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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: Prace se zabyva riznymi aplikacemi Ramanovy spektroskopie kapkové
nanasenych povlaki (DCDR). Prvni ¢ast je vénovana detekei jednoho potravi-
nového (melamin) a ti{ zemédélskych (thiram, bentazon, picloram) kontaminantu.
Melamin jsme déle zkouseli detekovat i ze zamérné kontaminovaného vzorku
kojenecké vyzivy. Pro uspésnou detekci se jako rozhodujici ukazalo nejen zakon-
centrovani, ale také prostorové vydéleni a potencidlni interakce slozek ve vzorku.
Ukéazali jsme, ze DCDR je jednoduché, ale zaroven t¢inna metoda pro detekci
kontaminanti. Druha c¢ast se zabyva aplikaci DCDR ke studiu vyschlych fos-
folipidi. To zahrnuje diskusi o dynamice schnuti kapky lipozomalni suspenze,
srovnani vyschlych depositi (na hladkém /nanostrukturovaném substratu, schnuti
homogenni/nehomogenni suspenze) a analyzu rozdilu mezi DCDR spektrem a
Ramanovym spektrem ziskanym piimo ze suspenze (Ramanova pinzeta). Nésledné
byly pozorovany konformac¢ni zmény vyschlych fosfolipidia vyvolané zahrivanim
(termotropni chovani) nebo susenim pti ruznych relativnich vlhkostech. Metoda
DCDR ukézala, ze méa velky potencial prispét ke zkoumani zakladnich vlastnosti
biomolekul v nepritomnosti vody. Jakkoli je metoda pfimocara, poskytuje cenné
informace, pricemz umoznuje kombinovat analyzu procesu schnuti a pozorovani
vyschlého depositu s jeho detailnim spektralnim rozborem pomoci Ramanovy
spektroskopie.

Klicova slova: Ramanova spektroskopie, metoda kapkové nanasenych povlakt
(DCDR), hydrofobni povrch, dynamika schnuti, kontaminant, fosfolipid, fazovy
prechod
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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
10° — 107. Thus, relatively highly concentrated samples (more than 1 mM) and
large amounts of material (more than 1 pg) 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 . 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



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.

Raman spectrum
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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 [§]. 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 7= — 7 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 . 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 um) was suspended in deionized water and left to dry, where the
size-dependent separation was successfully demonstrated .

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 Swubstrates 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 )
and influences the final dried pattern and pre-concentration of the analyte .
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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:

o SpectRIM™ 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).

o u-RIM™ 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 CaFj 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.G). 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, 135].

The first experiments with drying biological fluids started with urine droplets,
and in recent years, researchers have paid attention to the pattern formation of
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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 SpectRIM™ | 122°, (b) commercial p-RIM™ 108°,
(¢) nanoroughened platform with tailored hydrophobicity by embedded metal Nps in
PTFE layer, (d) smooth polished CaF; glass, 90°, (e) thiol-modified smooth gold coated
glass, 110°.

biofluids such as tears, blood or serum with a focus on diagnosis and therapy
37, 138]. 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 . From that time, more
DCDR research followed, focusing on biomolecules and biofluids , , ,
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 and . 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

A3).
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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 215 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 SpectRIM™ 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 Hy, cubic Q** or Q*?7. 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 (Lg”) to a liquid-like crystalline phase (L,) denoted as melting
behaviour (Figure . 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 7,,, 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\ (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, = 41 °C (fully hydrated)

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

DOPC (dioleoylphosphatidylcholine, 18:1(A9-cis) PC) - choline head group
(neutral), acyl chain contains two monounsaturated C18 FAs, T', = —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,
Ty = 35 °C (fully hydrated)

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

o

N 7
O/Y\

[0}
0=P=0] 3
\/\/\/\/\/\/\/\"/0 H 0" \/\T*\
acyl chains

o
head group

_______________ gel phase liquid crystalline phase
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priiiirr7 g R L EELEN
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2

Figure 3.1 Schematic structural characteristics for a fully hydrated DPPC bilayer in
a gel phase and liquid crystalline phase .
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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

o bentazone - PN 32052, 99.9 % purity

o« picloram - PN 36774, 99.6 % purity

o melamine - PN M2659, 99 % purity

e a-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 [1.1]

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 M, 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 [£.1)).
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Table 4.1 Final concentrations of reactants in the mixture for model reactions with melamine

Reactant final concentration in aqueous mixture (mg/ml) for DCDR spectroscopy

Reactant
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
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Liposomal suspensions were prepared following the standard protocol .
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-Basic™ (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 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 M€2), and studied sample was deposited on chosen substrate (non-commercial:
CaF, glass, polished stainless steel plate or commercial: SpectRIM™  ;-RIM™)
by micropipette as 2 ul 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 . 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 HRS800 (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 x ULWD objective with 3 mW laser power on a sample was
used with typical single spectrum accumulation of 60 x 1 s. White light images
of dried patterns were taken using objectives with magnifications 5x , 10x, and
o0x.

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 50x/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 5x and 50x 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 60x /1,2 W), which was used
in direct contact with liposomal suspension (100 ul) placed on a CaF, 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 X 300 s in three series in total. For water
correction, a signal of water was acquired with 3 x 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. ImagelJ
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 x n to the following matrix multiplication:

A=UWVT (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(v), an orthonormal matrix of corresponding
scores Vj; and a set of singular values or weights W;.

Vi(v) = S WV (0) (12)

J=1

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:

AL B K== (4.3)



Regarding the form concentrations cy and cg, we can write:

B 1 B K
THEK+1U P T K1

Ca +cg = 1, CA (44)

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

K =e 7 ,AG = AH — TAS (4.5)

Where AG, AH, AS 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:

_AH

T — =
"AS

(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
[\/ijij — (aj() -+ Cljlti)C? — (bjO + bjlti>clB]2 = nun (47)

i=1j5=1

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 . 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™. 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 no spectral features of contami-
nants are visible except the melamine band at 676 cm™ assigned to its breathing
vibration. The lowest deposited concentrations detected by DCDR were deter-
mined as 0.31 uM, 20 uM and 2 uM, 6.4 uM for thiram, bentazone, picloram,
and melamine, respectively. Thiram was detected due to distinct S — S vibration
at 560 cm™, bentazone was detected due to its partial breathing vibration at
1037 cm™, picloram was detected due to its breathing vibration at 1109 cm™ and
finally, the melamine was detected due to its breathing vibration at 676 cm™.
Concerning thiram, the sophisticated SERS detection using Au@Ag nanoparticles
and paper-based microfluidic allowed its detection at 10 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" — 10" M concentration [75]. No SERS detection study
for comparison was found for bentazone and picloram.
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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 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 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™. 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 . 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.
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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. ¢) Average spectrum for both components together with the

reference spectrum of DOPE.
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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 —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™ 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].
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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™, 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 (Figuretop). 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
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 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™ 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
. 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 ul) 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 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 [5.8¢),
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 p.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].

a 140 . : : : r b 20+
Qum, :
120 1.8
16 ™ .
100 { Ry £
< £,
Y i
D 80 E] -
s °
< g2 -
g o0 5 ‘o
S £10 ® ]
] 404 S )
© o8- ® 4
50d | © PTFE ol e PTFE %
o NpsCu2 S 064 e NpsCu2 ~
o NpsCu4 o e NpsCu4.
0 T T T T T 04 - T T T T T
0,0 0,2 0,4 0,6 08 1,0 0,0 0.2 0,4 06 08 1,0
t (normalised) t (normalised)
C 120 . . . . q20 doasop, . . . . 20
CCR CCA mixed mixed
100 | > 16 120 16
CR R ) .
— E 3
& < \ E T o Ry CR E
Q [0 4 R - |
3 80 .\ 129 3 90 = \ 12 ¢
< -— 8 < e ®
3 CA qz% ~-, C 3 N ©
8 %%mm%n & 1088 £ 604 £ 088
5 VR B | £
© w% 3§ © 8
> o 0%% o
40 04 30 0%, 104
° oe NpsCu4 %o
oe PTFE oe NpsCu2 %
204 : : . . oo 0L . : : : 0,0
0,0 0,2 04 0,6 08 1,0 0,0 0,2 04 0,6 08 1,0
t (normalised) t (normalised)

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 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 5.9¢) 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 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 and, therefore, to
better pre-concentration of lipids, which was confirmed by acquired Raman spectra
as seen in Figure [5.11]
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0,25 mg/mi |
0,125 mg/mi | PTFE :

1 mg/ml 1

0,5mg/ml |
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1 mg/ml 1
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0,25 mg/ml NpsCu4
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Ring width [um] Ring diameter [um]

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 ul 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, (¢) 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[5.13h, 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 x /0.55 LD with a power reduction factor of 0.689). Spectra were
recorded with 300 g/mm grating with 1 x 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 §(C'Hy)s. at
1440 em™. For both lipids, only intensity variations of Raman bands are observed,
and no wavenumber shifts. Intensity variations in the region of 800 — 950 cm™
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™ 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™ 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™ 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
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denotation: v - stretching vibration, § - deformation vibration, ip - in-plane, op -
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Band assignments can be seen in .
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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™ band. Figure 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 (O — P — O), v(C = O) and v(C = C). The
most prominent shifts are observed for symmetric diester stretching vibration
v(O — P — 0), and carbonyl stretch v(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 v(P = O) vibration is
not unequivocally resolved, and it is spectrally overlapped by the vibration of
p(= CHs) [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 POy~ 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
v(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 v(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
v(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
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and RTM spectra is noticed for v(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 28003100 cm™ assigned to C' — H stretching vibrations or
region of 1050-1150 cm™ 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 . 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 (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: v - stretching vibration, § - deformation vibration, ip - in-plane, op -
out-of-plane, g - gauche, tw - twisting, sc - scisoring, s - symmetric, as - asymmetric.
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treatment gave us the set of subspectra (S), their statistical weights (1), and
normalised coefficients (V'), indicating the relative contribution of subspectra in
individual spectra, and residual errors (F). Results of factor analysis (Figure
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 . 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 Sy) are wavenumber shifts
of the v(CHy)s and v(C'Hs),s together with intensity changes of v(C Hj),s and
v(CHj3).s and v(CHy),s 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 [38].

