ntif y a n

a n al yt e of i nt er e st  wit h  mi ni m al r e q uir e m e nt s f or s a m pl e pr e-

tr e at m e nt a n d pr e p ar ati o n.  R a m a n s c att eri n g ( R S) s p e c-

tr o s c o p y i s a n e s s e nti al a n al yti c al t e c h ni q u e f or c h e mi c al a n d

bi ol o gi c al a n al y s e s b a s e d o n t h e fi n g er pri nt c h e mi c al/ str u c-

t ur al i nf or m ati o n e xtr a ct e d fr o m  R a m a n s p e ctr a. 1 T h e r el e v a nt

a d v a nt a g e s ar e g e n er all y l o w s p e ctr al i nt erf er e n c e fr o m  w at er

a s a s ol v e nt,  mi ni m al  n e e d f or s a m pl e pr e-tr e at m e nt, a n d  n o n-

i n v a si v e r a pi d  m e a s ur e m e nt.  H o w e v er, it s s eri o u s dr a w b a c k

ari s e s fr o m t h e i n h er e ntl y  w e a k  R a m a n cr o s s- s e cti o n of a

n or m al  R S ( c a. 1 0 − 2 9 c m 2 p er  m ol e c ul e), s o r el ati v el y  hi g h c o n-

c e ntr ati o n s ( > 1  m M) a n d/ or l ar g e q u a ntiti e s of a n al yt e ( > 1 μ g)

ar e t y pi c all y r e q uir e d. S ur m o u nti n g t hi s  w e a k n e s s/ di ffi c ult y

a n d t h u s a m plif yi n g t h e  R a m a n cr o s s- s e cti o n ar e of ut m o st

i m p ort a n c e f or t h e tr a c e d et e cti o n of a b u n d a nt a n al yt e s i n bi o-

l o gi c al s a m pl e s, c o nt a mi n a nt s, or p oll ut a nt s.  T hi s c a n b e

a c hi e v e d b y s urf a c e- e n h a n c e d t e c h ni q u e s or b y a n a n al yt e

dr yi n g-i n d u c e d pr e- c o n c e ntr ati o n e ff e ct.

S urf a c e- e n h a n c e d  R a m a n s c att eri n g ( S E R S) s p e ctr o s c o p y i s

a n e ffi ci e nt  m et h o d t o o bt ai n e n h a n c e m e nt of  R S o n t h e or d er

of 1 0 5 – 1 0 1 0 f or  m ol e c ul e s a d s or b e d o n pl a s m o ni c ( s u c h a s

g ol d or sil v er)  n a n o p arti cl e s ( N P s) or  n a n o str u ct ur e s. I n t hi s

c a s e, el e ctr o m a g n eti c e n h a n c e m e nt t a k e s pl a c e d u e t o t h e

l o c ali s e d s urf a c e pl a s m o n r e s o n a n c e ( L S P R) o n  m et al  n a n o-

str u ct ur e s.  Alt h o u g h S E R S  h a s b e c o m e o n e of t h e  m o st s e n si-

ti v e a n al yti c al t o ol s  wit h a  wi d e r a n g e of a p pli c ati o n s, 2 it i s

oft e n  n ot str ai g htf or w ar d a n d g e n er all y  n ot a p pli c a bl e f or a n y

a n al yt e d et e cti o n.  A n ot h er e n h a n c e m e nt  m e c h a ni s m, a s o-

c all e d c h e mi c al  m e c h a ni s m ( C M), i s e x pl ai n e d a s a c h ar g e-

tr a n sf er b et w e e n t h e a d s or b e d  m ol e c ul e a n d t h e s urf a c e.  T hi s

i s, f or i n st a n c e, a c a s e i n v ol vi n g a n a n al yt e dri e d o n a  h y dr o-

p h o bi c gr a p h e n e- b a s e d s u b str at e k n o w n a s gr a p h e n e- e n h a n c e d

R a m a n s c att eri n g ( G E R S). 3

A n alt er n ati v e  m et h o d f or i m pr o vi n g t h e  R a m a n s e n siti vit y

i s  dr yi n g-i n d u c e d pr e- c o n c e ntr ati o n of t h e a n al yt e  dr o p p e d o n

a s uit a bl e ( g e n er all y  h y dr o p h o bi c) s oli d s urf a c e.  T h e r a di all y

o ut w ar d fl o w of a li q ui d i n t h e e v a p or ati n g dr o pl et c arri e s t h e

di s p er s e d  m at eri al of t h e s a m pl e t o t h e e d g e of t h e dr o pl et,

w h er e it i s pr e- c o n c e ntr at e d i n a c o ff e e-ri n g p att er n.  A n ori g-

i n al i n s pir ati o n f or t h e  d e v el o p m e nt of t h e  m et h o d s b a s e d o n

t h e c off e e-ri n g e ff e ct  w a s t h e  w or k b y  D e e g a n et al. p u bli s h e d

i n t h e j o ur n al N at ur e i n 1 9 9 7.4 T hi s st u d y br o u g ht t o  mi n d a

c o m m o nl y k n o w n p h e n o m e n o n  w h e n a s pill e d dr o p of c o ff e e

i s e v a p or at e d o n a s oli d s urf a c e.  T h e pr o c e s s  w a s d e s cri b e d

b a s e d o n a c a pill ar y fl o w  m e c h a ni s m a n d s h o w e d t h at it i s d u e

t o a g e o m etri c al c o n str ai nt  w h er e t h e fr e e s urf a c e, c o n str ai n e d

b y a pi n n e d c o nt a ct li n e, p u s h e s t h e fl ui d ( wit h t h e di s p er s e d

m at eri al) o ut w ar d s t o c o m p e n s at e f or e v a p or ati v e l o s s e s.  T h e

e d g e ri n g s of t h e pr e- c o n c e ntr at e d a n al yt e ar e f or m e d f or a

wi d e v ari et y of s u b str at e s, di s p er s e d  m at eri al s ( s ol ut e s), a n d

c arri er li q ui d s ( s ol v e nt s), a s l o n g a s ( 1) t h e s ol v e nt  m e et s t h e

s urf a c e at a  n o n- z er o c o nt a ct a n gl e, ( 2) t h e c o nt a ct li n e i s

pi n n e d t o it s i niti al p o siti o n a s i s c o m m o nl y t h e c a s e, a n d ( 3)

t h e s ol v e nt e v a p or at e s.  M or e o v er, t h e y f o u n d t h at  m e c h a ni s m s

t y pi c all y r e s p o n si bl e f or s ol ut e tr a n s p ort s u c h a s s urf a c e-

t e n si o n gr a di e nt s, s ol ut e diff u si o n, a n d el e ctr o st ati c a s  w ell a s

C h arl e s  U ni v er sit y, F ac ult y of  M at h e m ati c s a n d P h ysi c s, I n stit ut e of P h ysi c s,

K e  K arl o v u 5, 1 2 1 1 6 Pr a g u e 2,  C z e c h  R e p u bli c.
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gr a vit y e ff e ct s ar e  n e gli gi bl e f or t h e ri n g f or m ati o n. 4, 5 M or e

d et ail s o n t h e dr yi n g a n d f or m ati o n of c o ff e e-ri n g p att er n s c a n

b e f o u n d el s e w h er e. 6, 7

C o m bi ni n g t h e c o ff e e-ri n g e ff e ct  wit h d et e cti o n t e c h ni q u e s

s u c h a s c hr o m at o gr a p h y, 8 c ol ori m etr y, 9 m a s s s p e ctr o m etr y, 1 0

fl u or e s c e n c e s p e ctr o s c o p y,1 1 a n d  R a m a n s p e ctr o s c o p y br o u g ht

a b o ut v ari o u s p o w erf ul a n al yti c al a p pli c ati o n s. 1 2 Dr o p- c o ati n g

d e p o siti o n  R a m a n s c att eri n g ( D C D R S) s p e ctr o s c o p y u s e s a

dr o pl et d e p o siti o n a n d e v a p or ati o n of t h e t ar g et a n al yt e  w h e n

t h e  R a m a n s p e ctr a ar e u s u all y  m e a s ur e d fr o m t h e e d g e of t hi s

ri n g. 1 3 T hi s  w a y,  hi g h- q u alit y  R a m a n s p e ctr a c a n b e o bt ai n e d

fr o m s a m pl e s at s m all i niti al v ol u m e s ( a f e w μ L ar e s u ffi ci e nt)

a n d s e v er al or d er s of  m a g nit u d e l o w er c o n c e ntr ati o n s t h a n i n

t h e c a s e of  R a m a n  m e a s ur e m e nt dir e ctl y fr o m s ol uti o n or

s u s p e n si o n. 1 3 – 1 6

Alt h o u g h e v a p or ati o n d o e s  n ot al w a y s l e a d t o a c o ff e e-ri n g

p att er n, a n d s o m eti m e s s m all ( s o m e w h at s p h eri c al) s p ot s ar e

f or m e d,  w e c a n b e n efit fr o m a n effi ci e ntl y pr e- c o n c e ntr at e d

a n al yt e,  w hi c h i s a  m ai n pr er e q ui sit e of t h e  D C D R S a p pr o a c h.

G e n er all y, t h e f or m e d p att er n a n d s o t h e a n al yt e pr e- c o n c e n-

tr ati o n ar e al w a y s t h e r e s ult of t h e i nt er pl a y of s e v er al f a ct or s,

s u c h a s t h e t y p e of  m ol e c ul ar s ol uti o n/ s u s p e n si o n ( a n al yt e),

s a m pl e c o n c e ntr ati o n a n d p h y si c o c h e mi c al pr o p erti e s ( c o nt a ct

a n gl e s,  w ett a bilit y, a n d r o u g h n e s s) of t h e u s e d s u b str at e. 1 7, 1 8

V ari o u s s u b str at e s b a s e d o n  h y dr o p h o bi c t o p l a y er s s u c h a s

T efl o n- c o at e d st ai nl e s s st e el, p oli s h e d  m et al s, c al ci u m fl u ori d e

( C a F2 ), sil a ni s e d gl a s s, q u art z, t hi ol- m o difi e d g ol d- c o at e d gl a s s

or p ol yt etr afl u or o et h yl e n e t a p e ar e s u c c e s sf ull y u s e d i n  D C D R S

s p e ctr o s c o p y t o e ffi ci e ntl y pr e- c o n c e ntr at e t h e a n al yt e. 1 5, 1 6

Fr o m t h e p oi nt of vi e w of  R a m a n s p e ctr u m a c q ui siti o n, t h e

s u b str at e it s elf  m u st  h a v e l o w o pti c al a b s or b a n c e, t h e  hi g h e st

p o s si bl e o pti c al r efl e ct a n c e, a n d a  mi ni m al  R a m a n b a c k-

gr o u n d si g n al i n t h e d e sir e d s p e ctr al r e gi o n,  w hi c h i s  w ell-

e n s ur e d i n t h e c a s e of fl u or o c ar b o n c o ati n g s or p oli s h e d st ai n-

l e s s st e el.

T h e c o m bi n ati o n of dr o p- c o ati n g d e p o siti o n  wit h S E R S c a n

si g nifi c a ntl y i m pr o v e  d et e cti o n s e n siti vit y, b e n efitti n g fr o m

t h e s y n er g y of t w o di sti n ct eff e ct s: a n al yt e pr e- c o n c e ntr ati o n i n

a dri e d p att er n ( c o ff e e-ri n g or s m all s p ot) a n d L S P R o n t h e

S E R S- a cti v e s urf a c e.  T w o p o s si bl e a p pr o a c h e s s h o ul d b e t a k e n

i nt o c o n si d er ati o n: ( 1) t h e c off e e-ri n g i s f or m e d b y dr o p pi n g

a n d  dr yi n g t h e a n al yt e s ol uti o n o n t h e s oli d S E R S s u b str at e,

w hi c h e n s ur e s S E R S e n h a n c e m e nt, a n d ( 2) t h e c o ff e e-ri n g i s

f or m e d b y dr o p pi n g a n d dr yi n g of t h e S E R S- a cti v e  N P/ a n al yt e

mi xt ur e o n gl a s s/ sili c o n or a si mil ar s u b str at e, s o S E R S

e n h a n c e m e nt i s e n s ur e d b y S E R S- a cti v e  N P s.  T h e s c h e m ati c s

of  D C D R S a n d b ot h c o m bi n ati o n s of  D C D R S a n d S E R S ar e

d e pi ct e d i n Fi g. 1.

T hi s r e vi e w c o v er s t h e a n al yti c al a p pli c ati o n s of  D C D R S a n d

dr o pl et d e p o siti o n S E R S s p e ctr o s c o p y.  T w o  m ai n a d v a nt a g e s

of dr o pl et d e p o siti o n  R a m a n t e c h ni q u e s  will b e c o n si d er e d:

t h e s e gr e g ati o n of t h e c o m p o n e nt s i n t h e  mi xt ur e s ( s u c h a s

b o d y fl ui d s) a n d t h e s e n siti vit y of d et e cti o n of v ari o u s a n al yti-

c all y i m p ort a nt  m ol e c ul e s. S o m e r e c e nt a d v a n c e d a p pli c ati o n s,

i n cl u di n g cli ni c al c a n c er di a g n o si s,  will b e s u m m ari z e d.

Fi n all y, t h e p ot e nti al a n d f urt h er p er s p e cti v e s of t h e dr o pl et

d e p o siti o n  R a m a n  m et h o d s f or a n al yti c al st u di e s  will b e

di s c u s s e d.

2.  A n al yti c al a p pli c ati o n s  of  D C D R S
s p e ctr o s c o p y

I n t h e pi o n e eri n g  w or k of  B e n z- A m ot z et al. 1 3, 1 9 D C D R S  w a s

u s e d f or t h e v er y fir st ti m e t o o bt ai n  hi g h- q u alit y  R a m a n

s p e ctr a of pr ot ei n s, l y s o z y m e, a n d i n s uli n,  wit h u p t o 1 0 0 0

ti m e s  hi g h er s e n siti vit y t h a n  R a m a n s p e ctr a fr o m s ol uti o n.

M or e o v er, t h e a ut h or s f o u n d t h at  D C D R S s p e ctr o s c o p y b e n efit s

fr o m f a cilit ati n g p o s si bl e s e gr e g ati o n d uri n g dr yi n g a n d s u b-

s e q u e ntl y e n a bl e s i n d e p e n d e nt s p e ctr al c h ar a ct eri s ati o n of t h e

c o m p o n e nt s i n t h e  mi xt ur e. It  w a s s h o w n t o b e u s ef ul a s a n

e ffi ci e nt a p pr o a c h f or s e p ar ati n g pr ot ei n s fr o m ot h er s ol uti o n

c o m p o n e nt s, i n cl u di n g fl u or e s c e nt i m p uriti e s a n d b u ff er s. 1 9

T h e str e n gt h of t hi s  m et h o d c o m e s fr o m t h e f a ct t h at c o m-

p o n e nt s i n a d e p o sit e d s ol uti o n t e n d t o pr e ci pit at e at di ff er e nt

l o c ati o n s o n t h e s u b str at e a s a r e s ult of a c o n v e cti v e str e a mi n g

d uri n g t h e dr yi n g of li q ui d dr o pl et s.  T hi s  w a s a s s u m e d t o b e

e s s e nti al f or pr ot ei n a c c u m ul ati o n i n t h e e d g e ri n g of t h e dri e d

p att er n. 1 9 I n o ur o pi ni o n, t h e b e n efit s r e s ulti n g fr o m t h e s e gr e-

g ati o n c a p a bilit y li n k e d  wit h t h e c o ff e e-ri n g e ff e ct ar e still c h al-

l e n gi n g t o a c hi e v e, a n d o nl y a f e w pr o mi si n g st u di e s s u c c e s s-

f ull y b e n efiti n g fr o m it  h a v e b e e n r e p ort e d.1 9 – 2 2

Fir st t e st s  w er e c o n d u ct e d o n si n gl e pr ot ei n a n d pr ot ei n/

b u ff er s ol uti o n s a n d s u b s e q u e ntl y o n si m pl e pr ot ei n  mi xt ur e s.

I n t h eir fir st st u d y, Fili k a n d St o n e f o c u s e d o n  mi xt ur e s of

t hr e e pr ot ei n s: l y s o z y m e, l a ct of erri n, a n d al b u mi n, all of

w hi c h ar e c o m m o nl y f o u n d i n  h u m a n b o d y fl ui d s. 2 0 T h e ai m

w a s t o a s s e s s t h e e ff e cti v e n e s s of t h e  D C D R S  m et h o d f or d et er-

mi ni n g r el ati v e pr ot ei n c o n c e ntr ati o n s.  T h e st u d y pr o v e d t h at

t h e  m et h o d i s s uit a bl e f or t h e c o m p o siti o n al a n al y si s of l o w-

c o n c e ntr ati o n pr ot ei n  mi xt ur e s a n d  m a d e it p o s si bl e t o a s s e s s

c h a n g e s i n t h e r el ati v e pr ot ei n c o n c e ntr ati o n s  w h e n s u bj e ct e d

t o pri n ci p al c o m p o n e nt a n al y si s ( P C A).  T hi s  w a s d o n e  wit h

pr ot ei n l e v el s si mil ar t o t h o s e i n  h u m a n t e ar fl ui d.  M or e o v er,

Fi g. 1 S c h e m ati c fi g ur e  of ( A)  D C D R S a n d ( B,  C) a c o m bi n ati o n  of

dr o pl et  d e p o siti o n  wit h S E R S s p e ctr o s c o p y  b e n e fi tti n g fr o m t h e c off e e -

ri n g eff e ct  w h er e t h e a n al yt e i s  dr o p p e d  o n t h e s oli d S E R S s u b str at e ( B)

a n d S E R S - a cti v e  N P s  mi x e d  wit h a n al yt e s ol uti o n ar e  dr o p p e d  o n t h e

gl a s s / sili c o n s u b str at e ( C).
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i n h o m o g e n e o u s d e p o siti o n of t h e diff er e nt pr ot ei n s d uri n g

t h e dr yi n g pr o c e s s  w a s al s o o b s er v e d. F or e x a m pl e, l a ct of erri n –

al b u mi n  mi xt ur e s  w er e r e g ul arl y s p a c e d c o m p ar e d t o s p ot s

fr o m  mi xt ur e s c o nt ai ni n g l y s o z y m e,  w hi c h s e p ar at e d fr o m t h e

ot h er pr ot ei n s.

T h e f oll o wi n g st u d y  w a s p erf or m e d o n  h u m a n t e ar s, f o c u s-

i n g o n d et er mi ni n g t h e c o m p o n e nt s i n t h e t e ar fl ui d of  h e alt h y

v ol u nt e er s a n d u si n g  R a m a n p oi nt  m a p pi n g t o r e s ol v e t h e

s p ati al di stri b uti o n of t h e s e c o m p o n e nt s i n t h e t e ar ’s dr yi n g

p att er n. 2 3 T h e  D C D R S t e c h ni q u e pr o d u c e d g o o d- q u alit y s p e ctr a

( v er y  hi g h si g n al-t o- n oi s e r ati o) c oll e ct e d  wit h s h ort a c q ui siti o n

ti m e s a n d s m all s a m pl e v ol u m e s.  R a m a n  m a p pi n g o n t h e  dri e d

d e p o sit s r e v e al e d t h e pr e s e n c e of pr ot ei n, li pi d, ur e a, a n d bi c ar-

b o n at e,  w hi c h  w er e i n h o m o g e n e o u sl y di stri b ut e d t hr o u g h o ut

t h e dr yi n g p att er n.  T h e p o siti o ni n g of t h e pr ot ei n, ur e a a n d

bi c ar b o n at e d e p o sit s  w a s r el at e d t o t h eir r el ati v e s ol u bilit y a n d

c o n c e ntr ati o n.  T h e li pi d c o m p o n e nt  w a s f o u n d t o  n e v er b e i n

s ol uti o n b ut vi si bl e a s d e bri s  wit hi n t h e dr o p.

I n t h e  n e xt st e p, a n e v al u ati o n of t e ar fl ui d a n al y si s b y t h e

D C D R S  m et h o d  w a s d e v el o p e d t o d et er mi n e it s p ot e nti al u s e

a s a f ut ur e  m e di c al di a g n o sti c t e c h ni q u e. 2 4 T h e  m e a s ur e d

s p e ctr a of t h e t e ar s a m pl e s of f o ur v ol u nt e er s  w er e si mil ar,

wit h o nl y s u btl e di ff er e n c e s b et w e e n t h e m. Fi g. 2 s h o w s a

w hit e li g ht i m a g e of a s e cti o n of t h e t e ar ri n g  wit h v ari ati o n i n

t h e c o n c e ntr ati o n s of t h e pr ot ei n s s e p ar at e d b y filt eri n g ur e a

a n d  C a F 2 a cr o s s t h e ri n g d et er mi n e d b y l e a st- s q u ar e s fitti n g.

T h e t hr e e r et e nt at e filtr at e s fr o m t h e 1 0 0 k D a filt er ( R et 1 0 0),

5 0 k D a filt er ( R et 5 0) a n d 3 k D a filt er ( R et 3)  w er e a n al y s e d.

Fr o m t h e o ut er e d g e i nt o t h e  mi d dl e of t h e ri n g, t h er e i s a

s h ar p d e cr e a s e i n t h e r el ati v e c o ntri b uti o n s of  R et 1 0 0 a n d  R et 3

c o m p ar e d t o t h at of  R et 5 0.  T h e l ar g e st s p e ctr al v ari ati o n fr o m

R et 5 0 s h o w n i n  R et 3 a n d  R et 1 0 0 i s t h e l ar g e tr y pt o p h a n a n d

a mi d e III si g n al, r e s p e cti v el y. I n t h e o ut er ri n g  m e a n s p e c-

tr u m, b ot h t h e s e f e at ur e s ar e  m ar k e dl y str o n g er t h a n t h o s e i n

t h e i n n er ri n g  m e a n s p e ctr u m. It i s o b vi o u s t h at t hi s a p pr o a c h

if c o m bi n e d  wit h  d et er mi ni n g t h e t e ar pr ot ei n c o m p o siti o n s

of s a m pl e s b y ot h er t e c h ni q u e s ( g el el e ctr o p h or e si s or c ol ori-

m etr y) a n d s u b s e q u e nt a d v a n c e d  d at a pr o c e s si n g b y p arti al

l e a st s q u ar e s ( P L S) r e gr e s si o n c a n s er v e a s a p o s si bl e di a g n o s-

ti c t o ol.

F urt h er m or e,  H u et al. e m pl o y e d b ot h  D C D R S a n d S E R S

s p e ctr o s c o p y t o st u d y  h u m a n t e ar fl ui d. 2 5 T h e y  d e m o n str at e d

t h at b ot h c o ul d b e s u c c e s sf ull y u s e d t o a n al y s e t h e s a m pl e s

wit h o ut a n y pr etr e at m e nt or s e p ar ati o n a n d c a n pr o vi d e c o m p-

l e m e nt ar y i nf or m ati o n a b o ut t h e  w h ol e  h u m a n t e ar s a m pl e.

T h eir r e s ult s pr o v e t h at  D C D R S i s a d v a nt a g e o u s f or t h e d et e c-

ti o n of s o m e  hi g h- a b u n d a n c e c o m p o n e nt s a n d S E R S f or s o m e

l o w- a b u n d a n c e c o m p o n e nt s i n t h e  w h ol e t e ar s.  T h e y pr o p o s e d

p ot e nti al f urt h er e xt e n si o n al s o t o t h e a n al y si s of ot h er b o d y

fl ui d s.

W e e m pl o y e d  D C D R S s p e ctr o s c o p y t o e x a mi n e t h e c o m pl e x

of t h e c ati o ni c c o p p er( II) 5, 1 0, 1 5, 2 0-t etr a ki s( 1- m et h yl- 4- p yri d yl)

p or p h yri n ( C u T M P y P) a n d li p o s o m e s a s a  m o d el  m e m br a n e

s y st e m, c o m p o s e d of 1, 2- di p al mit o yl- s n - gl y c er o- 3- p h o s p h o c h o-

li n e ( D P P C).2 6 T h e  m e a s ur e d s p e ctr a c o n si st e d of t h e s p e ctr al

f e at ur e s of  D P P C a n d p or p h yri n s, alt h o u g h t h e di stri b uti o n of

C u T M P y P i n t h e s a m pl e  w a s  n o n- h o m o g e n e o u s.  T h e  D C D R S

m et h o d  m a d e it p o s si bl e t o s e gr e g at e c o m pl e x e d p art s fr o m

t h e  n o n- c o m pl e x e d p art s of t h e s a m pl e. I n a d diti o n, t h e st u d y

of t h e s p e ctr a b y f a ct or a n al y si s  m a d e it p o s si bl e t o di sti n g ui s h

t h e s p e ctr al c h a n g e s c a u s e d b y t h e dr yi n g pr o c e s s fr o m t h e

c h a n g e s c a u s e d b y t h e i nt er a cti o n of  C u T M P y P  wit h t h e  D P P C

li p o s o m e s.  T h e s e s p e ctr al c h a n g e s  w er e attri b ut e d t o t h e p er-

t ur b ati o n of t h e li pi d c h ai n or d er a n d p or p h yri n i nt er a cti o n

wit h t h e li pi d  h e a d.

A n ot h er e x p eri m e nt i n  w hi c h t h e  C u T M P y P p or p h yri n/

oli g o n u cl e oti d e c o m pl e x  w a s a d d e d t o t h e li p o s o m e s u s p e n-

si o n s h o w e d t h at t h e dr yi n g pr o c e s s c a u s e d s e p ar ati o n; t h e

li p o s o m e s  wit h t h e b o u n d  C u T M P y P p or p h yri n/ oli g o-

n u cl e oti d e c o m pl e x  w er e pr e- c o n c e ntr at e d i n t h e f or m e d e d g e

ri n g,  w hil e t h e c o m pl e x it s elf r e m ai n e d i n t h e c e ntr al p art of

t h e dri e d p att er n.  T h e  D C D R S a p pr o a c h al s o all o w e d u s t o

r e v e al t h at t h e c o m pl e x ati o n of oli g o n u cl e oti d e s  wit h c ati o ni c

p or p h yri n c a u s e d it s p o s si bl e bi n di n g t o t h e li p o s o m e a n d

t h at t hi s i nt er a cti o n l e d t o c ert ai n r e ori e nt ati o n of li pi d

c h ai n s. 2 1

I n a d diti o n,  D C D R S s p e ctr o s c o p y  h a s b e e n s u c c e s sf ull y

u s e d f or t h e d et e cti o n of di ff er e nt s u b st a n c e s i n a n al yti c all y

i nt er e sti n g l o w c o n c e ntr ati o n s.  Dj a o u e d et al. st u di e d a

d o m oi c a ci d – tri b a si c a mi n o a ci d c o nt ai ni n g a pr oli n e ri n g,

Fi g. 2 W hit e li g ht i m a g e  of t h e s e cti o n  of t h e t e ar ri n g (t o p)  wit h v ari -

ati o n i n t h e c o n c e ntr ati o n s  of t h e  pr ot ei n s s e p ar at e d  b y fi lt eri n g  ur e a

a n d  C a F 2 a cr o s s t h e ri n g  d et er mi n e d  b y l e a st - s q u ar e s fi tti n g ( b ott o m).

A d a pt e d fr o m r ef. 2 4  wit h  p er mi s si o n fr o m J o h n  Wil e y  & S o n s, Lt d,

c o p yri g ht 2 0 0 9.
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str u ct ur all y r el at e d t o gl ut a mi c a ci d,  wit h a si d e c h ai n  h a vi n g a

c o nj u g at e d d o u bl e b o n d  m oi et y a n d a  hi n d c ar b o x yli c a ci d. 2 7

It i s  n at ur all y pr e s e nt i n t h e  m ari n e e c o s y st e m i n di ff er e nt

l o c ati o n s i n t h e  w orl d a n d i s r e c o g ni s e d a s a  n e ur ot o xi n.

P oi s o ni n g c a n c a u s e s h ort-t er m  m e m or y l o s s,  n a u s e a,

di ffi c ult y br e at hi n g, a n d c o m a.  T h e st u d y s h o w e d t h at  D C D R S

s p e ctr o s c o p y c a n b e a p pli e d f or t h e r a pi d d et e cti o n of d o m oi c

a ci d d o w n t o 2 5  n g of d o m oi c a ci d p er  m L ( 0. 0 2 5 p p m).  T h e

n e xt st u d y b y  Di n g ari et al. d e m o n str at e d a n a p pli c ati o n of

D C D R S s p e ctr o s c o p y t o t h e d et e cti o n a n d q u a ntifi c ati o n of t h e

c o n c e ntr ati o n of gl y c at e d al b u mi n,  w hi c h i s a n i m p ort a nt gl y-

c a e mi c  m ar k er f or l o n g-t er m di a b et e s  m o nit ori n g. 2 8 M or e o v er,

t h e y  w er e a bl e t o a c c ur at el y di s cri mi n at e gl y c at e d al b u mi n

fr o m t h e u n gl y c at e d v ari a nt, e v e n at l o w μ M c o n c e ntr ati o n s.

T h e r e a c h e d li mit of d et e cti o n ( L O D) f or gl y c at e d al b u mi n i s

n e arl y 4 ti m e s l o w er t h a n t h e l o w e st p h y si ol o gi c al c o n c e n-

tr ati o n s e n c o u nt er e d i n pr a cti c e.

Ot h er i m p ort a nt a n al yt e s d et e ct e d b y  D C D R S s p e ctr o s c o p y

w er e f o o d a n d a gri c ult ur al c o nt a mi n a nt s. I n o ur st u d y, s el e ct e d

c o nt a mi n a nt s f or m e d s m all dri e d s p ot s o n a  h y dr o p h o bi c

s urf a c e  m a ki n g it i m p o s si bl e t o o bt ai n  R a m a n s p e ctr a fr o m

st o c k s ol uti o n s u n d er t h e s a m e e x p eri m e nt al c o n diti o n s. 2 9 T h e

f o o d c o nt a mi n a nt  m el a mi n e ( k n o w n a s a n ill e g al f o o d a d di-

ti v e), f u n gi ci d e t hir a m ( a n a ni m al r e p ell e nt t o pr ot e ct fr uit

tr e e s), a n d  h er bi ci d e s b e nt a z o n e ( a p pli e d a eri all y o n f o o d cr o p s

t o c o ntr ol t h e s pr e a d of  w e e d s o c c urri n g a m o n g st t h e f o o d

cr o p s) a n d pi cl or a m ( a s y st e mi c  h er bi ci d e u s e d f or br o a dl e af

w e e d c o ntr ol i n p a st ur e a n d r a n g el a n d,  w h e at, b arl e y, o at s, a n d

w o o d y pl a nt s p e ci e s)  h a v e b e e n st u di e d.  D C D R S s p e ctr o s c o p y

h a s b e e n s h o w n t o b e a p o w erf ul  m et h o d f or t h e d et e cti o n of

t h e s e  m ol e c ul e s at c o n c e ntr ati o n s r el e v a nt t o f o o d/ gr o u n d w at er

c o nt a mi n ati o n.  T h e l o w e st  d et e ct e d c o n c e ntr ati o n s  w er e d et er-

mi n e d a s 6. 4 µ M, 0. 3 1 µ M, 2 0 µ M, a n d 2 µ M i n d e p o sit e d c o n-

c e ntr ati o n s f or  m el a mi n e, t hir a m, b e nt a z o n e, a n d pi cl or a m,

r e s p e cti v el y. Fi g. 3 A s h o w s t h e d et e cti o n of t h e  h er bi ci d e b e nt a-

z o n e a s a n e x a m pl e.  Alt h o u g h S E R S pr o vi d e d b ett er s e n siti vit y

f or  m el a mi n e3 0 a n d t hir a m, 3 1 n o r e p ort e d S E R S st u d y f or b e nt a-

z o n e a n d pi cl or a m  w a s f o u n d i n t h e lit er at ur e.

W e t h e n u s e d t h e  D C D R S a p pr o a c h t o e x pl or e t h e dr yi n g-

i n d u c e d s e p ar ati o n of t h e  m ai n c o n stit u e nt s i n a  m el a mi n e-

bl e n d e d  mil k i nf a nt f or m ul a. 2 2 T h e s p ati al s e gr e g ati o n of

li pi d s a n d c ar b o h y dr at e s fr o m p ur e i nf a nt f or m ul a i nt o a

dri e d p att er n  w a s c o nfir m e d b y  R a m a n s p e ctr al  m a p pi n g.

Li pi d s t e n d e d t o a c c u m ul at e i n t h e c o ff e e-ri n g, a n d c ar b o-

h y dr at e s f or m e d a t hi n l a y er i n t h e c e ntr al p art of t h e ri n g.

T h e s a m e s e p ar ati o n i n t h e dri e d p att er n  w a s al s o o b s er v e d f or

t h e  m el a mi n e- bl e n d e d i nf a nt f or m ul a,  w h er e  m el a mi n e  w a s

d et e ct e d o nl y fr o m t h e t hi n c e ntr al l a y er t o g et h er  wit h c ar b o-

h y dr at e s d u e t o t h e  m el a mi n e gl y c ati o n b y l a ct o s e d e pi ct e d i n

Fi g. 3 C.  W e c o ul d b e n efit  n ot o nl y fr o m t h e e ffi ci e nt pr e- c o n-

c e ntr ati o n a n d  dr yi n g-i n d u c e d s p ati al s e p ar ati o n b ut al s o fr o m

t h e c h e mi c al r e a cti o n p ot e nti al of  m ol e c ul e s of i nt er e st

pr e s e nt i n a c o m pl e x s ol uti o n or s u s p e n si o n.

R e g ar di n g b a ct eri al st u di e s, di pi c oli ni c a ci d i s a n i m p ort a nt

c o m p o n e nt of t h e b a ct eri al s p or e s of t h e B acill u s s p e ci e s a n d

r e pr e s e nt s ∼ 1 0 % of t h eir  dr y  w ei g ht.  T h e s p or e s ar e d or m a nt

a n d e xtr e m el y r e si st a nt t o di ff er e nt e n vir o n m e nt al str e s s e s.