In order to deduce the T',, 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 . The T, for each lipid was determined
as follows, T,(DPPC) = 72 °C, T,,(DM PC) = 57 °C, T,,(DMPS) = 55 °C .
Each T, is higher than for the fully hydrated sample.

Previously published T, 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) . Published 7', 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 7', 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 .
We believe, that this is the main source of the difference in the T',, 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, and also different cooperativity of phase transition,
mainly because of the packing asymmetry by highly curved surfaces . 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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Focusing on our results, for choline (DPPC and DMPC), we see an increase
of T, about 31 — 33 °C, whereas, for DMPS, an increase is only about 20 °C.
Interestingly, DMPC and DMPS express similar T, 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, for hydrated DPPS results from lower hydration
compared to DPPC. However, the influence of the poorly hydrated head group on
the T, 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 , 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,
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 in cor-
responding spectra (calculated from the fit). The ratio of I[v(CHs)s|/I[v(CH3)as)
is considered to be a sensitive indicator of lateral chain/chain interaction [88], the
ratio of I[v(CHj)s)/I[v(CHy)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 (ry in
the Figure and less pre-concentrated part (r;-ry in the Figure 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
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 ry (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 (ry-r3). 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, of fully hydrated lipid aggregates, but it has a lower effect
on the value of T', 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, 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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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
uM, 20 pM and 2 pM, 6.4 puM, 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, 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 7', 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',.
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 100x /0.9, Carl Zeiss
50x /0.55 LD). For each combination, the series of spectra were acquired with
stepwise change in the Z-axis (0.2 pum) linked with the spectral intensity alteration.
A distinct Si Raman band at 520 cm™ 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.1l

Table A.1 Experimentally obtained values of confocality

Objectives
Laser wavelength and used grating
100 o0x LD
785 nm (300 g/mm) (2.33 £0.05) pum  (5.42 £+ 0.03) pum
633 nm (300 g/mm) (1.29 £0.01) pm  (3.50 £0.02) pm
532 nm (600 g/mm) (0.82£0.01) gm (2.66 £ 0.01) pm
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Figure A.1 Confocality for different combinations of used objectives and laser
wavelengths employed in Alpha300 Raman microspectrometer from WiTec.
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A.2 Supplementary results: factor analysis of
DPPC and DMPS
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Figure A.2 Weights (W) and residual errors (Ej) together with factor analysis
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1 | INTRODUCTION

Eva Kocisova

Abstract

Drop coating deposition Raman (DCDR) spectroscopy introduces a simple and
easily accessible approach to studying biologically important molecules and
their mixtures. The method is based on drying a small drop of solution or sus-
pension of studied molecules deposited on a special hydrophobic surface. The
drying process efficiently accumulates the molecules in the ‘coffee-ring’ or any
small pattern from which the Raman spectrum can be measured. In this way,
a significant (several orders of magnitude) improvement of the Raman detec-
tion sensitivity compared with Raman measurement from solution can be
reached. Therefore, a small sample volume (several microliters), as well as a
low initial concentration of studied molecules in deposited droplets, are impor-
tant advantages of the DCDR method over the normal Raman one. Recently,
many relevant DCDR applications on biomolecules and related molecules have
been reported. The mini-review covers a brief overview of the DCDR method
(principle, short history, suitable hydrophobic surfaces and state-of-the-art). It
will be followed by a summary of the studies over the last 15-20 years on dif-
ferent biologically important molecules, including proteins, lipids (in the form
of liposomes) and small molecules (e.g., porphyrins, anthrax marker dipicoli-
nic acid and food and environmental contaminants). Finally, the application
potential and further perspectives of the DCDR method for biomolecular stud-
ies will be discussed.

KEYWORDS

biomolecule, DCDR, drop coating deposition Raman, hydrophobic substrate

concentrations do not correspond to physiological condi-
tions. The intensity of Raman scattering may be

Raman spectroscopy, since the period of its intensive
development, has been a powerful tool in the study of the
structure and function of various molecules and their
mixtures. However, this capability is obviously hampered
by a weak Raman scattering cross-section related to a
demand for relatively highly concentrated samples
(>1 mM) and large quantities of analyte (>1 pg). More-
over, in the case of biological molecules, these high

increased by resonance and/or surface-enhancement
techniques. The surface-enhanced Raman spectroscopy
(SERS) is an efficient possibility to overcome this disad-
vantage, which provides enhancement over 10° for mole-
cules adsorbed on nanostructural metal (such as gold or
silver) surfaces." The properties of the ‘SERS-active’ sub-
strates affect both Raman enhancement and spectral
reproducibility. Although this method is nowadays

J Raman Spectrosc. 2023;1-12.
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widely and fruitfully applied in various studies and appli-
cations, its use is often not straightforward and generally
not possible for any molecule. Moreover, both resonance
Raman and SERS techniques have more restricted appli-
cability because of the problems with spectral variations,
increased background and the possibility of photochemi-
cal damage. Therefore, there is a need to develop a differ-
ent approach to obtain their normal Raman spectra from
low-concentrated samples, such as the drop coating depo-
sition Raman (DCDR) method.

A potential inspiration trigger for the development of
the DCDR method was the paper by Deegan et al. pub-
lished in the journal Nature in 1997.° This study was
focused on a commonly known phenomenon (and phys-
ics background as well) about the formation of a ring-like
deposit known as ‘coffee-ring” when a spilt drop of coffee
is evaporated on a solid surface. They stated that the nec-
essary condition for such kind of deposit is a surface with
a non-zero contact angle for a deposited liquid sample
and the subsequent creation of a drop contact line that is
pinned to its initial position. Despite the fact that the
evaporation process does not always lead to the ‘coffee-
ring’ formation, this work pointed out the phenomenon
of a sample preconcentration, which was later applied in
the DCDR method.

2 | PRINCIPLE OF THE DCDR
METHOD

The DCDR method is based on a simple idea of a deposi-
tion of a small volume (drop or droplet) of solution or
suspension containing molecules of interest on a solvo-
phobic (hydrophobic for aqueous solution) surface
(in the following text referred to as a substrate)
(Figure 1A). Due to the drying process and subsequent
preconcentration of the analyte, the dried samples form a
pattern of different forms: (i) a ‘coffee-ring’, (ii) small
(somewhat spherical) spots. The formed pattern can con-
tain amorphous parts as well as small crystals
(Figure 1B). The ‘coffee-ring’ is formed if the evaporating
droplet has a pinned contact line, which causes that lig-
uid evaporated from the periphery of the droplet to be
replenished by the liquid from the interior.” The resulting
flow can virtually carry all dispersed material to the edge,
where a ring of sample molecules is formed. In contrast,
the small spots are observed when deposited drops have
less tendency to pin to the surface, so the droplets will
remain almost spherical as they shrink during evapora-
tion.* The most commonly used solvent is water or some
organic substances such as ethanol. After the droplet
deposition and completion of the evaporation, the formed

FIGURE 1 (A) The scheme of the
drop coating deposition Raman (DCDR)

(A)
drying of the droplet
L by Eei
0 min ~ 15 min ~ 30 min
g ]
acquisition of Raman spectra
(B)

experiment: taking of a small sample
volume (a droplet) by micropipette, the
droplet deposition on the substrate and
drying, followed by the Raman spectrum
acquisition, and (B) examples of
patterns formed after completion of the
evaporation, from left to right: a ‘coffee-
ring’, small homogenous spot and a set
of small crystals. [Colour figure can be
viewed at wileyonlinelibrary.com]
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dried deposit is solvent free. When placed under a micro-
scope objective, a normal Raman spectrum is measured
from the preconcentrated dried parts in the deposit. This
way, high quality spectra can be obtained from low con-
centrated samples at small initial volumes (a few microli-
ters are sufficient), which improves the sensitivity several
times when compared with normal Raman measurement
from a solution or suspension.

3 | DIFFERENT TYPES OF DCDR
SUBSTRATES

Choosing a suitable substrate is an integral part of the
DCDR experiment. Substrate wettability, that is, the
extent to which a drop of deposited sample covers its sur-
face, affects the drying process and so the final appear-
ance of the pattern. Generally, the formed pattern is
always the result of the interplay among more factors,
such as the type of molecular solution or suspension

(A)

solid surface

RAMAN _ 1 3
spECTRoscopy  YYILEY

(analyte), the sample concentration and the chosen sub-
strate. The substrate wettability is characterised by a con-
tact angle and influences the size of the formed pattern
and thus the analyte preconcentration (Figure 2). Smaller
patterns with more preconcentrated samples give rise to
Raman spectra of higher intensity. In this way, we can
reduce the detection limit, significantly improve (several
orders of magnitude) the detection sensitivity and conse-
quently extend the usefulness of Raman spectroscopy for
biomolecules in biologically relevant concentrations.