Di pi c oli ni c a ci d i s a pri n ci p al c o m p o n e nt of t h e s p or e c or e

r e s p o n si bl e f or t hi s r e si st a n c e.  U si n g t h e  D C D R S a p pr o a c h, it

i s p o s si bl e t o d et e ct  di pi c oli ni c a ci d fr o m a 2 μ l dr o p of 5 ×

1 0 − 7 M  d e p o sit e d c o n c e ntr ati o n a s s h o w n i n Fi g. 3 B,  w hi c h i s

e q ui v al e nt t o a p pr o xi m at el y 9 0 B acill u s a nt hr aci s s p or e s. 3 2

Fi g. 3 ( A)  D et e cti o n  of t h e  h er bi ci d e  b e nt a z o n e  b y  D C D R S s p e ctr o s c o p y. ( B)  W hit e li g ht i m a g e  of a  dri e d  d e p o sit  of  di pi c oli ni c a ci d  wit h t h e c orr e s -

p o n di n g s p e ctr u m. ( C) S e gr e g ati o n  of li pi d s a n d c ar b o h y dr at e s i n t h e  dri e d  d e p o sit  p att er n  wit h t h e  d et e cti o n  of t h e  m el a mi n e c o nt a mi n a nt  o nl y

fr o m t h e l a y er t o g et h er  wit h c ar b o h y dr at e s. I n s et: c h e mi c al str u ct ur e s.
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W e al s o u s e d t h e  D C D R S a p pr o a c h t o st u d y s m all  m ol e c ul e s

wit h bi ol o gi c al i m p ort a n c e – a c et yl s ali c yli c a ci d ( a s u b st a n c e

wit h a nti p yr eti c, a nti-i nfl a m m at or y, a n d c ar di o- pr ot e cti v e pr o-

p erti e s), ri b ofl a vi n ( vit a mi n  B 2, i m p ort a nt i n t h e li vi n g c ell f u n c-

ti o ni n g), a n d  m et h yl e n e bl u e ( u s e d i n diff er e nt ar e a s of bi ol o g y

a n d  m e di ci n e f or t h er a p e uti c a n d di a g n o sti c p ur p o s e s, e. g.

tr e at m e nt of  m et h e m o gl o bi n e mi a).3 3 T h e  D C D R S  d et e cti o n

li mit s f o u n d ar e 1 0− 6 , 1 0− 7 , a n d 1 0− 8 M of  d e p o sit e d c o n c e n-

tr ati o n s f or ri b ofl a vi n, a c et yl s ali c yli c a ci d, a n d  m et h yl e n e bl u e,

r e s p e cti v el y.  T h e s e  d et e cti o n li mit s ar e c o m p ar a bl e t o or e v e n

b ett er t h a n t h o s e of t h e S E R S  m et h o d u si n g t h e c o m m er ci al  A g

s u b str at e.  A s f or a c et yl s ali c yli c a ci d,  n o s p e ctr a  w er e o bt ai n e d

fr o m c o n c e ntr ati o n s u s e d f or t h e  D C D R S a p pr o a c h, pr o b a bl y

d u e t o  w e a k a d s or pti o n t o t h e sil v er s urf a c e.  M or e o v er, u si n g

t h e  D C D R S a p pr o a c h, it  w a s p o s si bl e t o i m pr o v e t h e  R a m a n

d et e cti o n s e n siti vit y of p or p h yri n s b y a f a ct or of 1 0 5 , a n d t h u s,

t h e s p e ctr a fr o m ∼ 2 0  n M d e p o sit e d c o n c e ntr ati o n s of c ati o ni c

c o p p er( II) 5, 1 0, 1 5, 2 0-t etr a ki s( 1- m et h yl- 4- p yri d yl) p or p h yri n a n d

a ni o ni c c o p p er( II) 5, 1 0, 1 5, 2 0-t etr a ki s( 4- s ulf o n at o p h e n yl) p or-

p h yri n  w er e a c q uir e d. 3 4 Pr ot o p or p h yri n I X, k n o w n a s a  m ar k er

i n t h e cli ni c al di a g n o si s of c a n c er,  w a s al s o d et e ct e d fr o m a  d e-

p o sit e d c o n c e ntr ati o n of 1 0  n M, a n d alt h o u g h a fl u or e s c e n c e

b a c k gr o u n d al s o a p p e ar e d, cl e ar  R a m a n b a n d s a s si g n e d t o t h e

m ol e c ul e  w er e o b s er v e d i n t h e s p e ctr a.

T o pr ofit fr o m  D C D R S e v e n  m or e, s o m e st u di e s c o m bi n e d

t hi s a p pr o a c h  wit h a d diti o n al a n al yti c al t e c h ni q u e s s u c h a s

c hr o m at o gr a p h y or  m a s s s p e ctr o m etr y. Z h a n g et al. d e m o n-

str at e d t h e p o s si bl e c o m p ati bilit y of  n o n- e n h a n c e d  R a m a n s p e c-

tr o s c o p y  wit h c hr o m at o gr a p hi c a n d  m a s s s p e ctr o s c o pi c pr ot e o-

mi c s e n si n g o n e x a m pl e s of pr ot e o mi c a n al yt e s. 1 3 T h e y pr o p o s e d

a c o m bi n e d  D C D R S/ M A L DI- T O F a p pr o a c h, pr o vi di n g a  m e c h a-

ni s m f or c orr el ati n g  R a m a n a n d  m a s s s p e ctr al i nf or m ati o n.

T h u s, g e n eti c, e n vir o n m e nt al, or di s e a s e-i n d u c e d v ari ati o n s i n

p e pti d e s d eri v e d fr o m a gi v e n pr ot ei n ( wit h or  wit h o ut p o sttr a n-

sl ati o n al  m o difi c ati o n s) c o ul d b e d et e ct e d b y e n z y m ati c di g e sti o n

a n d c hr o m at o gr a p hi c s e p ar ati o n f oll o w e d b y  D C D R S d et e cti o n.

A b d ol a h z a d e h et al. c o m bi n e d  D C D R S s p e ctr o s c o p y  wit h

o ffl i n e  m o nit ori n g of t h e r e a cti o n’s pr o gr e s s. 3 5 T h e y e x a mi n e d

c at al y s e d o xi d ati o n of al k e n e s t o e p o xi d e s i n a q u e o u s s ol u-

ti o n s at c o n c e ntr ati o n s < 1 0  m M a n d d e m o n str at e d t h at r e pr o-

d u ci bl e s p e ctr a c a n b e o bt ai n e d r o uti n el y  wit h r el ati v el y littl e

v ari a n c e,  wit h s h ort a c q ui siti o n ti m e s a n d s a m pl e v ol u m e s of

2 – 1 0 µ L a n d a s littl e a s 1 µ g of a n al yt e.  T h e b e n efit of t h e

D C D R S a p pr o a c h  w a s c o m p ar e d  wit h t h at of o n-li n e r e a cti o n

m o nit ori n g b y 1 H  N M R a n d  R a m a n s p e ctr o s c o p y.  T h e a ut h or s

a ffi r m e d t h e e x c ell e nt c orr el ati o n b et w e e n d at a o bt ai n e d fr o m

o ffl i n e a n d o nli n e a p pr o a c h e s.

3.  A n al yti c al a p pli c ati o n s  of  dr o pl et
d e p o siti o n S E R S s p e ctr o s c o p y
3. 1.  A p pr o a c h 1: a n al yt e s dri e d o n a S E R S- a cti v e s u b str at e

T hi s a p pr o a c h i n cl u d e s all c a s e s  w h er e t h e c o ff e e-ri n g i s

f or m e d b y dr o p pi n g a n d dr yi n g t h e a n al yt e s ol uti o n o n a s oli d

S E R S s u b str at e,  w hi c h e n s ur e s S E R S e n h a n c e m e nt.

H u a n g et al. r e p ort e d a si m pl e pl atf or m, a  h y dr o p h o bi c  A g

i n k- b a s e d pl a s m o ni c p a p er s u b str at e, f or si m ult a n e o u s dr o p-

c o ati n g d e p o siti o n- b a s e d pr e- c o n c e ntr ati o n a n d S E R S d et e c-

ti o n of a n al yt e s.3 6 T h e  h y dr o p h o bi cit y of t h e pl a s m o ni c  A g

p a p er  w a s t u n e d b y  A g-i n k c o n c e ntr ati o n t o a c hi e v e t h e b e st

pr e- c o n c e ntr ati o n of t h e r h o d a mi n e 6 G ( R 6 G) a n al yt e i n t h e

c o ff e e-ri n g.  C o m p ar e d  wit h t h e  R a m a n s p e ctr a o bt ai n e d fr o m

c o n v e nti o n al  D C D R S s u b str at e s ( s u c h a s al u mi ni u m), t h e pl a s-

m o ni c  A g p a p er o ff er e d a  m u c h  hi g h er  R a m a n si g n al. Fr o m

o ur p er s p e cti v e, d y e s li k e  R 6 G ar e e xt e n si v el y u s e d i n S E R S

s p e ctr o s c o p y d u e t o t h eir  hi g h  R a m a n cr o s s- s e cti o n v al u e b ut

d o  n ot d e m o n str at e t h e f e a si bilit y of t h e  m et h o d f or r e al

s a m pl e s  wit h l o w  R a m a n cr o s s- s e cti o n v al u e.  Alt h o u g h t hi s

st u d y  di d  n ot r e ali s e a n y pr o of of c o n c e pt o n r el e v a nt a n al yt e s,

it s e e m s t h at t h eir a p pr o a c h c o ul d p ot e nti all y b e a s e n siti v e

a n d l a b el-fr e e d et e cti o n t e c h ni q u e.

R e c e ntl y,  Wi et al. i ntr o d u c e d a si mil ar pl atf or m f or t h e

e ffi ci e nt  d et e cti o n of  Ti O 2 N P s.  Ti O 2 N P s ar e  wi d el y u s e d a s

c o s m eti c a d diti v e s f or bl o c ki n g  U V li g ht a n d a s f o o d a d diti v e s

f or artifi ci al c ol or a nt s.3 7 H o w e v er, t h er e i s c o n c er n o v er  Ti O 2 ’s

t o xi cit y.  T h e s e n s or pl atf or m  w a s f or m e d b y i n kj et- pri nt e d

p or o u s  A g di s k s pl a c e d o n a  h y dr o p h o bi c s u b str at e, s u c h a s a

h y dr o g e n-t er mi n at e d Si s urf a c e or a fl u or o sil a n e- c o at e d gl a s s

sli d e or pl a sti c fil m ( b y v a p o ur c o ati n g of fl u or o sil a n e).  A c o m-

m er ci al s u n s cr e e n l oti o n ( D e g u s s a P 2 5)  w a s di s p er s e d i n di s-

till e d  w at er a n d dr o p p e d o nt o t h e s e n s or pl atf or m.  R a m a n

s p e ctr a  m e a s ur e d fr o m t h e c o ff e e-ri n g p att er n f or m e d o n t h e

A g di s k s h o w e d a cl e ar  R a m a n b a n d of  Ti O 2 at 1 4 3 c m − 1 e v e n

at a 0. 1 p p b c o n c e ntr ati o n  w hi c h c orr e s p o n d s t o 5 0 0 f g of

Ti O 2 .  R a m a n b a n d s b el o n gi n g t o  Ti O2 w er e al s o i d e ntifi e d

fr o m t h e t e st e d c h o c ol at e s a m pl e, r e a c hi n g t h e s e n siti vit y of

a p pr o xi m at el y 2 0 0 – 2 0 0 0 p p m of  Ti O 2 ( v erifi e d b y c o u pl e d

pl a s m a- m a s s s p e ctr o s c o p y). Si n c e t h e pr o p o s e d  R a m a n s e n s or

c a n b e r e a dil y pr e p ar e d b y t h e i n k-j et pri nti n g of a d diti v e-fr e e

A g i o n i n k,  d e gr a d ati o n of t h e  A g  n a n o str u ct ur e s d uri n g

st or a g e i s a v oi d e d.

A di sti n g ui s h e d a p pr o a c h i s u si n g lit h o gr a p hi c all y f a bri-

c at e d sili c o n pill ar arr a y s f u n cti o n ali z e d b y  A g  N P s f or s e n si-

ti v e d et e cti o n.  A d u al e n h a n c e m e nt of t h e  R a m a n si g n al s fr o m

mi cr o dr o pl et s of l o w- c o n c e ntr ati o n a n al yt e s  w a s e n s ur e d b y

c o m bi ni n g a n al yt e e nri c h m e nt t hr o u g h s ol v e nt e v a p or ati o n

a n d pl a s m o ni c S E R S e n h a n c e m e nt.  A ≥ 1 0 0-f ol d c o n c e ntr ati o n

of a n al yt e  w a s e sti m at e d,  wit h t h e L O D of 2. 9 × 1 0 − 1 2 M f or

mit o x a ntr o n e di h y dr o c hl ori d e. 3 8 Si mil ar i d e a s e m pl o y e d

s u p er h y dr o p h o bi c  m et al  n e e dl e s pr e c o at e d  wit h S E R S- a cti v e

A g or  A u  N P s. 3 9 T hi s c o ati n g st e p  w a s c arri e d o ut b y p u s hi n g

t h e ti p s t hr o u g h a l a y er of t h e  N P s c o nfi n e d at a  w at er– oil

i nt erf a c e,  w hi c h r e s ult e d i n t h e  d e p o siti o n of a  m o n ol a y er of

N P s o n t h e s urf a c e.  T h e  N P s  w er e c a p p e d  wit h p ol y vi n yl p yrr oli-

d o n e ( P V P) t o pr e v e nt t h e m fr o m j a m mi n g t o g et h er.  T h e n, t h e

s m all ( μ L) dr o pl et s  w er e dr o p p e d t o t h e ti p of t h e  n e e dl e s

w h er e t h e y  w er e pi n n e d i n pl a c e a n d e v a p or at e d, l e a vi n g a

s oli d d e p o sit i n c o nt a ct  wit h t h e S E R S e n h a n ci n g  N P s fr o m

w hi c h t h e  R a m a n si g n al i s  m e a s ur e d.  T hi s a p pr o a c h  w a s

pr o v e d t o b e e xtr e m el y s e n siti v e a c hi e vi n g a  d et e cti o n of 2 p g

of cr y st al vi ol et ( C V) a n d 2. 5  n g of tri nitr ot ol u e n e ( T N T). 3 9
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J u n ej a a n d  B h att a c h ar y a pr o p o s e d a di a g n o sti c t o ol t o

i d e ntif y l o w c o n c e ntr ati o n s of  n o xi o u s p at h o g e n s

(St a p h yl o c o c c u s a ur e u s ) fr o m s pi k e d dri n ki n g  w at er.4 0 T h e y

u s e d s m all p o c k et s of S E R S e n h a n c er s f or m e d b y a 3 D  A u

n a n ofl o w er str u ct ur e o n a sili c o n  w af er, pr o vi di n g str o n g S E R S

e n h a n c e m e nt.  T o e n h a n c e t h e si g n al i nt e n siti e s e v e n f urt h er,

t h e y b e n efitt e d fr o m t h e c off e e-ri n g e ff e ct f or t h e pr e- c o n c e n-

tr ati o n of t h e a n al yt e s ( w at er c o nt ai ni n g S. a ur e u s ) o n s u c h a

n a n o str u ct ur e s urf a c e.  T h e  m et h o d ol o g y pr o vi d e d r e pr o d u ci-

bl e S E R S s p e ctr a a n d t h e L O D of S. a ur e u s i n s pi k e d dri n ki n g

w at er of 1 0 3 C F U  m L − 1 .  T hi s si m pl e, l o w- c o st, r o b u st, a n d

r e pr o d u ci bl e  m et h o d c o ul d b e u s ef ul f or i n cr e a si n g t h e s e n si-

ti vit y of S E R S- b a s e d d et e cti o n d e vi c e s  wit h t h e c a p a bilit y t o b e

d e v el o p e d i nt o a  mi cr o t ot al a n al y si s s y st e m.

Li a mt s a u et al. e m pl o y e d t h e c o m bi n ati o n of t h e c o ff e e-

ri n g e ff e ct a n d S E R S  m e a s ur e m e nt t o st u d y t hi o ar s e ni c al s,

s u c h a s  di m et h yl m o n ot hi o ar si ni c a ci d ( D M M T A V ) a n d  di-

m et h yl dit hi o ar si ni c a ci d ( D M D T A V ),  w hi c h ar e i m p ort a nt

u n st a bl e ar s e ni c  m et a b oliti e s. 4 1, 4 2 T h e ai m  w a s t o  d e v el o p a

n o v el a n al yti c al  m et h o d f or t h e s p e ci ati o n of t hi ol at e d ar s e ni-

c al s  wit h  mi ni m al s a m pl e pr e p ar ati o n.  T h e y u s e d a  A g  n a n o-

fil m pl atf or m t o  n ot o nl y pr o d u c e t h e S E R S e n h a n c e m e nt b ut

t o pr o m ot e t h e s e p ar ati o n of t hi o ar s e ni c s p e ci e s ( Fi g. 4).

O pti mi z ati o n of t h e c h e mi c al e n vir o n m e nt ( v ar yi n g p H)

r e s ult e d i n  di ff er e nt  mi gr ati o n di st a n c e s of i n di vi d u al s p e ci e s

t h at  w er e t o g et h er i nfl u e n c e d b y t h e r a di all y o ut w ar d fl o w of

t h e s ol ut e, t h e t hi o- ar s e ni c al– A g  n a n ofil m i nt er a cti o n s a n d a

t h er m all y i n d u c e d  M ar a n g o ni fl o w.  T h e s p ati al s e p ar ati o n of

D M M T A V t o t h e c e ntr e a n d  D M D T AV t o t h e ri n g e d g e of t h e

c o ff e e-ri n g d uri n g t h e dr yi n g pr o c e s s e n a bl e d s u b s e q u e nt

i d e ntifi c ati o n of t h e s p e ci e s u si n g fi n g er pri nt S E R S s p e ctr a.

T hi s  w or k s h o w s  h o w t h e c o ff e e-ri n g e ff e ct c o ul d e n a bl e  n ot

o nl y t h e pr e- c o n c e ntr ati o n of t h e st u di e d a n al yt e b ut al s o

dr yi n g-i n d u c e d s p ati al s e p ar ati o n of  di ff er e nt s p e ci e s,  w hi c h

c a n b e f urt h er a n al y s e d  u si n g  R a m a n fi n g er pri nt si g n al s.  T h e

a ut h or s al s o d e v el o p e d a t h e or eti c al fr a m e w or k t h at a d o pt s a

u nifi e d a p pr o a c h f or b ot h t h e c o n v e nti o n al c hr o m at o gr a p hi c

t e c h ni q u e s (e. g. ,  G C a n d  H P L C) a n d c off e e-ri n g- b a s e d  n a n o-

c hr o m at o gr a p h y  w hi c h e m pl o y s a st ati o n ar y p h a s e o n t h e

n a n o m et er s c al e t o e n a bl e s e p ar ati o n at a v er y s h ort di st a n c e

(∼ 5  m m).  T hi s a n al y si s r e q uir e s  mi ni m al s a m pl e pr etr e at m e nt

a n d all o w s f or  n o n d e str u cti v e a n d si m ult a n e o u s d et e cti o n of

m ulti pl e a n al yt e s. 4 3

d e l a  O- C u e v a s et al. c o m bi n e d  G E R S  wit h  D C D R S f or s e n si-

ti v e  R a m a n d et e cti o n of  h u m a n r e c o m bi n a nt i nt erl e u ki n- 6

(I L- 6) i n P B S s ol uti o n.4 4 T h e y s u c c e s sf ull y u s e d a  h y bri d pl at-

f or m pr e p ar e d fr o m a r e d u c e d gr a p h e n e o xi d e (r G O) t hi n fil m

d e p o sit e d o n a sili c o n  w af er.  T h e  m e a s ur e d si g n al fr o m t h e

c o ff e e-ri n g r e a c h e d a d et e cti o n li mit b el o w 1 p g  m L − 1 wit h a n

a b s ol ut e  m a s s of 1 f g of I L- 6.  R a m a n b a n d s a c q uir e d fr o m t h e

c o ff e e-ri n g i n di c at e d t h at I L- 6 r e m ai n s i n a s ol uti o n-li k e st at e.

I n t h eir  n e xt st u d y, a c o m bi n ati o n of  D C D R S a n d  G E R S  w a s

u s e d f or s p e cifi c r e c o g niti o n of t h e  h u m a n I L- 6 b a s e d o n t h e

c o ff e e-ri n g pr e- c o n c e ntr ati o n of  m o n o cl o n al a nti b o di e s of I L- 6

( m a bI L- 6) o nt o a n a mi n e f u n cti o n ali z e d gr a p h e n e s u b str at e.4 5

T h e f or m e d c o ff e e-ri n g fr o m t h e s ol uti o n of  m a bI L- 6 d et er-

mi n e d  w h er e t h e s el e cti v e i nt er a cti o n of t h e a nti g e n/ a nti b o d y

t o o k pl a c e, a n d I L- 6 c o ul d b e d et e ct e d a n d i d e ntifi e d b y

R a m a n i m a gi n g. Fi g. 5 (t o p) s h o w s a s c h e m e of t h e f or m ati o n

of t h e s u b str at e: (i) L a n g m uir – Bl o d g ett ( L B) a s s e m bl y of gr a-

p h e n e o xi d e ( G O) s u b str at e s (r G O – N H 2 a n d  G O) o n a s oli d

s u p p ort, (ii) dr o p- c o ati n g d e p o siti o n of  m a bI L- 6 ( c o ff e e-ri n g

Fi g.  4 S E R S  m et h o d f or ar s e ni c s p e ci ati o n  b y  u si n g t h e s e p ar ati o n  p ot e nti al  of t h e c o ff e e -ri n g e ff e ct  o n  n e g ati v el y c h ar g e d sil v er  n a n o fi l m s. ( L eft)

F o ur ar s e ni c s p e ci e s f or m e d t h e c o ff e e -ri n g a n d (ri g ht) t h e fi n g er pri nt S E R S si g n al i n s ol uti o n a n d  o n t h e fi l m s.  A d a pt e d fr o m r ef.  4 2  wit h  p er mi s si o n

fr o m  A m eri c a n  C h e mi c al S o ci et y, c o p yri g ht 2 0 1 9.

A n al y st Mi ni r e vi e w
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f or m ati o n) o n L B t hi n fil m s of t h e gr a p h e n e s u b str at e s a n d

(iii) a d s or pti o n of I L- 6 o n t h e c off e e-ri n g of  m a bI L- 6. Fi g. 5

( b ott o m) s h o w s a  R a m a n i m a g e of t h e f or m e d c off e e-ri n g  wit h

R a m a n s p e ctr a  w h e n t h e r e d  R a m a n s p e ctr u m i s c oi n ci d e nt

wit h p ur e I L- 6 a n d  m a bI L- 6 a n d t h e bl u e  R a m a n s p e ctr u m pr e-

s e nt s a c o m bi n ati o n of  m a bI L- 6 a n d r G O – N H 2 si g n al s.

Gr a p h e n e, pr e p ar e d b y u si n g t h e c h e mi c al v a p or d e p o siti o n

t e c h ni q u e, s er v e d a s a s u b str at e  w h er e dri e d dr o p s of t h e

st u di e d a mi n o a ci d s f or m e d c o ff e e-ri n g p att er n s. 4 6 G E R S

s p e ctr a of tr y pt o p h a n, l e u ci n e, p h e n yl al a ni n e, a n d 3, 4-

h y dr o x y- p h e n yl al a ni n e  w er e  m e a s ur e d fr o m t h e ri n g  wit h t h e

L O D of t e n s of  n g  m L − 1 .  U nf ort u n at el y,  G E R S s uff er s fr o m a

l o w e n h a n c e m e nt f a ct or ( o n t h e or d er of 1 0– 2 0) a n d i n o ur

o pi ni o n  will  n ot b e c o m e a r o uti n e a n al yti c al t e c h ni q u e.

3. 2.  A p pr o a c h 2: S E R S- a cti v e  N P s/ a n al yt e dr yi n g o n a s oli d

s u b str at e

It i s  w ell k n o w n t h at dr yi n g of c oll oi d al  N P s al s o f or m s c o ff e e-

ri n g p att er n s o n c ert ai n s oli d s urf a c e s s u c h a s gl a s s/ sili c o n or

si mil ar o n e s. 4 7 T h e s e c o n d a p pr o a c h, t h e c o m bi n ati o n of t h e

c o ff e e-ri n g e ff e ct of c oll oi d al  m et alli c  N P s a n d S E R S,  h a s

r e c ei v e d c o n si d er a bl e att e nti o n t h a n k s t o it s i m p ort a nt a p pli-

c ati o n s i n t h e fi el d of a n al yti c al s e n si n g.

O ur r e s ult s d e m o n str at e d t h at dri e d dr o p s of  A g c oll oi d/

a n al yt e s y st e m s o n gl a s s sli d e s f or m e d c o m p a ct c o ff e e-ri n g s

aft er dr yi n g o n gl a s s sli d e s. 4 8 – 5 0 W e  u s e d b or o h y dri d e-r e d u c e d

( b.-r.) a n d  h y dr o x yl a mi n e-r e d u c e d ( h.-r.)  A g  N P s  wit h

m a xi m u m p arti cl e si z e  di stri b uti o n of a b o ut 1 6. 8  n m a n d

3 8  n m f or b.-r. a n d  h.-r.  N P s, r e s p e cti v el y.  T h e dr yi n g pr o c e s s

e ffi ci e ntl y l e d t o t h e pr e- c o n c e ntr ati o n of t h e a n al yt e i n t h e

ri n g  d e p o sit a n d pr o m ot e d t h e a d s or pti o n of t h e st u di e d a n a-

l yt e s t o t h e  N P s, a s  w ell a s cr e ati n g  hi g hl y S E R S- e n h a n ci n g

sit e s ( ‘h ot- s p ot s ’).  T h u s, b y  m e a s uri n g fr o m t h e ri n g, S E R S

s p e ctr a t h at c a n n ot b e a c q uir e d dir e ctl y fr o m  A g c oll oi d al s ol u-

ti o n s (e. g. 2 × 1 0 − 7 M 1, 2- di st e ar o yl- s n - gl y c er o- 3- p h o s p h o c h o-

li n e – D S P C p h o s p h oli pi d)  w er e o bt ai n e d. 3 1 Citr at e-r e d u c e d

( c.-r.)  A g  N P s  w er e al s o t e st e d f or t h e s a m e p ur p o s e, all o wi n g

t h e d et e cti o n of uri c a ci d i n s ol uti o n s d o w n t o a 1 0 − 6 M

c o n c e ntr ati o n. 5 1

X u et al. d e v el o p e d a S E R S s e n s or f or t h e d et e cti o n a n d

i d e ntifi c ati o n of t h e e n vir o n m e nt al p oll ut a nt s p ol y c y cli c ar o-

m ati c  h y dr o c ar b o n s ( P A H s) u si n g b ar e c.-r.  A u  N P s ( 2 0  n m i n

si z e). 5 2 P A H s ar e e n vir o n m e nt al p oll ut a nt s  wit h o ut a n y f u n c-

ti o n al gr o u p att a c h e d t o  m et alli c  N P s, s o dir e ct d et e cti o n fr o m

A g  N P s i s i m p o s si bl e. I n t h eir t e st e d s e n s or, a  A u  N P/ P A H

mi xt ur e dri e d o n a sili c o n  w af er f or m e d t h e c o ff e e-ri n g p att er n

c o nt ai ni n g cl o s el y p a c k e d b ut  n ot a g gr e g at e d arr a y s of  A u  N P s

a n d pr e- c o n c e ntr at e d P A H s.  T h e S E R S s p e ctr a of si x P A H s,

n a m el y,  n a p ht h al e n e, a nt hr a c e n e, p yr e n e, b e n z o[ a ] p yr e n e,

b e n z o[ g ,h ,i] p er yl e n e, a n d i n d e n o[ 1, 2, 3-c d ] p yr e n e i n c o n c e n-

tr ati o n s  d o w n t o 5 × 1 0− 6 – 2. 5 × 1 0 − 7 M  w er e o bt ai n e d b y

m e a s ur e m e nt fr o m t hi s c o ff e e-ri n g p att er n. S E R S si g n al s c ol-

l e ct e d fr o m 4 0 s p ot s r a n d o ml y c h o s e n al o n g e a c h ri n g d e m o n-

str at e d t h at t h e ri n g pr o vi d e s r e pr o d u ci bl e a n d u nif or m S E R S

Fi g. 5 ( T o p) S c h e m e s h o wi n g (i) t h e L a n g m uir– Bl o d g ett ( L B) a s s e m bl y  of gr a p h e n e s u b str at e s (r G O – N H 2 a n d  G O)  o n a s oli d s u p p ort, (ii)  dr o p -

c o ati n g  d e p o siti o n  of  m a bI L - 6 ( c o ff e e -ri n g f or m ati o n)  o n L B t hi n fi l m s  of gr a p h e ni c s u b str at e s a n d (iii) a d s or pti o n  of I L - 6  o n t h e c off e e -ri n g  of

m a bI L - 6. ( B ott o m)  R a m a n i m a g e  of t h e f or m e d c o ff e e -ri n g a n d c orr e s p o n di n g  R a m a n s p e ctr a  w h e n t h e r e d  R a m a n s p e ctr u m i s c oi n ci d e nt  wit h

p ur e I L - 6 a n d t h e  bl u e  R a m a n s p e ctr u m  pr e s e nt s a c o m bi n ati o n  of  m a bI L - 6 a n d r G O – N H 2 si g n al s.  A d a pt e d fr o m r ef.  4 5  wit h  p er mi s si o n fr o m  R o y al

S o ci et y  of  C h e mi str y, c o p yri g ht 2 0 2 3.
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s p e ctr a.  T o pr o v e t h e f e a si bilit y of d et e cti o n, t h e S E R S s p e ctr a

of a s a m pl e c o nt ai ni n g si x P A H s i n ri v er  w at er  m atri c e s  w er e

c oll e ct e d u si n g a p ort a bl e  R a m a n s p e ctr o m et er, a n d p arti c ul ar

P A H s  w er e i d e ntifi e d.  T hi s p ort a bl e S E R S s e n s or pr o vi d e d a

r o b u st a n d v er s atil e a p pr o a c h f or si m pl e a n d dir e ct P A H d et e c-

ti o n a n d i d e ntifi c ati o n fr o m t h e e n vir o n m e nt.

G u o et al. i ntr o d u c e d a n a p pr o a c h c o m bi ni n g S E R S, c h e m o-

m etri c s, a n d c o ff e e-ri n g e ff e ct t o d et e ct p at uli n ( P A T) a n d alt er-

n ari ol ( A O H). 5 3 P A T a n d  A O H ar e t h e  m ai n  m y c ot o xi n c o nt a mi-

n a nt s i n fr uit s a n d t h eir pr o d u ct s,  w hi c h  h a v e gr e at t o xi c

e ff e ct s o n t h e  h u m a n b o d y d u e t o t h eir t er at o g e ni cit y a n d c ar-

ci n o g e ni cit y.  A u  n a n or o d s ( A u  N R s)  w er e  mi x e d  wit h st a n d ar d

P A T a n d  A O H s ol uti o n a n d dr o p p e d a n d dri e d o n a sili c o n

w af er t o f or m t h e c o ff e e-ri n g p att er n ( Fi g. 6).  A st a bl e c o ff e e-

ri n g str u ct ur e  w a s o bt ai n e d b y o pti mi si n g t h e dr yi n g t e m p er a-

t ur e a n d dr o pl et v ol u m e.  T h e s m o ot h e d a n d b a s eli n e- c orr e ct e d

S E R S s p e ctr a  w er e a n al y s e d u si n g t h e P L S  m o d el s t o pr e di ct

t h e c o nt e nt of P A T a n d  A O H.  T h e b e st p erf or m a n c e  w a s

o bt ai n e d b y u si n g t h e s y n er g y i nt er v al a n d g e n eti c al g orit h m.

T h e L O D v al u e s f or P A T a n d  A O H  w er e a s l o w a s 1 μ g L − 1 , a n d

t h e r el ati v e st a n d ar d d e vi ati o n ( R S D) ≤ 4. 8 6 f or P A T a n d

≤ 2. 2 8 % f or  A O H.  T o v erif y t h e a p pli c a bilit y of t h eir a p pr o a c h,

t h e d et e cti o n of P A T a n d  A O H i n a ct u al a p pl e s a m pl e s  w a s

c arri e d o ut. Si n c e t h e  n u m b er of br o k e n a p pl e c ell s, s ol u bl e

p ol y s a c c h ari d e s, a n d ot h er s u b st a n c e s i n a p pl e j ui c e  m a y

s eri o u sl y i nt erf er e  wit h si g n al c oll e cti o n, it  w a s di ffi c ult t o

c oll e ct S E R S s p e ctr a dir e ctl y fr o m a p pl e j ui c e.  T h er ef or e, P A T

a n d  A O H  w er e e xtr a ct e d fr o m a p pl e j ui c e s a m pl e s a n d d et e ct e d

b y S E R S a n d  H P L C.  T h e l o w e st d et e cti o n c o n c e ntr ati o n s of

s pi k e d j ui c e s a m pl e s  w er e 6. 4 9 × 1 0 − 5 m ol L − 1 ( P A T) a n d 3. 8 7 ×

1 0 − 5 m ol L − 1 ( A O H), i n di c ati n g t h at S E R S c o m bi n e d  wit h t h e

c o ff e e-ri n g e ff e ct  h a d t h e p ot e nti al t o d et e ct P A T a n d  A O H i n

r e al s a m pl e s q ui c kl y a n d e ff e cti v el y.  T h e S E R S t e c h n ol o g y c o m-

bi n e d  wit h c h e m o m etri c s a n d t h e c o ff e e-ri n g e ff e ct  h ol d s

pr o mi s e f or  hi g h-t hr o u g h p ut l a b el-fr e e d et e cti o n of P A T a n d

A O H i n fr uit s a n d t h eir pr o d u ct s.

P a n et al. pr e p ar e d a β - c y cl o d e xtri n- c o at e d  A g  N P t o f or m a

c o ff e e-ri n g f or t h e S E R S d et e cti o n of ar o m ati c c o m p o u n d s

s u c h a s o - p h e n yl e n e di a mi n e  wit h t h e L O D of 1 0− 1 0 M. 5 4 A g

N P s  w er e f a bri c at e d, a n d β - c y cl o d e xtri n s (β - C D)  w er e p h y si c all y

a b s or b e d o n t h e s urf a c e of t h e  A g  N P s a s c a pt uri n g l a y er s of

ar o m ati c c o m p o u n d s f or e nri c hi n g t h e a n al yt e s at t h e i nt er-

f a c e of t h e  A g  N P s i n s ol uti o n.  Aft er t h e a n al yt e  w a s c a pt ur e d,

a  mi xt ur e of  A g  N P s a n d ar o m ati c c o m p o u n d s  w a s  dr o p p e d o n

a sili c o n  w af er t o f or m t h e c o ff e e-ri n g fr o m  w hi c h S E R S

s p e ctr a  w er e a c q uir e d.

Ni et al. u s e d Si O 2 @ A g  N P s f or S E R S- b a s e d d et e cti o n a n d

d e gr a d ati o n of t ar g et s p e ci e s, i n cl u di n g t h e  h er bi ci d e s p ar a-

q u at a n d di q u at, a n d t h eir fr e e r a di c al s. 5 5 T h e e n h a n c e d

R a m a n si g n al s of t h e s e t ar g et a n al yt e s  w er e a c hi e v e d t hr o u g h

t h e ‘h ot- s p ot ’ r e gi o n f or m e d b y t h e s elf- a g gr e g ati o n of

Si O 2 @ A g  N P s  d u e t o t h e c o ff e e-ri n g e ff e ct.  T h e S E R S s e n s or

all o w e d t h e d et e cti o n of t h e a n al yt e s d o w n t o 1 0 − 9 M i n t h e

a q u e o u s s ol uti o n.  R e c e ntl y,  Y a n et al. d et e ct e d afl at o xi n  B 1

d o w n t o 5 × 1 0 − 7 M  u si n g c.-r.  A u  N P s. 5 6

W a n g et al. r e p ort e d t h e s e n siti v e d et e cti o n of t o xi c  m al a-

c hit e gr e e n ( M G) a n d ar s e n at e b a s e d o n t h e  A g  N P s a n d c o ff e e-

ri n g e ff e ct. 5 7 S a m pl e s  wit h a n al yt e s ( fr o m e n vir o n m e nt al

w at er),  A g  N P s, a n d p ol y vi n yl al c o h ol ( P V A)  w er e v ort e x  mi x e d,

a n d t h e n t h e  mi xt ur e  w a s dri p p e d o nt o t h e sili c o n  w af er,

w h er e it  dri e d t o t h e c o ff e e-ri n g p att er n.  T h e S E R S s p e ctr a

m e a s ur e d fr o m t h e ri n g pr o vi d e d t h e L O D v al u e s of 0. 1  n g L − 1

a n d 0. 0 3 µ g L − 1 f or  M G a n d ar s e n at e, r e s p e cti v el y. Si n c e t h e

S E R S s p e ctr u m i s still di s cri mi n a bl e e v e n i n t h e  M G c o n c e n-

tr ati o n d o w n t o 1 0− 1 2 m ol L − 1 ( w hi c h c orr e s p o n d s t o 2 5  M G

m ol e c ul e s at t h e l a s er s p ot), t h e a ut h or s s u g g e st e d t h at t hi s

S E R S s e n s or  mi g ht b e a p pli c a bl e f or si n gl e- m ol e c ul e  d et e cti o n

of  M G. L u et al. d et e ct e d 1 0 − 1 5 m ol L − 1 R 6 G ( w hi c h al s o c orr e s-

Fi g.  6 T h e  hi g h -t hr o u g h p ut l a b el -fr e e  d et e cti o n  of  P A T a n d  A O H  u si n g S E R S t e c h n ol o g y  b a s e d  o n t h e c o ff e e -ri n g e ff e ct.  A d a pt e d fr o m r ef. 5 3  wit h

p er mi s si o n fr o m El s e vi er, c o p yri g ht 2 0 2 1.
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p o n d s t o t h e si n gl e- m ol e c ul e l e v el) fr o m  A g  N P s dri e d o n a

T efl o n fil m. 5 8 T h e y c o n cl u d e d t h at  A g  N P s dri e d o n t h e  T efl o n

fil m s e x hi bit a  hi g h er S E R S e n h a n c e m e nt a n d b ett er s p e ctr al

r e pr o d u ci bilit y c o m p ar e d  wit h t h at o n gl a s s sli d e s.