One of the most frequently mentioned and experi-
mentally used substrates is a commercial SpectRIM™
Slide (Tienta Sciences; see Figure 2B, a). It consists of a
3 x 1 x 0.1 in. plastic carrier with an optically flat stain-
less steel plate coated with an ultra-thin (50 nm) hydro-
phobic layer providing a contact angle of 122° for a drop
of water. The substrate is chemically inert and highly sol-
vophobic, making them ideal for DCDR spectroscopy
from dilute solutions in polar solvents. However, the
SpectRIM™ Slide substrate is no longer commercially

0 - contact angle

0 > 90° - hydrophobic

B > 150° - superhydrophebic
AV

FIGURE 2

(A) The scheme of the deposited droplet and its contact angle and (B) examples of drop coating deposition Raman (DCDR)

substrates (with corresponding contact angles for a drop of water): commercial (a) SpectRIM™ (122°) and (b) pRIM™ (108°) and non-
commercial (¢) nanostructured platform with metal nanoparticles overcoated with plasma polymerised fluorocarbon films prepared by
magnetron sputtering (can be tailored in the range from hydrophobic to superhydrophaobic), (d) polished CaF, plate (90°) and (e) thiol-
modified gold coated glass (110°). [Colour figure can be viewed at wileyonlinelibrary.com]
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available. Another one currently at disposal is a pRIM™
from BioTools (see Figure 2B, b), which is less hydropho-
bic with a contact angle of 108°.

The non-commercial home-made substrates profiting
from the hydrophobic character of smooth fluorocarbon
coating (with a contact angle of ~108°) represent a prom-
ising platform for DCDR spectroscopy. The modification
of this class of hydrophobic substrates is represented by
nanostructured platforms with metal nanoparticles that
are sandwiched in plasma polymerised fluorocarbon
films prepared by magnetron sputtering (Figure 2B, c).
The presence of nanoparticles, depending on their type
(copper or silver), size and amount significantly increases
the roughness of the surface and thus the contact angle
of the deposited droplet. It was demonstrated that surface
roughness is a key parameter that governs higher wetta-
bility. In this way, highly hydrophobic as well as superhy-
drophobic substrates can be fabricated.*

The other non-commercial DCDR substrates include
polished CaF, plates, silanised glass surfaces, quartz
slides, gold foil, thiol-modified gold-coated glass and so
forth (Figure 2B, d, e) or polytetrafluorethylene tape as a
law-cost hydrophobic substrate.® Their contact angles
for water droplets vary in the range of 80-120°. With a
higher contact angle, the preconcentration of the analyte
is more efficient.®

From the point of view of the Raman spectra acquisi-
tion, it is important that the substrate itself has minimal
background signal in the desired spectral region. The thin
fluorocarbon layer displays no apparent Raman or fluo-
rescence signal and so ensures that the analyte spectra
are of good quality. Moreover, the presence of polished
stainless steel acts as a mirror and significantly increases
the acquired signal. According to our experiences, the
substrates based on stainless steel plate coated with a
fluorocarbon hydrophobic layer are the best ones for
DCDR spectroscopy. Concerning other substrates, the
Raman background from the glass surfaces can be sub-
stantially reduced by gold coating, and for CaF, plates
with a Raman band at 322 cm™!, subtraction methods
can be used.

4 | DCDRSTUDIES OF
BIOMOLECULES AND
BIOLOGICALLY IMPORTANT
MOLECULES

The group of Dor Ben-Amotz from Purdue University
was the first to start DCDR experiments with a focus on
biologically important molecules, especially on amino
acids, peptides and proteins. This work resulted in several
exciting pivotal papers published in the years 2003-2010.

The strong motivation was to show that non-enhanced
Raman scattering spectra of high quality can also be
obtained from the samples in low concentrations. They
described the main features and advantages of the DCDR
experiment in the context of normal Raman measure-
ments from solution or SERS as well. The potential of
DCDR detection, thus the measurement under conditions
compatible with chromatographic and mass spectro-
scopic proteomic separation and sensing methods were
successfully introduced.’

The pioneering work of Zhang et al. in 2003° on the
protein samples of lysozyme and human insulin demon-
strated the possibility of measuring reproducible, high-
quality normal Raman spectra from femtomole quantities
of only micromolar concentrations. It represents over a
1000-fold increase in the sensitivity of normal Raman
spectroscopy from protein solutions. Moreover, the mea-
sured DCDR spectra were practically identical to those
measured from protein solutions in higher concentra-
tions. Therefore, it seems that proteins maintain their
structure from solution when drying. Another work of
Zhang et al."” discussed the DCDR approach as a physical
segregation method enabling the reduction of fluores-
cence interference from the spectra of impure solids and
liquid mixtures. DCDR can serve as a method for separat-
ing proteins from other solution components, such as
buffers and impurities (mainly fluorescent ones).'® The
effectiveness of the method derives from the fact that
components in the deposited solution tend to precipitate
in different regions on the DCDR substrate. A possible
kinetic contribution to segregation is the ‘coffee-ring’
effect induced by convecting streaming during the evapo-
ration of deposited liquid droplet. This was presumed to
be an important driving force for the observed tendency
of protein accumulation in the edge ring of the pattern.
The formation of crystals may also contribute to spatial
segregation, as the substances with different crystallisa-
tion rates tend to deposit separately. The dissimilar solu-
bilities of solution components play another important
role in a segregation process. Proteins that are relatively
insoluble precipitate earlier during the evaporation pro-
cess, and highly soluble components of buffers (almost
salts) remain in the evaporating droplet much longer.
These components deposit inside the formed pattern
around its central part.w However, it seems that
described chemical segregation during the drying process
is not universal. For example, compounds having a
strong chemical affinity for each other are assumed not
to segregate into different substrate regions. Similarly,
systems that do not crystallise easily, such as sugars, tend
to retain fluorescent impurities even after drying.'” These
studies include lysozyme, insulin, myoglobin, O-phos-
pho-L-serine and glycan isomers.” !
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FIGURE 3
(DCDR) study on human insulin sample. Upper part represents the
white light image of human insulin (10 pL of 100 pM solution)
deposited on a nominally flat gold substrate. Bottom part is a
DCDR spectra (a—d) acquired from the corresponding positions
shown in the above image (with an integration time of 50 s, and the

An example of drop coating deposition Raman

bar represents 50 pm). Reproduced with permission from Zhang
et al.’

Formation of the ‘coffee-ring’ pattern is typically
observed for proteins and liposomes (will be mentioned
later). A representative example of such a pattern is in
the upper part of Figure 3.° The white light image shows
‘coffee-ring’ in detail originating from the sample of
human serum albumin deposited on a flat gold substrate.
The bottom part of Figure 3 depicts DCDR spectra
obtained from the ring deposit and positions outside and
inside the ring structure. Acquired spectra profiles con-
firm the preconcentration of the analyte in the ring struc-
ture. However, the Raman spectrum measured from the
inner part of the ring indicates that the thin layer of
material also remains inside the drying pattern. The spec-
trum obtained from the bare substrate (the outer part of
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the ring) shows no Raman signal from the protein. The
structure of the dried ring itself was also the subject of
interest. Kopecky and Baumruk'® studied ring patterns
formed from deposited protein (albumin) solution. They
concluded that reproducible DCDR spectra should be col-
lected from central or slightly inner parts of the ring
structure.

Ortiz et al. worked on three insulin variants (human,
bovine and porcine) that differed by one to three amino
acid residues, lysozyme, ovalbumin, b-lactoglobulin,14
and insulin amyloid fibrils.'® Results showed the useful-
ness of the DCDR method in the identification of pro-
teins of slightly different amino acid composition. This
spectroscopic identification and the classification of the
close molecular variants were made after using suitable
data treatment. A normalised second derivative prepro-
cessing and a multivariate partial least squares classifica-
tion algorithm were successfully employed in the case of
insulin variants.'> Moreover, the authors emphasised
(i) the high quality and the reproducibility of the DCDR
spectra, (ii) the absence of photochemical and thermal
sample damage induced by the laser excitation under typ-
ical DCDR data collection conditions and (iii) the similar-
ities between DCDR spectra and Raman spectra from
solution."

DCDR method was further used to detect spectral
changes induced by the phosphorylation of tyrosine
amino acid residues in four peptides with sequences
derived from the human protein-tyrosine kinase p60c-
src.'"'® The degree of tyrosine phosphorylation in pep-
tide mixtures was determined using DCDR spectra com-
bined with partial least squares multivariate calibration
treatment. Following pH-dependent DCDR measure-
ments of peptide confirmed that this method can be
employed to obtain information on conformational
changes induced by changes in pH in both the phosphor-
ylated and unphosphorylated states."” DCDR approach
can also be a part of the screening and the characterisa-
tion of protein-ligand binding detection.®

An important part of published papers includes
DCDR experiments on mixtures and complex (real) sam-
ples, which have been published since 2007. Filik and
Stone analysed changes in the relative protein concentra-
tions of protein mixtures composed of lysozyme, lactofer-
rin and albumin.'® They showed that the combination of
the DCDR method and principal components analysis is
sensitive and suitable for the detection of small changes
in the relative protein concentrations. The same authors
published other DCDR studies on the analysis of human
tear fluid (Figure 4), which is a complex solution contain-
ing proteins, metabolites, electrolytes and lipids as
well.?**' This work confirmed that the DCDR method
could provide a fingerprint of the tear protein and lipid
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(A)

FIGURE 4 An example of drop
coating deposition Raman (DCDR)
study of human tear fluid; (a) white
light transmission image of a dried
1.5-pL tear drop deposited on CaF, plate
(scale bar shows 500 pm), and (b) mean
tear protein DCDR spectra, (i)-(iv)
volunteers 1-4, (v) difference between
spectra i and iv, intensity x 3.
Reproduced with permission from Filik
and Stone.*!
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composition, and it is worth pursuing as a possible diag-
nostic technique. Following this work, Hu et al., in the
study of human tear fluid, employed both DCDR and
SERS methods.””> They demonstrated that both
approaches could be used to analyse the samples without