W u et al. u s e d  A g  N P s a s t h e S E R S s u b str at e a n d f urt h er

e m pl o y e d t h e c o ff e e-ri n g e ff e ct t o d et e ct t h e ill e g al a d ult er a-

ti o n of t h e c h e mi c al s v ar d e n afil a n d r o si glit a z o n e  m al e at e i n

h e alt h c ar e pr o d u ct s  u pt o t h e μ g m L − 1 l e v el.5 9 S o di u m al gi n at e

u s e d a s a r e d u cti o n a g e nt f or  A g  N P s y nt h e si s al s o pr ot e ct s  A g

N P s fr o m a g gr e g ati o n. S E R S s p e ctr a  w er e  m e a s ur e d fr o m t h e

c o ff e e-ri n g f or m e d b y dr yi n g t h e  A g  N P/ a n al yt e  mi xt ur e.  T h e

m et h o d di s pl a y s a li n e ar r e s p o n s e f or t h e d et er mi n ati o n of

v ar d e n afil a n d r o si glit a z o n e  m al e at e i n t h e 4. 8 8 – 4 8 8 μ g m L − 1

a n d 4. 7 4 – 9 4. 7 μ g m L − 1 c o n c e ntr ati o n r a n g e s, a n d t h e L O D  w a s

a s l o w a s 1. 6 3 μ g m L − 1 a n d 2. 2 0 μ g m L − 1 , r e s p e cti v el y.  T h e

m et h o d  w a s s u c c e s sf ull y a p pli e d t o t h e d et e cti o n of b ot h a n a-

l yt e s i n  h e alt h c ar e pr o d u ct s,  wit h r e c o v eri e s  hi g h er t h a n

9 1. 5 2 % a n d  R S D s of l e s s t h a n 4. 3 1 %.

R e g ar di n g  m e di c al a p pli c ati o n s,  H u s s ai n et al. u s e d  A u  N P s

a n d  A u @ A g  N P s  wit h a c o ff e e-ri n g e ff e ct o n a g ol d- c o at e d sli d e

f or d et e cti n g ur e a a n d a m m o ni u m s ul p h at e i n  mil k at c o n c e n-

tr ati o n s  d o w n t o 5  m g d L− 1 .6 0 T hi s  m et h o d r e q uir e d a s m all

s a m pl e v ol u m e a n d  mi ni m al s a m pl e tr e at m e nt.  Hi g h r e pr o d u-

ci bilit y  w a s a c hi e v e d, c o nfir mi n g t h at t h e c o m bi n ati o n of S E R S

wit h c o ff e e-ri n g e ff e ct s  h a d t h e p ot e nti al t o s cr e e n ot h er

b a n n e d a n d  h e alt h- h a z ar d o u s a d ult er a nt s i n  mil k pr o d u ct s

si m ult a n e o u sl y.

Vill a a n d c o- w or k er s r e p ort e d t h e pi o n e eri n g a n al y si s of

c a n c er-r el e v a nt bi o m ar k er s u si n g t h e c o ff e e-ri n g e ff e ct of  A u

N P s. 6 1, 6 2 T h e  dir e ct  d e p o siti o n of  m o n o di s p er s e  A u  N P s a n d

i n sit u s y nt h e si s of  A u  N P s o n filt er p a p er  w er e u s e d.  Aft er

t h at, t h e a n al yt e a d s or pti o n  w a s pr o m ot e d vi a si m pl e i m m er-

si o n of t h e S E R S s u b str at e i n t h e a n al yt e s ol uti o n f or 3 0  mi n.

T h e  m et h o d di s pl a y e d i n Fi g. 7 A  w a s s u c c e s sf ull y a p pli e d t o

t h e q u a ntit ati v e S E R S d et e cti o n of a d e ni n e a n d g u a ni n e i n c alf

t h y m u s  D N A aft er pr e- c o n c e ntr ati o n i n ri n g d e p o sit  wit h a c al-

c ul at e d v al u e of ( G +  C)/( A +  T) cl o s e t o t h e lit er at ur e v al u e. 6 1

L at er,  u si n g t hi s a p pr o a c h, t h e y q u a ntifi e d a d e n o si n e ( a p ot e n-

ti al c a n c er bi o m ar k er) i n  h u m a n uri n e s a m pl e s.6 2 R e s ol uti o n-

alt er n ati n g l e a st s q u ar e s ( M C R- A L S)  w er e a p pli e d t o a d dr e s s

o v erl a p pi n g b a n d s i n t h e a n al y si s of S E R S s p e ctr a.  T h e

m et h o d  w a s s h o w n t o b e s e n siti v e (t h e L O D v al u e s v ar yi n g

b et w e e n 3. 8 a n d 4. 9 µ m ol L − 1 ), r e pr o d u ci bl e ( R S D l e s s t h a n

± 1 5 %), a n d s el e cti v e o v er ot h er  n u cl e o si d e s ( g u a n o si n e, c yti-

di n e, t h y mi di n e, a n d uri di n e).  T hi s  w a s t h e fir st r e p ort of a

S E R S- c h e m o m etri c  m et h o d a p pli e d t o uri n ar y a d e n o si n e

s e n si n g at p h y si ol o gi c all y r el e v a nt c o n c e ntr ati o n s  wit h

mi ni m al s a m pl e pr e p ar ati o n.  M ur u g e s a n a n d  Y a n g u s e d P V P-

st a bili s e d  A g  N P s  mi x e d  wit h a s a m pl e s ol uti o n. 6 3 F oll o wi n g

t h e d e p o siti o n a n d dr yi n g of t h e  mi xt ur e s ol uti o n o n a s oli d

s u b str at e, a c o ff e e-ri n g  w a s f or m e d.  W h e n a p pl yi n g t h e pr o-

p o s e d  m et h o d t o d et er mi n e t h e p h e n yl al a ni n e l e v el i n uri n e

f or r a pi d s cr e e ni n g of t h e p h e n yl k et o n uri a di s or d er, str o n g

c h e mi c al i nt erf er e n c e fr o m uri c a ci d  w a s o b s er v e d.  T o  mi ni-

mi s e t hi s i nt erf er e n c e, Z n O p o w d er  w a s a p pli e d t o t h e  uri n e

s a m pl e t o a d s or b  uri c a ci d b ef or e S E R S d et e cti o n.  T h e n, S E R S

si g n al s of p h e n yl al a ni n e  w er e r e c or d e d f or q u a ntit ati v e p ur-

p o s e s.  U n d er t h e o pti mi s e d c o n diti o n s, b ot h t h e s e n siti vit y

a n d r e pr o d u ci bilit y of S E R S  m e a s ur e m e nt  w er e c o n si d er a bl y

i m pr o v e d.  Q u a ntit ati v e a n al y s e s r e v e al e d t h at t h e d e v el o p e d

m et h o d i s  hi g hl y f e a si bl e f or t h e r a pi d d et er mi n ati o n of

p h e n yl al a ni n e i n r e al s a m pl e s. Si n c e a d e n o si n e a n d p h e n yl-

al a ni n e  m ol e c ul e s e x hi bit  hi g h  R a m a n cr o s s- s e cti o n v al u e s,  w e

b eli e v e t h at t h e s e a p pr o a c h e s ar e v er y pr o mi si n g a s v al u a bl e

m et h o d s i n c a n c er  d et e cti o n fr o m  uri n e s a m pl e s.

H o n g et al. d e v el o p e d a s e n s or f or t h e r a pi d di a g n o si s of

c ol or e ct al c a n c er ( C R C) t hr o u g h S E R S  m e a s ur e m e nt s of bl o o d

s er u m. 6 4 T h e  dr o pl et of a  A u  N P – s er u m  mi xt ur e f or m e d a

c o ff e e-ri n g-li k e r e gi o n, pr o vi di n g str o n g a n d st a bl e S E R S

si g n al s.  T h e o bt ai n e d s p e ctr a fr o m c a n c er p ati e nt s a n d  h e alt h y

v ol u nt e er s  w er e a n al y s e d u si n g u n s u p er vi s e d pri n ci p al c o m-

p o n e nt a n al y si s ( P C A) a n d a s u p er vi s e d  m a c hi n e l e ar ni n g

Fi g. 7 ( A)  Q u a ntit ati v e S E R S  d et e cti o n  of a d e ni n e a n d  g u a ni n e i n c alf t h y m u s  D N A aft er  pr e - c o n c e ntr ati o n  d u e t o t h e c o ff e e -ri n g e ff e ct  u si n g t h e

S E R S s u b str at e f a bri c at e d  b y i n sit u s y nt h e si s  of  A u  N P s  o n fi lt er  p a p er.  A d a pt e d fr o m r ef.  6 1  wit h  p er mi s si o n fr o m El s e vi er, c o p yri g ht 2 0 1 7. ( B)  Bl o o d

s er u m a n al y si s str at e g y  u si n g c o ff e e -ri n g a s si st e d l a b el -fr e e S E R S f or  di ff er e nt t y p e s  of c a n c er s cr e e ni n g  wit h t h e c orr e s p o n di n g s p e ctr a a n d  P L S

r e s ult s f or S E R S s p e ctr al  d at a.  A d a pt e d fr o m r ef.  6 5  wit h  p er mi s si o n fr o m El s e vi er, c o p yri g ht 2 0 2 2.
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m o d el, s u c h a s s u p p ort- v e ct or  m a c hi n e ( S V M), r e s p e cti v el y.

T h e r e s ult s d e m o n str at e t h at t h e S V M  m o d el a c hi e v e s a n a c c u-

r a c y a n d s e n siti vit y of 8 0 % f or  C R C s cr e e ni n g b ett er t h a n t h at

of P C A.  G a o et al. fir st u s e d  A g  N P s a s t h e S E R S s u b str at e c o m-

bi n e d  wit h a c o ff e e-ri n g e ff e ct f or dir e ct l a b el-fr e e bl o o d s er u m

a n al y si s f or a c c ur at e c a n c er s cr e e ni n g. 6 5 T h e  u n m o difi e d  A g

N P s  w er e  mi x e d  wit h t h e s er u m fr o m li v er c a n c er p ati e nt s ( n =

4 0), pr o st at e c a n c er p ati e nt s ( n = 3 2) a n d  h e alt h y v ol u nt e er s ( n

= 3 0).  T h e dr o pl et s of t h e  A g  N P – s er u m  mi xt ur e f or m e d t h e

c o ff e e-ri n g o n t h e p eri p h er al r e gi o n aft er air- dr yi n g, pr o vi di n g

a st a bl e a n d r eli a bl e S E R S si g n al. Fi g. 7 B s h o w s t y pi c al S E R S

s p e ctr a fr o m t h e bl o o d s er u m of li v er c a n c er p ati e nt s, pr o st at e

c a n c er p ati e nt s, a n d  h e alt h y v ol u nt e er s. P L S a n d S V M al g or-

it h m s  w er e utili s e d t o e st a bli s h t h e di a g n o si s  m o d el f or S E R S

s p e ctr al d at a cl a s sifi c ati o n, yi el di n g a  hi g h di a g n o sti c a c c ur a c y

of 9 8. 0 4 % f or t h e  h e alt h y gr o u p a n d t w o t y p e s of c a n c er s si m-

ult a n e o u sl y di sti n g ui s h e d ( Fi g. 7 B).  M or e i m p ort a ntl y, f or t h e

u n k n o w n t e sti n g s et, a n i d e al di a g n o sti c a c c ur a c y of 1 0 0 %

c o ul d b e a c hi e v e d u si n g t h e P L S- S V M al g orit h m f or di ff er e n-

ti ati n g c a n c er s fr o m t h e  h e alt h y gr o u p.  T h e a ut h or s st at e d t h at

t h e S E R S a n al y si s of bl o o d s a m pl e s c o m bi n e d  wit h t h e c off e e-

ri n g e ff e ct a n d P L S- S V M di a g n o sti c al g orit h m  h a s t h e p ot e nti al

f or t h e  n o n-i n v a si v e a n d l a b el-fr e e d et e cti o n of c a n c er.

N e v ert h el e s s, fr o m o ur p oi nt of vi e w, l a b el-fr e e d et e cti o n of

di s e a s e  m ar k er s fr o m bl o o d s er u m i s c h all e n gi n g a n d  m a y

oft e n s u ff er fr o m l o w s p e cifi cit y a n d s e n siti vit y.

3. 3.  C o m p ari s o n of b ot h a p pr o a c h e s f or a n al yti c al

a p pli c ati o n s

T w o a p pr o a c h e s  w er e i ntr o d u c e d al o n g  wit h a d e s cri pti o n of

t h eir s u c c e s sf ul u s e a n d a p pli c ati o n.  A c o m p ari s o n of t h e s e

a p pr o a c h e s r e v e al s t h e a d v a nt a g e s a n d di s a d v a nt a g e s of e a c h

of t h e m fr o m t h e p oi nt of vi e w of a n al yti c al a p pli c ati o n s.

I n a p pr o a c h 1, t h e dri e d p att er n i s f or m e d b y dr o p pi n g a n d

dr yi n g t h e a n al yt e s ol uti o n o n a s oli d S E R S ( or  G E R S) pl at-

f or m,  w hi c h e n s ur e s e n h a n c e m e nt of t h e  R a m a n si g n al. S E R S

a cti vit y i s d eri v e d fr o m t h e S E R S- a cti v e s u b str at e it s elf. F or t h e

s oli d, r e g ul ar,  h o m o g e n e o u s S E R S- a cti v e  n a n o str u ct ur e, t h e

si g n al fl u ct u ati o n i s c a u s e d o nl y b y t h e v ari ati o n s of pr e- c o n-

c e ntr ati o n of t h e a n al yt e i n t h e dr y p att er n. S E R S s e n siti vit y i s

n ot a s  hi g h a s i n a p pr o a c h 2, b ut b ett er s p e ctr al r e pr o d u ci bil-

it y c a n b e a c hi e v e d.  M or e o v er, i n t h e c a s e of c o m pl e x a n al yt e s

a n d  mi xt ur e s, a p pr o a c h 1 pr o vi d e s g o o d s e p ar ati o n of i n di vi d-

u al c o m p o n e nt s. Si n c e t h e S E R S e ff e ct, i n s o m e c a s e s,  m a y b e

mi st a k e n f or a  m er e c o ff e e-ri n g e ff e ct, a c ar ef ul e v al u ati o n of

t h e  m e a s ur e d r a w d at a i s  n e c e s s ar y.

I n a p pr o a c h 2, t h e dri e d p att er n i s f or m e d b y dr o p pi n g a n d

dr yi n g t h e S E R S- a cti v e  N P/ a n al yt e  mi xt ur e o n gl a s s/ sili c o n or a

si mil ar s u b str at e, s o S E R S e n h a n c e m e nt i s e n s ur e d b y S E R S-

a cti v e  N P s.  T h e dr yi n g e ffi ci e ntl y pr e- c o n c e ntr at e s t h e a n al yt e

i n t h e ri n g a n d pr o m ot e s a d s or pti o n of t h e st u di e d a n al yt e

c o m p o n e nt s t o  N P s a s  w ell a s cr e at e s ‘h ot- s p ot s ’.  T h e i n h er e nt

li mit ati o n of t h e dr yi n g of  N P s i s i n h o m o g e n eit y i n si z e s of

N P s a n d t h eir a g gr e g at e s a n d c o n s e q u e ntl y ‘h ot- s p ot ’ di stri-

b uti o n l e a di n g t o S E R S si g n al alt er ati o n a n d fl u ct u ati o n.

T h er ef or e, t hi s a p pr o a c h o ff er s a  hi g h s e n siti vit y b ut, i n s o m e

c a s e s,  m a y l a c k s p e ctr al r e pr o d u ci bilit y.  Alt h o u g h s o m e

a ut h or s r e p ort e d a st a bl e a n d r eli a bl e S E R S si g n al fr o m dri e d

m et al  N P/ a n al yt e s, it s e e m s t h at a c hi e vi n g s ati sf a ct or y q u a nti-

fi c ati o n  wit h t hi s a p pr o a c h r e m ai n s c h all e n gi n g.

4.  C o n cl u si o n a n d f urt h er  pr o s p e ct s

T h e dr o pl et d e p o siti o n  R a m a n s p e ctr o s c o p y c o n si d er a bl y

i m pr o v e s t h e  R a m a n s e n siti vit y b y  dr yi n g-i n d u c e d pr e- c o n c e n-

tr ati o n of t h e a n al yt e  dr o p p e d o n a s uit a bl e ( g e n er all y  h y dr o-

p h o bi c) s oli d s urf a c e.  T h e si g nifi c a nt a d v a nt a g e i s t h e si m pli-

cit y a n d str ai g htf or w ar d n e s s of t h e t e c h ni q u e: o nl y a s m all

s a m pl e v ol u m e ( ∼ µ L) a n d  n o or  mi ni m al s a m pl e pr e-tr e at m e nt

ar e  n e e d e d.  T h e  n o n- e n h a n c e d  R a m a n s p e ctr u m of t h e dri e d

a n al yt e d e p o sit pr o vi d e s dir e ct  m ol e c ul ar i nf or m ati o n.  D u e t o

s e gr e g ati o n c a p a bilit y, t h e q u alit y of t h e  R a m a n s p e ctr a c a n b e

si g nifi c a ntl y i m pr o v e d a s a r e s ult of r e d u c e d s p e ctr al i nt er-

f er e n c e fr o m fl u or e s c e nt i m p uriti e s a n d b uff er c o m p o u n d s.

O n t h e ot h er  h a n d, t h e s e p ar ati o n c a p a bilit y  mi g ht b e li mit e d

b y t h e si z e of  m ol e c ul e s a n d  will  n ot  w or k f or t o o s m all  m ol e-

c ul e s a n d  m ol e c ul e s  wit h  hi g h  m ut u al a ffi nit y.  M or e o v er, b e n e-

fitti n g fr o m t h e s y n er g y of t w o di sti n ct eff e ct s – a n al yt e pr e-

c o n c e ntr ati o n i n a  dri e d p att er n ( c o ff e e-ri n g or s m all s p ot) a n d

L S P R i n t h e S E R S- a cti v e s urf a c e – t h e  R a m a n si g n al of t h e

a n al yt e c a n b e e n h a n c e d e v e n  m or e. I n t h at c a s e, a n e n h a n c e d

S E R S s p e ctr u m c a n s u ff er fr o m si g n al alt er ati o n a n d fl u ct u-

ati o n.  O wi n g t o t h e l o w e n h a n c e m e nt f a ct or ( o n t h e or d er of

1 0 – 2 0),  G E R S i s  n ot s uit a bl e f or r o uti n e a n al yti c al

a p pli c ati o n s.

Dr o pl et d e p o siti o n  R a m a n s p e ctr o s c o p y a n d it s c o m bi-

n ati o n  wit h S E R S  h a v e r e c ei v e d c o n si d er a bl e att e nti o n i n t h e

fi el d of a n al yti c al s e n si n g.  T h e f u n d a m e nt al a p pli c ati o n s of

dr o pl et d e p o siti o n  R a m a n t e c h ni q u e s i n cl u d e s e n siti v e d et e c-

ti o n of v ari o u s a n al yti c all y i m p ort a nt  m ol e c ul e s a n d bi o-

m ol e c ul e s.  M or e o v er, t h e  dr yi n g-i n d u c e d s e gr e g ati o n of t h e

c o m p o n e nt s fr o m t h e  mi xt ur e s ( s u c h a s b o d y fl ui d s) r e p-

r e s e nt s a n i m p ort a nt a d v a nt a g e.  C h e m o m etri c pr ofiti n g fr o m

a d v a n c e d  m at h e m ati c al t o ol s, i. e. P L S r e gr e s si o n, s h o ul d b e

u s e d t o di sti n g ui s h i n di vi d u al c o m p o n e nt s.  T h er e ar e s o m e

e x citi n g a d v a n c e s i n b o d y fl ui d  d et e cti o n c o m bi ni n g t h e

c o ff e e-ri n g e ff e ct a n d S E R S t e c h n ol o g y,  w h er e s o m e of s u c h

st u di e s f o c u s o n t h e a p pli c ati o n of t h e c o ff e e-ri n g e ff e ct- b a s e d

S E R S  m et h o d t o a c c ur at el y s cr e e n c a n c er i n cli ni c al  di a g n o si s.

H o w e v er, t h e s e n siti vit y a n d a c c ur a c y of si m ult a n e o u s s cr e e n-

i n g of  m ulti pl e t y p e s of c a n c er still  n e e d t o b e i m pr o v e d, a n d

f urt h er a n al y s e d f or s p e cifi c s p e ctr al  m ar k er s li n k e d  wit h i n di-

vi d u al t y p e s of  di s e a s e s.

T h e i m pl e m e nt ati o n of dr o pl et  d e p o siti o n  R a m a n t e c h-
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T h e f or m ati o n of dri e d d e p o sit s of t h e t ar g et a n al yt e o n

s p e cifi c s urf a c e s i s g e n er all y a c o m pl e x pr o c e s s a n d it s c o ntr ol

i s still u n d er i n v e sti g ati o n.  T h e e v a p or ati o n of a dr o pl et at

r o o m t e m p er at ur e t a k e s ar o u n d 3 0  mi n  w hi c h bri n g s s o m e

li mit ati o n s, i. e. f or  m o nit ori n g f a st c h e mi c al pr o c e s s e s.

M or e o v er, t h e pr o bl e m ati c q u a ntifi c ati o n of t h e o bt ai n e d
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r e s ult s i s a s eri o u s dr a w b a c k f or a n al yti c al a p pli c ati o n s.  T h e

o ut c o m e s h o ul d b e v ali d at e d vi a ot h er i n d e p e n d e nt t e c h-

ni q u e s ( s u c h a s c hr o m at o gr a p h y, c ol ori m etr y, or  m a s s s p e c-

tr o m etr y),  n ot o nl y f or q u a ntifi c ati o n b ut al s o t o pr e v e nt

p ot e nti al f al s e p o siti v e s, e s p e ci all y i n t h e c a s e of di s e a s e

m ar k er d et e cti o n. P oi nt- of- c ar e or o n- sit e a n al y si s of dr o pl et

d e p o siti o n  R a m a n s p e ctr o s c o p y c o ul d b e s u c c e s sf ull y p er-

f or m e d vi a c o m bi n ati o n  wit h t h e  mi cr o arr a y t e c h ni q u e s all o w-
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A.6 Nanostructured Plasma Polymerized Fluo-
rocarbon Films for Drop Coating Deposi-
tion Raman Spectroscopy (DCDRS) of Li-
posomes
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Nanostructured Plasma Polymerized Fluorocarbon Films for Drop Coating Depo-
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“coffee-ring” formation is the drop coating deposition Raman spectroscopy (DCDRS). In
this technique, the Raman signal is acquired from a dried ring pattern where the analyte is
highly preconcentrated, which allows the detection and identification of molecules in small
volumes (a drop of several µL) and at low concentrations (mM–µM). Furthermore, the
great advantage of this approach is the possibility of detecting biological samples at biolog-
ically relevant concentrations, which is not possible by conventional Raman spectroscopy
(measurement from solutions or suspensions at a standard concentration from cuvette).
Previous works showed improvement by 103–105 orders of magnitude as compared to the
detection sensitivity of conventional Raman spectroscopy from solutions of proteins [14,15],
porphyrins [16] or suspensions of liposomes [17,18]. The DCDRS method was also suc-
cessfully employed in the detection of dipicolinic acid [19], oligosaccharides [20], food
and environmental contaminants [21] and also in a study of real body samples as human
tears [22–24]. These past studies were concerned about determining the lowest possible
detected concentration and finding the spectral fingerprint of protein composition for the
tear samples. In addition, the DCDRS technique was shown to be applicable to monitor
processes such as albumin glycation [25], catalyzed oxidation [26], and amino acid and
peptide phosphate protonation [27] or segregation of impurities and components in mixed
solutions [28–30]. As for using Raman spectroscopy to study biological samples, it is
inevitable to employ a method that can be sensitive even in low concentrations and small
volumes. This makes the DCDRS technique an interesting alternative to the more often
employed surface-enhanced Raman spectroscopy (SERS) that relies on substrates with
precisely designed metal or metal oxide nanostructures (e.g., [31–33]).

DCDRS technique proved itself a versatile tool for a broad range of applications,
mainly because of its sensitivity to low concentrated samples compared to conventional
Raman spectroscopy. Nevertheless, we believe that this sensitivity could be further im-
proved because, despite its simplicity, the applicability of DCDRS is strongly dependent on
the used substrate material. It has to be highly hydrophobic to provide as low a diameter
of the formed stain as possible to reach the highest preconcentration of the analyte and
assure the reliable formation of well-defined rings needed for the DCDRS measurements.
For instance, three types of smooth substrates (commercial Teflon-coated stainless steel
surface SpecTRIM from Tienta Sciences (Indianapolis, IN, USA), non-commercial polished
CaF2, and silanized glass surfaces) were tested and compared in a recent study [34]. This
comparison revealed significant variation in the Raman signal enhancement in dependence
on the wettability of employed surfaces (the hydrophobicity was different because of the
different chemical composition/used materials): the highest signal enhancement was ob-
served for fluorocarbon surfaces that exhibited the highest water contact angle. Therefore,
we have focused our attention on the fluorocarbon (C:F) surfaces.

The aim of this study is to demonstrate the possibility to enhance further the DCDRS
detection capability of fluorocarbon surfaces by their nanostructuring that results in the
increase in the surface hydrophobicity. The nanostructured surfaces were used here for the
first time since all the previous DCDRS works employed only the smooth ones [14–30]. To
meet this general aim, smooth C:F and nanoroughened C:F surfaces with invariant chemical
composition were produced using a fully solvent-free plasma-based deposition strategy
that combines radio frequency magnetron sputtering of polytetrafluoroethylene target
and gas-phase synthesis of Cu nanoparticles. As will be shown, this allows to precisely
tailor the roughness and wettability of produced coatings. The DCDRS performance of
produced surfaces was subsequently compared using liposome suspension selected as a
model biological system.

2. Materials and Methods
2.1. Fabrication of DCDRS Substrates and Their Characterization

To evaluate the role of surface roughness of fluorocarbon (C:F) thin films on the
DCDRS performance, two types of surfaces with identical surface chemical composition
were produced—(i) smooth and (ii) roughened. The smooth C:F films were produced by
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magnetron sputter deposition of 40 nm thick polytetrafluoroethylene (PTFE) layer onto
the base platform—one side polished Si wafers (ON Semiconductor, cleaned in ethanol
and water) in our case. These substrates are denoted as pPTFE in the subsequent text. The
tailor-made roughness of C:F coatings was achieved following a procedure introduced
in [35]. This strategy, which is schematically depicted in Figure 1, relies on the additional
deposition step, in which the controlled number of nanoparticles (Nps) are sandwiched
between two C:F layers (both 20 nm thick in this study). The required surface roughness
of resulting coatings is then reached simply by adjusting the size [36] and the number of
Nps embedded in the C:F layer [37]. The Cu Nps were deposited in this study utilizing a
Haberland-type gas aggregation source (GAS) [38]. It was based on the direct current (DC),
water-cooled, 3-inch planar magnetron equipped with a Cu target, which was placed into
the water-cooled aggregation chamber (inner diameter of 100 mm) and terminated by a
conical output orifice (diameter of 1.5 mm). The GAS was attached to the main deposition
chamber, which was pumped by rotary and diffusion pumps. The Cu Nps are produced
using Ar as a working gas at the pressure of 40 Pa in the aggregation chamber and using
the magnetron current of 400 mA. The deposition time of Cu Nps was 2 and 4 min, and the
corresponding samples are denoted as NpsCu2 and NpsCu4, respectively.
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Figure 1. (a) Deposition of pPTFE layer. (b) Deposition of Cu nanoparticles. (c) Overcoating Cu Nps
with pPTFE film.

The surface morphology of fabricated coatings was determined by means of atomic
force microscopy (AFM) and scanning electron microscopy (SEM). The AFM measurements
(scanned area 10 µm × 10 µm) were performed using a QuesantQ-Scope 350 AFM. The
AFM scans were acquired in the semi-contact mode (scan rate 2 s) using ACLA–10 Si
probes (tip radius < 10 nm, AppNano, Mountain View, CA, USA). The AFM images were
subsequently analyzed by open-source Gwyddion software. SEM analysis of the produced
coatings was done employing the scanning electron microscope JSM 7200F (JEOL, Akišima,
Japan). The SEM images were measured in both secondary electron (SE) and back-scattered
electron (BE) modes using an accelerating voltage of 15 kV and a working distance of 10 mm.
The wettability of produced smooth and nano-roughened fluorocarbon DCDRS substrates
was determined by a home-built goniometer. It consisted of a syringe with testing liquid
(liposomal suspensions), substrate holder and camera connected to a computer.

2.2. DCDRS Measurements

To test and compare the DCDRS performance of produced fluorocarbon-based films,
the liposomal suspensions were used. These were prepared from 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) powder purchased from Avanti Polar Lipids. After the
complete dissolution of lipid in pure chloroform in a glass flask, a stream of nitrogen gas
was used to remove the solvent to form a thin layer of lipid spread on a glass surface.
Subsequently, deionized water (18 MΩ, Millipore-Q, Darmstadt, Germany) was added to
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the flask and mixed for lipid hydration and spontaneous vesicles formation. Complete
hydration to cloudy liposome suspension was achieved by applying an ultrasonic bath and
maintaining the suspension at a temperature of 10–15 ◦C above the main phase transition
of DPPC (41 ◦C) for about half an hour. Apparatus LiposoFast-BasicTM (Avestin, Inc.,
Mannheim, Germany) with polycarbonate membrane filter with 100 nm pores was used
to obtain a unilamellar suspension. The liposomal suspension was extruded through a
membrane filter approximately thirty-five times at a temperature of 50 ◦C. The detailed
standard preparation procedure can be seen elsewhere [39]. The final concentration of
liposomal suspension was 1 mg/mL (1.36 mM). This stock suspension was subsequently
diluted to 0.5 mg/mL, 0.25 mg/mL and 0.125 mg/mL (0.68 mM, 0.34 mM and 0.17 mM,
respectively) and all four concentrations were finally used for DCDRS measurements on
smooth and nanostructured fluorocarbon substrates.

Liposome suspensions at all concentrations were deposited on substrates as 2 µL
droplets and left to dry at room temperature for about half an hour. All DCDRS spectra from
ring patterns were recorded by Raman microspectrometer LabRAM HR800 (Horiba Jobin
Yvon, Longjumeau, France) in the back-scattering arrangement. The Microspectrometer
was equipped with 300 grooves/mm grating and a nitrogen-cooled charged coupled device
(CCD) for collecting the scattered light. Irradiation by He-Ne laser with excitation line
at 632.8 nm was employed with final power on samples set to 6.4 mW. All spectra were
recorded with 400 µm pinhole diameter, 100 µm entrance slit width and 50× ULWD
(ultra-long working distance) objective with the spectral acquisition of 60 × 1 s. White
light images of formed, dried rings patterns were taken by using objective 5×. Lateral
parameters as widths and diameters of rings deposits were determined from white light
images using ImageJ software. The lateral widths of the formed rings were measured at
10 randomly selected positions on the ring and the presented values correspond to the
average of these measurements.

2.3. Treatment of Measured Spectra by Factor Analysis (FA)

The measured spectra were treated with background corrections and factor analysis
by the in-house software developed by J. Palacký [40]. Factor analysis as a multivariate
mathematical technique uses a singular value decomposition algorithm for reducing matri-
ces of data to their lowest dimension [41]. The procedure consists of solving the eigenvalue
equation that provides orthonormal subspectra Sj(υ), orthonormal matrix of corresponding
scores Vij and a set of singular values Wj (weights). A linear combination of computed
subspectra can express each original measured spectrum Yi(υ) as:

Yi(υ) =
m

∑
j=1

WjVijSj(υ) (1)

The number m, factor dimension, is a minimal number of subspectra that are needed
for the best approximation and reconstruction of measured (original) spectra. The output
of FA is a set of subspectra, their statistical weights (singular values), residuals errors
and normalized coefficients (scores), which indicate the relative presence of subspectra
in individual spectra. To analyze measured Raman spectra, the 1st subspectrum is a
weighted average of experimental spectra, and all other (second and each subsequent)
subspectra reflect various spectral changes. The information from individual subspectra is
independent because of their orthogonality. To obtain the factor dimension, singular values
assigned to the subspectra can be used, where the significant drop in the value (several
orders) is crucial. The number of values before the critical drop indicates the dimension.

3. Results
3.1. Characterization of C:F Substrates

The first step of this study was the characterization of fabricated fluorocarbon-based
DCDRS platforms. As mentioned, two distinct types of surfaces for the DCDRS measure-
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ments were investigated: smooth pPTFE coatings and C:F coatings with nano-roughness
induced by the presence of Cu Nps. The corresponding AFM images of these materials
are depicted in Figure 2, where the typical height profiles of all samples and their height
histograms are plotted, too. As can be seen, the pPTFE is indeed smooth with a root
mean square roughness (Rms) of 0.1 nm, while the increasing number of Cu Nps in the
coatings results in more nanostructured character of the coatings and in a gradual increase
in their roughness with the growing number of Cu Nps in the films. According to the AFM
measurements, the values of Rms were found to be 1.3 nm in the case of NpsCu2 sample
and 2 nm in the case of sample NpsCu4. These values are comparable with previously
reported values for systems with Ag nanoparticles having similar size (diameter 14 nm)
deposited for several minutes and overcoated with pPTFE layer (Rms ~ 2 nm for 2 min
deposition time of Ag Nps) [38].
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Figure 2. (a) AFM images of substrates used for the DCDRS measurements together with their
(b) height profiles and (c) height histograms. The height profiles and height histograms were
determined from the AFM images using standard procedures in the program Gwyddion.

The nanostructured character of the samples that contain Cu Nps was also confirmed
by SEM with clearly distinguishable Cu Nps (see Figure 3a). The investigation of surface
nanostructures using both SE and BE modes of the scanning electron microscope revealed
that the Cu Nps are fully coated by a C:F layer (Figure 3b). According to the measured
radial profile of intensity of BE signal (false red) that highlights the material contrast
(the higher intensity may be ascribed to the presence of Cu Nps in our case), the size of
individual Nps is around 14 nm. Such value corresponds to the value reported in the
previous work for the Cu Nps prepared under similar conditions [38]. Furthermore, the
thickness of the C:F overcoat deduced for the radial profile of nanostructures visualized in
the SE mode (false green), i.e., in the mode that is primarily sensitive to the morphology
of the samples, was found to be around 6 nm. This value is markedly lower than the
thickness of the C:F overcoat that was 20 nm. Such difference is most likely connected with
a partial penetration of pPTFE below the copper Nps due to the favored downhill current
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of the plasma polymer-forming species from the outmost surface of the Nps down to the
substrate or into the inter-particle voids [42].
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3.2. Wettability and Drying of Liposome Suspension

A model dipalmitoylphosphatidylcholine (DPPC) was chosen to prepare a liposome
suspension and subsequently to study the influence of smooth and nano-roughened sub-
strates on the wetting/drying process of deposited samples. 2-µL droplets of DPPC
suspension at four concentrations (1, 0.5, 0.25 and 0.125 mg/mL) were deposited on the
above-mentioned substrates and left to dry at room temperature.