1400

1600 1800

any sample pretreatment or separation. Moreover, both
methods can provide complementary information about
whole human tears. Another example of a DCDR study
of a real complex sample is cerebrospinal fluid.* In this
work, it was revealed that the stability of the real sample
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FIGURE 5 Upper part is Raman
spectra of 1,2-distearoyl-sn-glycero-
3-phospocholine (DSPC) liposomes
measured from (A) aqueous suspension
and (B) the ring of the pattern on drop
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is limited, and it is necessary to process the sample for DCDR method was also employed to analyse micro-
DCDR measurement as soon as possible after collection. cystin (MC) samples, an ubiquitous and potent hepato-
Another employment of the DCDR method was an exam-  toxin produced by cyanobacteria. The aim was to

ination of chemical changes in synovial fluid of patients = unequivocally identify MC-LR toxin from aqueous solu-
with clinical evidence of knee osteoarthritis, which can tion in trace concentrations by DCDR, as it can cause the

have diagnostic and/or prognostic value.**

contamination of freshwaters used for drinking water
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supply. For the differentiation of more MC variants and
nodularin (another toxin produced by a specific cyano-
bacterium), principal component analysis and peak ratio
analysis were used as mathematical approaches for the
collected DCDR spectra.?>2°

The DCDR studies on lipids organised mainly in the
liposomes in the liposomal suspension have been started
by our group since 2010. Lipids, as an important group of
biological molecules, are the principal structural compo-
nents of the living cell membrane. The liposomes—
spherical self-closed structures composed of curved lipid
bilayers in the aqueous environment—are often used as
suitable model membrane systems. The homogeneous
liposomal suspension (in lipid composition and size)
deposited on the substrate dries similarly to proteins,
forming the ‘coffee-ring’ pattern with a circular shape
and the edge ring (see Figure 1B, left image). Generally,
the diameter of the pattern and the width of the edge ring
varies depending on the lipid composition of the lipo-
somes and the concentration, as observed in the case of
1,2-distearoyl-sn-glycero-3-phospocholine (DSPC) and
asolectin samples.”” Normal Raman spectroscopy from
aqueous liposomal suspension demands high initial con-
centrations of lipids several times higher than is needed
for DCDR. For instance, the Raman measurement of the
DSPC liposomal sample in suspension had 120 times
higher concentration than that used for the DCDR mea-
surement (0.3 mg mL ™). It was found that this concen-
tration is optimal for the acquisition of reproducible
DCDR spectra of good quality.””** Thus, DCDR spectros-
copy provided Raman spectra using initial sample con-
centrations of at least two orders of magnitude lower
than those needed for normal Raman spectroscopy in
aqueous suspensions. Spectra in Figure 5 compare the
normal Raman spectra from aqueous suspension and the
DCDR spectra for DSPC and asolectin samples. The spec-
tral features of lipids are the same in both cases, which
means that the liposomes maintained their phase even
after drying, liquid-crystalline and gel one for asolectin
and DSPC, respectively. The excellent reproducibility of
the liposomal spectra was confirmed by spectral mapping
from the edge ring area (consecutively measured spectra)
scanned at particular chosen points in precisely defined
locations, as can be seen in Figure 6.%7

In addition to homogeneous liposomes themselves,
we also investigated liposomes with increasing content of
cholesterol. Cholesterol, as an important component of
the animal plasma membrane, was inserted between the
phospholipid molecules in liposomes, which significantly
affects the membrane structure and fluidity. The pres-
ence of cholesterol in a liposome causes a diminishment
of the dried pattern size and an increase in the diameter
of the ring.* However, a higher amount of cholesterol
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FIGURE 6
image. Bottom part is the corresponding spectral map of a ring

Upper part represents a typical white-light micro-

section of a dried drop of dipalmitoylphosphatidylcholine. The bar
corresponds to 2 pm. Reproduced and adapted from Kocisovd and
Prochézka.*” [Colour figure can be viewed at wileyonlinelibrary.
com]

(20% of cholesterol for liposomes composed of
1,2-dipalmitoyl-sn-glycero-3-phosphocholine) causes the
formation of the compact pattern without the formation
of the ring. Acquired DCDR spectra contained character-
istics of both phospholipids and cholesterol. Moreaover,
liposomes did not change their initial phase state after
drying. Spectral mapping demonstrated that maximum
Raman intensity originated from the central part of the
ring structure.

A comparison of DCDR and SERS methods in sensi-
tive lipid detection was made for synthetic
1,2-dimyristoyl-3-trimethylammonium-propane
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(DMTAP)>** DCDR method provided reproducible
DMTAP spectra without considerable loss of its solu-
tion properties if measured from the ‘coffee-ring’ pat-
tern dried on a SpectRIM™ substrate. DMTAP was
detected from ~10 pM initial solution concentration,
which is about three orders of magnitude lower than
that for normal Raman spectroscopy. SERS spectra
from the dried ring of Ag hydrosol/DMTAP system
deposited on a clean glass slide were obtained down to
~0.3 pM DMTAP concentration, which means that the
sensitivity of SERS is about five orders of magnitude
higher than that of normal Raman spectroscopy. How-
ever, in contrast to the DCDR technique, SERS spectra
of DMTAP of good quality were obtained only from the
ring locations containing big nanoparticle aggregates.
Moreover, the structural properties of DMTAP were
significantly perturbed by adsorption on the Ag
nanoparticles.*

DCDR method was then employed to investigate the
interaction of the complexed -cationic copper
5,10,15,20-tetrakis(1-methyl-4-pyridyl) porphyrin (CuP)
and phosphorothioate modified oligonucleotide with
liposomes.*! The drying process on the SpectRIM™ sub-
strate produced a separation of liposomes with bound
CuP/oligonucleotide complexes forming a ring at the
edge part of the pattern. The complex itself remained in
the central part of the ring. High-quality spectra mea-
sured from the ring revealed an unperturbed arrange-
ment of lipid chains, partial binding of the
CuP/oligonucleotide complexes to liposomes, and a cer-
tain reorientation of lipid chains as a consequence of the
interaction. The main advantage was a perfect accumula-
tion of liposomes in the ‘coffee-ring” without remarkable
loss of the lipid structural arrangement and a complete
separation of smaller molecules or molecular complexes
not bound to liposomes. This permits the DCDR method
to observe interacting molecular systems present at low
percentages in the original liposome suspension.**

To improve DCDR performance even more, we per-
formed substantial studies concerning new substrates for
DCDR. In addition to the available commercial and non-
commercial substrates, attempts to prepare novel hydro-
phobic substrates in an easy and low cost way were
made. The thiol-modified Au-coated glass substrate, pre-
pared by vacuum evaporation of adhesion promoting tita-
nium film and a gold film on a glass slide, showed only a
weak background signal.” Gold coating similar to the
polished stainless steel in the SpectRIM'™ or pRIM™
substrates served as a highly refractive layer, strongly
increasing the Raman signal. The substrate was tested
with albumin solution and liposomal suspension and
showed similar behaviour when compared to the com-
mercial SpectRIM™ where the DCDR spectra were in
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good agreement with our previously published paper.’
Another attempt included glass substrates modified by
different silanes (with different wettabilities correspond-
ing to different contact angles) fabricated and tested by
a liposomal suspension. An efficient preconcentration
was evident from a sufficiently high DCDR signal,
although it was smaller than for SpectRIM™.® As the
DCDR performance strongly depends on the wetting
properties of substrates, novel fluorocarbon nanostruc-
tured coatings were introduced.’ These substrates were
prepared by a novel method based on the deposition of
arrays of nanoparticles (copper or silver) fusing a gas
aggregation source and subsequent overcoating by
sputter-deposited thin fluorocarbon film. The nanor-
oughness and, with it, connected wettability of produced
coatings was controlled by the number of nanoparticles
in the base layer. For the liposomal suspension, two
times higher Raman signal intensity was observed com-
pared with smooth fluorocarbon films without change
in the profile of recorded Raman spectra. This was
assumed because of a better preconcentration of lipo-
somes in the edge of the ring structure.

In addition to large molecules, molecular systems and
more complex samples (including real body fluid sam-
ples), small molecules were also the subject of the DCDR
study of our group. The solutions of these molecules dry
obviously dissimilar to proteins and liposomes and often
do not form the pattern with a ‘coffee-ring’. The observed
patterns can be composed of small crystals and/or non-
uniform spots that are more or less homogenous. Small
molecules include a broad set of substances, such as
amino acids, porphyrins, dipicolinic acid, acetylsalicylic
acid, riboflavin, methylene blue, contaminants (food and
environmental) and so forth.**>*” We reported the
improvement of detection sensitivity for cationic (copper
(II) 5,10,15,20-tetrakis(1-methyl-4-pyridyl)porphyrin) and
anionic (copper(Il) 5,10,15,20-tetrakis(4-sulfonatophenyl)
porphyrin) porphyrins by a factor of 10° when the DCDR
spectra from ~20nM deposited concentrations were
acquired. Moreover, we measured the DCDR spectrum of
protoporphyrin IX known as a marker in clinical diag-
nostics of cancer, even from 10 nM deposited concentra-
tion. We demonstrated that the DCDR detection limit is
comparable with or even better than that of SERS using
Ag nanoparticles.** Dipicolinic acid, an important spore
biomarker for Bacillus anthracis (anthrax), was detected
at 5 x 1077 M deposited concentration that is equivalent
to approximately 90 bacterial spores, which is signifi-
cantly below the infective dose (Figure 7).>* The DCDR
detection limits for riboflavin, acetylsalicylic acid and
methylene blue were 107°, 10~ and 10~® M for deposited
concentrations, respectively. These detection limits are
comparable to or even better than those of SERS using
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FIGURE 7 Upper part represents a

white-light microimage of the pattern of
dipicolinic acid on SpectRIM™
substrate at a concentration of 5 x 1077
M, bar corresponds to 20 pm. Bottom
part is an example of drop coating
deposition Raman (DCDR) spectra of
dipicolinic acid measured from patterns
in deposited concentrations (a)1 x 107
M, (b)1x 10°Mand (c)5 x 107" M.
Reproduced from Kocisovd and
Prochdzka.?® [Colour figure can be
viewed at wileyonlinelibrary.com]
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commercial Ag substrate.*® The DCDR spectra of selected
contaminants (food contaminant melamine, fungicide
thiram and herbicides bentazon and picloram) were
detected in concentrations relevant to food and
groundwater contaminations. Moreover, normal Raman
spectra from stock solutions of these substances were
impossible to obtain under the same experimental
conditions. The lowest DCDR detected concentrations
were determined as 6.4, 0.31, 20 and 2 mM in deposited
concentrations for melamine, thiram, bentazon and
picloram, respectively.*”

1600 1800

5 | CONCLUSIONS AND FURTHER
PERSPECTIVES

The DCDR method is a very suitable tool for the detec-
tion and study of biomolecules and biologically important
molecules, their mixtures, as well as more complex sam-
ples, such as real body fluids. The possibility of measur-
ing from small volumes (up to units of pL) of low-
concentrated (~pM) initial solutions and suspensions
that are close to physiological concentrations or relevant
in food and groundwater contaminations represents the
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main advantages. Several orders of magnitude improve-
ment (obviously ~10° to 10°) in Raman detection sensi-
tivity is often achieved compared with normal Raman
measurement from a solution. Moreover, the DCDR
method can be useful when the normal Raman spectra
from the solution or SERS spectra are impossible to
acquire. The potential importance of DCDR also comes
from the fact that Raman spectroscopy offers additional
information not readily obtainable from current detection
methods (such as fluorescence or mass spectroscopy).

The DCDR spectra are obviously well reproducible
and of high quality with a very good signal to noise
ratio, and what is important, they mostly maintain the
properties from solutions and the phases for lipids. In
the case of small molecules, their DCDR spectra are
often similar to the Raman spectra of powder. It was
shown that the hydrophobic substrate and its character-
istics are important in the DCDR experiment as the
formed pattern has been the result of the interplay
among not only the type of molecular solutions or sus-
pensions and the sample concentration but also a cho-
sen substrate. From the point of view of DCDR
sensitivity, the DCDR substrate should be optimised to
provide a formation of the highly concentrated pattern
of the studied analyte. Therefore, further research and
development of optimal DCDR substrates would be a
significant challenge for additional improvement,
thanks to which even more efficient signal collection
would be possible. Nanostructured substrates with tai-
lored wettability appear to be very promising in this
direction.

Optimised substrates would be helpful in planning
and designing of the experiments for the necessity to
monitor the presence of various substances and contami-
nants and/or their mutual interaction. This, together
with the segregation potential, can cause the important
progress of the DCDR method, including proteomic sepa-
ration and pharmaceutical detection. The challenge is the
examination of body fluid samples for diagnosis and
identification of ongoing processes with the potential to
treat diseases, which could be of great benefit.
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ABSTRACT KEYWORDS

Raman spectroscopy has developed significantly since its discovery Drop coating deposition

and has become an important analytical vibrational technique for ~ Raman; DCDR; hydrophobic

investigating the sample’s chemical and structural properties. Today, ~ substrate; biomolecule;
e h ; contaminant

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.

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.!*!
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 10°-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 10° due to the weak Raman scattering cross-section.”’) 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 1pg) 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.>*
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 10° can be achieved.””) 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



APPLIED SPECTROSCOPY REVIEWS . 3

drying were elaborated in the paper by Deegan et al.'! 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."”!

In 2009, the paper by Larmour et al.'”® 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-pl drop with a diameter of
1.56 mm shrinks by evaporation into the drop with a diameter of 100 pm, the signal will
increase more than by a factor of 3000 x. Further evaporation of the solvent to a
10 pm drop diameter will increase the concentration, and so will the Raman signal by at
least a factor of 3 x 10° 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.”]

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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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.

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.”’lo’lz]

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.®!, the smaller dried patterns with more
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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.

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. SpectRIM™ substrate, commercially
produced by Tienta Sciences, was successfully employed in many published works. It
consisted of a 3 x 1 x 0.1inch 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
SpectRIM™ Slide is no longer commercially available. Another substrate that is cur-
rently at disposal is a pRIM™ from BioTools. This substrate is less hydrophobic than
SpectRIM '™ Slide, with a contact angle of 108°.
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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.'*!* 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."* In this way, not only highly hydrophobic but also super-hydrophobic substrates
with a contact angle of at least 150° can be produced.'* Super-hydrophobic substrates
thus can cause the formation of smaller dried patterns with better preconcentration.!*”
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 CaF,
plates, silanized glass surfaces, quartz slides, gold foil, aluminum foil, thiol-modified
gold-coated glass etc.'*'®! A polytetrafluoroethylene tape as a low-cost hydrophobic
substrate was also tested."”) 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.!!”]

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 CaF, plates, the single Raman band at 322cm™' can be easily
removed by subtraction methods. Although, CaF, 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./”*®2°>*] Later, due to the
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promising results, the studies were extended to investigate other molecules, molecular
mixtures and complex solutions,!'*!!2¢-3!]

The first encouraging results were published by Zhang et al.l”! 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.l”! 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).**) 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.”**"**! 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.*”) 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.””! 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 um. 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.[3 7l

Besides the liposomes composed of pure phospholipids or their mixtures, we have
also studied the changes in liposomes containing cholesterol.* 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®! 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

Smooth substrate Dried deposits of DPPC
0.125 mg/ml

Raman spectra from

PTFE
= dried deposits

DPPC
0.125 mg/ml

Raman intensity (a.u.)

deposition time of Cu Nps 2 min

NpsCu4
TR s  —

deposition time of Cu Nps 4 min

2700 2800 2900 3000 3100

Wavenumber (cm'l)

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 2min 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.

Wel**** 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.**! 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 25ng of domoic acid per ml (0.025 ppm).”*”! Dingari et al.**! 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 pM 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.m]

Dipicolinic acid, another interesting small molecule, was studied in our laboratory.!'!
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-pl drop of 5x 1077 M deposited concentration, which is equivalent to approximately
90 Bacillus anthracis spores.!''! 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) *!. The found DCDR detection limits are
107% 1077, and 10™® 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 107> 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
5x 10~ 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.®’ Using the DCDR approach, it was possible to
improve the Raman detection sensitivity of porphyrins by a factor of 10° and thus, the
spectra from ~20nM 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 10nM, 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® 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.*® 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 M, 0.31, 20 and 2uM 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 681cm™'. We assumed that melamine glycation by carbohydrates in the
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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.

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
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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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1. Introduction

Modern analytical techniques should be highly specific and
sufficiently sensitive to detect, identify, and quantify an
analyte of interest with minimal requirements for sample pre-
treatment and preparation. Raman scattering (RS) spec-
troscopy is an essential analytical technique for chemical and
biological analyses based on the fingerprint chemical/struc-
tural information extracted from Raman spectra.” The relevant
advantages are generally low spectral interference from water
as a solvent, minimal need for sample pre-treatment, and non-
invasive rapid measurement. However, its serious drawback
arises from the inherently weak Raman cross-section of a
normal RS (ca. 107*° em® per molecule), so relatively high con-
centrations (>1 mM) and/or large quantities of analyte (>1 nug)
are typically required. Surmounting this weakness/difficulty
and thus amplifying the Raman cross-section are of utmost
importance for the trace detection of abundant analytes in bio-
logical samples, contaminants, or pollutants. This can be
achieved by surface-enhanced techniques or by an analyte
drying-induced pre-concentration effect.

Surface-enhanced Raman scattering (SERS) spectroscopy is
an efficient method to obtain enhancement of RS on the order
of 10°-10" for molecules adsorbed on plasmonic (such as
gold or silver) nanoparticles (NPs) or nanostructures. In this
case, electromagnetic enhancement takes place due to the
localised surface plasmon resonance (LSPR) on metal nano-

Charles University, Faculty of Mathematics and Physics, Institute of Physics,
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of the components from the mixtures (such as body fluids) and the sensitivity of detection of various ana-
lytically important molecules. Some recent advanced applications, including clinical cancer diagnosis, are
discussed and summarized. Finally, the potential and further perspectives of the droplet deposition
Raman methods for analytical studies are introduced.

structures. Although SERS has become one of the most sensi-
tive analytical tools with a wide range of applications,” it is
often not straightforward and generally not applicable for any
analyte detection. Another enhancement mechanism, a so-
called chemical mechanism (CM), is explained as a charge-
transfer between the adsorbed molecule and the surface. This
is, for instance, a case involving an analyte dried on a hydro-
phobic graphene-based substrate known as graphene-enhanced
Raman scattering (GERS).?