The first important observation is a significant increase in the initial contact angle
value of deposited droplets observed with the change of smooth pPTFE substrate to the
C:F substrate with deposited nanoparticles: the static contact angle increased from 108◦

measured on smooth C:F films to 130◦ and 135◦ in the case of NpsCu2 and NpsCu4 samples,
respectively. Such changes in surface wettability are in qualitative agreement with Wen-
zel’s wetting model, which predicts the enhancement of hydrophobicity of hydrophobic
materials upon their roughening [43]. This behavior was found to be independent of the
concentration of freshly deposited suspension as the differences of the contact angles for
the same substrate were always in the range ±3◦.

Next, representative white light images of the liposomal deposits after the complete
evaporation of the liquid phase of the suspension presented in Figure 4 demonstrate the
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typical “coffee-ring” formation after an evaporation process for each deposited droplet on
each substrate. As for smooth substrate, the evaporation process led to the formation of
compact rings only for concentrations of 1 mg/mL and 0.5 mg/mL (as already observed
for commercial smooth substrate SpecTRIM (Tienta Sciences, Indianapolis, IN, USA) in
the study [15]). A tendency to form a ring in case of lower concentrations could also be
observed. However, this had failed, and a pattern with an incomplete ring was created. This
is connected with the presence of the constant contact angle (CCA) drying phase during the
droplet evaporation [44] in which the triple line of the drying droplet slides on the smooth
pPTFE substrate, as shown in our previous study [37]. In contrast, the heterogeneities in the
C:F surface topography induced by the presence of Cu Nps lead to the suppression of the
CCA drying phase. Thus, the droplet stays pinned on the surface during its evaporation.
The droplet pinning, in turn, allows for the formation of complete and well-defined rings
after the complete droplet evaporation also for the lower concentrations.
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Another effect visible in Figure 4 and quantitatively summarized in Figure 5 is a
decrease in the mean diameters and widths of rings formed after the droplet evaporation.
As the hydrophobicity and thus also the contact angle increased, the initial contact radius
for the droplets with the same volume had to decrease. Because of this, the diameter of
the dried DPPC ring decreased in all cases as the wettability decreased. Furthermore,
it was found that the initial concentration of the deposited droplet influenced the final
structure of the dried pattern, namely the width of the formed ring: deposited drops of
lower concentrations dried out into the patterns with a narrower width of the final ring, as
shown in Figure 5. This phenomenon is supposed to be connected with the lower number
of liposomes that may form the ring. It was also observed that greater roughening (in the
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case of NpsCu4) did not cause a more pronounced decrease in the diameters and widths of
the formed rings, which is consistent with similar wettability of both samples.
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3.3. DCDRS Performance

Polymeric fluorocarbon smooth surface (pPTFE) was used for testing DCDRS per-
formance of dropped samples of liposomal suspension at different concentrations. For
each dried deposit, 25 Raman spectra over the whole ring were accumulated. Acquired
spectra for each concentration were treated by baseline adjustment procedure using in-
house software to eliminate background signal variations [40]. A typical example of the
whole measured spectral interval 550–3300 cm−1 for DPPC liposomes by DCDRS on pPTFE
substrate is presented in Figure 6a. The upper region 2600–3200 cm−1 shown in Figure 6b
represents the dominant, more intense part corresponding to the C–H stretching vibrations.
Specifically, the spectral band of 2850 cm−1 is assigned to the C–H symmetric stretching,
2885 cm−1 to the C–H antisymmetric stretching, and the shoulder at 2936 cm−1 corresponds
to terminal CH3 symmetric stretching vibrations. The lower part 550–1800 cm−1 is less
intense and can be more affected by the background signal during the measurement. The
three spectral bands in the 1000–1150 cm−1 region are assigned to C–C stretching, the band
1299 cm−1 is assigned to the CH2 twisting and the signal at 1441 cm−1 corresponds to CH2
bending [17,45,46]. To compare the signal for different concentrations, the dominant part
of spectra sensitive to the phase transitions changes or conceivable interaction with the
substrate was used [46]. After the background correction, the averaged spectra for each
concentration were compared as shown in Figure 6b, where a decrease of the signal with
concentration is clearly demonstrated. This confirms that polymeric fluorocarbon smooth
substrate can serve as a suitable hydrophobic DCDRS substrate for liposomal suspension.
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Afterwards, the DCDRS performance of nano-roughened hydrophobic surfaces
(NpsCu2 and NpsCu4) for the same samples of liposomal suspension was studied and
compared to the performance of the smooth pPTFE substrate. In total, 5 DCDRS spectra
were accumulated similarly as for the pPTFE substrate focusing on the dominant part of
spectra 2600–3200 cm−1. The baseline-corrected spectra were averaged for each concen-
tration and substrate and compared to each other, as shown in Figure 7. Obtained results
showed that the intensity of DPPC spectral bands for each concentration varied in the
case of the nanostructured substrates with Cu Nps. For lower concentrations (0.5 mg/mL
and 0.125 mg/mL) only a minor intensity difference is present for both nanostructured
substrates. At 1 mg/mL, the averaged spectrum from NpsCu4 is more intense than from
NpsCu2, but at 0.25 mg/mL the performance from NpsCu2 is better.
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To demonstrate the DCDRS performance of smooth versus nanostructured substrates,
integral intensities in the region 2780–3020 cm−1 were calculated. These values, as well as
the increase in intensity (in %), are summarized in Figure 8. The significant about twofold
increase in integral intensity for nanostructured NpsCu2 substrate relative to the pPTFE
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one at a concentration of 0.5, 0.25 and 0.125 mg/mL when increased by 105, 97 and 114%,
respectively, is clearly seen. Unlike in the case of the concentration 1 mg/mL this increase
is only by 10%. Moreover, these results show that the relevant improvement is achieved
when the smooth pPTFE substrate is replaced by the nano-roughened NpsCu2, but the
additional increase in deposited nanoparticles (NpsCu4) does not guarantee even better
performance. The mechanism is based on a more efficient preconcentration of the liposomes
from suspension into the dried ring deposit due to the nano-roughened substrate.
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2780–3020 cm−1 for smooth pPTFE and nanorough NpsCu2, NpsCu4 substrates with (b) the in-
tegral intensity increase (in %) for nanostructured substrates relative to the smooth pPTFE substrate.

The previous comparison of averaged spectra illustrates only the intensity difference
but does not give any information of possible changes in spectral shape due to the side
effects, such as an interaction of DPPC with the substrate. A factor analysis (FA) was
therefore used as a suitable tool for better determination of the performance for employed
hydrophobic substrates. This robust treatment can show (across the different substrates) if
any other than intensity changes are present in measured spectral sets. One spectral set for
FA consisted of 75 spectra in total, 25 spectra for each substrate.

Due to the nature of the studied system, we expected that the factor dimension would
be one. In this case, no change in spectral shape caused by phase transition or interaction
between DPPC and substrate would be present, and only intensity variations could be
observable. The FA results (seen in Figure 9 for an example of FA performed for the
concentration of 0.5 mg/mL) showed that the factor dimension is indeed equal to 1 as the
singular values (W) representing the statistical weight of the spectral component decreased
significantly for the second and higher components. Furthermore, the residual errors do
not have any significant drop, which implies that the first subspectrum with its scores
is sufficient to describe our original set of spectra, and including the second or higher
subspectrum does not lower the overall residual error significantly.
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Figure 9. Results of FA for deposited liposome suspension at concentration of 0.5 mg/mL of DPPC, in the particular singular
value assigned as W, standard deviation, first and second subspectrum and their belonging scores.

The first subspectrum represents the spectral shape of the DPPC liposome spectrum
for the selected spectral interval, and sets of coefficients (scores) belonging to it represent the
overall Raman intensity for each baseline-corrected spectrum. From the scores belonging
to the first subspectrum concentration, it can be seen that coefficients increase when
changing the smooth pPTFE substrate to the nanostructured substrates. As for the second
subspectrum, its peculiar shape can be produced by the external effect of calibration
due to the laser line shifting during the measurements and by the background signal.
Similar results, i.e., the shape of the first and second subspectra, relevant statistical weights
and residual errors were also achieved for other studied concentrations. Thus, we can
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conclude that we observe only changes in the intensities of the Raman signal due to the
preconcentration and the interaction of the liposomes with the surface does not occur.

4. Conclusions

DCDRS appeared recently to be a highly promising tool for biodetection. The main
advantages of this technique are its simplicity and the possibility to analyze samples at
biologically relevant concentrations. However, further improvement of the detection ca-
pabilities of DCDRS is still needed. While previous studies employed smooth DCDRS
substrates, in this study, we propose and investigate for the first time a novel platform for
DCDRS measurements based on the nanostructured C:F plasma polymer coatings fabri-
cated by means of the vacuum-based and fully solvent-free procedure. This technique was
found to enable the fabrication of C:F films with tailor-made surface properties relevant
for the DCDRS (roughness and wettability). In order to highlight the advantages of nanos-
tructuring, the performance of nanostructured C:F films are compared with smooth C:F
films with the same surface chemical composition. The main results may be summarized
as follows:

• The smooth C:F surfaces deposited by magnetron sputtering were found to be suitable
for the DCDRS detection of liposomes. This is due to the hydrophobic character of C:F
coatings that forces liquid liposome suspensions to form coffee-ring structures after
the complete evaporation of the liquid phase, at least at a higher DPPC concentration.

• As it is shown, the DCDRS measurements might be significantly improved when
the fluorocarbon coatings are nanostructured. This led not only to the pinning of
the drying droplet that allowed for the formation of well-defined rings also in the
case of lower DPPC concentration but also to the lowering the diameter of the re-
sulting rings. The latter, in turn, made it possible to reach a higher concentration of
liposomes in the rings and, hence, to get two times higher Raman signal intensity as
compared to smooth fluorocarbon films without compromising the profile of recorded
Raman spectra.

• These findings may pave the way for the development of cheap and disposable
platforms for efficient DCDRS-based biodetection.
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16. Kočišová, E.; Procházka, M. Drop-coating deposition Raman spectroscopy of porphyrins. J. Raman Spectrosc. 2015, 46, 280–282.
[CrossRef]

17. Kočišová, E.; Procházka, M. Drop-coating deposition Raman spectroscopy of liposomes. J. Raman Spectrosc. 2011, 42, 1606–1610.
[CrossRef]

18. Šimáková, P.; Kocisová, E.; Procházka, M. Sensitive Raman spectroscopy of lipids based on drop deposition using DCDR and
SERS. J. Raman Spectrosc. 2013, 44, 1479–1482. [CrossRef]
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Al ž b et a  K ui ž o v á,  Mi k ul á š P ř i k r yl,  M a r e k P r o c h á z k a, E v a  K o či š o v á ⇑
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h y d r o p h o bi c s u b st r at e  w e r e a c q ui r e d f o r t h e  fi r st ti m e,  w h e r e a s  R a m a n s p e ct r a f r o m st o c k s ol uti o n s  w e r e

i m p o s si bl e t o o bt ai n  u n d e r t h e s a m e e x p e ri m e nt al c o n diti o n s. T h e l o w e st  D C D R  d et e ct e d c o n c e nt r ati o n s
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b e nt a z o n a n d  pi cl o r a m, r e s p e cti v el y. T h e r ef o r e,  D C D R s p e ct r o s c o p y c a n s e r v e t o  d et e ct t h e s e  m ol e c ul e s

i n c o n c e nt r ati o n s r el e v a nt i n f o o d/ g r o u n d w at e r c o nt a mi n ati o n s.

2 0 2 1 El s e vi e r  B. V.  All ri g ht s r e s e r v e d.

1. I n t r o d u c ti o n

R a m a n s p e ct r o s c o p y, a s a vi b r ati o n al s p e ct r o s c o pi c t e c h ni q u e,

s e r v e s a s a  p o w e rf ul a n al yti c al t o ol  p r o vi di n g  u ni q u e i nf o r m ati o n

a b o ut  m ol e c ul e s a n d t h ei r i nt e r a cti o n s.  H o w e v e r, t h e a p pli c ati o n

of c o n v e nti o n al  R a m a n s p e ct r o s c o p y t o s ol uti o n s i s g e n e r all y li m -

it e d t o  hi g hl y c o n c e nt r at e d s a m pl e s. T o st u d y s ol uti o n s o r s u s p e n -

si o n s i n l o w c o n c e nt r ati o n, a s p e ci al  m et h o d  – a  d r o p c o ati n g

d e p o siti o n  R a m a n ( D C D R) s p e ct r o s c o p y –  w a s i nt r o d u c e d. It  h a s

b e e n a  wi d el y  u s e d t e c h ni q u e t o st u d y bi ol o gi c al  m ol e c ul e s a n d

m ol e c ul a r  mi xt u r e s i n r e c e nt y e a r s [ 1 – 5].  D C D R t e c h ni q u e i s b a s e d

o n t h e  d e p o siti o n of a s m all v ol u m e of a n al yt e s ol uti o n ( s e v e r al m l)

o n a s uit a bl e  h y d r o p h o bi c s u b st r at e.  D u e t o t h e s u rf a c e  h y d r o p h o -

bi cit y, e v a p o r ati o n of t h e s ol v e nt  m a y l e a d t o  p r e c o n c e nt r ati o n of

st u di e d a n al yt e i n ri n g - s h a p e d  d r yi n g  p att e r n ( k n o w n a s ‘‘ c off e e -

ri n g ”) o r i nt o s m all s p ot s, f r o m  w hi c h  R a m a n s p e ct r a a r e a c q ui r e d

[ 6 – 7].  C o m p a r e d t o c o n v e nti o n al  R a m a n s p e ct r a f r o m s ol uti o n, t h e

s e n siti vit y of  D C D R c a n b e si g ni fi c a ntl y i m p r o v e d, oft e n b y s e v e r al

o r d e r s of  m a g nit u d e [ 8]. T h u s,  D C D R r e p r e s e nt s a s p e ci al t e c h ni q u e

of  R a m a n s p e ct r o s c o p y t h at e n a bl e s t h e  m e a s u r e m e nt of s ol uti o n s

at v e r y l o w c o n c e nt r ati o n s a n d s m all v ol u m e s  w hi c h i s r e q ui r e d f o r

t h e  d et e cti o n a n d i d e nti fi c ati o n of s u b st a n c e s at t r a c e c o n c e nt r a -

ti o n s [ 9]. I m p o rt a nt e x a m pl e s of s u c h s u b st a n c e s a r e v a ri o u s f o o d
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a d diti v e s o r  p e sti ci d e s f o r c o nt r olli n g  p e st s a n d  w e e d s,  w hi c h c a n

b e  b ot h lif e a n d e n vi r o n m e nt t h r e at e ni n g.  W e  h a v e s el e ct e d f o r o u r

st u d y  m el a mi n e a s a f o o d c o nt a mi n a nt, t hi r a m a s a f u n gi ci d e a n d

h e r bi ci d e s b e nt a z o n a n d  pi cl o r a m.

M el a mi n e ( 2, 4, 6 -t ri a mi n o - 1, 3, 5 -t ri a zi n e) i s k n o w n a s a f o o d

a d diti v e f o r a p p a r e nt el e v ati o n of  p r ot ei n c o nt e nt  d u e t o it s  hi g h

c o nt e nt of  nit r o g e n. E x c e s si v e c o n s u m pti o n c a n l e a d t o t h e f o r m a -

ti o n of ki d n e y st o n e s. T hi s s u b st a n c e b e c a m e i nf a m o u s f o r it s  n e g -

ati v e  h e alt h eff e ct e st a bli s h e d b y c o nt a mi n ati o n of i nf a nt f o r m ul a

i n  C hi n a i n 2 0 0 8 a n d  p et f o o d i n  2 0 0 4 a n d 2 0 0 7.  A t ol e r a n c e l e v el

f o r i nf a nt f o r m ul a  w a s s et t o 1  m g/l a n d f o r ot h e r f o o d  p r o d u ct s t o

2. 5  m g/l ( 2 0 m M) [ 1 0].

T hi r a m ( bi s( di m et h ylt hi o c a r b a m yl)  di s ul p hi d e) i s a n e x a m pl e

of a f u n gi ci d e t h at s e r v e s a s a n a ni m al r e p ell e nt t o  p r ot e ct f r uit

t r e e s a s  w ell.  A s a f u n gi ci d e, it i s  u s e d t o  p r e v e nt  d et e ri o r ati o n f r o m

h a r v e st e d c r o p s i n st o r a g e o r t r a n s p o rt f r o m a v a ri et y of f u n g al  di s -

e a s e s. T hi s c o m p o u n d i s t o xi c t o t h e li v e r  d u e t o it s b r e a k d o w n t o

t h e f o r m of t h e c a r b o n  di s ul fi d e i n t h e b o d y [ 1 1]. T hi r a m i s  n ot

e x p e ct e d t o c o nt a mi n at e g r o u n d w at e r b e c a u s e of it s sli g ht  w at e r

s ol u bilit y a n d st r o n g a d s o r pti o n t e n d e n c y t o s oil  p a rti cl e s. T h e

m a xi m u m r e si d u e li mit f o r t hi r a m i n E U i s 2 – 7  m g/ k g ( 8 – 3 0 m M

i n s ol uti o n) [ 1 2].

B e nt a z o n ( 3 -i s o p r o p yl - 2, 1, 3 - b e n z ot hi a di a zi n - 4 - o n e  2, 2 -

di o xi d e) i s a  h e r bi ci d e a p pli e d a e ri all y o n f o o d c r o p s t o c o nt r ol

t h e s p r e a d of  w e e d s o c c u r ri n g a m o n g st t h e f o o d c r o p s. It  h a s b e e n

d et e ct e d i n g r o u n d w at e r a n d al s o i n s u rf a c e  w at e r t h r o u g h o ut v a r -

i o u s c o u nt ri e s [ 1 3 – 1 4],  w hi c h c a n b e  d a n g e r o u s  d u e t o it s t o xi cit y

a n d  m ut a g e ni c eff e ct s [ 1 5 – 1 6]. Pi cl o r a m ( 4 - a mi n o - 3, 5, 6 -t ri c hl o r o

p y ri di n e - 2 - c a r b o x yli c a ci d) i s a s y st e mi c  h e r bi ci d e  u s e d f o r b r o a d -

l e af  w e e d c o nt r ol i n  p a st u r e a n d r a n g el a n d,  w h e at, b a rl e y, o at s,

a n d  w o o d y  pl a nt s p e ci e s [ 1 7]. It c a u s e s  u n c o nt r oll e d g r o wt h of

t h e  pl a nt c ell s l e a di n g s u b s e q u e ntl y t o t h e  d e at h of t h e  pl a nt. T hi s

s u b st a n c e i s r el ati v el y  w at e r - s ol u bl e a n d c a n c o nt a mi n at e g r o u n d -

w at e r a n d s u rf a c e  w at e r  d u e t o it s  hi g h  h alf -lif e i n s oil,  w h e r e it s

m ai n  d e g r a d ati o n  p at h w a y i s b y  mi c r o bi al a cti o n [ 1 8]. T h e t o xi cit y

of b e nt a z o n a n d  pi cl o r a m i n t h e c a s e of o r al e x p o s u r e i s i n t h e

o r d e r of  5 0  m g/ k g ( 0. 2  m M i n s ol uti o n) a n d 0. 0 3  m g/ k g ( 0. 1 m M

i n s ol uti o n) a c c o r di n g t o t h e  U nit e d St at e s E n vi r o n m e nt al P r ot e c -

ti o n  A g e n c y a n d E u r o p e a n  C o m mi s si o n, r e s p e cti v el y.

T hi s  w o r k i s f o c u s e d o n t h e  d et e cti o n of s el e ct e d c o nt a mi n a nt s

b y t h e  D C D R  m et h o d.  W e f oll o w e d t h e  m e a s u r e m e nt s  d o w n t o

c o n c e nt r ati o n s a s l o w a s  p o s si bl e t o  d et e r mi n e t h ei r l o w e st  D C D R

d et e ct e d c o n c e nt r ati o n s. T h e y  will  b e c o m p a r e d  wit h  p r e vi o u sl y

r e p o rt e d  d et e ct e d c o n c e nt r ati o n s b y s u rf a c e - e n h a n c e d  R a m a n

s p e ct r o s c o p y ( S E R S), k n o w n a s t h e  m o st s e n siti v e  R a m a n

t e c h ni q u e.

2.  M a t e ri al a n d  m e t h o d s

All st u di e d c o nt a mi n a nt s  w e r e  p u r c h a s e d f r o m Si g m a - Al d ri c h,

I n c. at t h e  hi g h e st  p o s si bl e  p u rit y a s c r y st alli n e  p o w d e r s:  m el a -

mi n e ( p r o d u ct  n u m b e r  M 2 6 5 9) a n d t hi r a m ( p r o d u ct  n u m b e r

4 3 9 6 6)  wit h 9 9 %  p u rit y, b e nt a z o n  wit h 9 9. 9 %  p u rit y ( p r o d u ct  n u m -

b e r 3 2 0 5 2) a n d a n a m o r p h o u s  p o w d e r  pi cl o r a m  wit h 9 9, 6 %  p u rit y

( p r o d u ct  n u m b e r  3 6 7 7 4). T h ei r c h e mi c al st r u ct u r e i s  d e m o n st r at e d

i n Fi g. 1 .  All  p u r c h a s e d  p o w d e r s  w e r e  di s s ol v e d i n  d ei o ni z e d  w at e r

( Milli p o r e - Q, 1 8  MX ) a n d  p r e p a r e d at t h e  hi g h e st a c hi e v a bl e c o n -

c e nt r ati o n s. T o  p r e p a r e t h e s e st o c k s ol uti o n s,  d at a o n t h e  hi g h e st

a q u e o u s s ol u bilit y  p u bli s h e d b y  Y al k o w s ki  w e r e  u s e d [ 1 9]. T h e y

a r e s u m m a ri z e d i n T a bl e 1 . St o c k s ol uti o n s  w e r e s u b s e q u e ntl y

dil ut e d i nt o a s e ri e s of c o n c e nt r ati o n s i n d e p e n d e ntl y f o r e a c h c o n -

t a mi n a nt a c c o r di n g t o it s  R a m a n s p e ct r a s e n siti vit y.

T h e s e i niti al s ol uti o n s  w e r e f u rt h e r  dil ut e d ( a s  will b e  m e n -

ti o n e d i n r e s ult s) a n d  d e p o sit e d b y  mi c r o pi p ett e a s 2 - m l  d r o p s o n

h y d r o p h o bi c s u b st r at e S p e ct RI M T M ( Ti e nt a S ci e n c e s).

T hi s s u b st r at e i s f o r m e d b y a  p oli s h e d st ai nl e s s st e el  pl at e  wit h

a n  ult r at hi n  h y d r o p h o bi c c o ati n g ( < 5 0  n m) of T e fl o n. T h e s u b st r at e

wit h  d e p o sit e d  d r o p s  w a s c o v e r e d b y a P et ri  di s h t o a v oi d  d u st c o n -

t a mi n ati o n a n d l eft t o  d r y at r o o m t e m p e r at u r e f o r a p p r o xi m at el y

3 0  mi n.  D C D R s p e ct r a f r o m f o r m e d  d e p o sit s  w e r e  m e a s u r e d b y a

c o nf o c al  R a m a n  mi c r o s p e ct r o m et e r L a b R A M  H R 8 0 0 ( H o ri b a J o bi n

Y v o n) e q ui p p e d  wit h 3 0 0 g r o o v e s/ m m g r ati n g, a  nit r o g e n - c o ol e d

C C D  d et e ct o r a n d a n i nt e r n al  H e - N e l a s e r  wit h e x cit ati o n li n e

6 3 2. 8  n m.  All s p e ct r a ( D C D R,  p o w d e r s a n d s ol uti o n s a s  w ell)  w e r e

r e c o r d e d  wit h 4 0 0 m m  pi n h ol e  di a m et e r, 1 0 0 m m e nt r a n c e slit

wi dt h a n d 5 0 U L W D o bj e cti v e. T h e  fi n al l a s e r  p o w e r o n t h e s a m -

pl e  w a s s et t o 3  m W. S p e ct r a  w e r e a c c u m ul at e d i n 3 0 0 –

1 8 0 0 c m 1 s p e ct r al r a n g e  wit h t h e a c q ui siti o n of 6 0 1 s.

F o r  D C D R  m e a s u r e m e nt,  w e  h a v e al w a y s  m o nit o r e d 2 – 3  d ri e d

d r o p s a n d a c c u m ul at e d a  mi ni m u m of 1 0 s p e ct r a  p e r  d e p o sit. P r e -

s e nt e d  D C D R s p e ct r a c o r r e s p o n d t o t h e a v e r a g e of t h r e e s p e ct r a of

t h e  hi g h e st q u alit y. T o c h e c k t h e si g n al f r o m  diff e r e nt s p ot s of t h e

d ri e d  d r o p,  w e  m e a s u r e d a s p e ct r al  m a p of t h e b e nt a z o n ( Fi g -

u r e S 1 ). T h e si g n al  fl u ct u ati o n  w a s  u p t o 4 0 %. S p e ct r a of st o c k s ol u -

ti o n s a s r ef e r e n c e  m e a s u r e d  u n d e r t h e s a m e e x p e ri m e nt al

c o n diti o n s f r o m  d r o p s o n a  mi c r o s c o p e sli d e a r e  p r e s e nt e d i n Fi g -

u r e S 2 . T h e y  d o  n ot s h o w a n y s p e ct r al f e at u r e s of st u di e d  m ol e -

c ul e s, e x c e pt f o r t h e  w e a k b a n d at 6 7 6 c m 1 t h at a p p e a r e d i n t h e

s p e ct r u m of  m el a mi n e.

W hit e li g ht i m a g e s of  d ri e d  p att e r n s  w e r e t a k e n b y  u si n g o bj e c -

ti v e s 5 , 1 0 a n d 5 0 .

3.  R e s ul t s a n d  di s c u s si o n

D r o pl et s of a q u e o u s s ol uti o n s of all st u di e d c o nt a mi n a nt s  w e r e

d e p o sit e d o n c o m m e r ci al S p e ct RI M T M h y d r o p h o bi c s u rf a c e ( c o n -

t a ct a n gl e f o r a  d r o p of  w at e r i s 1 2 2 ) at v a ri o u s c o n c e nt r ati o n s,

st a rti n g  wit h t h e  hi g h e st o n e a n d g r a d u all y  d e c r e a si n g.  W e

o b s e r v e d t h e  d ri e d  d e p o sit s at  diff e r e nt f o r m s a n d  m e a s u r e d  D C D R

s p e ct r a f r o m t h e m i n e v e r y c a s e.

Fi g. 1. C h e mi c al st r u ct u r e of ( a)  m el a mi n e, ( b) t hi r a m, ( c) b e nt a z o n a n d ( d)

pi cl o r a m.

T a bl e 1

A q u e o u s s ol u bilit y a n d c o n c e nt r ati o n s of  p r e p a r e d st o c k s ol uti o n s.

C o nt a mi n a nt  M a xi m u m s ol u bilit y

( 2 0 C)

C o n c e nt r ati o n of  p r e p a r e d st o c k

s ol uti o n

M el a mi n e  2. 6 9  m g/ ml ( 2 1. 3 5  m M) 1 6  m M

T hi r a m 0. 0 3  m g/ ml ( 0. 1 2  m M) 0. 0 6 2  m M

B e nt a z o n 0. 5  m g/ ml ( 2. 0 8  m M) 2  m M

Pi cl o r a m 0. 5 5  m g/ ml ( 2. 2 8  m M) 2  m M
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3. 1.  M el a mi n e

D r o pl et s of a q u e o u s s ol uti o n s of  m el a mi n e aft e r a n e v a p o r ati o n

p r o c e s s  d e m o n st r at e d  diff e r e nt  d ri e d  p att e r n s a c c o r di n g t o i niti al

d e p o sit e d c o n c e nt r ati o n, a s s e e n i n Fi g. 2 .  A  d r o pl et of t h e  p r e p a r e d

st o c k s ol uti o n ( 1. 6 1 0 - 2 M) l e d t o t h e f o r m ati o n of s m all s h a r pl y

s h a p e d c r y st al s,  w hi c h  w e r e still o b s e r v a bl e f o r 1 0 - 3 M c o n c e nt r a -

ti o n ( n ot s h o w n).  G r a d u al  dil uti o n t o l o w e r c o n c e nt r ati o n s l e d t o

t h e  d ri e d  d e p o sit s t h at c h a n g e f r o m t h e  h o m o g e n o u s a m o r p h o u s

f o r m ( 0. 1 6  m M) (Fi g. 2 b) t o s m all  n o n - h o m o g e n o u sl y  di st ri b ut e d

s p ot s ( 3 2 m M –  n ot s h o w n a n d 6. 4 m M) ( Fi g.  2 c).

Aft e r w a r d s,  R a m a n s p e ct r a f o r e a c h c o n c e nt r ati o n  w e r e

a c q ui r e d f r o m  p r e c o n c e nt r at e d s p ot s o n t h e s u b st r at e. T h e c h a r a c -

t e ri sti c s p e ct r al  b a n d s of  m el a mi n e a p p e a r e d i n t h e l o w e r

w a v e n u m b e r s p e ct r al r e gi o n. Fi g. 3 s h o w s t h at  d et e ct e d b a n d s

f r o m  d ri e d  d e p o sit s a r e i n g o o d a g r e e m e nt  wit h r ef e r e n c e  R a m a n

s p e ct r u m of  m el a mi n e a c q ui r e d f r o m c r y st alli n e  p o w d e r.  W e

a s s e s s e d t h at t h e l o w e st i niti al c o n c e nt r ati o n f r o m  w hi c h  w e a r e

a bl e t o o bt ai n a  R a m a n s p e ct r u m of g o o d q u alit y f o r  m el a mi n e i s

6. 4 m M. T hi s l o w e st  D C D R  d et e ct e d c o n c e nt r ati o n s i s o n e o r t w o

o r d e r s of  m a g nit u d e  hi g h e r t h a n t h o s e r e p o rt e d b y t h e S E R S t e c h -

ni q u e o n c o m m o n  A g o r  A u  n a n o p a rti cl e s o r s oli d  n a n o st r u ct u r e s

( 1 0- 7– 1 0 - 8 M) [ 2 0].

3. 2. T hi r a m

D ri e d  d e p o sit f r o m a  d r o p of st o c k s ol uti o n of t hi r a m ( 6 2 m M), a s

n e xt e x a mi n e d c o nt a mi n a nt, l e d t o t h e f o r m ati o n of a b ul k  p att e r n

sit u at e d i n t h e c e nt r e of t h e i niti all y  pl a c e d  d r o pl et ( Fi g. 4 a). T h e

fi n al  d ri e d  d e p o sit  p o s s e s s e d a r o u g h  h ei g ht  p r o fil e  wit h o ut a n y

si g n s of vi si bl e  mi c r o c r y st al s. S u b s e q u e nt  dil uti o n of t h e st o c k

s ol uti o n c a u s e d a c h a n g e i n t h e  d ri e d r e si d u e, a n d f o r 0. 6 2 m M

a n d l o w e r c o n c e nt r ati o n 0. 3 1 m M,  w e o b s e r v e d  n o n h o m o g e n o u s

d e p o sit s v a r yi n g i n t ot al si z e a n d  fi n al  p att e r n ( Fi g. 4 b, c).  A n ot h e r

dil uti o n t o l o w e r c o n c e nt r ati o n s ( 0. 1 m M a n d 6 2  n M –  n ot s h o w n)

l e d t o t h e f o r m ati o n of si mil a r  d ri e d  d e p o sit s, b ut  w e  n o l o n g e r

w e r e a bl e t o o bt ai n  R a m a n s p e ct r a. Fi g. 5 c o m p a r e s t h e a c q ui r e d

R a m a n s p e ct r a f r o m e a c h  d e p o sit of  d et e ct a bl e t hi r a m s ol uti o n

Fi g. 2. W hit e li g ht i m a g e s of  d ri e d  d r o p s of  m el a mi n e a) 1. 6 1 0 - 2 M,  b) 0. 1 6  m M a n d c) 6. 4 m M c o n c e nt r ati o n ( 1  w hit e b a r = 4 0 m m).
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a n d c r y st alli n e  p o w d e r s a m pl e a s a r ef e r e n c e.  D C D R s p e ct r a  w e r e

si mil a r t o t h e s p e ct r u m of t h e  p o w d e r; o nl y sli g ht c h a n g e s i n

i nt e n sit y r ati o s  w e r e o b s e r v e d, s p e ci fi c all y at 3 2 0/ 3 9 6 c m 1 ,

9 7 6/ 8 5 1 c m 1 a n d at  1 3 9 8/ 1 3 7 4 c m 1 .

W e e sti m at e d t h e l o w e st  D C D R  d et e ct e d c o n c e nt r ati o n of t hi -

r a m a s 0. 3 1 m M. It i s cl o s e t o t h e  d et e ct e d c o n c e nt r ati o n o bt ai n e d

b y S E R S f r o m  A u  n a n o r o d s ( 1 0 - 7 M) [ 2 1].  A g ai n, t h e  m o r e s o p hi sti -

c at e d S E R S  d et e cti o n  u si n g  A u @ A g  n a n o p a rti cl e s a n d  p a p e r - b a s e d

mi c r o fl ui di c all o w e d S E R S  d et e cti o n of t hi r a m at  1 0 - 9 M c o n c e nt r a -

ti o n [ 2 2].

3. 3. B e nt a z o n

D e p o siti o n a n d s u b s e q u e nt e v a p o r ati o n of s m all  d r o pl et s of

b e nt a z o n s ol uti o n s l e d t o  diff e r e nt  fi n al  d ri e d  p att e r n s  d e p e n di n g

o n t h e i niti al c o n c e nt r ati o n.  A st o c k s ol uti o n  wit h t h e i niti al c o n -

c e nt r ati o n of 2  m M r e s ult e d i n a  d e p o sit of c r y st alli n e c h a r a ct e r

t h at  h a d t h e f o r m of t hi n, t a n gl e d st ri p e s ( Fi g. 6 a).  Aft e r  dil uti o n

t o 0. 2  m M, a si g ni fi c a nt c h a n g e i n t h e  d ri e d  d e p o sit  w a s  n oti c e d

w h e r e t h e e v a p o r ati o n l e d t o t h e r o u n d s h a p e  p att e r n, a n d t h e

s a m pl e  w a s  h o m o g e n e o u sl y  di st ri b ut e d ( Fi g. 6 c).  R e a c hi n g 2 0 m M

Fi g. 3. R a m a n s p e ct r a of  m el a mi n e f r o m a) c r y st alli n e  p o w d e r, a n d  d ri e d  d r o p i n  d e p o sit e d c o n c e nt r ati o n b) 1 6  m M, c) 1. 6  m M  d) 0. 1 6  m M a n d e) 6. 4 m M.

Fi g. 4. W hit e li g ht i m a g e s of  d ri e d  d r o p s of t hi r a m a) 6 2 m M, b) 0. 6 2 m M a n d c, d) 0. 3 1 m M c o n c e nt r ati o n ( 1  w hit e  b a r = 4 0 m m).

A.  K ui ž o v á,  M. P ř i k r yl,  M. P r o c h á z k a et al. S p e ct r o c hi mi c a  A ct a P a rt  A:  M ol e c ul a r a n d Bi o m ol e c ul a r S p e ct r o s c o p y 2 6 2 ( 2 0 2 1) 1 2 0 1 0 9

4



c o n c e nt r ati o n, a  fi n al  d e p o sit c o m p o s e d of s m all  n o n - h o m o g e -

n o u sl y s p r e a d  d ri e d r e si d u e  w a s f o r m e d ( Fi g. 6 d).