An alternative method for improving the Raman sensitivity
is drying-induced pre-concentration of the analyte dropped on
a suitable (generally hydrophobic) solid surface. The radially
outward flow of a liquid in the evaporating droplet carries the
dispersed material of the sample to the edge of the droplet,
where it is pre-concentrated in a coffee-ring pattern. An orig-
inal inspiration for the development of the methods based on
the coffee-ring effect was the work by Deegan et al. published
in the journal Nature in 1997.* This study brought to mind a
commonly known phenomenon when a spilled drop of coffee
is evaporated on a solid surface. The process was described
based on a capillary flow mechanism and showed that it is due
to a geometrical constraint where the free surface, constrained
by a pinned contact line, pushes the fluid (with the dispersed
material) outwards to compensate for evaporative losses. The
edge rings of the pre-concentrated analyte are formed for a
wide variety of substrates, dispersed materials (solutes), and
carrier liquids (solvents), as long as (1) the solvent meets the
surface at a non-zero contact angle, (2) the contact line is
pinned to its initial position as is commonly the case, and (3)
the solvent evaporates. Moreover, they found that mechanisms
typically responsible for solute transport such as surface-
tension gradients, solute diffusion, and electrostatic as well as

This journal is @ The Royal Society of Chemistry 2024
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gravity effects are negligible for the ring formation.*® More
details on the drying and formation of coffee-ring patterns can
be found elsewhere.®’

Combining the coffee-ring effect with detection techniques
such as chromatography,® colorimetry,” mass spectrometry,*®
fluorescence spectroscopy,'’ and Raman spectroscopy brought
about various powerful analytical applications.'* Drop-coating
deposition Raman scattering (DCDRS) spectroscopy uses a
droplet deposition and evaporation of the target analyte when
the Raman spectra are usually measured from the edge of this
ring."® This way, high-quality Raman spectra can be obtained
from samples at small initial volumes (a few pL are sufficient)
and several orders of magnitude lower concentrations than in
the case of Raman measurement directly from solution or
suspension.,’®™*°

Although evaporation does not always lead to a coffee-ring
pattern, and sometimes small (somewhat spherical) spots are
formed, we can benefit from an efficiently pre-concentrated
analyte, which is a main prerequisite of the DCDRS approach.
Generally, the formed pattern and so the analyte pre-concen-
tration are always the result of the interplay of several factors,
such as the type of molecular solution/suspension (analyte),
sample concentration and physicochemical properties (contact
angles, wettability, and roughness) of the used substrate.'”"'®
Various substrates based on hydrophobic top layers such as
Teflon-coated stainless steel, polished metals, calcium fluoride
(CaF,), silanised glass, quartz, thiol-modified gold-coated glass
or polytetrafluoroethylene tape are successfully used in DCDRS
spectroscopy to efficiently pre-concentrate the analyte.">'®
From the point of view of Raman spectrum acquisition, the
substrate itself must have low optical absorbance, the highest
possible optical reflectance, and a minimal Raman back-
ground signal in the desired spectral region, which is well-
ensured in the case of fluorocarbon coatings or polished stain-
less steel.

The combination of drop-coating deposition with SERS can
significantly improve detection sensitivity, benefitting from
the synergy of two distinct effects: analyte pre-concentration in
a dried pattern (coffee-ring or small spot) and LSPR on the
SERS-active surface. Two possible approaches should be taken
into consideration: (1) the coffee-ring is formed by dropping
and drying the analyte solution on the solid SERS substrate,
which ensures SERS enhancement, and (2) the coffee-ring is
formed by dropping and drying of the SERS-active NP/analyte
mixture on glass/silicon or a similar substrate, so SERS
enhancement is ensured by SERS-active NPs. The schematics
of DCDRS and both combinations of DCDRS and SERS are
depicted in Fig. 1.

This review covers the analytical applications of DCDRS and
droplet deposition SERS spectroscopy. Two main advantages
of droplet deposition Raman techniques will be considered:
the segregation of the components in the mixtures (such as
body fluids) and the sensitivity of detection of various analyti-
cally important molecules. Some recent advanced applications,
including clinical cancer diagnosis, will be summarized.
Finally, the potential and further perspectives of the droplet

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic figure of (A) DCDRS and (B, C) a combination of
droplet deposition with SERS spectroscopy benefitting from the coffee-
ring effect where the analyte is dropped on the solid SERS substrate (B)
and SERS-active NPs mixed with analyte solution are dropped on the
glass/silicon substrate (C).

deposition Raman methods for analytical studies will be
discussed.

2. Analytical applications of DCDRS
spectroscopy

In the pioneering work of Benz-Amotz et al.">'" DCDRS was
used for the very first time to obtain high-quality Raman
spectra of proteins, lysozyme, and insulin, with up to 1000
times higher sensitivity than Raman spectra from solution.
Moreover, the authors found that DCDRS spectroscopy benefits
from facilitating possible segregation during drying and sub-
sequently enables independent spectral characterisation of the
components in the mixture. It was shown to be useful as an
efficient approach for separating proteins from other solution
components, including fluorescent impurities and buffers."®
The strength of this method comes from the fact that com-
ponents in a deposited solution tend to precipitate at different
locations on the substrate as a result of a convective streaming
during the drying of liquid droplets. This was assumed to be
essential for protein accumulation in the edge ring of the dried
pattern.”® In our opinion, the benefits resulting from the segre-
gation capability linked with the coffee-ring effect are still chal-
lenging to achieve, and only a few promising studies success-
fully benefiting from it have been reported.** >

First tests were conducted on single protein and protein/
buffer solutions and subsequently on simple protein mixtures.
In their first study, Filik and Stone focused on mixtures of
three proteins: lysozyme, lactoferrin, and albumin, all of
which are commonly found in human body fluids.*® The aim
was to assess the effectiveness of the DCDRS method for deter-
mining relative protein concentrations. The study proved that
the method is suitable for the compositional analysis of low-
concentration protein mixtures and made it possible to assess
changes in the relative protein concentrations when subjected
to principal component analysis (PCA). This was done with
protein levels similar to those in human tear fluid. Moreover,

Analyst, 2024,149, 3276-3287 | 3277
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inhomogeneous deposition of the different proteins during
the drying process was also observed. For example, lactoferrin-
albumin mixtures were regularly spaced compared to spots
from mixtures containing lysozyme, which separated from the
other proteins.

The following study was performed on human tears, focus-
ing on determining the components in the tear fluid of healthy
volunteers and using Raman point mapping to resolve the
spatial distribution of these components in the tear’s drying
pattern.”® The DCDRS technique produced good-quality spectra
(very high signal-to-noise ratio) collected with short acquisition
times and small sample volumes. Raman mapping on the dried
deposits revealed the presence of protein, lipid, urea, and bicar-
bonate, which were inhomogeneously distributed throughout
the drying pattern. The positioning of the protein, urea and
bicarbonate deposits was related to their relative solubility and
concentration. The lipid component was found to never be in
solution but visible as debris within the drop.

In the next step, an evaluation of tear fluid analysis by the
DCDRS method was developed to determine its potential use
as a future medical diagnostic technique.>® The measured
spectra of the tear samples of four volunteers were similar,
with only subtle differences between them. Fig. 2 shows a
white light image of a section of the tear ring with variation in
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50 100 150 200
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Fig. 2 White light image of the section of the tear ring (top) with vari-
ation in the concentrations of the proteins separated by filtering urea
and CaF, across the ring determined by least-squares fitting (bottom).
Adapted from ref. 24 with permission from John Wiley & Sons, Ltd,
copyright 2009.
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the concentrations of the proteins separated by filtering urea
and CaF, across the ring determined by least-squares fitting.
The three retentate filtrates from the 100 kDa filter (Ret100),
50 kDa filter (Ret50) and 3 kDa filter (Ret3) were analysed.
From the outer edge into the middle of the ring, there is a
sharp decrease in the relative contributions of Ret100 and Ret3
compared to that of Ret50. The largest spectral variation from
Ret50 shown in Ret3 and Ret100 is the large tryptophan and
amide III signal, respectively. In the outer ring mean spec-
trum, both these features are markedly stronger than those in
the inner ring mean spectrum. It is obvious that this approach
if combined with determining the tear protein compositions
of samples by other techniques (gel electrophoresis or colori-
metry) and subsequent advanced data processing by partial
least squares (PLS) regression can serve as a possible diagnos-
tic tool.

Furthermore, Hu et al. employed both DCDRS and SERS
spectroscopy to study human tear fluid.>® They demonstrated
that both could be successfully used to analyse the samples
without any pretreatment or separation and can provide comp-
lementary information about the whole human tear sample.
Their results prove that DCDRS is advantageous for the detec-
tion of some high-abundance components and SERS for some
low-abundance components in the whole tears. They proposed
potential further extension also to the analysis of other body
fluids.

We employed DCDRS spectroscopy to examine the complex
of the cationic copper(u) 5,10,15,20-tetrakis(1-methyl-4-pyridyl)
porphyrin (CuTMPyP) and liposomes as a model membrane
system, composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocho-
line (DPPC).2® The measured spectra consisted of the spectral
features of DPPC and porphyrins, although the distribution of
CuTMPyP in the sample was non-homogeneous. The DCDRS
method made it possible to segregate complexed parts from
the non-complexed parts of the sample. In addition, the study
of the spectra by factor analysis made it possible to distinguish
the spectral changes caused by the drying process from the
changes caused by the interaction of CuTMPyP with the DPPC
liposomes. These spectral changes were attributed to the per-
turbation of the lipid chain order and porphyrin interaction
with the lipid head.

Another experiment in which the CuTMPyP porphyrin/
oligonucleotide complex was added to the liposome suspen-
sion showed that the drying process caused separation; the
liposomes with the bound CuTMPyP porphyrin/oligo-
nucleotide complex were pre-concentrated in the formed edge
ring, while the complex itself remained in the central part of
the dried pattern. The DCDRS approach also allowed us to
reveal that the complexation of oligonucleotides with cationic
porphyrin caused its possible binding to the liposome and
that this interaction led to certain reorientation of lipid
chains.**

In addition, DCDRS spectroscopy has been successfully
used for the detection of different substances in analytically
interesting low concentrations. Djaoued et al studied a
domoic acid-tribasic amino acid containing a proline ring,
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structurally related to glutamic acid, with a side chain having a
conjugated double bond moiety and a hind carboxylic acid.?”
It is naturally present in the marine ecosystem in different
locations in the world and is recognised as a neurotoxin.
Poisoning can cause short-term memory loss, nausea,
difficulty breathing, and coma. The study showed that DCDRS
spectroscopy can be applied for the rapid detection of domoic
acid down to 25 ng of domoic acid per mL (0.025 ppm). The
next study by Dingari et al. demonstrated an application of
DCDRS spectroscopy to the detection and quantification of the
concentration of glycated albumin, which is an important gly-
caemic marker for long-term diabetes monitoring.*® Moreover,
they were able to accurately discriminate glycated albumin
from the unglycated variant, even at low pM concentrations.
The reached limit of detection (LOD) for glycated albumin is
nearly 4 times lower than the lowest physiological concen-
trations encountered in practice.

Other important analytes detected by DCDRS spectroscopy
were food and agricultural contaminants. In our study, selected
contaminants formed small dried spots on a hydrophobic
surface making it impossible to obtain Raman spectra from
stock solutions under the same experimental conditions.* The
food contaminant melamine (known as an illegal food addi-
tive), fungicide thiram (an animal repellent to protect fruit
trees), and herbicides bentazone (applied aerially on food crops
to control the spread of weeds occurring amongst the food
crops) and picloram (a systemic herbicide used for broadleaf
weed control in pasture and rangeland, wheat, barley, oats, and
woody plant species) have been studied. DCDRS spectroscopy
has been shown to be a powerful method for the detection of
these molecules at concentrations relevant to food/groundwater
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contamination. The lowest detected concentrations were deter-
mined as 6.4 pM, 0.31 pM, 20 pM, and 2 pM in deposited con-
centrations for melamine, thiram, bentazone, and picloram,
respectively. Fig. 3A shows the detection of the herbicide benta-
zone as an example. Although SERS provided better sensitivity
for melamine®® and thiram,** no reported SERS study for benta-
zone and picloram was found in the literature.

We then used the DCDRS approach to explore the drying-
induced separation of the main constituents in a melamine-
blended milk infant formula.>®* The spatial segregation of
lipids and carbohydrates from pure infant formula into a
dried pattern was confirmed by Raman spectral mapping.
Lipids tended to accumulate in the coffee-ring, and carbo-
hydrates formed a thin layer in the central part of the ring.
The same separation in the dried pattern was also observed for
the melamine-blended infant formula, where melamine was
detected only from the thin central layer together with carbo-
hydrates due to the melamine glycation by lactose depicted in
Fig. 3C. We could benefit not only from the efficient pre-con-
centration and drying-induced spatial separation but also from
the chemical reaction potential of molecules of interest
present in a complex solution or suspension.

Regarding bacterial studies, dipicolinic acid is an important
component of the bacterial spores of the Bacillus species and
represents ~10% of their dry weight. The spores are dormant
and extremely resistant to different environmental stresses.
Dipicolinic acid is a principal component of the spore core
responsible for this resistance. Using the DCDRS approach, it
is possible to detect dipicolinic acid from a 2 pl drop of 5 x

7 M deposited concentration as shown in Fig. 3B, which is
equivalent to approximately 90 Bacillus anthracis spores.*?
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Fig. 3 (A) Detection of the herbicide bentazone by DCDRS spectroscopy. (B) White light image of a dried deposit of dipicolinic acid with the corres-
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We also used the DCDRS approach to study small molecules
with biological importance - acetylsalicylic acid (a substance
with antipyretic, anti-inflammatory, and cardio-protective pro-
perties), riboflavin (vitamin B2, important in the living cell func-
tioning), and methylene blue (used in different areas of biology
and medicine for therapeutic and diagnostic purposes, e.g
treatment of methemoglobinemia).®® The DCDRS detection
limits found are 107% 1077, and 10™® M of deposited concen-
trations for riboflavin, acetylsalicylic acid, and methylene blue,
respectively. These detection limits are comparable to or even
better than those of the SERS method using the commercial Ag
substrate. As for acetylsalicylic acid, no spectra were obtained
from concentrations used for the DCDRS approach, probably
due to weak adsorption to the silver surface. Moreover, using
the DCDRS approach, it was possible to improve the Raman
detection sensitivity of porphyrins by a factor of 10% and thus,
the spectra from ~20 nM deposited concentrations of cationic
copper(n) 5,10,15,20-tetrakis(1-methyl-4-pyridyl) porphyrin and
anionic copper(u) 5,10,15,20-tetrakis(4-sulfonatophenyl) por-
phyrin were acquired.*® Protoporphyrin IX, known as a marker
in the clinical diagnosis of cancer, was also detected from a de-
posited concentration of 10 nM, and although a fluorescence
background also appeared, clear Raman bands assigned to the
molecule were observed in the spectra.

To profit from DCDRS even more, some studies combined
this approach with additional analytical techniques such as
chromatography or mass spectrometry. Zhang et al. demon-
strated the possible compatibility of non-enhanced Raman spec-
troscopy with chromatographic and mass spectroscopic proteo-
mic sensing on examples of proteomic analytes.*® They proposed
a combined DCDRS/MALDI-TOF approach, providing a mecha-
nism for correlating Raman and mass spectral information.
Thus, genetic, environmental, or disease-induced variations in
peptides derived from a given protein (with or without posttran-
slational modifications) could be detected by enzymatic digestion
and chromatographic separation followed by DCDRS detection.

Abdolahzadeh et al. combined DCDRS spectroscopy with
offline monitoring of the reaction’s progress.®® They examined
catalysed oxidation of alkenes to epoxides in aqueous solu-
tions at concentrations <10 mM and demonstrated that repro-
ducible spectra can be obtained routinely with relatively little
variance, with short acquisition times and sample volumes of
2-10 pL and as little as 1 pg of analyte. The benefit of the
DCDRS approach was compared with that of on-line reaction
monitoring by "H NMR and Raman spectroscopy. The authors
affirmed the excellent correlation between data obtained from
offline and online approaches.

3. Analytical applications of droplet
deposition SERS spectroscopy
3.1. Approach 1: analytes dried on a SERS-active substrate

This approach includes all cases where the coffee-ring is
formed by dropping and drying the analyte solution on a solid
SERS substrate, which ensures SERS enhancement.
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Huang et al. reported a simple platform, a hydrophobic Ag
ink-based plasmonic paper substrate, for simultaneous drop-
coating deposition-based pre-concentration and SERS detec-
tion of analytes.*® The hydrophobicity of the plasmonic Ag
paper was tuned by Ag-ink concentration to achieve the best
pre-concentration of the rhodamine 6G (R6G) analyte in the
coffee-ring. Compared with the Raman spectra obtained from
conventional DCDRS substrates (such as aluminium), the plas-
monic Ag paper offered a much higher Raman signal. From
our perspective, dyes like R6G are extensively used in SERS
spectroscopy due to their high Raman cross-section value but
do not demonstrate the feasibility of the method for real
samples with low Raman cross-section value. Although this
study did not realise any proof of concept on relevant analytes,
it seems that their approach could potentially be a sensitive
and label-free detection technique.

Recently, Wi et al. introduced a similar platform for the
efficient detection of TiO, NPs. TiO, NPs are widely used as
cosmetic additives for blocking UV light and as food additives
for artificial colorants.?” However, there is concern over TiO,’s
toxicity. The sensor platform was formed by inkjet-printed
porous Ag disks placed on a hydrophobic substrate, such as a
hydrogen-terminated Si surface or a fluorosilane-coated glass
slide or plastic film (by vapour coating of fluorosilane). A com-
mercial sunscreen lotion (Degussa P25) was dispersed in dis-
tilled water and dropped onto the sensor platform. Raman
spectra measured from the coffee-ring pattern formed on the
Ag disk showed a clear Raman band of TiO, at 143 em™" even
at a 0.1 ppb concentration which corresponds to 500 fg of
TiO;. Raman bands belonging to TiO, were also identified
from the tested chocolate sample, reaching the sensitivity of
approximately 200-2000 ppm of TiO, (verified by coupled
plasma-mass spectroscopy). Since the proposed Raman sensor
can be readily prepared by the ink-jet printing of additive-free
Ag ion ink, degradation of the Ag nanostructures during
storage is avoided.

A distinguished approach is using lithographically fabri-
cated silicon pillar arrays functionalized by Ag NPs for sensi-
tive detection. A dual enhancement of the Raman signals from
microdroplets of low-concentration analytes was ensured by
combining analyte enrichment through solvent evaporation
and plasmonic SERS enhancement. A >100-fold concentration
of analyte was estimated, with the LOD of 2.9 x 107" M for
mitoxantrone dihydrochloride.®® Similar ideas employed
superhydrophobic metal needles precoated with SERS-active
Ag or Au NPs.*® This coating step was carried out by pushing
the tips through a layer of the NPs confined at a water-oil
interface, which resulted in the deposition of a monolayer of
NPs on the surface. The NPs were capped with polyvinylpyrroli-
done (PVP) to prevent them from jamming together. Then, the
small (pL) droplets were dropped to the tip of the needles
where they were pinned in place and evaporated, leaving a
solid deposit in contact with the SERS enhancing NPs from
which the Raman signal is measured. This approach was
proved to be extremely sensitive achieving a detection of 2 pg
of crystal violet (CV) and 2.5 ng of trinitrotoluene (TNT).*°
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Juneja and Bhattacharya proposed a diagnostic tool to
identify concentrations  of pathogens
(Staphylococcus aureus) from spiked drinking water.*® They
used small pockets of SERS enhancers formed by a 3D Au
nanoflower structure on a silicon wafer, providing strong SERS
enhancement. To enhance the signal intensities even further,
they benefitted from the coffee-ring effect for the pre-concen-
tration of the analytes (water containing S. aureus) on such a
nanostructure surface. The methodology provided reproduci-
ble SERS spectra and the LOD of S. aureus in spiked drinking
water of 10° CFU mL™". This simple, low-cost, robust, and
reproducible method could be useful for increasing the sensi-
tivity of SERS-based detection devices with the capability to be
developed into a micro total analysis system.