W e  m e a s u r e d  D C D R s p e ct r a f o r a s e ri e s of c o n c e nt r ati o n s, a n d

d u e t o b e nt a z o n  m ol e c ul a r st r u ct u r e, it e x hi bit e d a ri c h  R a m a n

s p e ct r u m ( Fi g. 7 ). T h e s p e ct r u m f r o m a c r y st alli n e  p o w d e r  p o s -

s e s s e d si mil a r s p e ct r al f e at u r e s a s  D C D R s p e ct r u m f r o m a st o c k

s ol uti o n; o nl y sli g ht c h a n g e s i n i nt e n sit y r ati o s  w e r e o b s e r v e d,

s p e ci fi c all y at 6 7 5/ 6 9 3 c m 1 ,  8 5 6/ 8 6 8 c m 1 a n d  1 6 0 6/ 1 6 5 0 c m 1 .

D e p o siti o n of a  d r o p  wit h a n i niti al c o n c e nt r ati o n l o w e r t h a n

2 0 m M l e d t o  d ri e d  d e p o sit f r o m  w hi c h  w e  w e r e  n ot a bl e t o a c q ui r e

a  R a m a n s p e ct r u m  wit h  di sti n g ui s h a bl e s p e ct r al b a n d s of b e nt a -

z o n. T h e r ef o r e,  w e e sti m at e d t h e l o w e st  D C D R  d et e ct e d c o n c e nt r a -

ti o n of b e nt a z o n a s 2 0 m M i n t h e  d e p o sit e d c o n c e nt r ati o n.  W e  di d

n ot  fi n d a n y S E R S st u d y of b e nt a z o n i n lit e r at u r e.

Fi g. 5. R a m a n s p e ct r a of t hi r a m f r o m a) c r y st alli n e  p o w d e r, a n d  d ri e d  d r o p i n  d e p o sit e d c o n c e nt r ati o n b)  6 2 m M, c) 0. 6 2 m M, a n d  d) 0. 3 1 m M.

Fi g. 6. W hit e li g ht i m a g e s of  d ri e d  d r o p s of  b e nt a z o n a, b) 2  m M, c) 0. 2  m M a n d  d) 2 0 m M c o n c e nt r ati o n ( 1  w hit e b a r = 4 0 m m).
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3. 4. Pi cl o r a m

I n t h e c a s e of a n ot h e r  h e r bi ci d e  pi cl o r a m, aft e r t h e e v a p o r a -

ti o n  p r o c e s s,  w e o b s e r v e d c h a n g e s i n t h e s h a p e of a  d ri e d  p at -

t e r n  d e p e n di n g o n i niti al c o n c e nt r ati o n. F o r a st o c k s ol uti o n

wit h a n i niti al c o n c e nt r ati o n of 2  m M  w e o b s e r v e d  u n e v e n  di s -

t ri b uti o n of s m all  pi cl o r a m s p ot s ( Fi g. 8 a). T h e  dil uti o n t o

0. 2  m M l e d t o i nt e r mitt e nt c o v e r a g e of s u b st r at e  wit h vi si bl e

p r e c o n c et r at e d l o c ati o n s ( Fi g.  8 b).  A si mil a r  p att e r n  w a s al s o

o b s e r v a bl e f o r l o w e r c o n c e nt r ati o n s a s 4 0 m M ( Fi g. 8 c) a n d

2 0 m M ( n ot s h o w n), b ut  p r e c o n c e nt r at e d  pl a c e s a n d s p ot s  w e r e

l e s s  di sti n ct.  Aft e r t h e e v a p o r ati o n f o r t h e c o n c e nt r ati o n of

2 m M ( Fi g. 8 d), a t hi n l a y e r of  n o n h o m o g e n o u sl y  di st ri b ut e d

m at e ri al  w a s  p r e s e nt,  w h e r e a f e w  p r e c o n c e nt r at e d s p ot s  w e r e

vi si bl e a n d  m e a s u r a bl e.

Fi g. 9 a n d 1 0 s h o w  R a m a n s p e ct r a f r o m t h e  d ri e d  d e p o sit s

a n d t h e r ef e r e n c e s p e ct r u m f r o m a  p o w d e r a s  w ell. T w o s et s

of  R a m a n s p e ct r a a r e  p r e s e nt ( Fi g.  9 f o r 2  m M a n d 0. 2  m M,

Fi g.  1 0 f o r 0. 2  m M a n d l o w e r),  w h e r e t h e  fi r st o n e  h a s t h e s a m e

s p e ct r al f e at u r e s a s t h e  p o w d e r r ef e r e n c e a n d t h e s e c o n d o n e

diff e r e d si g ni fi c a ntl y.  D ri e d  d e p o sit s f r o m i niti al c o n c e nt r ati o n s

4 0 m M a n d l o w e r e x hi bit e d s ol el y t h e s e c o n d t y p e of s p e ct r u m

(Fi g.  9 ). T h e  d e p o sit f o r m e d b y t h e i niti al c o n c e nt r ati o n of

2  m M  w a s c o m p o s e d of s m all s p ot s, a n d it e x hi bit e d t h e s a m e

s p e ct r u m a s i n t h e c a s e of a m o r p h o u s  p o w d e r ( Fi g. 9 ). T h e

t h r e s h ol d c o n c e nt r ati o n f o r t hi s c h a n g e  w a s a 0. 2  m M o n e, f r o m

a  d e p o sit of  w hi c h  w e o bt ai n e d b ot h t y p e s of s p e ct r a  d u e t o t h e

s p e ci fi c f o c u s e d sit e s.  Vi si bl e b ul k l o c ati o n s e x hi bit e d t h e  fi r st

t y p e,  w h e r e a s t h e s p e ct r u m a c q ui r e d f r o m t h e r e st of t h e  d e p o sit

p o s s e s s e d t h e s a m e s p e ct r al f e at u r e s a s s p e ct r a f r o m l o w e r c o n -

c e nt r ati o n s. T h e  fi r st s et of s p e ct r a  w a s  q uit e ri c h i n b a n d s

(Fi g.  9 ).  W e c a n o b s e r v e st r o n g s p e ct r al b a n d s i n t h e l o w e r

w a v e n u m b e r s p e ct r al r e gi o n at 3 4 3, 3 6 1 a n d 5 9 3 c m 1 a n d at

s e v e r al  p o siti o n s i n t h e  hi g h e r  w a v e n u m b e r r e gi o n, 1 1 1 0, 1 2 8 5,

1 3 9 5, 1 5 3 5,  1 6 6 2 c m 1 . T h e s e c o n d t y p e of s p e ct r a (Fi g. 1 0 )

f r o m l o w e r c o n c e nt r ati o n s ( 0. 2  m M a n d l o w e r) e x hi bit e d st r o n g

b a n d s at 3 5 3, 6 0 5 a n d 1 1 1 0 c m 1 ,  w hi c h  w e r e  w ell  di sti n g ui s h -

a bl e e v e n f o r t h e  d e p o sit e d c o n c e nt r ati o n of 1 0 - 6 M. T h e r e  w a s

o nl y o n e e vi d e nt c o m m o n f e at u r e f o r b ot h s et s of s p e ct r a,  w hi c h

w a s a s p e ct r al b a n d at 1 1 1 0 c m 1 . T o  u n d e r st a n d t h e o ri gi n of

t h e sit e s  p r o vi di n g t h e s e c o n d t y p e of s p e ct r u m,  w e i m a g e d

t h e m i n  p ol a ri z e d li g ht t h at r e v e al e d  pi cl o r a m c r y st al s.  W e e sti -

m at e d t h e l o w e st  D C D R  d et e ct e d c o n c e nt r ati o n of  pi cl o r a m a s

2 m M.  W e  di d  n ot  fi n d a n y r e p o rt e d S E R S st u d y f o r c o m p a ri s o n.

4.  C o n cl u si o n s

D C D R s p e ct r a of  d ri e d  d r o p s of s el e ct e d c o nt a mi n a nt s (f o o d

c o nt a mi n a nt  m el a mi n e, f u n gi ci d e t hi r a m,  h e r bi ci d e s  pi cl o r a m

a n d b e nt a z o n) o n t h e c o m m e r ci al  h y d r o p h o bi c s u b st r at e

S p e ct RI M T M ( Ti e nt a S ci e n c e s)  w e r e a c q ui r e d. T h e  R a m a n s p e ct r a

of  p o w d e r s a n d st o c k s ol uti o n s  w e r e a c c u m ul at e d a s a r ef e r e n c e

u n d e r t h e s a m e e x p e ri m e nt al c o n diti o n s. S p e ct r a of s ol uti o n s

s h o w e d o nl y s p e ct r al b a n d s of  w at e r a s a s ol v e nt e x c e pt f o r o n e

w e a k b a n d f o r  m el a mi n e at 6 7 6 c m 1 . T h u s, t h e y c o ul d  n ot  h a v e

b e e n  u s e d a s r ef e r e n c e s p e ct r a.

F o r  D C D R  m e a s u r e m e nt s, i n all c a s e s, t h e  d ri e d  d r o p s f o r m e d

p att e r n s c o m p o s e d of s m all c r y st al s o r  p r e c o n c e nt r at e d  d ri e d

s p ot s oft e n  d e p e n di n g o n t h e  d e p o sit e d c o n c e nt r ati o n.  N o  d ri e d

p att e r n  wit h a ‘‘ c off e e - ri n g ” eff e ct  w a s  n oti c e d. T h e  D C D R s p e ct r a

w e r e g e n e r all y si mil a r t o  R a m a n s p e ct r a of  p o w d e r e x c e pt f o r

pi cl o r a m. I n t hi s c a s e, t w o t y p e s of s p e ct r a  w e r e  m e a s u r e d  wit h

t h e t h r e s h ol d c o n c e nt r ati o n of 0. 2  m M a s a b o r d e r at  w hi c h t h e

c h a n g e o c c u r r e d. T h e  fi r st t y p e of s p e ct r u m f o r  hi g h e r c o n c e nt r a -

ti o n s  p o s s e s s e s t h e s a m e s p e ct r al f e at u r e s a s a n a m o r p h o u s  p o w -

d e r. T h e s e c o n d t y p e of s p e ct r u m  w a s a s si g n e d t o  pi cl o r a m

c r y st al s  p r o v e d b y i m a gi n g i n  p ol a ri z e d li g ht. T h e l o w e st  D C D R

d et e ct e d c o n c e nt r ati o n s  w e r e a s s e s s e d a s 6. 4 m M, 0. 3 1 m M,

2 0 m M a n d 2 m M i n  d e p o sit e d c o n c e nt r ati o n s of s ol uti o n s f o r  m el -

a mi n e, t hi r a m, b e nt a z o n a n d  pi cl o r a m, r e s p e cti v el y. T h e  d et e ct e d

Fi g. 7. R a m a n s p e ct r a of b e nt a z o n f r o m: a) c r y st alli n e  p o w d e r, a n d f r o m a  d ri e d  d r o p i n  d e p o sit e d c o n c e nt r ati o n b)  2  m M, c) 0. 2  m M,  d) 2 6 m M a n d e) 2 0 m M.

A.  K ui ž o v á,  M. P ř i k r yl,  M. P r o c h á z k a et al. S p e ct r o c hi mi c a  A ct a P a rt  A:  M ol e c ul a r a n d Bi o m ol e c ul a r S p e ct r o s c o p y 2 6 2 ( 2 0 2 1) 1 2 0 1 0 9
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c o n c e nt r ati o n s f o r  m el a mi n e a n d t hi r a m  w e r e o n e o r t w o  m a g ni -

t u d e s  hi g h e r t h a n i n t h e c a s e of c o m m o n S E R S  d et e cti o n, b ut it

still r e p r e s e nt s t h e c o n c e nt r ati o n s r el e v a nt i n f o o d/ g r o u n d w at e r

c o nt a mi n ati o n s.

O u r st u d y  p r o v e d t h at t h e  D C D R i s a  p o w e rf ul  m et h o d t o  d et e ct

t h e st u di e d c o nt a mi n a nt s at s m all v ol u m e s at bi ol o gi c all y a n d

e n vi r o n m e nt all y r el e v a nt c o n c e nt r ati o n s,  w hi c h i s i m p o s si bl e b y

R a m a n  m e a s u r e m e nt s f r o m s ol uti o n s.

Fi g. 8. W hit e li g ht i m a g e s of  d ri e d  d r o p s of  pi cl o r a m a) 2  m M, b) 0. 2  m M, c) 4 0 m M a n d  d) 2 m M c o n c e nt r ati o n ( 1  w hit e b a r = 4 0 m m).

A.  K ui ž o v á,  M. P ř i k r yl,  M. P r o c h á z k a et al. S p e ct r o c hi mi c a  A ct a P a rt  A:  M ol e c ul a r a n d Bi o m ol e c ul a r S p e ct r o s c o p y 2 6 2 ( 2 0 2 1) 1 2 0 1 0 9

7



F u n di n g

Fi n a n ci al s u p p o rt f r o m t h e  C z e c h S ci e n c e F o u n d ati o n ( 1 8 -

1 0 8 9 7 S) a n d  C h a rl e s  U ni v e r sit y  R e s e a r c h  C e nt r e  p r o g r a m  U N C E/

S CI/ 0 1 0 a n d  G A  U K ( 2 9 0 1 2 0) i s g r at ef ull y a c k n o wl e d g e d.

C R e di T a u t h o r s hi p c o n t ri b u ti o n s t a t e m e n t

Al ž b e t a  K ui ž o v á: D at a c u r ati o n, F o r m al a n al y si s,  W riti n g - o ri g -

i n al  d r aft, F u n di n g a c q ui siti o n. Mi k ul á š  P r ˇ i k r yl: D at a c u r ati o n, F o r -

m al a n al y si s. M a r e k  P r o c h á z k a: W riti n g - r e vi e w  & e diti n g,

F u n di n g a c q ui siti o n, P r oj e ct a d mi ni st r ati o n. E v a  K o č i š o v á: W riti n g

- r e vi e w  & e diti n g,  C o n c e pt u ali z ati o n, S u p e r vi si o n.

D e cl a r a ti o n  of  C o m p e ti n g I n t e r e s t

T h e a ut h o r s  d e cl a r e t h at t h e y  h a v e  n o k n o w n c o m p eti n g  fi n a n -

ci al i nt e r e st s o r  p e r s o n al r el ati o n s hi p s t h at c o ul d  h a v e a p p e a r e d

t o i n fl u e n c e t h e  w o r k r e p o rt e d i n t hi s  p a p e r.

A p p e n di x  A. S u p pl e m e n t a r y  m a t e ri al

S u p pl e m e nt a r y  d at a t o t hi s a rti cl e c a n b e f o u n d o nli n e at

htt p s:// d oi. o r g/ 1 0. 1 0 1 6/j. s a a. 2 0 2 1. 1 2 0 1 0 9 .
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Drop coating deposition Raman (DCDR) spectroscopy of contaminants  
Alžbeta Kuižová, Mikuláš Přikryl, Marek Procházka and Eva Kočišová* 

Charles University, Faculty of Mathematics and Physics, Institute of Physics, Ke Karlovu 5, 

121 16, Prague 2, Czech Republic.  

*Corresponding author: kocisova@karlov.mff.cuni.cz (E.K.) 

Grid points as a map (red points in figure S2) were selected in the dried deposit of 
bentazon. The set of 25 spectra were accumulated from these points. Obtained spectra were 
treated by factor analysis, the map of coefficients of the first subspectrum reflects the overall 
signal intensity for each point.  

Figure S1: A) 25 selected grid points for a map measurement from bentazon deposit, 
B) the final map of coefficients of the first subspectrum from factor analysis, C) the first 
subspectrum for the accumulated set of spectra. 
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Figure S2: Raman spectra of stock solutions of studied contaminants melamine, bentazon, 
thiram and picloram. 
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A.8 Insights into thiram fungicide: A compar-
ative study of solution and solid phases
through Raman, DCDR, and SERS mea-
surements and DFT simulations
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A b st r a ct

T hir a m, a  wi d el y k n o w n f u n gi ci d e, h as e vi n c e d a n e g ati v e i m p a ct o n t h e e n vi-

r o n m e nt a n d h u m a n h e alt h t h at l e d t o t h e b a n ni n g of its us e i n pl a nt pr ot e c-

ti o n pr o d u cts o n all c o m m o diti es i n t h e  E ur o p e a n  U ni o n.  T h er ef or e, t h er e is a

n e e d f or  m o nit ori n g p ossi bl e illi cit us e,  w hi c h r e q uir es s e nsiti v e a n d a c c ur at e

d et e cti o n  m et h o ds. I n t his st u d y, t h e b e h a vi or of t hir a m i n diff er e nt p h as es

w as i n v esti g at e d i n or d er t o b ett er u n d erst a n d its pr o p erti es.  R a m a n s p e ctr a

w er e o bt ai n e d fr o m t hir a m i n t h e s oli d st at e as a cr yst alli n e p o w d er, diss ol v e d

i n diff er e nt s ol v e nts, a n d fr o m dri e d d e p osits usi n g t h e dr o p c o ati n g d e p ositi o n

R a m a n ( D C D R)  m et h o d.  T h e a n al ys es of a c q uir e d  R a m a n s p e ctr a r e v e al e d e vi-

d e n c e of h y dr o g e n b o n di n g b et w e e n t hir a m a n d c hl or of or m i n t h e s ol uti o n

p h as e.  T h e r eli a bilit y a n d s e nsiti vit y of  D C D R  m e as ur e m e nts  w er e als o

hi g hli g ht e d,  wit h hi g h- q u alit y s p e ctr a o bt ai n e d fr o m a dri e d p att er n fr o m

dr o pl et at a 4 0 μ M c o n c e ntr ati o n.  M or e o v er, t h e st u d y i d e ntifi e d t h e  m ost

a b u n d a nt c o nf or m er of i nt a ct ( u n d e gr a d e d) t hir a m  m ol e c ul e a n d e n a bl e d r eli-

a bl e b a n d assi g n m e nt a n d vi br ati o n al a n al ysis b as e d o n  D F T si m ul ati o ns, pr o-

vi di n g a b ett er u n d erst a n di n g of t h e c o m p o u n d's pr o p erti es.  T h e r es ults als o

s u g g est e d t h at t hir a m c a n b e c o or di n at e d t o sil v er i n n a n ostr u ct ur e d S E R S

a cti v e s u bstr at es n ot o nl y i n t h e d e gr a d e d f or m b ut als o i n t h e u n d e gr a d e d

f or m.  O v er all, t his st u d y pr o vi d es v al u a bl e i nsi g hts i nt o t hir a m's b e h a vi or a n d

c a n b e h el pf ul i n t h e f urt h er d e v el o p m e nt of effi ci e nt a n d eff e cti v e  m et h o ds

f or its d et e cti o n a n d a n al ysi s.

K E Y W O R D S

d e nsit y f u n cti o n al t h e or y ( D F T), dr o p c o ati n g d e p ositi o n  R a m a n ( D C D R), S E R S,  T hir a m,

vi br ati o n al assi g n m e nt

1 | I N T R O D U C T I O N

T hir a m ( Fi g ur e 1 ), a s ulf ur- c o nt ai ni n g f u n gi ci d e, is

wi d el y utili z e d t o pr ot e ct c er e als, fr uits, s e e ds, a n d v e g e-

t a bl es fr o m f u n g al i nf e cti o ns a n d t o pr e v e nt h ar v est e d

cr o ps fr o m d et eri or ati o n d uri n g tr a n s p ort ati o n or st or a g e.

A d diti o n all y, hi g h d os es of t hir a m c a n a ct as a r e p ell e nt

f or v ari o us a ni m als s u c h as r a b bits, r o d e nts, bir ds, a n d

d e er. 1, 2

B el o n gi n g t o t h e dit hi o c ar b a m at e f a mil y, t h e t hir a m

m ol e c ul e r el e as es c ar b o n dis ulfi d e  wit hi n a n a ni m al's

b o d y, l e a di n g t o li v er d a m a g e a n d di g esti o n iss u es. 3 – 6

A c ut e e x p os ur e t o t hir a m c a n r es ult i n s y m pt o ms s u c h

as t hr o at irrit ati o n, c o u g hi n g, di z zi n ess, a n d h e a d a c h es. 7
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T hir a m i n d u c es o xi d ati v e str ess a n d o xi d ati v e  m o difi c a-

ti o n of c ell ul ar c o m p o n e nts i n h u m a n er yt hr o c yt es,8 a n d

it c a us es t h yr oi d d ysf u n cti o n i n a q u ati c or g a nis ms.9 D u e

t o t h es e n e g ati v e i m p a ct s,2, 1 0 t h e  E ur o p e a n  U ni o n h as

b a n n e d t h e us e of t hir a m i n pl a nt pr ot e cti o n pr o d u cts

o n all c o m m o diti es, as p er  C o m missi o n  R e g ul ati o n

( E U) 2 0 2 2/ 1 4 0 6,  w hi c h a m e n d e d  R e g ul ati o n ( E C)  N o.

3 9 6/ 2 0 0 5. 1 1 T h er ef or e, t h e  m o nit ori n g of p ossi bl e illi cit

us e is n e c ess ar y.

T h e d et e cti o n of t hir a m r esi d u es i n fr uit a n d v e g et a-

bl e s a m pl es usi n g s urf a c e- e n h a n c e d  R a m a n s p e ctr os c o p y

( S E R S) h as b e e n e xt e nsi v el y st u di e d.1 2 – 1 7 T h es e st u di es

h a v e b e e n f o c us e d o n t h e s el e cti o n a n d  m a n uf a ct ur e of

t h e  m ost s uit a bl e s u bstr at e i n t h e f or m of a s oli d s urf a c e

or c oll oi d.  H o w e v er, t h er e h a v e b e e n f e w er st u di es

c o n d u ct e d o n t h e S E R S or n or m al  R a m a n s p e ctr u m  m e a-

s ur e m e nt of t hir a m its elf a n d t h e assi g n m e nt of its s p e c-

tr al b a n ds.1 8 – 2 1 T h er e ar e si g nifi c a nt diff er e n c es b et w e e n

t h e s oli d- p h as e  R a m a n s p e ctr a a n d S E R S s p e ctr a of t hi-

r a m,  w hi c h  mi g ht b e attri b ut e d t o v ari o us i n di vi d u al

as p e cts. F or i nst a n c e, t h e  R a m a n si g n al fr o m cr y st alli n e

p o w d er  m a y b e i nfl u e n c e d b y p a c ki n g or c o nf or m ati o n al

p ol y m or p his m or e v e n b y diff er e nt cr yst al gr ai n si z es. 2 2, 2 3

I n S E R S  m e as ur e m e nts, t h e a n al yt e is diss ol v e d i n a s uit-

a bl e s ol v e nt a n d all o w e d t o a ds or b o nt o t h e S E R S- a cti v e

s u bstr at e. S p e ctr a ar e t h e n  m e as ur e d fr o m a c oll oi d al

s ol uti o n or fr o m dri e d d e p osits f or m e d o n t h e s oli d s ur-

f a c e.  T h er ef or e, c h a n g es s e e n i n t h e S E R S s p e ctr u m c a n

b e pr o d u c e d b y s ol v e nt – s ol ut e i nt er a cti o ns, t h e dr yi n g

pr o c ess, a n d/ or i nt er a cti o n  wit h a S E R S- a cti v e s u bstr at e.

S a m pl es f or S E R S  m e as ur e m e nts a n d f urt h er a n al ysis ar e

m ostl y pr e p ar e d as a dil ut e d a q u e o us s ol uti o n, i n  w hi c h

t hir a m is r at h er u nst a bl e.2 0, 2 4 Gi v e n t h e hi g h affi nit y of

s ulf ur at o ms f or bi n di n g t o S E R S- a cti v e s u bstr at es, it is

g e n er all y b eli e v e d t h at t h e d e gr a d e d f or m of t hir a m is

m e as ur e d,  w h er e t h e c e ntr al dis ulfi d e bri d g e is cl e a v e d,

a n d r es ulti n g di m et h yl dit hi o c ar b a m at e i o ns ar e dir e ctl y

b o u n d t o  A g at o ms.  H o w e v er, t h e s p e ctr a of t hir a m a n d

di m et h yl dit hi o c ar b a m at e i o ns b o u n d t o  A g at o ms ar e

hi g hl y si mil ar, as s h o w n i n a r e c e nt t h e or eti c al st u d y b y

Oli vi er a et al., 1 8 m a ki n g it diffi c ult t o pr o vi d e a d efi niti v e

a ns w er.  Alt er n ati v el y, it  w as s h o w n r e c e ntl y 2 5 t h at t hi-

r a m i n l o w c o n c e ntr ati o ns, r el e v a nt t o gr o u n d w at er c o n-

t a mi n ati o n, c a n b e d et e ct e d als o b y a dr o p c o ati n g

d e p ositi o n  R a m a n ( D C D R) a p pr o a c h, 2 6 w hi c h d o es n ot

r e q uir e n a n ostr u ct ur e d S E R S a cti v e s u bstr at e.  D C D R

m et h o d  w as alr e a d y pr o v e n t o b e effi ci e nt a p pr o a c h f or

d et e cti o n a n d i d e ntifi c ati o n of s m all  m ol e c ul es fr o m l o w

c o n c e ntr at e d s ol uti o ns. 2 7 – 3 0

T h e ai m of t his st u d y is t o i n v esti g at e a n d g ai n a d e e-

p er u n d erst a n di n g of t hir a m f at e aft er diss ol uti o n i n dif-

f er e nt s ol v e nts a n d d uri n g dr yi n g pr o c ess es.  T o a c hi e v e

t his,  w e o bt ai n e d  R a m a n s p e ctr a of t hir a m i n v ari o us

p h as es, i n cl u di n g t h e s oli d st at e ( cr yst alli n e p o w d er),

s ol uti o n p h as e ( diss ol v e d i n c hl or of or m, b e n z e n e, a n d

t etr a c hl or o m et h a n e), a n d fr o m dri e d d e p osits usi n g t h e

D C D R  m et h o d.  D u e t o t h e li mit e d s ol u bilit y of t hir a m,

s ol uti o n p h as e  m e as ur e m e nts h a v e n ot b e e n d o n e pr e vi-

o usl y. I n a d diti o n,  w e utili z e d q u a nt u m  m e c h a ni c al c al-

c ul ati o ns a n d s p e ctr a si m ul ati o ns t o a n al y z e t h e o bt ai n e d

s p e ctr a fr o m diff er e nt  m et h o ds, i n cl u di n g S E R S s p e ctr a,

a n d t o assi g n s p e cifi c s p e ctr al b a n ds t o c orr es p o n di n g

vi br ati o ns i n t h e t hir a m  m ol e c ul e.

2 | M E T H O D S

2. 1 | S a m pl e s

A c o m m er ci al t hir a m s a m pl e  w as p ur c h as e d fr o m  M er c k

( Si g m a- Al dri c h) i n cr yst alli n e p o w d er f or m— pr o d u ct

n u m b er 4 3 9 6 6, p urit y ≤ 1 0 0 %, c ertifi e d r ef er e n c e  m at eri al.

T h e s ol v e nts us e d — d ei o ni z e d  w at er, c hl or of or m, b e n-

z e n e, a n d t etr a c hl or o m et h a n e — w er e of s p e ctr os c o pi c

p urit y. S a m pl es a n d s ol v e nts  w er e us e d  wit h o ut f urt h er

r efi n e m e nt or p urifi c ati o n.

2. 2 | E x p e ri m e nt al s et u p s

M a cr o- m e as ur e m e nts (s ol uti o n i n c u v ett e)  w er e p er-

f or m e d o n a  R a m a n s p e ctr o m et er b as e d o n t h e s p e ctr o-

gr a p h S P E X 2 7 0 M fr o m t h e J o bi n- Y v o n c o m p a n y  wit h a

f o c al l e n gt h of 2 7 0  m m a n d a c olli m ati n g  mirr or di a m et er

of 5 0  m m.  T h e s e c o n d h ar m o ni c  w a v el e n gt h of a

N d: Y A G l as er  w as us e d as a n e x cit ati o n s o ur c e of 5 3 2 n m

wit h 6 0 0  m W p o w er at t h e s a m pl e.  T h e s p e ctr o m et er

us es r e ct a n g ul ar g e o m etr y  w h er e t h e i n ci d e nt e x cit ati o n

b e a m p ass es t hr o u g h t h e p olis h e d b ott o m c u v ett es a n d

t h e s c att er e d r a di ati o n is c oll e ct e d at ri g ht a n gl e g e o m e-

tr y. S c att er e d r a di ati o n p ass es t hr o u g h a n e d g e filt er t o

filt er o ut  R a yl ei g h s c att eri n g a n d e nt ers t h e s p e ctr o gr a p h,

F I G U R E  1 Str u ct ur e of t hir a m  m ol e c ul e  wit h hi g hli g ht e d

di h e dr al a n gl es χ 1 ( bl u e), χ 2 ( gr e e n), a n d χ '1 (r e d).

2 V A L Á Š K O V Á E T  A L .
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w h er e it is diffr a ct e d b y gr ati n g  wit h 1, 2 0 0 gr o o v es/ m m.

T h e r e c or d e d s p e ctr al r e gi o n s p a n n e d fr o m 5 0 t o

2, 3 2 5 c m 1 wit h t h e  R a yl ei g h filt er c ut- off at 5 3 c m 1 .

T h e si g n al  w a s d et e ct e d b y a li q ui d nitr o g e n- c o ol e d  C C D

d et e ct or  wit h 1, 3 4 0 1 0 0 pi x els.  Q u art z c u v ett es  wit h

1- a n d 1 0- m m  wi dt hs  w er e us e d; t h e st a n d ar d s a m pl e v ol-

u m e  w as 1 0 0 μ l a n d 1  ml, r es p e cti v el y.  T h e t hir a m c o n-

c e ntr ati o ns us e d f or  m e as ur e m e nts  w er e c h os e n t o b e

cl os e t o t h e s ol u bilit y li mit i n a p arti c ul ar s ol v e nt, t h at is,

1 0 0  m g/ ml ( 4 1 6  m M) i n b e n z e n e a n d c hl or of or m a n d

1 0  m g/ ml ( 4 1. 6  m M) i n t etr a c hl or o m et h a n e.

S oli d p h as e  m e as ur e m e nts ( cr yst alli n e p o w d er,

D C D R, a n d S E R S)  w er e p erf or m e d o n a  R a m a n  mi cr o-

s p e ctr o m et er  Al p h a 3 0 0 fr o m  WI T e c.  T h e i nstr u m e nt

p oss ess es a n ultr a- hi g h t hr o u g h p ut s p e ctr o m et er ( U H T S)

wit h a f o c al l e n gt h of 3 0 c m a n d 6 0 0 gr o o v es/ m m gr ati n g.

A 5 3 2 n m l as er  w as us e d as a n e x cit ati o n s o ur c e d uri n g

t h e  m e as ur e m e nt  wit h 1 0  m W p o w er at t h e s a m pl e

( 0. 5  m W i n t h e c as e of S E R S  m e as ur e m e nts).  C arl  Z eiss

5 0 / 0. 5 5 L D  w as c h os e n as t h e  mi cr os c o p e o bj e cti v e.

T h e r e c or d e d s p e ctr al r a n g e ( 1 6 0 t o 3, 6 1 0 c m 1 )

e n a bl e d t h e a c q uisiti o n of hi g h- q u alit y s p e ctr a i n

t h e  w h ol e r e gi o n of f u n d a m e nt al  m ol e c ul ar vi br ati o ns.

T h e  R a yl ei g h filt er c ut- off  w a s at 8 1 c m 1 .  T h e cr yst al-

li n e p o w d er f or m  w as  m e as ur e d dir e ctl y fr o m a s m all

a m o u nt of s a m pl e o n a gl ass sli d e.  D C D R s p e ctr a  w er e

a c q uir e d fr o m dri e d d e p osits ( o n a p ur e gl ass sli d e) of

v ari o us i niti al s a m pl e c o n c e ntr ati o ns. S E R S s p e ctr a  w er e

m e as ur e d fr o m dri e d d e p osits o n t h e c o m m er ci al S E R S

s u bstr at e  m a n uf a ct ur e d b y S E R Siti v e ( w w w.s ersiti v e. e u ).

I n all c as es, s p e ctr al  m a ps of 2 0 2 0 μ m ar e as  w er e

m e as ur e d a n d f urt h er st atisti c all y pr o c e ss e d.  T h e l as er

p o w er a n d t h e a c c u m ul ati o n ti m e  w er e c h os e n s o as n ot

t o d e gr a d e t h e s a m pl e.

2. 3 | E x p e ri m e nt al d at a t r e at m e nt

S p e ctr a  m e as ur e d o n a  R a m a n s p e ctr o m et er  w er e c ali-

br at e d usi n g t h e s p e ctr u m of t h e  N e dis c h ar g e l a m p a n d

i nt er p ol at e d t o a 1 c m 1 s a m pli n g i nt er v al.  C ali br ati o n

w as f oll o w e d b y s ol v e nt si g n al s u btr a cti o n a n d c u bi c-

s pli n e- b as e d b a c k gr o u n d c orr e cti o n i n  G R A M S/ AI s oft-

w ar e v ersi o n 9. 2 ( T h er m o Fis h er S ci e ntifi c I n c.). S p e ctr a

m e as ur e d o n a n  Al p h a 3 0 0  R S c o nf o c al  R a m a n  mi cr o-

s c o p e  w er e pr o c ess e d i n t h e ass o ci at e d s oft w ar e fr o m t h e

WI T e c S uit e SI X p a c k a g e ( O xf or d I nstr u m e nts,  WI T e c)

wit h a ut o m ati c c ali br ati o n.  R a w s p e ctr a  w er e p ur g e d of

c os mi c r a y s pi k es b y a v ail a bl e s oft w ar e pr o c e d ur es.

W h er e a p pr o pri at e, t h e “ Tr u e  C o m p o n e nt  A n al ysis ”

t o ol3 1, 3 2 w as t h e n us e d.  T his pr o c e d ur e i n v ol v es fitti n g

e a c h s p e ctr u m of t h e s p e ctr al  m a p  wit h a li n e ar c o m bi n a-

ti o n of b asis s p e ctr a usi n g t h e l e ast s q u ar es  m et h o d.  T h e

pr o c ess b e gi ns b y i d e ntif yi n g t h e d o mi n a nt s p e ctr al

c o ntri b uti o n,  w hi c h s er v es as t h e b as e s p e ctr u m. S u bs e-

q u e ntl y, a r esi d u al i m a g e is c al c ul at e d b as e d o n t his b as e

s p e ctr u m. If t h e r esi d u al i m a g e e x hi bits str u ct ur e, a d di-

ti o n al c y cl es ar e p erf or m e d a ut o m ati c all y t o i n c or p or at e

a d diti o n al c o m p o n e nts a n d c al c ul at e c orr es p o n di n g

r esi d u al i m a g es.  T his it er ati v e pr o c ess c o nti n u es u ntil it

is d et er mi n e d t h at t h e r esi d u al i m a g e pri m aril y c o nsi sts

of n ois e. Fi n al gr a p hs  w er e cr e at e d i n t h e  Ori gi n Pr o pr o-

gr a m 2 0 2 0 b v ersi o n 9. 7. 5. 1 8 4 ( Ori gi n L a b  C or p or ati o n).

2. 4 | Q u a nt u m  m e c h a ni c al c al c ul ati o n s
a n d s p e ct r a si m ul ati o n s

T hir a m str u ct ur e o pti mi z ati o n  w as d o n e usi n g  G a ussi a n 0 9

( R e visi o n  D. 0 1) pr o gr a m,3 3 usi n g t h e d e nsit y f u n cti o n al

t h e or y ( D F T),  B 3 L Y P h y bri d f u n cti o n al,3 4, 3 5 6- 3 1 1 +

+ G * * b asis s et, 3 6 a n d i m pli cit s ol v e nt  m o d el  C O S M O 3 7

t o  mi mi c t h e s ol v e nt e n vir o n m e nt.  T h e st arti n g c o nf or-

m ati o ns  w er e g e n er at e d b y 1 D a n d 2 D s c a ns of t h e

p ot e nti al e n er g y s urf a c e ( P E S) al o n g c h os e n c o or di n at es

usi n g a s m all er b asi s s et ( 6- 3 1 G).  R a m a n i nt e nsiti es f or

i n di vi d u al c o nf or m ers  w er e o bt ai n e d  wit hi n t h e h ar-

m o ni c a p pr o xi m ati o n at t h e s a m e l e v el of t h e or y

( D F T/ B 3 L Y P/ 6- 3 1 1+ + G * */ C O S M O); b a c ks c att er e d s p e c-

tr al pr ofil es  w er e g e n er at e d b y c o n v ol uti o n of t h e i nt e n-

siti es  wit h a L or e nt zi a n f u n cti o n of 1 0 c m 1 f ull  wi dt h

at h alf- h ei g ht a n d a  B olt z m a n n f a ct or c orr es p o n di n g t o

2 9 8  K. Fi n al si m ul at e d s p e ctr a  w er e a c q uir e d as a

B olt z m a n n a v er a g e c orr es p o n di n g t o  D F T e n er gi es.  W e

us e d v ari o us  w ei g hti n g s b as e d o n t h e el e ctr o ni c e n er g y

(Δ E), z er o- p oi nt vi br ati o n al e n er g y ( Δ E 0 ), e nt h al p y

(Δ H), a n d  Gi b bs e n er g y ( Δ G).

3 | R E S U L T S

3. 1 | C r y st alli n e p h a s e  R a m a n s p e ct r a

T h e s oli d p h as e  R a m a n s p e ctr a of t hir a m i n cr yst alli n e

p o w d er f or m  w er e a c q uir e d as a s p e ctr al  m a p of

1 2 1 5 μ m c o m pris e d of 2, 8 8 0 s p e ctr a ( 4 s p e ctr a/ μ m i n

b ot h a x es).  T h es e  w er e pr o c ess e d b y  Tr u e  C o m p o n e nt

A n al ysis (s e e S e cti o n 2 f or d et ails), a n d t hr e e  m ai n c o m-

p o n e nts w er e i d e ntifi e d: T h e first  w as attri b ut e d t o t h e

b a c k gr o u n d si g n al, t h e s e c o n d a n d t hir d  w er e l a b el e d as

T hir  A a n d  T hir  B.  T h e s p ati al distri b uti o n of t h es e c o m-

p o n e nts  wit hi n t h e  m e as ur e d ar e a is s h o w n i n Fi g ur e 2 ,

l eft. T o e n a bl e q u a ntit ati v e a n al ysis, t h e s p e ctr a of b ot h

c o m p o n e nts  w er e c o m p ar e d i n t hr e e s p e ctr al r e gi o ns

( Fi g ur e 2 , ri g ht) c orr es p o n di n g t o ( A) s k el et al a n d l atti c e

vi br ati o ns, ( B) fi n g er pri nt r e gi o n, a n d ( C)  C H str et c hi n g
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r e gi o n.  N or m ali z ati o n  w as d o n e t o t h e s a m e i nt e gr al

i nt e nsit y i n r e gi o n ( C),  w hi c h  w as f o u n d i d e nti c al f or

b ot h c o m p o n e nts.  A d diti o n all y, b ot h s p e ctr al c o m p o-

n e nts e x hi bit e d t h e s a m e n u m b er a n d p ositi o ns ( w a v e-

n u m b er s) of  R a m a n b a n ds.  H o w e v er, si g nifi c a nt

diff er e n c es  w er e o bs er v e d i n t h e r el ati v e i nt e nsiti e s of si x

m aj or b a n ds, t hr e e i n  R e gi o n ( B), a n d ot h er t hr e e i n

R e gi o n ( A), as s u m m ari z e d i n  T a bl e 1 . S p e cifi c all y,  T hir

A s h o w e d 8 0 % i n cr e as e i n t h e i nt e nsit y of b a n ds at

9 7 5 a n d 1, 3 7 5 c m 1 ( c orr es p o n di n g t o t h e  m o d es 3 0 a n d

4 1/ 4 2 i n  T a bl e 3 , r es p e cti v el y) a n d 2 5 % d e cr e as e i n t h e

i nt e nsit y of t h e ν ( S- S) b a n d at 5 6 0 c m 1 ( m o d e 2 2 i n

T a bl e 3 ) i n  R e gi o n ( B). I n t h e l o w- w a v e n u m b er r e gi o n

( A), t h e b a n d at 1 7 8 c m 1 , c orr es p o n di n g t o t h e b e n di n g

of t h e c e ntr al p art of t h e  m ol e c ul e ( M o d es 1 0 a n d 1 1 i n

T a bl e 3 ), h a d t wi c e t h e i nt e nsit y i n  T hir  B,  w hil e t h e

b a n ds at 3 9 5 a n d 1 1 1 c m 1 ( M o d es 1 8/ 1 9 a n d 8/ 9 i n

T a bl e 3 , r es p e cti v el y), c orr es p o n di n g  m ostl y t o vi br a-

ti o n al  m o v e m e nt of t h e  w h ol e  m et h yl gr o u ps,  w er e

al m ost f o ur ti m es  m or e i nt e n s e i n  T hir  B.

F I G U R E  2 ( L eft)  T hr e e  m ai n c o m p o n e nts ( T hir  A,  T hir  B, a n d b a c k gr o u n d si g n al) o bt ai n e d fr o m a s p e ctr al  m a p of t hir a m cr yst alli n e

p o w d er f or m o n t h e gl ass sli d e.  T h e i m a g e of t h e s c a n n e d ar e a a n d t h e s p ati al distri b uti o n of t h e c o m p o n e nts ar e s h o w n i n i ns ets; bri g ht er

c ol or i n di c at es a hi g h er si g n al i nt e nsit y. ( Ri g ht)  T h e o v erl a p of  R a m a n s p e ctr a of c o m p o n e nts  T hir  A a n d  T hir  B i n t hr e e s p e ctr al r e gi o ns

( A– C). S p e ctr a  w er e n or m ali z e d t o t h e s a m e i nt e gr al i nt e nsit y i n r e gi o n  C.

T A B L E  1 T h e  m a xi m u m b a n d

i nt e nsiti es i n t h e R a m a n s p e ctr a of

t hir a m cr yst alli n e p o w d er f or m.W a v e n u m b e r ( c m 1 )

I nt e n sit y / ( I nt e n sit y  @ 2 9 3 0 c m 1 )

R e gi o nT hi r  A T hi r  B

1 1 1 0. 3 2 1. 1 4 a

1 7 8 0. 3 3 0. 7 4

3 9 5 0. 4 4 1. 6 5

5 6 0 2. 4 5 3. 3 2 b

9 7 5 1. 3 1 0. 7 3

1, 3 7 5 1. 1 6 0. 6 1

2, 9 3 0 1. 0 0 1. 0 0 c

4 V A L Á Š K O V Á E T  A L .
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3. 2 | S ol uti o n p h a s e  R a m a n s p e ct r a

O bt ai ni n g hi g h- q u alit y  R a m a n s p e ctr a of t hir a m i n t h e

s ol uti o n t h at c o v er t h e e ntir e r a n g e of f u n d a m e nt al

vi br ati o ns is a diffi c ult t as k.  T h e b est s ol v e nt f or  R a m a n

m e as ur e m e nts,  w at er, is n ot s uit a bl e, as s at ur at e d t hir a m

a q u e o us s ol uti o n h as a l o w c o n c e ntr ati o n of o nl y

0. 0 3  m g/ ml.  T h er ef or e, it is n e c e ss ar y t o us e or g a ni c s ol-

v e nts,  w hi c h, h o w e v er, g e n er all y e x hi bit i nt e ns e  R a m a n

si g n als.  T o o bt ai n all vi br ati o n al b a n ds of t h e st u di e d

s a m pl e, s p e ctr a fr o m s e v er al s ol v e nts t h at h a v e t h eir

o w n vi br ati o ns i n diff er e nt s p e ctr al r e gi o ns  m ust b e

c o m bi n e d.  Aft er t ests, b e n z e n e a n d c hl or of or m  w er e

i d e ntifi e d as t h e  m ost s uit a bl e s ol v e nts (s e e Fi g ur e S 1 ),

i n w hi c h t hira m c o ul d b e diss ol v e d u p t o a c o n c e ntr a-

ti o n of 1 0 0  m g/ ml.  B y c o m bi n ati o n of a c q uir e d  R a m a n

s p e ctr a fr o m b ot h s ol uti o ns, it  w a s p ossi bl e t o o bt ai n

al m ost t h e e ntir e r a n g e of t hir a m  m ol e c ul ar vi br ati o ns

e x c e pt f or a n arr o w g a p b et w e e n 1, 1 6 0 a n d 1, 2 4 0 c m 1

( Fi g ur e 3 ).  A c o m pl e m e nt ar y  m e as ur e m e nt i n t etr a c hl or-

o m et h a n e at t hir a m c o n c e ntr ati o n of 1 0  m g/ ml

( Fi g ur e S 2 ) r e v e al e d t h at t his g a p d o es n ot c o nt ai n a n y

R a m a n b a n d of t hir a m.

Fi g ur e 3 ill ustr at es t h at t h e s p e ctr a o bt ai n e d fr o m

diff er e nt s ol v e nts ar e hi g hl y si mil ar, i n di c ati n g t h at t h e

c o nf or m ati o n al pr ef er e n c es of t h e t hir a m  m ol e c ul e  w er e

u n aff e ct e d b y t h e c h oi c e of s ol v e nt.  G e n er all y,  w a v e n u m-

b er s hifts ar e i nsi g nifi c a nt.  T h e d et ail e d assi g n m e nt of

R a m a n b a n ds is s h o w n i n  T a bl e 3 a n d Fi g ur e 1 0 i n

S e cti o n 3. 7 . It is n ot e w ort h y t h at  w h e n  m e as uri n g i n

c hl or of or m, a n a d diti o n a l b a n d at 2, 9 8 5 c m 1 w as

d et e ct e d i n t h e  C H v al e n c e r e gi o n (i n di c at e d b y a d a g g er

i n Fi g ur e 3 ),  w hi c h  w as n ot pr es e nt i n t h e s p e ctr a

o bt ai n e d fr o m ot h er s ol v e nts.  T his b a n d is b eli e v e d t o

c orr es p o n d t o t h e v al e n c e vi br ati o n of t h e  C- H b o n d

i n t h e c hl or of or m  m ol e c ul e ( 3, 0 1 9 c m 1 ),  w hi c h is d o w n-

s hift e d b y 3 4 c m 1 d u e t o h y dr o g e n b o n di n g t o t h e t hi o

gr o u p i n t h e t hir a m  m ol e c ul e.

T h e  R a m a n s p e ctr a of t hir a m s ol uti o n  w er e s u c c ess-

f ull y o bt ai n e d at hi g h q u alit y pri m aril y fr o m  m e as ur e-

m e nts i n c hl or of or m a n d b e n z e n e,  wit h t h e a d diti o n al

m e as ur e m e nts i n t etr a c hl or o m et h a n e pr o vi di n g c o m pl e-

m e nt ar y i nf or m ati o n.  Alt h o u g h p erf or m e d i n or g a ni c s ol-

v e nts, t h e r es ults  w er e of g o o d q u alit y a n d r e pr o d u ci bl e.

3. 3 | D C D R s p e ct r a

T h e  D C D R  m e as ur e m e nts  w er e p erf or m e d usi n g t hir a m

s ol uti o ns i n b e n z e n e a n d c hl or of or m at diff er e nt i niti al

c o n c e ntr ati o ns ( 4  m M, 0. 4  m M, a n d 4 0 μ M).  T h e d e p os-

it e d dr o ps  w er e dri e d fr e el y at r o o m t e m p er at ur e o n a

p ur e gl ass  mi cr os c o p e sli d e  wit h o ut a n y s urf a c e tr e at-

m e nt.  T h e r es ulti n g d e p osits c o nsist e d  m ai nl y of cl u s-

t er e d ( b ul k) str u ct ur es,  wit h a t hi n fil m o b s er v e d

b et w e e n t h e cl u st ers.  A s p e ctr al  m a p of 2 0 2 5 μ m  w as

a c q uir e d a n d e v al u at e d, c o nsisti n g of 5 0 0 s p e ctr a ( 1 s p e c-

tr u m/μ m i n b ot h a x es).  Usi n g t h e  Tr u e  C o m p o n e nt

A n al ysis,  w e h a v e c o nsist e ntl y i d e ntifi e d t w o  m ai n

s p e ctr al c o m p o n e nts al o n g  wit h t h e si g n al c orr es p o n di n g

t o t h e b a c k gr o u n d ( Fi g ur e S 3 ).  T h e first ( m ost pr e v al e nt)

c o m p o n e nt e m er gi n g fr o m t h e cl ust ers  w as assi g n e d t o

t h e i nt a ct t hir a m  m ol e c ul e b as e d o n t h e pr es e n c e of a

pr o mi n e nt b a n d at 5 6 0 c m 1 ( c orr es p o n di n g t o t h e

ν ( S- S) vi br ati o n) a n d o v er all s p e ctr al si mil arit y t o t h e

r es ults of s ol uti o n p h as e  m e as ur e m e nt.  W ell-r es ol v e d

t hir a m s p e ctr a  w er e o bt ai n e d usi n g b ot h s ol v e nts a n d at

all c o n c e ntr ati o ns a n d  wit h g o o d q u alit y e v e n at 4 0 μ M

i niti al c o n c e ntr ati o n ( Fi g ur e 4 ). It is li k el y t h at t hir a m

c o ul d b e i d e ntifi e d b y  D C D R e v e n at c o n c e ntr ati o ns 1 or

F I G U R E  3 O v erl ai d  R a m a n s p e ctr a

of t hir a m diss ol v e d t o 1 0 0  m g/ ml

( 4 1 6  m M) c o n c e ntr ati o n i n c hl or of or m

( bl a c k) a n d b e n z e n e ( gr e e n).  R e gi o ns

wit h hi g h s ol v e nt si g n al  w er e o mitt e d.

S p e ctr a  w er e b as eli n e c orr e ct e d a n d

n or m ali z e d t o t h e s a m e i nt e nsit y of t h e

b a n d at 5 6 3 c m 1 .  R a m a n b a n d

c orr es p o n di n g t o t h e ν ( C- H) vi br ati o n of

c hl or of or m  H- b o n d e d t o t hir a m is

m ar k e d b y a d a g g er.
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2 or d ers of  m a g nit u d e l o w er.  T h e o v er all s p e ctr al

s h a p e  w as hi g hl y si mil ar t o t h e t hir a m si g n al o bt ai n e d

fr o m s ol uti o n  m e as ur e m e nts,  wit h b a n d assi g n m e nts

pr o vi d e d i n  T a bl e 3 .

T h e s e c o n d s p e ctr al c o m p o n e nt, c o mi n g pri m aril y

fr o m t h e t hi n fil ms, l a c k e d t h e c h ar a ct eristi c b a n d at

5 6 0 c m 1 a n d e x hi bit e d d o w ns hift e d b a n ds i n t h e  C H

str et c hi n g r e gi o n.  T h e i n cr e as e i n its si g n al  w as o bs er v e d

i n t h e c as e of d e p osits ori gi n ati n g fr o m 4 0 μ M t hir a m

s ol uti o n i n b e n z e n e a n d i n all s a m pl es ori gi n ati n g fr o m

c hl or of or m s ol uti o n ( Fi g ur e S 3 ).  T h er ef or e, t his c o m p o-

n e nt m a y c orr es p o n d t o t h e d e gr a d e d f or ms of t hir a m,

w hi c h t e n ds t o u n d er g o S- S b o n d cl e a v a g e t o f or m t w o

di m et h ylt hi o c ar b a m at e i o ns t h at c a n f urt h er d e gr a d e

t o di m et h yl a mi n e a n d c ar b o n dis ulfi d e.  T h e r at e of d e gr a-

d ati o n  w as l o w er  w h e n b e n z e n e  w as us e d as s ol v e nt,

w hi c h c o ul d b e r el at e d t o t h e e xist e n c e of h y dr o g e n

b o n ds b et w e e n t hir a m a n d c hl or of or m  w e a k e ni n g t h e

dis ulfi d e b o n d.

3. 4 | S E R S s p e ct r a

S E R S s p e ctr a of t hir a m  w er e o bt ai n e d usi n g c o m m er ci al

n a n ostr u ct ur al s u bstr at e fr o m S E R Siti v e.  T his  w as pr e-

p ar e d usi n g t h e el e ctr o d e p ositi o n of sil v er n a n o p arti cl es

o n a n i n di u m ti n o xi d e gl ass s urf a c e.  As d e cl ar e d, t h e

str u ct ur e of sil v er n a n o p arti cl es o bt ai n e d usi n g t his

a p pr o a c h gi v es e x c ell e nt a n d u nif or m si g n al e n h a n c e-

m e nt.  T o a c hi e v e hi g h- q u alit y s p e ctr a, a r el ati v el y hi g h

c o n c e ntr ati o n of s a m pl es ( 1 0 4 M) a n d t w o t y p es of s ol-

v e nts  w er e utili z e d: first,  w at er,  wit h  w hi c h t hir a m is

m ost oft e n e n c o u nt er e d  w h e n us e d as a f u n gi ci d e a n d

r e p ell e nt i n i n d ustr y, a n d s e c o n d, b e n z e n e, i n  w hi c h t hi-

r a m u n d er w e nt  mi ni m al d e gr a d ati o n i n t h e s ol uti o n

p h as e a n d  D C D R e x p eri m e nts.  T h e s a m pl es  w er e d e p os-

it e d ( 2 μ l) o nt o t h e s u bstr at e a n d  m e as ur e d aft er dr yi n g.

Si mil ar t o pr e vi o us c as es, s p e ctr al  m a ps of 2 5 2 5 μ m

c o nt ai ni n g 2, 5 0 0 s p e ctr a  w er e a c q uir e d ( 2 s p e ctr a/ μ m

i n b ot h a x es).  U p o n  m a p e v al u ati o n ( usi n g t h e  Tr u e

C o m p o n e nt  A n al ysis t o ol), t w o  m ai n c o m p o n e nts  w er e

i d e ntifi e d ( Fi g ur e S 4 )— t h e first  wit h a h o m o g e n e o us dis-

tri b uti o n c orr es p o n di n g t o t hir a m a n d t h e s e c o n d l o c al-

i z e d i n s e v er al s m all ar e as ( e v e n p oi nts)  w h er e t h e

s a m pl e  w a s p h ot o d e c o m p os e d ( b ur n e d) t o gr a p hiti c c ar-

b o n. F or m ati o n of b ul ks of cl ust ers h as n ot b e e n

o bs er v e d.  T h e r es ulti n g S E R S s p e ctr a of t hir a m ar e

s h o w n i n Fi g ur e 5 .

T h e s p e ctr a of b ot h s a m pl es  m at c h  w ell a b o v e

7 0 0 c m 1 , e x c e pt f or a s h o ul d er at ar o u n d 1, 5 7 5 c m 1 ,

w hi c h c o ul d b e attri b ut e d t o i m p erf e ct b a c k gr o u n d s u b-

tr a cti o n or r esi d u al si g n al of p h ot o d e c o m p os e d s a m pl e.

N e v ert h el ess, n ot a bl e diff er e n c es  w er e o bs er v e d i n t h e

l o w- w a v e n u m b er r e gi o n.  T h e s a m pl e pr e p ar e d fr o m a

w at er s ol uti o n e x hi bit e d a si g nifi c a nt d e cr e as e ( b y  m or e

t h a n 5 0 %) i n t h e i nt e nsit y of t h e b a n ds at 5 6 3, 4 4 3, a n d

3 4 7 c m 1 , a n d a n e w b a n d e m er g e d at 2 5 5 c m 1 .  T his

o bs er v ati o n is p arti c ul arl y si g nifi c a nt f or t h e b a n d at

5 6 3 c m 1 ,  w hi c h is k n o w n t o c orr es p o n d t o t h e ν ( S- S)

vi br ati o n i n st a n d ar d  R a m a n a n d  D C D R  m e as ur e m e nt s.

I n S E R S, t h e r el ati v e i nt e nsiti e s of b a n ds ar e t y pi c all y dif-

f er e nt fr o m t h os e o bs er v e d i n st a n d ar d  R a m a n s c att eri n g

a n d t h er ef or e c a n n ot b e dir e ctl y c o m p ar e d.  H o w e v er, if

t w o S E R S  m e as ur e m e nts o nl y diff er i n t h e s ol v e nt us e d,

F I G U R E  4 D C D R s p e ctr a of t hir a m  m e as ur e d fr o m dri e d d e p osits ( b ul ks) fr o m s ol uti o ns of 1  m g/ ml ( 4. 2  m M, bl a c k), 0. 1  m g/ ml

( 0. 4  m M, r e d), a n d 0. 0 1  m g/ ml ( 4 0 μ M, bl u e) c o n c e ntr ati o n i n c hl or of or m (l eft) a n d b e n z e n e (ri g ht). S p e ctr a  w er e a c q uir e d fr o m s el e ct e d

ar e as of s p e ctr al  m a ps t h at di d n ot s h o w e vi d e n c e of t hir a m d e c o m p ositi o n.

6 V A L Á Š K O V Á E T  A L .
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c h a n g es i n t h e r el ati v e i nt e nsiti e s of t h e b a n ds ar e si g nifi-

c a nt a n d  m e a ni n gf ul.  T h e i m pli c ati o ns of s u c h c h a n g es

ar e dis c uss e d i n d et ail i n S e cti o n 4 .

3. 5 | P E S s c a n

T h e t hir a m  m ol e c ul e c o nsist s of t w o di m et h yl dit hi o c ar-

b a m at e gr o u ps c o n n e ct e d b y a dis ulfi d e ( S- S) b o n d

( as s h o w n i n Fi g ur e 1 ).  T h es e gr o u ps ar e pl a n ar d u e

t o t h e r es o n a n c e c h ar a ct er, si mil arl y t o t h e p e pti d e

gr o u p.  H o w e v er, b e c a us e of t h e dis ulfi d e b o n d, t h er e

ar e t hr e e di h e dr al a n gl es — χ 1 ( N- C- S- S), χ 2 ( C- S- S- C),

a n d χ '1 ( S- S- C- N)— w hi c h gi v e t h e  m ol e c ul e fl e xi bilit y

i n its c o nf or m ati o n.

T h e a n gl es χ 1 a n d χ '1 h a v e t h e s a m e r a n g e of p ossi bl e

v al u es b e c a us e of s y m m etr y, b ut t h e pr ef err e d v al u es f or

t h e a n gl e χ 2 ar e diff er e nt.  T h e f a v or e d c o nf or m ati o n al

arr a n g e m e nts  w er e d et er mi n e d b y p erf or mi n g P E S

s c a ns al o n g s p e cifi c c o or di n at es ( di h e dr al a n gl e) at

B 3 L Y P/ 6- 3 1 G/ c p c m ( c hl or of or m) l e v el of t h e or y.  T h e

st arti n g p oi nt f or t h es e s c a ns  w a s a n o pti mi z e d str u ct ur e

of t h e “ str et c h e d ” c o nf or m er,  w hi c h h a d t h e di h e dr al

a n gl es of ( χ 1 , χ 2 , χ '1 ) ( 1 8 0 , 9 0 , a n d 1 8 0 ).  T h e 1 D

s c a n of t h e di h e dr al a n gl e χ 2 ,  wit h χ 1 a n d χ '1 s et t o 1 8 0 ,

r e v e al e d t w o a d diti o n al  mi ni m a at + 9 0 a n d 1 8 0

( as s h o w n i n Fi g ur e 6 , l eft). Si mil arl y, t h e 1 D s c a n of t or-

si o n a n gl e χ 1 ,  wit h χ 2 s et t o 9 0 a n d χ '1 t o 1 8 0 , i d e nti-

fi e d t w o ot h er  mi ni m a at a p pr o xi m at el y + 4 0 a n d 4 0

( as s h o w n i n Fi g ur e 6 ,  mi d dl e).  T o a c c o u nt f or t h e

m ut u al i nfl u e n c e of t h e c o nf or m ati o n al pr ef er e n c es of

t h e a n gl es χ 1 a n d χ 2 , a t w o- di m e nsi o n al ( 2 D) s c a n  w as

als o p erf or m e d,  wit h χ '1 r estri ct e d t o 1 8 0 .  T his s c a n i d e n-

tifi e d a t ot al of s e v e n l o c al e n er g y  mi ni m a, l a b el e d as

M 1 – M 7 , (s e e  Fi g ur e 6 , ri g ht),  wit h v al u es of (χ 1 , χ 2 ) �

{( 1 8 0 , 1 8 0 ), ( 1 8 0 , 9 0 ), ( 1 8 0 , 9 0 ), ( 3 2 , 1 0 8 ), ( 2 8 ,

F I G U R E  5 S E R S s p e ctr a of t hir a m

m e as ur e d fr o m dri e d d e p osits fr o m

1  m g/ ml s ol uti o ns i n b e n z e n e ( bl a c k)

a n d  w at er (r e d). S p e ctr a  w er e c orr e ct e d

f or t h e si g n al of p h ot o d e c o m p os e d

( b ur n e d) s a m pl e a n d b as eli n e a n d

n or m ali z e d o n t h e s a m e i nt e nsit y t o t h e

b a n d at 1, 3 7 8 c m 1 .

F I G U R E  6 O n e- di m e nsi o n al P E S s c a ns of t hir a m di h e dr al a n gl es χ 1 (l eft) a n d χ 2 ( mi d dl e).  E n er g y  mi ni m a ar e hi g hli g ht e d i n r e d c ol or.

T w o- di m e nsi o n al P E S s c a n of t hir a m di h e dr al a n gl es χ 1 a n d χ 2 (ri g ht). χ 0
1 a n gl e  w as k e pt at 1 8 0 d uri n g t h e s c a n.  E n er g y  mi ni m a ar e

s e q u e nti all y l a b el e d  M 1 – M 7 a c c or di n g t o t h eir d e pt h.

V A L Á Š K O V Á E T  A L . 7
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8 0 ), ( 2 8 , 8 0 ), ( 3 2 , 1 0 8 )},  w hi c h c orr es p o n d  w ell

t o t h e v al u es o bs er v e d i n t h e 1 D s c a ns.

T o d et er mi n e t h e  m o st st a bl e c o nf or m ati o ns of

t hir a m, 2 7 diff er e nt str u ct ur es  w er e cr e at e d ( c o m bi ni n g

t h e f a v or e d v al u es of a n gl es of χ 1 , χ 2 , a n d χ '1 ) a n d o pti-

mi z e d at a hi g h er l e v el of t h e or y ( B 3 L Y P/ 6 3 1 1 + + G * */

c p c m ( c hl or of or m)).  Aft er o pti mi z ati o n, 1 1 u ni q u e

str u ct ur e s  w er e o bt ai n e d, c o nsisti n g of fi v e p airs of e n a n-

ti o m ers (str u ct ur es t h at ar e  mirr or i m a g es t o e a c h ot h er,

s u c h as  A 1 a n d  A 2 i n  Fi g ur e 7 ) a n d o n e n o n- c hir al

str u ct ur e. Si n c e R a m a n s c att eri n g c a n n ot diff er e nti at e

b et w e e n e n a nti o m ers, it is p ossi bl e t o gr o u p t h e m

t o g et h er, r es ulti n g i n a t ot al of si x p ossi bl e t hir a m str u c-

t ur es.  T h e g e o m etr y p ar a m et ers, t h er m o c h e mi c al pr o p er-

ti es, a n d  m ol ar r ati os of e a c h c o nf or m er ( c al c ul at e d usi n g

t h e  B olt z m a n n st atisti cs) ar e pr es e nt e d i n  T a bl e 2 .  E a c h

c o nf or m er is als o d es cri b e d usi n g t h e c o n v e nti o n al n ot a-

ti o n,  w h er e t (tr a ns), g + ( g a u c h e pl us ), a n d g ( g a u c h e

mi n us) ar e us e d f or χ 1 a n d χ '1 v al u es of 1 8 0 , + 4 0 , a n d

4 0 , r es p e cti v el y. F or t h e a n gl e χ 2 , t, d , a n d g st a n d f or

1 8 0 , + 9 0 , a n d 9 0 , r es p e cti v el y.  T h e  m ol ar r ati os of

c o nf or m ers sli g htl y v ar y d e p e n di n g o n t h e t h er m o d y-

n a mi c p ot e nti al us e d, b ut i n all c as es, t h e  A c o nf or m er

(tg t or td t) is t h e  m ost pr e v al e nt  wit h 8 0. 7– 9 5. 7 %.

3. 6 | S p e ct r al  m a r k e r s of diff e r e nt
c o nf o r m e r s

T h e t hir a m c o nf or m ers diff er n ot o nl y i n t h eir e n er gi es

b ut als o i n t h eir  R a m a n s p e ctr a.  T h es e s p e ctr al diff er-

e n c es c a n b e us e d t o i d e ntif y a n d c o nfir m t h e r el ati v e

pr o p orti o ns of t h e diff er e nt c o nf or m ati o ns d et er mi n e d

s ol el y b as e d o n e n er gi es. F or t his p ur p o s e, it is c o n v e-

ni e nt t o di vi d e t h e  R a m a n s p e ctr u m of t hir a m i nt o t hr e e

m ai n r e gi o ns:

i.  T h e C H str et c hi n g r e gi o n ( 2, 9 0 0– 3, 3 0 0 c m 1 ),  w hi c h

is n ot v er y us ef ul f or disti n g uis hi n g b et w e e n c o nf or-

m ati o ns b e c a us e t h e  w a v e n u m b ers of t h e  m et h yl

gr o u p str et c hi n g vi br ati o ns d o n ot v ar y e n o u g h, as

s h o w n i n Fi g ur e S 5 .  T h e o nl y e x c e pti o n is t h e f ull y

F I G U R E  7 E n a nti o m eri c t hir a m c o nf or m ers  A 1 a n d  A 2 ; t h e

c orr es p o n di n g g e o m etr y p ar a m et ers ar e s h o w n i n  T a bl e 2 .  At o mi c

t y p es ar e l a b el e d b y c ol or: s ulf ur, y ell o w; c ar b o n, gr a y; nitr o g e n,

bl u e; a n d h y dr o g e n,  w hit e.

T A B L E  2 G e o m etri c a n d t h er m o d y n a mi c p ar a m et ers of u ni q u e t hir a m c o nf or m ers.

C o nf o r m e r

T h e r m o d y n a mi c s η

χ 1 χ 2 χ 1 ‘

T y p e

Δ E Δ E 0 Δ H Δ G Δ E Δ E 0 Δ H Δ G

( ) ( k c al / m ol ) ( % )

A 1 1 7 7 9 1 1 7 7 td t 0. 0 0 0. 0 0 0. 0 0 0. 0 0 8 0. 8 8 7. 2 8 3. 1 9 5. 7

A 2 1 7 7 9 1 1 7 7 tg t

B 1 2 8 8 1 1 7 0 g + d t 1. 2 7 1. 5 1 1. 3 4 2. 2 8 9. 5 6. 8 8. 7 2. 0

B 2 1 7 0 8 1 2 8 tg g

C 1 3 1 1 0 8 1 7 9 g d t 1. 6 9 1. 8 8 1. 7 5 2. 3 4 4. 7 3. 7 4. 3 1. 8

C 2 1 7 9 1 0 8 3 1 tg g +

D 1 3 8 8 0 3 9 g + d g + 1. 9 2 2. 4 9 2. 1 1 3. 9 2 3. 2 1. 3 2. 3 0. 1

D 2 3 9 8 0 3 8 g g g

E 1 3 2 1 0 0 3 8 g + d g 2. 3 5 2. 8 2 2. 5 1 4. 2 8 1. 5 0. 7 1. 2 0. 1

E 2 3 2 1 0 0 3 8 g g g +

F 1 8 0 1 8 0 1 8 0 ttt 3. 2 8 3. 2 7 3. 2 4 3. 6 7 0. 3 0. 3 0. 3 0. 2

A b br e vi ati o ns: Δ E , t h e e n er g y diff er e n c e b et w e e n t h e c urr e nt c o nf or m er a n d c o nf or m er  wit h t h e l o w est e n er g y; Δ E 0 , z er o p oi nt e n er g y diff er e n c e; Δ H ,

e nt h al p y diff er e n c e; Δ G ,  Gi b bs e n er g y diff er e n c e; η ,  m ol ar r ati o c o nf or m er c al c ul at e d b as e d o n t h e  B olt z m a n n distri b uti o n at 2 0 C, l e v el of c al c ul ati o ns

B 3 L Y P/ 6- 3 1 1 + + G * */ c p c m ( c hl or of or m).

8 V A L Á Š K O V Á E T  A L .
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str et c h e d c o nf or m ati o n F ( ttt),  w hi c h h as a sli g htl y

diff er e nt  N H str et c hi n g b a n ds' pr ofil e.  Als o, t h e

c h a n g es i n b a n d i nt e nsiti e s b et w e e n c o nf or m ati o ns

ar e t o o s m all t o e n a bl e c o nf or m er r e c o g niti o n  w h e n

c o m p ar e d t o t h e e x p eri m e nt al s p e ctr u m.

ii.  T h e C H d ef or m ati o ns a n d t hi o c ar b a m at e vi br ati o ns

r e gi o n ( 1, 0 0 0– 1, 6 0 0 c m 1 ), i n  w hi c h s p e ctr a c a n b e

di vi d e d i nt o t hr e e gr o u ps b as e d o n t h e d e gr e e of

str et c hi n g or p a c ki n g of t h e  m ol e c ul e.  T h es e

gr o u ps i n cl u d e “ str et c h e d ” c o nf or m ers  A a n d F,

“ s e mi- p a c k e d ” c o nf or m ers  B a n d  C, a n d “ p a c k e d ”

c o nf or m ers  D a n d  E.  T h e s p e ctr a of t h e

str et c h e d c o nf or m ers ar e sli g htl y  m or e di v ers e d u e t o

a l ar g e c h a n g e i n t h e v al u e of χ 2 a n gl e, b ut t h e s p e c-

tr a i n t h e r e m ai ni n g t w o gr o u ps  m at c h  w ell (s e e

Fi g ur e 8 ).  T his b e h a vi or is c a u s e d b y t h e s p e ctr al

b a n d, w hi c h w a v e n u m b er is v er y s e nsiti v e t o t h e

v al u e of t h e χ 1 a n d χ '1 a n gl e ( m o d es 3 9 a n d 4 0, ρ [ C-

H 3 ] + ν [ N- C H3 ]; s e e  T a bl es S 1 a n d 3 ).  W h e n at l e ast

o n e of t h es e a n gl es h as a tr a ns c o nf or m ati o n, t h e

b a n d is f o u n d at 1, 2 6 7 c m 1 ( c o nf.  A), 1, 2 7 3 c m 1

( c o nf.  F), or a p pr o xi m at el y 1, 2 6 0 c m 1 ( c o nf.  B a n d

C).  O n t h e ot h er h a n d, if at l e ast o n e of t h es e a n gl es

h as a g a u c h e c o nf or m ati o n, t h e b a n d is f o u n d at

a p pr o xi m at el y 1, 2 4 3 c m 1 ( c o nf.  B,  C,  D, a n d  E). I n

t h e e x p eri m e nt, o nl y o n e b a n d is o bs er v e d i n

t h e 1, 2 0 0– 1, 3 0 0 c m 1 r e gi o n; t h er ef or e, s e mi- p a c k e d

c o nf or m ers  B a n d  C c a n b e e x cl u d e d. F or t h e f urt h er

assi g n m e nt, a dir e ct c o m p aris o n t o t h e e x p eri m e nt is

n ot p ossi bl e as t h er e is a s hift b et w e e n e x p eri m e nt al

a n d c al c ul at e d b a n d p ositi o ns.  H o w e v er, b y c o m p ar-

i n g t h e r el ati v e dist a n c es t o t h e n e ar est t w o b a n ds i n

b ot h e x p eri m e nt al a n d c al c ul at e d s p e ctr a, it is p ossi-

bl e t o esti m at e  w hi c h c o nf or m ati o n t hir a m f a v ors.

T h e  m e as ur e m e nt i n c hl or of or m pr o vi d e d a tri o of

b a n ds at 1, 1 5 5, 1, 2 4 9, a n d 1, 3 8 2 c m 1 ,  wit h dist a n c es

of 9 4 a n d 1 3 3 c m 1 .  T h e c al c ul ati o n r es ult e d i n dis-

t a n c es of 9 4 a n d 1 3 4 c m 1 f or c o nf or m er  A a n d

8 1 a n d 1 6 8 c m 1 f or c o nf or m er  D.  A d diti o n all y, i n

t h e s p e ctr u m of c o nf or m er F, a r at h er i nt e ns e b a n d

at 1, 0 3 7 c m 1 w a s o bs er v e d t h at is n ot pr es e nt i n t h e

e x p eri m e nt.  T h er ef or e, t h e c o m p aris o n t o t h e e x p eri-

m e nt al s p e ctr u m str o n gl y i n di c at es t h at c o nf or m er  A

d o mi n at es t h e c o nf or m er r ati o.

iii.  T h e C- S a n d S- S str et c hi n g a n d s k el et al vi br ati o ns

r e gi o n ( 0– 1, 0 0 0 c m 1 ), i n  w hi c h t h e diff er e n c es

a m o n g t h e c o nf or m ers ar e  m ost pr o mi n e nt ( as

s h o w n i n Fi g ur e 9 ).  A g ai n, t h e c o nf or m ers c a n b e

di vi d e d i nt o t hr e e c at e g ori es: str et c h e d ( A, F), h alf-

p a c k e d ( B,  C), a n d p a c k e d ( D,  E) b as e d o n t h eir b a n d

p ositi o ns ( w a v e n u m b er) a n d i nt e nsit y.  T h e  m ost si g-

nifi c a nt diff er e n c e b et w e e n c at e g ori es is s e e n i n t h e

S- S str et c hi n g vi br ati o n b a n d ( M o d e 2 2 i n  T a bl e 3 ).

F or str et c h e d c o nf or m ers A a n d F, t h e b a n d is

F I G U R E  8 C o m p aris o n of s ol uti o n p h as e  R a m a n s p e ctr a of t hir a m (t o p, l eft)  wit h c al c ul at e d s p e ctr al pr ofil es of t h e t hir a m c o nf or m ers

i n 1, 0 0 0 t o 1, 6 0 0 c m 1 r e gi o n;  B 3 L Y P/ 6- 3 1 1 + + G * */ c p c m ( w at er) l e v el of t h e or y.

V A L Á Š K O V Á E T  A L . 9
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l o c at e d at 5 3 8 a n d 5 4 0 c m 1 , r es p e cti v el y. F or h alf-

p a c k e d c o nf or m ers  B a n d  C, t h e b a n d h as a sli g htl y

hi g h er i nt e nsit y a n d is d o w ns hift e d b y a p pr o xi-

m at el y 7 0 c m 1 t o 4 6 7 a n d 4 7 4 c m 1 , r es p e cti v el y.

A n d f or p a c k e d c o nf or m ers  D a n d  E, t h e b a n d h as

a v er y hi g h i nt e nsit y ( a b o ut 5 ti m es hi g h er t h a n i n

A) a n d is f urt h er d o w ns hift e d b y a n ot h er 7 0 c m 1

t o 3 9 6 a n d 3 8 7 c m 1 , r es p e cti v el y. I n e x p eri m e nts,

t h e S- S str et c hi n g vi br ati o n c a n b e s e e n at

5 6 4 c m 1 ,  w hi c h is  m ost c o nsi st e nt  wit h t h e

str et c h e d c o nf or m ers.

T h e a n al ysis s h o w e d t h at e x p eri m e nt al t hir a m s p e ctr a

a gr e e  wit h t h e c al c ul at e d s p e ctr u m of c o nf or m er  A,

w hi c h is c h ar a ct eri z e d b y t h e tg t/td t str et c h e d c o nf or m a-

ti o n.  T his d o mi n a n c e of c o nf or m er  A is als o s u p p ort e d b y

t h e c o m p aris o n of t h e  w ei g ht e d s p e ctr a of t hir a m

o bt ai n e d b as e d o n t h e Δ E , Δ E 0 , Δ H , a n d Δ G of i n di vi d u al

c o nf or m ers, as s h o w n i n Fi g ur e S 6 .  W ei g ht e d s p e ctr a ar e

v er y si mil ar d u e t o t h e o v er w h el mi n gl y d o mi n a nt c o ntri-

b uti o n of c o nf or m er  A.  T h er ef or e, it is diffi c ult t o d et er-

mi n e t h e  m ost a p pr o pri at e  w ei g hti n g  m et h o d  w h e n

c o m p ar e d t o t h e e x p eri m e nt al s p e ctr u m.  T h e i n di c at ors

e n a bli n g diff er e nti ati o n  mi g ht b e t h e i nt e nsit y r ati o of

b a n ds at 8 4 1 a n d 8 7 4 c m 1 , t h e pr es e n c e of a b a n d at

4 6 8 c m 1 , a n d t h e pr es e n c e of a b a n d at 2 7 6 c m 1 .  H o w-

e v er, n o n e of t h es e f e at ur es ar e o bs er v e d i n t h e e x p eri-

m e nt al s p e ctr a (s e e, e. g., Fi g ur es 2 or 3 ).  T h er ef or e, t h e

T A B L E  3 Vi br ati o n al  m o d e assi g n m e nt of t h e b a n ds i n t h e e x p eri m e nt al  R a m a n s p e ctr a fr o m v ari o us p h as es a n d S E R S

C H Cl 3 C Cl 4 C 6 H 6 P o w d e r S E R S

M o d e  D e s c ri pti o nW a v e n u m b e r ( c m 1 )

1 2 5 1 1 6 - 1 1 1 - 8, 9 τ ( C- H3 )

1 7 7 1 7 5 1 7 5 1 7 8 - 1 0, 1 1 δ ( C- S- S- C) s y m.

2 1 1 - 2 1 6 2 1 3 - 1 2, 1 3, 1 4 ν ( N- C- S- S- C- N), δ ( N- C [ C H3 ]2 )

- - - 2 7 0 - 1 5 δ ( S= C- N- C H 3 )

3 1 1 - 3 1 1 3 1 7 3 4 7 1 6 δ ( S- C= S)

- - 3 5 6 3 6 3 3 4 7 1 7 δ ( S- C= S)

3 9 7 3 9 5 3 9 5 3 9 5 - 1 8, 1 9 ν ( S- C ) + δ ( N-[ C H 3 ] 2 ) r o c ki n g

4 4 6 - 4 4 5 4 4 3 4 4 3 2 0, 2 1 δ ( N-[ C H3 ]2 ) s ciss ori n g

5 6 3 5 6 5 5 6 4 5 6 1 5 6 3 2 2 ν ( S- S )

5 8 5 - 2 4 – 2 6 δ ( C- N S2 ) + δ ( N-[ C H3 ]2 ) s ciss ori n g o p

8 5 5 8 5 7 8 5 5 8 5 1 8 7 0 2 7 ν ( C- S) + ν ( N- C H3 ) s y m.

9 6 1 9 6 1 - 9 5 8 9 3 6 2 9 ν ( C= S) + ρ ( C- H3 ) i p

9 8 7 9 9 2 - 9 7 5 3 0 ν ( C = S ) + ρ ( C- H 3 ) i p

1, 0 5 2 - - 1, 0 4 1 1, 0 1 4 3 2 ρ ( C- H3 ) o p + ν ( N- C H3 ) as y m.  O p

1, 0 8 5 1, 0 8 2 1, 0 8 1 1, 0 8 8 - 3 3, 3 4 ρ ( C- H3 ) o p

1, 1 2 9 1, 1 2 7 1, 1 2 2 1, 1 3 2 - 3 5, 3 6 ρ ( C- H3 ) i p

1, 1 5 5 1, 1 5 6 1, 1 5 2 1, 1 4 9 1, 1 4 2 3 8 ρ ( C- H3 ) i p

1, 2 4 9 1, 2 5 4 1, 2 5 0 1, 2 4 0 1, 2 3 9 3 9, 4 0 ρ ( C- H3 ) o p + ν ( N- C H3 ) as y m. I p

1, 3 8 2 1, 3 7 9 1, 3 8 0 1, 3 7 5 1, 3 7 8 4 1, 4 2 ν ( C- N )

1, 4 1 0 1, 4 1 0 1, 4 0 9 1, 3 9 9 - 4 3, 4 4 δ ( C- H3 ) s y m.  O p

1, 4 5 0 1, 4 5 0 1, 4 5 0 1, 4 6 6 1, 4 4 4 4 7 – 5 2 δ ( C- H3 ) as y m.

1, 4 9 0 - 1, 4 9 0 1, 5 1 0 1, 5 0 3 5 3, 5 4 δ ( C- H3 ) s y m. I p

2, 8 6 4 2, 8 5 3 2, 8 6 0 2, 8 5 1 2, 8 5 3 5 5, 5 6 ν ( C- H3 ) s y m.  O p

2, 9 3 4 2, 9 3 1 2, 9 3 4 2, 9 3 0 2, 9 2 2 5 8 ν ( C- H3 ) s y m. I p

- - - 2, 9 7 0 - 5 9 – 6 1 ν ( C- H3 ) as y m.

- - - 3, 0 2 8 3, 0 2 0 6 3 – 6 6 ν ( C- H3 ) as y m. I p

N ot e :  T h e  m ost disti n ct b a n ds i n t h e e x p eri m e nt al s p e ctr a ar e hi g hli g ht e d i n b ol d.

A b br e vi ati o ns: τ , t wisti n g; ρ , r o c ki n g; ν , str et c hi n g; δ , d ef or m ati o n; as y m., as y m m etri c al; i p, i n p h as e; o p, o ut of p h as e; s y m., s y m m etri c al; -, n ot  m e as ur e d or

o bs er v e d.
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w ei g hti n g b as e d o n t h e  Gi b bs e n er g y  wit h t h e hi g h est

r ati o of c o nf or m er  A ( 9 5. 7 %) a p p e ars t o b e t h e  m ost

a c c ur at e.

3. 7 | Vi b r ati o n al a n al y si s

B as e d o n t h e a n al ysis i n t h e pr e vi o us t w o s e cti o ns, it  w as

f o u n d t h at at st a n d ar d pr ess ur e a n d t e m p er at ur e ( 2 0 C),

t h e str et c h e d c o nf or m er  A h as t h e hi g h est pr o b a bilit y of

o c c urr e n c e.  T h e vi br ati o n al a n al ysi s of t hir a m  w as t h er e-

f or e  m a d e b as e d o n its  R a m a n s p e ctr u m (s e e  T a bl e 3 a n d

Fi g ur e 1 0 ; t h e i n- d et ail assi g n m e nt of all vi br ati o n al

m o d es is m a d e i n  T a bl e S 1 ).  A t hir a m  m ol e c ul e h as

2 4 at o ms a n d t h us 6 6 f u n d a m e nt al vi br ati o ns.  D u e t o t h e

s y m m etr y of t hir a m,  w e disti n g uis h t w o v ari a nts f or e a c h

vi br ati o n — A (s y m m etri c al t o t h e  C 2 a xi s of s y m m etr y) or

B ( as y m m etri c t o t h e  C 2 a xis of s y m m etr y). F or e a c h

dit hi o c ar b a m at e, t h e gr o u p c o nt ai ns t w o  m et h yl s,  w h os e

vi br ati o ns oft e n c o m bi n e i n p h as e or i n a nti p h as e. I n

g e n er al, t h e t hir a m  R a m a n s p e ctr u m is d o mi n at e d b y t h e

b a n ds c orr es p o n di n g t o vi br ati o ns  wit h s y m m etr y  A a n d

r el at e d t o t h e  m o v e m e nt of  m et h yl gr o u ps (r e gi o n of  C H

v al e n c e vi br ati o ns a n d t h e r e gi o n of 1, 0 0 0 – 1, 7 0 0 c m 1 ) or

m o v e m e nt of s ulfi d e gr o u ps ( 0 – 1, 0 0 0 c m 1 ).  T h e a gr e e-

m e nt b et w e e n t h e c al c ul at e d a n d e x p eri m e nt al s p e ctr a is

v er y g o o d,  w hi c h  m a d e it p ossi bl e t o assi g n pr a cti c all y all

vi br ati o n al  m o d es t o t h e c orr es p o n di n g s p e ctr al b a n ds

( e x c e pt f or t h e r e gi o n b el o w 1 0 0 c m 1 ).  Als o, t h e r el ati v e

r ati os b et w e e n t h e i nt e nsiti es of t h e i n di vi d u al b a n ds ar e

r eli a bl y r e pr o d u c e d i n t h e si m ul ati o ns.  T h e o nl y si g nifi-

c a nt d e vi ati o n is s w a p p e d i nt e nsit y of b a n ds 2 2 a n d 2 4 – 2 6.

T h e vi br ati o n al a n al ysi s  w as s u c c essf ul f or all e x p eri-

m e nt al s p e ctr a, r e g ar dl ess of t h e c h os e n p h as e or  m e a-

s ur e m e nt t e c h ni q u e.  T h e f o ur  m ost c h ar a ct eristi c t hir a m

vi br ati o ns ( R a m a n  m ar k ers) ar e ill ustr at e d i n Fi g ur e 1 0

( b ott o m) a n d hi g hli g ht e d i n b ol d i n  T a bl e 3 .  T h es e ar e

r el at e d t o vi br ati o ns of t h e dis ulfi d e gr o u p ( M o d es 1 8 a n d

2 2), t hi o c ar b o n yl gr o u ps ( M o d e 3 0), a n d dit hi o c ar b a m at e

( M o d e 4 1).

4 | D I S C U S S I O N S

4. 1 | R e p r o d u ci bilit y of e x p e ri m e nt al
f e at u r e s i n si m ul ati o n s

T h e s p e ctr a of diff er e nt c o nf or m er s e x hi bit e d s uffi ci e nt

v ari a bilit y t o e n a bl e t h e i d e ntifi c ati o n of t h e pr ef err e d

c o nf or m ati o n, n ot o nl y o n t h e b asis of c al c ul at e d

c o nf or m er e n er gi es ( T a bl e 2 ) b ut als o b e c a us e of t h e

si mil arit y of c al c ul a t e d a n d e x p eri m e nt al s p e ctr al

pr ofil es ( Fi g ur es 8 a n d 9 ).  C o nf or m er  A,  wit h a tg t/td t

c o nf or m ati o n ( Fi g ur e 7 ), w a s f o u n d t o b e pr e d o mi n a nt i n

F I G U R E  9 C o m p aris o n of s ol uti o n p h as e  R a m a n s p e ctr a of t hir a m (t o p, l eft)  wit h c al c ul at e d s p e ctr al pr ofil es of t h e t hir a m c o nf or m ers

i n 0 t o 1, 0 0 0 c m 1 r e gi o n;  B 3 L Y P/ 6- 3 1 1 + + G * */ c p c m ( w at er) l e v el of t h e or y.

V A L Á Š K O V Á E T  A L . 1 1
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t h e e q uili bri u m b y b ot h a p pr o a c h es.  T his fi n di n g is r e a d-

il y e x pli c a bl e si n c e t his c o nf or m er p oss ess es t h e l o w est

st eri c hi n dr a n c e.

A hi g h d e gr e e of c o n c or d a n c e b et w e e n e x p eri m e n-

t al a n d si m ul at e d s p e ctr a all o w e d f or a d et ail e d vi br a-

ti o n al a n al ysis a n d t h e assi g n m e nt of all o bs er v e d

e x p eri m e nt al b a n ds i n t h e s ol uti o n, as  w ell as t h e v ast

m aj orit y of b a n ds fr o m t h e cr yst alli n e p o w d er,  D C D R,

a n d S E R S  m e as ur e m e nts ( T a bl e 3 ).  Alt h o u g h t h e l e v el

of c al c ul ati o n e m pl o y e d f or  R a m a n s p e ctr a si m ul ati o n

( B 3 L Y P/ 6- 3 1 1+ + G * */ c p c m [ c hl or of or m])  w as a d e q u at e,

t h e c al c ul at e d  w a v e n u m b er of S- S str et c hi n g vi br ati o n

w as s o m e w h at i m pr e cis e.  W hil e  m ost c al c ul at e d s p e ctr al

b a n ds ar e sli g htl y u ps hift e d, t h e ν ( S- S) b a n d is sli g htl y

d o w ns hift e d, a k n o w n eff e ct f or  w hi c h a s c ali n g f a ct or of

1. 0 5 h as b e e n pr o p os e d s p e cifi c all y f or ν ( S- S) vi br ati o n t o

i m pr o v e t h e c orr es p o n d e n c e b et w e e n e x p eri m e nt al a n d

c al c ul at e d s p e ctr a. 3 8 H o w e v er, b e c a us e t his f a ct or is ar bi-

tr ar y a n d e m piri c al,  w e c h os e t o pr es e nt c al c ul at e d s p e c-

tr a  wit h o ut a d diti o n al  w a v e n u m b er s c ali n g.

T h e fi n di n gs of o ur c al c ul ati o ns c a n b e c o m p ar e d t o

t h e r e c e nt st u di es c o n d u ct e d b y  Oli vi er a et al.1 8 a n d

I v a n o v et al.1 9 H o w e v er, it s h o ul d b e n ot e d t h at t h es e

st u di es pri m aril y f o c us e d o n t h e i nt er a cti o n b et w e e n

d e gr a d e d t hir a m  m ol e c ul es a n d sil v er at o ms/s urf a c es.

B ot h p a p ers d o pr es e nt  D F T si m ul at e d  R a m a n s p e ctr a f or

t h e i nt a ct t hir a m  m ol e c ul e, b ut t h e s p e cifi c c o nf or m ati o n

us e d is n ot  m e nti o n e d. Fr o m a pl ai n c o m p aris o n of t h eir

F I G U R E  1 0 ( T o p)  C o m p aris o n of t h e c al c ul at e d t hir a m s p e ctr u m b as e d o n t h e Δ G w ei g hti n g of c o nf or m ers wit h e x p eri m e nt al  R a m a n

s p e ctr a o bt ai n e d i n s ol uti o n a n d s oli d p h as e ( T hir  B) a n d S E R S s p e ctr u m.  C orr es p o n di n g b a n ds ar e l a b el e d, a n d t h e n u m b ers c orr es p o n d t o

t h e i n di vi d u al vi br ati o n al  m o d es as s h o w n i n  T a bl es 3 a n d S 1 . ( B ott o m) Ill ustr ati o n of t h e f o ur vi br ati o n al  m o d es c orr es p o n di n g t o t h e  m ost

c h ar a ct eristi c s p e ctr al b a n ds of t hir a m.

1 2 V A L Á Š K O V Á E T  A L .
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m ol e c ul ar s c h e m es a n d si m ul at e d s p e ctr a, it a p p e ars t h at

t h e f or m er p a p er li k el y e m pl o y e d c o nf or m ati o n  A ( w hi c h

w e i d e ntifi e d as t h e pr e v al e nt o n e),  w hil e t h e l att er p a p er

pr o b a bl y us e d t h e li n e ar c o nf or m ati o n F,  w hi c h h as a

n e gli gi bl e a b u n d a n c e.  T his i nf er e n c e is s u p p ort e d b y t h e

s h a p e of t h e  m ol e c ul ar s c h e m e a n d t h e c al c ul at e d b a n d

p ositi o ns i n t h e l o w er  w a v e n u m b er r e gi o n ( e. g., t h e

b a n d at 4 2 0 c m 1 s h o ul d b e a p pr o xi m at el y at 3 9 0 c m 1 ).

C o ns e q u e ntl y, o ur r es e ar c h c o ntri b ut es cl arit y r e g ar d-

i n g t h e b e h a vi or a n d c o nf or m ati o n al fl e xi bilit y of t h e

u n d e gr a d e d (i nt a ct) t hir a m  m ol e c ul e. It s h o w c as es

t h e r e pr o d u ci bilit y of e x p eri m e nt al f e at ur es i n si m ul a-

ti o ns, e n a bli n g t h e i d e ntifi c ati o n of t h e pr ef err e d c o nf or-

m ati o n of t hir a m b as e d o n c al c ul at e d c o nf or m er e n er gi es

a n d t h e a gr e e m e nt b et w e e n c al c ul at e d a n d e x p eri m e nt al

s p e ctr al pr ofil es.

4. 2 | R e s e m bl a n c e of t hi r a m a n d ot h e r
di s ulfi d e g r o u p c o nt ai ni n g s y st e m s

T h e  m ol e c ul ar str u ct ur e of t hir a m cl os el y r es e m bl e s t h e

c e ntr al p art of c ysti n e, or di et h yl dis ulfi d e,  w hi c h is fr e-

q u e ntl y utili z e d as a n S- S bri d g e  m o d el.  T h e c o nf or m a-

ti o n of t h es e  m ol e c ul es, as d et er mi n e d b y t h e v al u e of

t hr e e c e ntr al di h e dr al a n gl es, is d es cri b e d i n t h e s a m e

m a n n er, a n d t h er e is a c o m p ar a bl e c orr el ati o n b et w e e n

t h e  w a v e n u m b er of ν ( S- S) vi br ati o n a n d c o nf or m ati o n i n

all t h es e s yst e ms.  A r ul e pr o p os e d i n 1 9 7 0s 3 9, 4 0 st at es t h at

R a m a n b a n ds attri b ut e d t o dis ulfi d e b o n d str et c h  m oti o n,

o bs er v e d at 5 0 0, 5 2 0, a n d 5 4 0 c m 1 , s h o ul d b e

assi g n e d t o t hr e e r ot a m ers d efi n e d al o n g t h e t hr e e s u c-

c essi v e b o n ds of t h e - C- S- S- C-  m oi et y, d esi g n at e d as g g g ,

g g t, a n d tg t.  T his r ul e fits  w ell f or di et h yl dis ulfi d e4 1 – 4 3

a n d is als o utili z e d f or  R a m a n- b as e d assi g n m e nt of S- S

bri d g es c o nf or m ati o n i n p e pti d es, 4 4 – 4 6 alt h o u g h r e c e nt

o bs er v ati o n s s u g g est t h at t h e sit u ati o n is  m or e c o m pl e x

a n d r e q uir es r efi n e m e nt of t his b asi c r ul e. 3 8, 4 7 N e v ert h e-

l ess, o ur  D F T si m ul ati o ns ( Fi g ur e 8 ) r e v e al e d a si mil ar

tr e n d,  wit h R a m a n b a n ds c orr es p o n di n g t o t h e ν ( S- S)

vi br ati o n of g g g , g g t, a n d tg t c o nf or m er s f o u n d at 3 9 0,

4 7 0, a n d 5 4 0 c m 1 , r es p e cti v el y ( 4 1 0, 4 9 5, a n d

5 6 5 c m 1 if a s c ali n g f a ct or of 1. 0 5 is e m pl o y e d).  T h e

pri m ar y diff er e n c e is t h e i n cr e as e i n t h e  w a v e n u m b er g a p

b et w e e n t h es e b a n ds,  w hi c h ris es fr o m 2 0 c m 1 f or

di et h yl dis ulfi d e t o 8 0 c m 1 f or t hir a m.

4. 3 | C o m p a ri s o n of e x p e ri m e nt al
s p e ct r a

Fi g ur e 1 0 a n d  T a bl e 3 c a n b e utili z e d t o f a cilit at e t h e dis-

c ussi o n of si mil ariti es a n d diff er e n c es o bs er v e d i n t hir a m

s p e ctr a o bt ai n e d b y v ari o us t e c h ni q u es a n d i n diff er e nt

p h as es.  B as e d o n t h e c al c ul ati o ns, t h e c o nf or m ati o n of

t hir a m  m ol e c ul e i n t h e s ol uti o n p h as e h as b e e n i d e nti-

fi e d as tg t/td t i n b ot h b e n z e n e a n d c hl or of or m.  T his pr e-

f err e d arr a n g e m e nt is n ot alt er e d b y dr yi n g, as e vi d e n c e d

b y t h e si mil arit y of  D C D R s p e ctr a o bt ai n e d fr o m dri e d

d e p osits  wit h s p e ctr a fr o m s ol uti o n ( Fi g ur e S 7 ). F urt h er-

m or e, t h e T hir B c o m p o n e nt fr o m cr yst alli n e p o w d er

m e as ur e m e nts e x hi bits si mil ar b a n d p ositi o ns a n d i nt e n-

siti es t o s ol uti o n t hir a m s p e ctr a ( Fi g ur e S 7 ),  w hil e t h e

s p e ctr u m of T hir A c o m p o n e nt e x hi bits  mi n or diff er-

e n c es r el at e d o nl y t o r el ati v e b a n d i nt e nsiti es, p arti c u-

l arl y i n t h e r e gi o n b el o w 7 0 0 c m 1 , h o w e v er  wit h o ut a n y

b a n d s hifts ( Fi g ur e 2 ).

T h e dis p arit y b et w e e n t h e s p e ctr a of  T hir  A a n d  T hir

B c o m p o n e nts t h er ef or e c a n n ot b e attri b ut e d t o c o nf or-

m ati o n al p ol y m or p his m, f or s p e ctr a of diff er e nt c o n-

f or m ers  m a nif est a n u m b er of b a n d s hifts. I nst e a d, it

c o ul d aris e fr o m eit h er p a c ki n g p ol y m or p his m or t h e

i nfl u e n c e of cr yst al gr ai n si z e. Pr e vi o us st u di es h a v e d e m-

o nstr at e d t h at t h e i nt e nsit y of l o w  w a v e n u m b er vi br a-

ti o n al  m o d es i n  R a m a n  m e as ur e m e nts of cr yst alli n e

p o w d er s a m pl es c a n b e aff e ct e d b y t h e si z e of cr yst al

gr ai ns. 2 2, 2 3, 4 8, 4 9 C o nsi d eri n g t h at t h e o bs er v e d diff er e n c es

b et w e e n  T hir  A a n d  T hir  B s p e ctr a ar e  m ostl y s u btl e a n d

c o nfi n e d t o t h e r e gi o n b el o w 5 0 0 c m 1 ,  w e d e e m t h e l at-

t er e x pl a n ati o n t o b e t h e  m ost pl a usi bl e.

4. 4 | St a bilit y of t hi r a m  m ol e c ul e i n
diff e r e nt p h a s e s

T hir a m e x hi bit s r el ati v e i nst a bilit y a n d is s us c e pti bl e t o

d e gr a d ati o n, st arti n g  wit h t h e cl e a v a g e of t h e dis ulfi d e

b o n d i nt o t w o di m et h yl dit hi o c ar b a m at e a ni o ns.  U V r a di-

ati o n a n d h u mi dit y h a v e b e e n i d e ntifi e d as tri g g ers of t his

pr o c ess. 2 4, 5 0, 5 1 T h e pr es e nt st u d y ai m e d t o i n v esti g at e t h e

st a bilit y of t hir a m cr y st alli n e p o w d er a n d s ol uti o ns i n dif-

f er e nt s ol v e nts, n a m el y, b e n z e n e, c hl or of or m, a n d  w at er,

wit h a f o c us o n t h e eff e ct of dr yi n g  m et h o ds a n d s ol v e nt-

s ol ut e i nt er a cti o ns.  T h e r es ults s h o w e d t h at t hir a m cr ys-

t alli n e p o w d er a n d s ol uti o ns i n b e n z e n e a n d c hl or of or m

ar e g e n er all y st a bl e.  H o w e v er, e vi d e n c e of d e gr a d ati o n

w as o bs er v e d i n  D C D R a n d S E R S  m e as ur e m e nts, s u g-

g esti n g t h at t h e c o m bi n ati o n of t h e dr yi n g pr o c ess a n d

t h e s ol v e nt's c a p a bilit y t o cr e at e i nt er m ol e c ul ar  H- b o n ds

wit h t hi o gr o u ps  m a k e t h e dis ulfi d e b o n d  m or e v ul n er a-

bl e t o d e gr a d ati o n.  T h e S E R S s p e ctr a of dri e d s a m pl es

fr o m b e n z e n e a n d  w at er s ol uti o ns ( Fi g ur e 5 ) s h o w e d t h at

t h e i nt e nsit y of 5 6 0 c m 1 b a n d  w as l ess t h a n h alf i n t h e

l att er c as e.  A d diti o n all y,  D C D R  m e as ur e m e nts r e v e al e d

i n cr e as e d t hir a m d e gr a d ati o n  w h e n diss ol v e d i n c hl or o-

f or m ( Fi g ur e S 3 ) i n  w hi c h e vi d e n c e of h y dr o g e n b o n ds
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b et w e e n c hl or of or m a n d t hir a m  w as d et e ct e d ( Fi g ur e 2 ).

T h er ef or e, t h es e o bs er v ati o ns s u g g est t h at t h e c h oi c e of

s ol v e nt a n d dr yi n g pr o c ess ar e cr u ci al f a ct ors i n  m ai n-

t ai ni n g t h e st a bilit y of t hir a m. It is i m p ort a nt t o n ot e t h at

o ur fi n di n gs  w er e n ot i nfl u e n c e d b y t h e s p e cifi c s p ot c h o-

s e n o n t h e dri e d d e p osit, i n di c ati n g t h at t h e r es ults ar e

c o nsist e nt a n d r e pr o d u ci bl e.  T h e o nl y o bs er v e d h et er o g e-

n eit y  w as ass o ci at e d  wit h  D C D R  m e as ur e m e nts a n d  w as

r el at e d t o t h e v ari ati o ns i n t h e s h a p e of t h e dri e d

d e p osits,  w hi c h h o w e v er di d n ot i m p a ct t h e i d e ntifi c ati o n

of t h e s p e ctr al c o m p o n e nt s.

4. 5 | Diff e r e n c e s i n t hi r a m S E R S s p e ct r a

G e n er all y a c c e pt e d  m e c h a nis m of e n h a n c e m e nt of t hi-

r a m S E R S s p e ctr u m ( m e a s ur e m e nts d o n e o n  A g a q u e o us

c oll oi ds 2 0 a n d  A u fil ms 2 1 ) is b as e d o n t h e i d e a of cl e a v a g e

of t hir a m dis ulfi d e b o n d aft er a ds or pti o n o n t h e  m et al

s urf a c e, l e a di n g t o t h e f or m ati o n of  m o n o d e nt at e or

bi d e nt at e c o or di n ati o n of r es ulti n g di m et h yl dit hi o c ar b a-

m at e a ni o ns t o  m et al at o ms. 2 0 T his li g ati o n s h o ul d l e a d

t o t h e c h ar g e r e distri b uti o n a n d str o n g e n h a n c e m e nt of

t h e ν ( C- N) b a n d at 1, 3 7 8 c m 1 . I n ot h er  w or ds, it is

e x p e ct e d t h at n ot t hir a m its elf b ut pr o d u cts of its d e gr a-

d ati o n ar e o bs er v e d i n S E R S  m e as ur e m e nts.  R e c e nt st u d-

i es s u p p ort e d t his h y p ot h esis, s h o wi n g t h at si m ul at e d

S E R S s p e ctr a of di m et h yl dit hi o c ar b a m at e i o ns b o u n d t o

sil v er ar e hi g hl y si mil ar t o t h e s p e ctr a of t hir a m. 1 8, 1 9

E v e n t h e b a n d at 5 6 0 c m 1 ( c orr es p o n di n g t o ν ( S- S) i n

u n d e gr a d e d t hir a m  m ol e c ul e) is still pr es e nt b ut c orr e-

s p o n ds t o ν ( S- C- S) a n d δ ( C H3 - N- C H3 ) vi br ati o ns of

di m et h yl dit hi o c ar b a m at e a ni o n.

H o w e v er, o ur r es ults ( Fi g ur e 6 ) s u g g est t h at t h e sit u a-

ti o n c a n b e m or e c o m pl e x a n d t h e t y p e of s ol v e nt us e d

f or s a m pl e pr e p ar ati o n pl a ys a cr u ci al r ol e.  T h e i nt e nsit y

of b a n ds b el o w 6 0 0 c m 1 is o v er t w o ti m es hi g h er i n b e n-

z e n e t h a n i n ot h er s ol v e nts, i n di c ati n g t h at a n ot h er t y p e

of a ds or pti o n o c c urs  w h e n t h e s ol v e nt d o es n ot f a cilit at e

t hir a m d e gr a d ati o n.  T hir a m  m a y a ds or b t o  A g t hr o u g h

w e a k i nt er a cti o n  w h e n o nl y t hi o c ar b o n yl gr o u ps ar e

c o or di n at e d t o t h e s urf a c e a n d t h e  m ol e c ul e d o es n ot

u n d er g o d e gr a d ati o n, si mil ar t o t h e c as e of zir a m

a bs or b e d o n  A u s urf a c es. 2 1 T his is s u p p ort e d b y t h e n ot a-

bl e d o w ns hift i n  m o d es 2 9 a n d 3 0 r el at e d t o t h e ν ( C= S)

vi br ati o n a n d c h a n g es i n ot h er  m o d es ( 1 6 – 1 9) ass o ci at e d

wit h t h e vi br ati o ns of t h e  C = S gr o u p i n t h e l o w-

w a v e n u m b er r e gi o n ( Fi g ur e 1 0 a n d  T a bl e 3 ).  T h e f a v or e d

tg t/td t c o nf or m ati o n of t hir a m r e m ai ns u n c h a n g e d, as

t h e ν ( S- S) vi br ati o n d o es n ot s hift i n  w a v e n u m b er.

O ur fi n di n gs i n di c at e t h at b ot h t y p es of c o or di n ati o n

t o t h e  m et al s urf a c e o c c ur a n d t h e s u m of t hir a m a n d

di m et h yl dit hi o c ar b a m at e a ni o n S E R S s p e ctr a is r e c or d e d

i n diff er e nt pr o p orti o ns d e p e n di n g o n t h e s ol v e nt us e d.

T h e c h oi c e of s ol v e nt pl a ys a cr u ci al r ol e d u e t o its a bilit y

t o f or m i ntr a m ol e c ul ar h y dr o g e n b o n ds t o t h e t hi o c ar b o-

n yl gr o u p,  w hi c h  w e a k e ns t h e t hir a m dis ulfi d e b o n d a n d

m a k es it s us c e pti bl e t o d e gr a d ati o n.

5 | C O N C L U S I O N S

T h e st u d y c o n d u ct e d o n t hir a m r e v e al e d s e v er al si g nifi-

c a nt fi n di n gs.  T h e s p e ctr a of t h e cr yst alli n e p o w d er p h as e

of t hir a m e x hi bit e d sli g ht v ari a bilit y i n r el ati v e i nt e nsiti e s

attri b ut a bl e t o t h e v ari a bl e cr yst al gr ai n si z e.  T h e s ol uti o n

p h as e  R a m a n s p e ctr u m of t hir a m  w as o bt ai n e d f or t h e

first ti m e usi n g a c o m bi n ati o n of  m e as ur e m e nts i n t hr e e

diff er e nt s ol v e nts: c hl or of or m, b e n z e n e, a n d t etr a c hl or o-

m et h a n e, pr o vi di n g v al u a bl e i nsi g hts i nt o t h e i nt er a cti o n

b et w e e n t hir a m a n d s ol v e nt us e d.  E vi d e n c e of h y dr o g e n

b o n di n g b et w e e n t hir a m a n d c hl or of or m  w as o bs er v e d.

T h e st u d y h as als o hi g hli g ht e d t h e r eli a bilit y a n d s e n-

siti vit y of  D C D R  m e as ur e m e nts,  wit h hi g h- q u alit y t hir a m

D C D R s p e ctr a o bt ai n e d at a c o n c e ntr ati o n of 4 0 μ M.  T h e

s p e ctr a  w er e hi g hl y si mil ar t o t h os e o bt ai n e d fr o m

t h e s ol uti o n p h as e  m e as ur e m e nt s, v ali d ati n g t h e a c c u-

r a c y of t h e r es ults.  M or e o v er, t h e o bs er v ati o n of a hi g h er

r at e of t hir a m d e gr a d ati o n d uri n g dr yi n g  w h e n a s ol v e nt

c a p a bl e of f or mi n g i ntr a m ol e c ul ar h y dr o g e n b o n ds  wit h

t hir a m  w as us e d pr o vi d es v al u a bl e i nf or m ati o n f or f ut ur e

r es e ar c h.

T h e d et ail e d c o nf or m ati o n al a n al ysis of t hir a m

all o w e d t h e i d e ntifi c ati o n of t h e  m ost a b u n d a nt c o n-

f or m er ( a d o pti n g tg t/td t c o nf or m ati o n) b as e d o n b ot h

c al c ul at e d t h er m o d y n a mi c pr o p erti es a n d s p e ctr al r es e m-

bl a n c e t o t h e e x p eri m e nt.  T his e n a bl e d r eli a bl e b a n d

assi g n m e nt a n d vi br ati o n al a n al ysis, pr o vi di n g a b ett er

u n d erst a n di n g of t h e c o m p o u n d's pr o p erti es.

T h e diff er e n c es o bs er v e d i n t hir a m S E R S s p e ctr a

b as e d o n t h e s ol v e nt us e d f or s a m pl e pr e p ar ati o n i n di c at e

t h at t hir a m c a n b e c o or di n at e d n ot o nl y i n t h e d e gr a d e d

f or m b ut als o i n t h e u n d e gr a d e d f or m.  H o w e v er, f urt h er

e x p eri m e nts a n d si m ul ati o ns ar e r e q uir e d t o v erif y t his

o bs er v ati o n.

O v er all, t his st u d y pr o vi d es v al u a bl e i nsi g ht s i nt o t h e

b e h a vi or of t hir a m i n diff er e nt p h as es a n d s ol v e nts us e d,

as  w ell as i nt o t h e diff er e nti ati o n a n d d et e cti o n of its

d e gr a d e d a n d u n d e gr a d e d f or ms.  T his k n o wl e d g e c a n b e

v er y b e n efi ci al i n f urt h er  w or k t o w ar ds a vi a bl e  R a m a n-

b as e d s e nsi n g a n d q u a ntit ati v e d et e cti o n of t hir a m.  At

pr es e nt, its d et e cti o n is b as e d o n s e v er al S E R S pl atf or ms

(sil v er a n d/ or sil v er/ g ol d n a n o p arti cl es i n diff er e nt f or ms

a n d st at es) as  w ell as o n t h e us e of st a n d ar d c hr o m at o gr a-

p h y s e p ar ati o n  m et h o ds. I n f urt h er pr os p e ct, t h e S E R S

a n d  D C D R s p e ctr a c o m pl e m e nti n g e a c h ot h er as  w ell as
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[ 2 9]  E.  K oči š o v a,  M. Pr o c h a z k a, J.  R a m a n S p e ctr os c. 2 0 1 8 , 4 9 , 2 0 5 0.
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A B S T R A C T   

Drop coating deposition Raman (DCDR) spectroscopy was employed to investigate the melamine compound 
susceptibility to milk infant formula main constituents as lactose and lipids (specifically 1,2-dioleoyl-sn-glycero- 
3-phosphocholine (DOPC), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)). DCDR approach is 
based on the deposition and drying of a small droplet (a few µl) of liquid sample on a hydrophobic substrate. 
After complete evaporation, the analyte is preconcentrated into the dried pattern from which the classical Raman 
spectra are acquired. A simple melamine-blended model reactions were tested (melamine-blended lactose, 
DOPC, and DOPE). From these, lactose was shown to be the most potent reaction partner for melamine, where a 
significant difference in dried pattern between pure and blended lactose was noticed, and the relevant Raman 
spectral changes were observed. Pure and melamine-blended infant formula solutions from two kinds of 
powdered infant formula purchased in the local market were then studied. For pure milk solutions, the drying 
process, as an integral part of the DCDR approach, led to the spatial separation of lipids and carbohydrates in the 
resulting pattern. Acquired Raman spectra revealed that the ring edge of the dried pattern was composed mainly 
of lipids, while the thin film in the central part contained mainly carbohydrates, especially lactose. For the 
melamine-blended formula, the DCDR approach identified that melamine was present only in the central part of 
the dried pattern together with carbohydrates. As a result, it was assumed that melamine has a higher suscep-
tibility for carbohydrates than for lipid molecules, even in milk infant formula.   

1. Introduction 

Melamine, as a small organic molecule characterised by a high ni-
trogen content, is industrially produced from urea. It is widely used in 
diverse industrial applications, including adhesive resin in wood-based 
panels and flooring or material for durable kitchenware, and fertiliser 
in agriculture or impregnation [1–3]. Besides that, melamine is also 
known for its harmful effects on the animal and human body. As early as 
1966, it was shown that melamine-adulterated animal feed had a 
negative impact on sheep [4], nearly 30 years later, a harmful effect was 
shown on rats [5]. Then, in 2004 in Asia and in 2007 in the USA, mel-
amine was illegally added to pet food for dogs and cats, which led to 
stone formation and kidney failure [6]. Global attention on melamine’s 
adverse effects arose when the melamine-contaminated infant formula 
in China in 2008 was uncovered, where melamine was illegally misused 
for the apparent elevation of protein content [7]. The detailed mecha-
nism of melamine-induced toxicity from adulterated infant formula has 
not yet been fully described. However, it is known that co-digestion of 

melamine with cyanuric acid produces insoluble co-crystals present in 
kidney tubules where the physical blockage leads to renal impairment 
[8]. 

Focusing on melamine contamination, the evaluation of the possible 
interaction of melamine with main milk constituents is still of high 
importance. Considering lactose, the most abundant sugar in infant 
formula, it was found that melamine is due to its three amino groups 
targeted for non-enzymatic glycation of reducing sugars yielding 
different products with unknown effects on the human body [9,10]. 
Raman spectroscopy was then applied to study a simple “wet-blended” 
and then spray-dried lactose-melamine mixture [11]. Acquired Raman 
spectra showed a shift of the melamine breathing vibration spectral 
band due to the melamine interaction with lactose, supporting the hy-
pothesis of melamine glycation. 

As Raman spectroscopy is sensitive to melamine Raman spectral 
features, we focused on investigating possible melamine competitive 
reactions with the main constituents of milk infant formula (lactose and 
lipids). We employed the drop coating deposition Raman (DCDR) 
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spectroscopy [12], a vibrational spectroscopic method providing unique 
information about molecular vibrations based on depositing a small 
droplet (a few µl) of low concentrated liquid sample on a hydrophobic 
substrate and allowing it to dry, generally at room temperature. After 
complete evaporation, the analyte is preconcentrated to the dried de-
posit of different forms (ring pattern, spots, crystals…), from which 
classical Raman spectra (single spectra or spectral maps) are accumu-
lated and further analysed. Because of the drying-induced preconcen-
tration, sensitivity for low-concentrated samples is significantly 
improved compared to the classical Raman spectra from the solution 
[13,14]. Choosing a suitable substrate is crucial for optimising a DCDR 
experiment and performance, where hydrophobic substrates are 
preferred. Hydrophobicity affects the resulting pattern’s size, the ana-
lyte’s final preconcentration, and its spatial separation. Generally, the 
formed pattern is an interplay among more factors, such as the type of 
molecular solution (or analyte), i.e. molecular size, charge, concentra-
tion, used solvent, and a selected substrate. 

DCDR spectroscopy introduces a simple and rapid method conve-
nient for sensitive detection of low-concentrated analyte solution or 
suspension with minimal or no sample preparation. This approach has 
already been widely used to study biological molecules, molecular 
mixtures, and real samples [15–20]. 

This study further aimed to investigate the feasibility of detecting 
and identifying melamine based on its interaction with the main milk 
constituents, such as lactose and lipids, in concentrations relevant to 
adulterated infant formulas. Thanks to the symmetrical ring structure of 
the melamine molecule, it has a strong Raman signal around 676 cm−1 

corresponding to the breathing vibration [21–23]. Using the DCDR 
approach and commercial hydrophobic substrate SpectRIMTM from 
Tienta Sciences, it was shown that melamine from an aqueous solution 
can be detected at µM concentrations [24]. Concerning infant formula, 
we also focused on the drying-induced spatial separation of main milk 
constituents into dried deposit pattern for pure and melamine-blended 
milk. For the contaminated sample, powder melamine was added to 
and mixed with lactose powder, lipids (1,2-dioleoyl-sn-glycero-3-phos-
phocholine - DOPC, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine - 
DOPE) and powder milk infant formula and subsequently dissolved in 
water to mimic real situation when illegally blended. In this work, we 
demonstrate that a small drop of the prepared low-concentrated samples 
allowed, after drying, the study of a deposit from which a high-quality 
Raman spectrum could be obtained to determine spatial separation 
and interaction for main milk constituents and melamine. 

2. Material and methods 

2.1. Material 

α-lactose monohydrate (product number L3625) and melamine in 
the form of crystalline powder (product number M2659) were pur-
chased from Sigma-Aldrich at the highest possible purity. Lipids 1,2- 
dioleoyl-sn-glycero-3-phosphocholine powder (DOPC, product number 
850375) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine powder 
(DOPE, product number 850725) were purchased from Avanti polar 
lipids. Two powder milk infant formulas – Sunar and Nutrilon, referred 
to as Sun and Nut, respectively - were obtained at the local market. All 
solutions were prepared in deionised water (Milipore-Q 18.2 MΩ) of 
spectroscopic purity. 

2.2. Sample preparation 

For obtaining Raman spectra by DCDR approach of pure melamine, 
lactose, DOPC, DOPE, Sun and Nut, separate solutions and suspension 
(for lipids) were prepared. The melamine powder was dissolved to the 
final 0.1 mg/ml concentration. Lactose solution was prepared at a final 
concentration of 1.3 mg/ml, and solutions of both infant formulas, Sun 
and Nut, were prepared at a concentration of 7.83 mg/ml in deionised 

water (concentration corresponding to twenty times diluted one dose of 
infant formula). For lipids, samples were prepared as pure liposomal 
suspensions from DOPC and DOPE. The preparation consists of the 
complete lipid dissolution (1 mg/ml in both cases) in a chlor-
oform–methanol mixture in a glass flask. A stream of nitrogen gas was 
used to remove the solvent to form a thin lipid layer on a glass surface. 
Spontaneous vesicle formation began when deionised water was added 
and mixed to hydrate the lipids. Applying an ultrasonic bath achieved 
complete hydration to cloudy nonunillamelar liposome suspension. The 
detailed standard preparation procedure can be seen elsewhere [25]. 
The summary of pure samples used in the study is listed in Table 1. 

Concerning mixtures, a lactose-melamine solution (Lac_Mel) was 
prepared by blending the melamine powder with lactose powder and 
then dissolved in deionised water. Lipid-melamine mixtures (DOPC_Mel, 
DOPE_Mel) were achieved by adding melamine powder to a thin lipid 
layer spread on a glass flask after removing the organic solvent (chlor-
oform–methanol mixture) with subsequent hydration by deionised 
water. Then, melamine powder was intentionally added to the powder 
of two kinds of infant formula and dissolved in deionised water in three 
different concentrations of melamine in the milk (Sun A, Sun B, Sun C, 
Nut A, Nut B, Nut C). The final concentrations of all prepared mixtures 
are summarised and listed in Table 2. 

2.3. DCDR spectroscopy measurements 

To perform DCDR measurements, we used a commercial µ-RIM slide 
from BioTools, a highly reflective stainless steel hydrophobic substrate 
with no detectable Raman or IR background signal. A 2-µl drop of each 
studied solution (pure and mixture ones) and suspension were deposited 
onto the slide and left to dry at room temperature for approximately 45 
min. The substrate was covered with a Petri dish to avoid dust pollution 
during drying. The formed dried pattern was then analysed. 

2.4. Instrumentation 

Raman spectra of dried patterns were acquired by Raman micro-
spectrometer Alpha 300 from WITec. The microspectrometer was 
equipped with a 532 nm laser as an excitation source with the power 
tuned to the 5 mW. A Carl Zeiss 50×/0.55 LD objective was chosen to 
focus the laser onto the sample and collect back-scattered radiation. The 
chosen objective reduced laser power on the sample by a factor of 0.698. 
The instrument uses an ultra-high throughput spectrometer (UHTS) with 
a focal length of 30 cm. All spectra were recorded with 600 grooves/mm 
grating using a nitrogen-cooled CCD detector. Each single Raman 
spectrum was collected by 60 × 3 s accumulation. For measuring a 
spectral map of pure DOPC, DOPC-melamine mixture and lactose- 
melamine mixture dried patterns, an area of 40 × 40 µm was scanned 
comprising 1600 spectra with a resolution of 1 spectrum/µm with a 1 s 
accumulation per spectrum. For pure DOPE, and DOPE-melamine 
mixture dried patterns, the area of 20 × 80 µm comprising 1600 
spectra was measured with a resolution of 1 point/µm with a 1 s accu-
mulation per spectrum. To acquire a spectral map of milk solutions, an 
area of 20 × 20 µm comprising 100 spectra was scanned with a reso-
lution of 1 point per 2 µm with a 5 s accumulation per spectrum. The 
laser power and the accumulation time were chosen to prevent a sample 

Table 1 
Final concentrations of pure aqueous solutions and lipid suspensions.  

Reactant Final concentrations of pure samples (mg/ml) for DCDR spectroscopy 

Melamine 0.1 
Lactose 1.3 
DOPC 1 
DOPE 1 
Sunar 7.83 
Nutrilon 7.83  
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degradation. For a more detailed image, white light images of dried 
patterns were taken using objectives Carl Zeiss 5× /0.15 and Carl Zeiss 
50×/0.55 LD. 

2.5. Data analysis 

All spectra (single spectra, Raman spectral maps) measured on an 
Alpha300 RS confocal Raman microscope were processed in the asso-
ciated software from the WITec Suite SIX package (Oxford Instruments, 
WITec) with automatic calibration. All measured spectra were first 
treated with the software’s “Cosmic Ray Removal” procedure to detect 
and remove recorded cosmic rays’ spikes. For processing the Raman 
spectral map, where appropriate, the “True Component Analysis” soft-
ware tool was used to obtain and identify dominant spectral components 
in the scanned area. This procedure involves fitting each spectrum of the 
acquired Raman map with a linear combination of basis spectra (com-
ponents) using the least square method. The intensity distribution of 
different components and their averaged spectra are simultaneously 
created. The appropriate software procedure in the WITec suite SIX 
package was used to calculate an average spectrum of Raman spectral 
maps. Spectra were then treated by the orthogonal-differences baseline- 
correction method using in-house-developed software, also employed 
for the intensity normalisation [26]. The final presented graphs were 
prepared in the OriginPro program 2020b (OriginLab Corporation). 

3. Results and discussion 

3.1. Melamine 

Firstly, a 2-µl drop of melamine solution (0.1 mg/ml) was deposited 
onto the µ-Rim substrate. After drying, we could observe the resulting 
pattern depicted in Fig. 1a. This pattern contained long, thin crystals, 
which are typical for melamine due to its molecular structure allowing 
the formation of melamine complexes by hydrogen bonds [27–31]. The 
observed pattern agreed with dried deposits from the previous work 
[24], where similarly nonuniform patterns with crystals were formed. A 

spectrum accumulated from preconcentrated locations served as a re-
ference for melamine’s classical Raman spectrum for further comparison 
and analysis. The single point characteristic spectrum in Fig. 1b shows 
the lower spectral region with the most intense spectral band at position 
673 cm−1, which belongs to the symmetric breathing vibration of the 
melamine ring structure [23,32]. Further protonation or complexation 
of melamine by hydrogen bonds increases the ring’s rigidity and results 
in the shift of the breathing vibration frequency to higher wavenumbers 
by units of cm−1 [32–35]. This vibration played a key role in identifying 
melamine in real samples and investigating its interaction in mixtures 
[36–38]. 

3.2. Lactose-melamine mixture 

The DCDR approach was then employed for the pure lactose and 
Lac_Mel mixture solutions. After evaporation, a significant difference 
was observed between dried patterns from the pure solution and the 
mixture (Fig. 2a, Fig. 2b, Fig. 2c for pure lactose, and Fig. 2e for the 
mixture). Dried pure lactose consisted of crystals clearly visible through 
polarising filters (Fig. 2c), unlike the dried pattern from the Lac_Mel 
mixture, which was formed by the homogeneous thin film pattern with 
no sign of crystallinity (Fig. 2e). Lactose lost its crystalline character 
after mixing with melamine and subsequent dissolving and drying. 
Moreover, the dried pattern from the Lac_Mel mixture showed no 
lactose-melamine spatial separation, which indicated melamine glyca-
tion. The acquired single-point Raman spectrum from the dried pattern 
of crystalline lactose and the average spectrum from spectral mapping 
obtained from the Lac_Mel mixture amorphous deposit are presented in 
Fig. 2d and Fig. 2g, respectively. 

Crystalline solid lactose can occur in either one of three forms 
(α-lactose monohydrate, α-lactose anhydrous and β-lactose anhydrous) 
with different vibrational signatures confirmed experimentally as well 
as by quantum chemical calculations [39–41]. α- and β-lactose are 
present in the equilibrium in the aqueous solution due to mutarotation. 
Therefore, it is challenging to assign Raman bands to specific vibrations 
of different lactose forms [42]. To identify anomer measured here from 

Table 2 
Final concentrations of reactants in the mixtures for model reactions.  

Reactant Reactant final concentration in aqueous mixtures (mg/ml) for DCDR spectroscopy 

Lac_Mel DOPC_Mel DOPE_Mel Sun A Sun B Sun C Nut A Nut B Nut C 

Melamine 0.006 0.006 0.007 0.1 0.05 0.025 0.1 0.05 0.025 
Lactose 1         
DOPC  1        
DOPE   1       
Sunar    7.83 7.83 7.83    
Nutrilon       7.83 7.83 7.83  

Fig. 1. DCDR measurement of melamine. a) The white light image of the dried pattern of the drop of melamine solution (0.1 mg/ml) deposited onto the µ-Rim 
substrate, and b) the single point DCDR spectrum providing further as a reference. Inset: chemical structure of melamine. 
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pure dried lactose deposit, a very distinctive band at 1086 cm−1 assigned 
to the ν(CC) and ν(CO) modes of the glycosyl unit can be used as a 
characteristic fingerprint band for α-lactose [41–43]. More spectral 
bands can be used for anomer identification, for instance, the intense 
band at 355 cm−1 is attributed to the τ(COHO) and τ(HOH) [41,44]. 
Detailed band assignments of lactose Raman bands can be found else-
where [39,42–44]. Moreover, the 1086 cm−1 band can be used to 
identify the crystalline or amorphous lactose form as it is sensitive to 
polarisation [40]. Generally, the Raman spectrum of crystalline lactose 
significantly differs from the Raman spectrum of amorphous lactose, 
which agrees with our measurements from the pure dried pattern and 
the Lac_Mel mixture. Amorphous lactose shows the broadening of bands 
with similar Raman shifts, intensity decrease, and the absence of band 
splitting [40]. 

Concerning the Lac_Mel mixture, spectral mapping clearly demon-
strated the melamine band at the position of 682 cm−1 and its homo-
geneous distribution in the measured area by using a filtering procedure 
to show an intensity distribution for a specific spectral region (Fig. 2f, 

Fig. 2g). The difference in the Raman spectrum between pure lactose 
(Fig. 2d) and the Lac_Mel mixture (Fig. 2g), together with the presence 
of the melamine spectral band, confirmed that lactose interacts with 
melamine when mixed, which is also related to the loss of lactose 
crystalline character evident in the dried pattern change. 

3.3. Lipid-melamine mixture 

To investigate the possible reaction between melamine and lipids 
present in infant formulas, we chose two model lipids, DOPC and DOPE. 
These phospholipids with different head groups (phosphatidylcholine 
for DOPC and phosphatidylethanolamine for DOPE) comprise the same 
acyl chain formed by oleic acids, the most prominent fatty acid in the 
infant formulas. After the evaporation process of deposited pure lipo-
somal suspensions of DOPC and DOPE and blended mixtures DOPC_Mel 
and DOPE_Mel, formed dried patterns were compared. The details of 
formed ring structures of both blended mixtures are shown in Fig. 3a and 
Fig. 4a. There was no significant visible difference between deposits 

Fig. 2. DCDR measurement of lactose and Lac_Mel mixture. a), b) White light images of pure lactose dried pattern with c) the image under polarised light and d) 
single point Raman spectrum from pure lactose dried pattern. e) The white light image of Lac_Mel mixture dried deposit with the indicated area selected for spectral 
mapping, f) showing melamine distribution throughout the scanned area using a spectral filter for the spectral band of melamine breathing vibration at 682 cm−1, 
and g) average Raman spectrum from this selected area. 

Fig. 3. DCDR measurement of DOPC_Mel mixture. a) The white light image of DOPC_Mel mixture with indicated area for spectral mapping, and b) spectra from 
pure DOPC dried deposit, average Raman spectrum from spectral mapping and single Raman spectra from the points indicated on the white light image. 
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from pure samples and mixtures, unlike we observed for lactose (pat-
terns from pure suspensions not shown). Four spectral maps, one from 
each dried pattern (DOPC, DOPE, DOPC_Mel, DOPE_Mel) were acquired. 
The average spectra calculated from the mapping of pure samples were 
used as reference spectra for blended lipids (Fig. 3b and Fig. 4c). For the 
DOPC_Mel sample, we obtained additional single point spectra from 
specific sites absent in the dried pattern of pure DOPC located in the 
centre of the ring pattern. Acquired Raman spectra consisted of a strong 
signal belonging to the melamine. The spatial separation of melamine to 
the inner part of the dried pattern in the form of small spots indicated in 
Fig. 3a was thus revealed. The average spectrum of the spectral map of 
the ring structure of the DOPC_Mel pattern expressed a signal only from 
DOPC, as shown in Fig. 3b (no melamine band), with no visible differ-
ences compared to the reference spectrum of pure DOPC. Lipid DOPC 
was preconcentrated to the ring pattern, and the melamine tended to 
form small spots in the inner part of the ring pattern. Based on the 
Raman spectra acquired from dried deposits, we could clearly identify 
the spatially separated melamine and lipid molecules. Melamine did not 
interact with DOPC and remained separated after mixing and subse-
quent drying process. 

Raman spectral mapping from the DOPE_Mel ring pattern (Fig. 4a) 
showed that the dried ring deposit is not composed solely of lipids 
(Fig. 4b and Fig. 4c). Employing a “True component analysis” procedure 
to identify the spectral components, we determined specific locations 
within the scanned area with the most intense melamine band at 687 
cm−1 corresponding to component 2. Subsequently, an average spec-
trum based on the components’ intensity distribution was computed 
(Fig. 4c). It is clear from the measured spectra that the lipid tended to 
preconcentrate in the ring pattern, as seen for component 1 spatial 
distribution, and melamine was partially separated in the inner parts of 
the ring. The acquired Raman spectral map revealed that DOPE and 
melamine partially interacted during mixing and drying, whereas 
component 2 consists of intense features from both DOPE and melamine. 
Unlike DOPC, DOPE consists of an amine group in the hydrophilic part 
of the lipid. We supposed that this group was prone to react with mel-
amine molecules through hydrogen bonding, resulting in non- 
homogeneous melamine co-localisation with a DOPE in the dried 
pattern. To conclude, from tested melamine-blended lipid mixtures, we 
did not observe any relevant interactions that could be attributed to the 
melamine interaction with the oleic acid acyl present in infant formulas. 

3.4. Melamine–milk mixture 

Finally, we deposited droplets of pure milk solutions, Sun and Nut. 
The dried patterns of such droplets are shown in Fig. 5a and Fig. 5c. For 
both samples, we observed the formation of distinct rings with the 
remaining thin film spread in the central part. This pattern may result 
from either a high concentration of analyte in the solution or, a possible 
spatial distribution of solvent constituents, or both effects. After 
measuring single Raman spectra from the ring edge and the thin inner 
layer (Fig. 5b and Fig. 5d), we could observe significant differences, such 
as different intensity ratios of spectral bands and the appearance/ 
disappearance of some bands. These results demonstrated the possible 
contribution of the drying process to separating milk constituents from 
the solution. 

Similarly, variation and changes in Raman spectra obtained across 
the ring width related to molecular separation were discussed by Filik 
and Stone from tears samples [20]. Regarding spectra from both tested 
milk solutions, Sun and Nut, we observed only subtle differences be-
tween the spectra obtained from ring edges and thin films. Thus, we 
could see a similar separation of solution constituents for both studied 
kinds of milk with slightly different compositions. For clear-cut identi-
fication of melamine and analysis of its interaction in the contaminated 
milk solutions, it is advantageous that both milk spectra (from the ring 
edge and the thin layer) do not overlap with the main spectral feature of 
melamine. 

We examined the spectral features of both acquired Raman spectra 
(ring edge and central part) to determine what constituents are sepa-
rated during the drying process. According to infant formula composi-
tion, the main constituents were unsaturated fats, specifically oleic acid, 
and carbohydrates such as lactose, galactooligosaccharides, and fruc-
tooligosaccharides. Achieving the optimal concentration of the milk 
solution played a key role in the drying-induced separation process. Due 
to the high concentration, the dried pattern did not show evidence of 
constituents’ separation, for example, at the concentration correspond-
ing to the one dose of infant formula. 

Concerning spectra from the ring edge, we compared our measured 
spectra with the Raman spectra of different lipids [45]. A long chain of 
fatty acids (FAs) has several characteristic spectral regions in the Raman 
spectra. Unsaturated FAs have specific doublet in the region 1200–1400 
cm−1 visible in our spectra at 1264 cm−1 and 1302 cm−1 assigned to the 
in-plane = C-H deformation in an unconjugated cis double bond and 
δ(CH2) twisting, respectively [46]. The intense band at 1655 cm−1 

assigned for C = C stretching vibration is characteristic of unsaturated 

Fig. 4. DCDR measurement of DOPE_Mel mixture. a) The white light image of the DOPE_Mel mixture with indicated area for spectral mapping with b) showing the 
spatial distribution of two components identified in the scanned area, stronger colour indicates a higher signal. c) Average spectrum from pure DOPE dried deposit 
and average Raman spectra of both components obtained from a spectral map. 
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FAs, and the band at the position of 1746 cm−1 is a typical lipid band 
attributed to the C = O stretching vibration [46]. FAs also differ in the 
region for C-H stretching vibrations. Unsaturated FAs have an additional 
feature around 3000 cm−1 related to the stretching modes of the = C-H 
moieties visible at 3008 cm−1 in our spectra. Spectral bands at 2853 
cm−1 and 2898 cm−1 are assigned to the CH2 stretching vibration, and 
the band at 2927 cm−1 is related to the CH3 vibration. According to the 
mentioned characteristic spectral features for FAs and our Raman 
spectra of ring edge, we concluded that the ring edge of milk deposit is 
mainly formed of oleic acid, the most dominant lipid constituent in 
measured infant formula. This is consistent with a study on milk fat 
composition that showed that oleic acid has the highest proportion of all 
present fatty acids [47]. Further, the preconcentration and segregation 
of lipid molecules to the ring structure are in agreement with previously 
published works focused on the DCDR approach of different lipids in the 
form of liposomes [15,48,49]. 

Focusing on the spectra of the central part acquired from the thin 
film inside the ring structure, we could see a noticeable difference 
compared to spectra taken from the ring edge. We assumed that the 
central part is mainly composed of carbohydrates, the most abundant 
carbohydrate present in milk is lactose, known as milk sugar. The 
spectral region from 300 to 1500 cm−1 in Fig. 5b and Fig. 5d acquired 
from the central part strongly corresponds to the Raman spectra of 
amorphous lactose [40,50]. The lactose fingerprint region (950 – 1200 
cm−1) contains two strong bands at 1087 cm−1 and at 1123 cm−1, with 
shoulders at 1027 cm−1 and 1149 cm−1 [50]. Measured DCDR spectra 
from the deposit central part from both kinds of milk showed a wave-
number shift of these bands to positions at 1079 cm−1 and 1118 cm−1 for 

Sun and 1081 cm−1 and 1120 cm−1 for Nut. These shifts can be attrib-
uted to the presence of carbohydrate mixture (oligosaccharides and 
polysaccharides), not only lactose, in tested milk solutions. Other 
spectral regions such as the low wavenumber region (bands at 352, 443, 
and 513 cm-1), anomeric region (600–950 cm-1) and also the CH2 and 
COH deformations region (1200–1500 cm-1) correspond to the lactose 
Raman bands [50]. The high wavenumber region (>2600 cm-1) in our 
measured spectra from the central part exhibited the broader overlapped 
bands assigned to the CH2 and CH3 vibrations [44]. For carbohydrates, 
these broader bands are specific for oligosaccharides and poly-
saccharides, also present in the measured infant formula or amorphous 
lactose. From the above-mentioned analysis, it is clear that the spatial 
distribution of the main milk constituents is observed after the evapo-
ration process of the diluted milk solution. The ring structure is created 
mainly of lipid molecules, and the thin layer in the central part of the 
formed deposit is composed mainly of carbohydrate lactose. 

To determine a melamine influence in a real formula sample, we 
intentionally contaminated (blended) two infant formulas. Deposited 2- 
µl droplets blended milk mixtures for both tested formulas were left to 
dry at room temperature (Sun A (20 × ), Sun B (20 × ), Sun C (20 × ), 
Nut A (20 × ), Nut B (20 × ), Nut C (20 × )). The formed patterns (an 
example seen in Fig. 6b) were indistinguishable from patterns of dried 
pure milk solutions in Fig. 5a and Fig. 5c, with a significant ring struc-
ture at the edge and the inner central part as a thin film of the spread 
analyte. After Raman spectra acquisition from the ring structure for each 
pattern, we did not observe any spectral feature belonging to the mel-
amine molecule. Therefore, we focused on the thin inner film of the 
pattern, where accumulated single spectra (Fig. 6a) revealed the 

Fig. 5. DCDR measurement of infant formulas. a) The white light image of a dried pattern of the Sun milk droplet with b) corresponding DCDR spectra accu-
mulated from the edge ring and central part. c) The white light image of a dried pattern of Nut milk droplet with d) corresponding DCDR spectra accumulated from 
the edge ring and central part. 
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presence of melamine thanks to its breathing vibration. We could 
recognise an evident spectral band at 681 cm−1 for each tested mel-
amine concentration for both formulas. Comparing the position of the 
spectral band for the breathing vibration of melamine, we observed a 
slight shift to higher wavenumbers for the melamine-contaminated 
samples. It agrees with the previously discussed shifts for melamine 
breathing vibration where melamine molecule interacts by hydrogen 
bonding. Fig. 6a demonstrates that the intensity of the featured spectral 
band decreased with the concentration of melamine in milk. Considering 
the drying-induced separation of milk solution constituents, we assume 
that melamine has a significant susceptibility to substances present in 
the inner thin film, namely lactose and other carbohydrates, which 
agrees with the results of the tested simple melamine-blended reaction 
models. 

Moreover, we employed Raman spectral mapping to investigate 
melamine distribution in the thin spread layer in the pattern. We focused 
on a small area of the pattern from the Nut B (20 × ) sample and 
accumulated Raman spectra (Fig. 6b and Fig. 6c). To observe the pres-
ence of melamine, we used a filter for the spectral band for breathing 
vibration at 681 cm−1. The spectral map and the average spectrum 
calculated from all measured spectra (Fig. 6b and Fig. 6c) indicated 
homogeneous melamine distribution throughout the scanned area of the 
pattern, similar to the Lac_Mel mixture. If the amount of melamine in the 
contaminated sample continued to decrease, its distribution in the 
central part of the pattern was no longer homogeneous but only partial 
in some selected places. 

4. Conclusions 

We utilised the DCDR spectroscopy to readily determine the sus-
ceptibility of the melamine compound to main components of milk in-
fant formula, such as lactose and lipids (specifically 1,2-dioleoyl-sn- 
glycero-3-phosphocholine (DOPC), and 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (DOPE)) and its subsequent identification from the 
dried pattern of intentionally contaminated milk infant formula. For this 
purpose, two kinds of powder infant formula were used and tested. 
Firstly, DCDR spectroscopy was applied to pure melamine and lactose 
solutions and to pure liposomal suspensions to obtain reference spectra. 
Simple melamine-blended model reactions were then investigated 
where melamine was added to lactose, DOPC, and DOPE. We observed 
and compared the formed dried patterns of pure and blended samples 
together with their Raman spectra. Lactose was found to be the most 
potent reaction partner for melamine, where a significant difference in 
dried pattern and Raman spectra between pure and melamine-blended 
lactose was revealed. Moreover, lactose lost its crystalline character 
after mixing with melamine, as seen from the dried pattern and Raman 
spectra. Melamine presence was identified thanks to the spectral band 
corresponding to its breathing vibration. For melamine-blended lipid 
mixtures, Raman spectra revealed spatial separation of melamine and 
lipid molecules, where lipids tend to preconcentrate into a ring while 
melamine was present in the central part of the pattern. Only a slight 
reaction potential was observed between melamine and DOPE, which 
we believe is due to the possible hydrogen bonding of the lipid head 
amino group and three amino groups of melamine. 

Fig. 6. DCDR measurement of infant formula blended with melamine. a) Set of spectra normalised to the overall intensity of Sun and Nut, the spectral window 
(in grey) shows the melamine breathing vibration. Spectra demonstrate that the intensity of the featured spectral band decreases with the concentration of melamine 
in milk. b) The white light image of the Nut B (20x) dried pattern of intentionally contaminated (blended) infant formula with a detailed indicated area for spectral 
mapping and an indication of melamine distribution throughout the scanned area using a spectral filter for the spectral band of melamine breathing vibration at 681 
cm−1, and c) an average Raman spectrum obtained from scanned area. 
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To test the affinity of melamine to the main milk constituents in the 
real sample, we employed the DCDR approach to pure milk solution and 
diluted melamine-contaminated one. When completely evaporated, the 
main milk constituents’ spatial distribution and separation were 
observed for pure infant formula solution. The formed dried deposit 
consists of a visible edge ring structure and a thin film in the central part 
of the ring. The separation of the constituents was further analysed using 
the Raman spectra obtained from the ring edge and the central part of 
the dried deposit. It was concluded that the ring edge was composed 
mainly of lipid molecules, and the thin film in the central part was 
composed mainly of carbohydrates, specifically lactose. Even with 
slightly different compositions of the two kinds of purchased milk, the 
exhibited separation was the same. Achieving the optimal concentration 
of the milk solution played a key role in the drying-induced separation 
process. The dried pattern showed no evidence of constituents’ separa-
tion at the concentration corresponding to the one dose of infant 
formula. 

Then, melamine powder was intentionally mixed with infant formula 
powder in three different concentrations. Formed dried patterns from 
blended formulas were indistinguishable from the pure infant formula 
dried patterns. The DCDR approach applied to the blended formula 
revealed that the melamine compound was present only in the thin film 
in the central part of the dried patterns. From the previously mentioned 
separation of milk constituents, we assumed that melamine has a higher 
susceptibility to substances present in the inner thin layer, which is 
composed mainly of carbohydrates, namely lactose. Therefore, mel-
amine retains its high reaction potential to lactose rather than lipid 
molecules, which are also present in the milk infant formula. These 
findings represent a promising utilisation of the DCDR approach as the 
efficient method for detecting and identifying compounds (contami-
nants) based on the spatial distribution throughout the dried deposit 
pattern and thanks to the reaction potential of the compound to the main 
constituents of solution of interest. Further progress could be achieved 
by optimising the characteristics of the used substrates where the great 
potential is represented by e.g. nanostructured surfaces with designed/ 
tailored hydrophobicity. 
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[22] N.E. Mircescu, M. Oltean, V. Chiş, N. Leopold, FTIR, FT-raman, SERS and DFT 
study on melamine, Vib. Spectrosc 62 (2012) 165–171, https://doi.org/10.1016/j. 
vibspec.2012.04.008. 

[23] W. Sawodny, K. Niedenzu, J.W. Dawson, Vibrational Spectrum and Assignment of 
Normal Vibrations of Melamine, J. Chem. Phys. 45 (8) (1966) 3155–3156, https:// 
doi.org/10.1063/1.1728077. 
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