Liamtsau et al. employed the combination of the coffee-
ring effect and SERS measurement to study thioarsenicals,
such as dimethylmonothioarsinic acid (DMMTAY) and di-
methyldithioarsinic acid (DMDTA"), which are important
unstable arsenic metabolities.*™** The aim was to develop a
novel analytical method for the speciation of thiolated arseni-
cals with minimal sample preparation. They used a Ag nano-
film platform to not only produce the SERS enhancement but
to promote the separation of thioarsenic species (Fig. 4).
Optimization of the chemical environment (varying pH)
resulted in different migration distances of individual species
that were together influenced by the radially outward flow of
the solute, the thio-arsenical-Ag nanofilm interactions and a
thermally induced Marangoni flow. The spatial separation of
DMMTAY to the centre and DMDTAY to the ring edge of the
coffee-ring during the drying process enabled subsequent
identification of the species using fingerprint SERS spectra.
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This work shows how the coffee-ring effect could enable not
only the pre-concentration of the studied analyte but also
drying-induced spatial separation of different species, which
can be further analysed using Raman fingerprint signals. The
authors also developed a theoretical framework that adopts a
unified approach for both the conventional chromatographic
techniques (e.g., GC and HPLC) and coffee-ring-based nano-
chromatography which employs a stationary phase on the
nanometer scale to enable separation at a very short distance
(~5 mm). This analysis requires minimal sample pretreatment
and allows for nondestructive and simultaneous detection of
multiple analytes.*

de la O-Cuevas et al. combined GERS with DCDRS for sensi-
tive Raman detection of human recombinant interleukin-6
(IL-6) in PBS solution.** They successfully used a hybrid plat-
form prepared from a reduced graphene oxide (rGO) thin film
deposited on a silicon wafer. The measured signal from the
coffee-ring reached a detection limit below 1 pg mL™" with an
absolute mass of 1 fg of IL-6. Raman bands acquired from the
coffee-ring indicated that IL-6 remains in a solution-like state.
In their next study, a combination of DCDRS and GERS was
used for specific recognition of the human IL-6 based on the
coffee-ring pre-concentration of monoclonal antibodies of 1L-6
(mabIL-6) onto an amine functionalized graphene substrate.**
The formed coffee-ring from the solution of mabIL-6 deter-
mined where the selective interaction of the antigen/antibody
took place, and IL-6 could be detected and identified by
Raman imaging. Fig. 5 (top) shows a scheme of the formation
of the substrate: (i) Langmuir-Blodgett (LB) assembly of gra-
phene oxide (GO) substrates (rGO-NH, and GO) on a solid
support, (ii) drop-coating deposition of mabIL-6 (coffee-ring
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Fig. 4 SERS method for arsenic speciation by using the separation potential of the coffee-ring effect on negatively charged silver nanofilms. (Left)
Four arsenic species formed the coffee-ring and (right) the fingerprint SERS signal in solution and on the films. Adapted from ref. 42 with permission

from American Chemical Society, copyright 2019.
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Fig. 5 (Top) Scheme showing (i) the Langmuir—Blodgett (LB) assembly of graphene substrates (rGO-NH, and GO) on a solid support, (ii) drop-
coating deposition of mablL-6 (coffee-ring formation) on LB thin films of graphenic substrates and (iii) adsorption of IL-6 on the coffee-ring of
mablL-6. (Bottom) Raman image of the formed coffee-ring and corresponding Raman spectra when the red Raman spectrum is coincident with
pure IL-6 and the blue Raman spectrum presents a combination of mablL-6 and rGO—-NH; signals. Adapted from ref. 45 with permission from Royal

Society of Chemistry, copyright 2023.

formation) on LB thin films of the graphene substrates and
(iii) adsorption of IL-6 on the coffee-ring of mabIL-6. Fig. 5
(bottom) shows a Raman image of the formed coffee-ring with
Raman spectra when the red Raman spectrum is coincident
with pure IL-6 and mabIL-6 and the blue Raman spectrum pre-
sents a combination of mablL-6 and rGO-NH, signals.
Graphene, prepared by using the chemical vapor deposition
technique, served as a substrate where dried drops of the
studied amino acids formed coffee-ring patterns.’® GERS
spectra of tryptophan, leucine, phenylalanine, and 3,4-
hydroxy-phenylalanine were measured from the ring with the
LOD of tens of ng mL™". Unfortunately, GERS suffers from a
low enhancement factor (on the order of 10-20) and in our
opinion will not become a routine analytical technique.

3.2. Approach 2: SERS-active NPs/analyte drying on a solid
substrate

It is well known that drying of colloidal NPs also forms coffee-
ring patterns on certain solid surfaces such as glass/silicon or
similar ones.?” The second approach, the combination of the
coffee-ring effect of colloidal metallic NPs and SERS, has
received considerable attention thanks to its important appli-
cations in the field of analytical sensing.

Our results demonstrated that dried drops of Ag colloid/
analyte systems on glass slides formed compact coffee-rings
after drying on glass slides.**™*° We used borohydride-reduced
(b.-r) and hydroxylamine-reduced (h.-r.) Ag NPs with
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maximum particle size distribution of about 16.8 nm and
38 nm for b.-r. and h.-r. NPs, respectively. The drying process
efficiently led to the pre-concentration of the analyte in the
ring deposit and promoted the adsorption of the studied ana-
Iytes to the NPs, as well as creating highly SERS-enhancing
sites (‘hot-spots’). Thus, by measuring from the ring, SERS
spectra that cannot be acquired directly from Ag colloidal solu-
tions (e.g. 2 x 1077 M 1,2-distearoyl-sn-glycero-3-phosphocho-
line - DSPC phospholipid) were obtained.®® Citrate-reduced
(c.-r.) Ag NPs were also tested for the same purpose, allowing
the detection of uric acid in solutions down to a 107° M
concentration.>®

Xu et al. developed a SERS sensor for the detection and
identification of the environmental pollutants polycyclic aro-
matic hydrocarbons (PAHs) using bare c.-r. Au NPs (20 nm in
size).”> PAHs are environmental pollutants without any func-
tional group attached to metallic NPs, so direct detection from
Ag NPs is impossible. In their tested sensor, a Au NP/PAH
mixture dried on a silicon wafer formed the coffee-ring pattern
containing closely packed but not aggregated arrays of Au NPs
and pre-concentrated PAHs. The SERS spectra of six PAHSs,
namely, naphthalene, anthracene, pyrene, benzo[a]pyrene,
benzo|[g,h,i|perylene, and indeno[1,2,3-cd]pyrene in concen-
trations down to 5 x 107°-2.5 x 1077 M were obtained by
measurement from this coffee-ring pattern. SERS signals col-
lected from 40 spots randomly chosen along each ring demon-
strated that the ring provides reproducible and uniform SERS
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spectra. To prove the feasibility of detection, the SERS spectra
of a sample containing six PAHs in river water matrices were
collected using a portable Raman spectrometer, and particular
PAHs were identified. This portable SERS sensor provided a
robust and versatile approach for simple and direct PAH detec-
tion and identification from the environment.

Guo et al. introduced an approach combining SERS, chemo-
metrics, and coffee-ring effect to detect patulin (PAT) and alter-
nariol (AOH).>® PAT and AOH are the main mycotoxin contami-
nants in fruits and their products, which have great toxic
effects on the human body due to their teratogenicity and car-
cinogenicity. Au nanorods (Au NRs) were mixed with standard
PAT and AOH solution and dropped and dried on a silicon
wafer to form the coffee-ring pattern (Fig. 6). A stable coffee-
ring structure was obtained by optimising the drying tempera-
ture and droplet volume. The smoothed and baseline-corrected
SERS spectra were analysed using the PLS models to predict
the content of PAT and AOH. The best performance was
obtained by using the synergy interval and genetic algorithm.
The LOD values for PAT and AOH were as low as 1 pg L™, and
the relative standard deviation (RSD) < 4.86 for PAT and
<2.28% for AOH. To verify the applicability of their approach,
the detection of PAT and AOH in actual apple samples was
carried out. Since the number of broken apple cells, soluble
polysaccharides, and other substances in apple juice may
seriously interfere with signal collection, it was difficult to
collect SERS spectra directly from apple juice. Therefore, PAT
and AOH were extracted from apple juice samples and detected
by SERS and HPLC. The lowest detection concentrations of
spiked juice samples were 6.49 x 107> mol L™" (PAT) and 3.87 x
10™° mol L™ (AOH), indicating that SERS combined with the
coffee-ring effect had the potential to detect PAT and AOH in
real samples quickly and effectively. The SERS technology com-
bined with chemometrics and the coffee-ring effect holds
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promise for high-throughput label-free detection of PAT and
AOH in fruits and their products.

Pan et al. prepared a p-cyclodextrin-coated Ag NP to form a
coffee-ring for the SERS detection of aromatic compounds
such as o-phenylenediamine with the LOD of 107'° M.>* Ag
NPs were fabricated, and p-cyclodextrins (f-CD) were physically
absorbed on the surface of the Ag NPs as capturing layers of
aromatic compounds for enriching the analytes at the inter-
face of the Ag NPs in solution. After the analyte was captured,
a mixture of Ag NPs and aromatic compounds was dropped on
a silicon wafer to form the coffee-ring from which SERS
spectra were acquired.

Ni et al. used SiO,@Ag NPs for SERS-based detection and
degradation of target species, including the herbicides para-
quat and diquat, and their free radicals.*® The enhanced
Raman signals of these target analytes were achieved through
the ‘hot-spot’ region formed by the self-aggregation of
Si0,@Ag NPs due to the coffee-ring effect. The SERS sensor
allowed the detection of the analytes down to 107° M in the
aqueous solution. Recently, Yan et al detected aflatoxin B1
down to 5 x 1077 M using c.-r. Au NPs.*®

Wang et al. reported the sensitive detection of toxic mala-
chite green (MG) and arsenate based on the Ag NPs and coffee-
ring effect.” Samples with analytes (from environmental
water), Ag NPs, and polyvinyl alcohol (PVA) were vortex mixed,
and then the mixture was dripped onto the silicon wafer,
where it dried to the coffee-ring pattern. The SERS spectra
measured from the ring provided the LOD values of 0.1 ng L™"
and 0.03 pg L' for MG and arsenate, respectively. Since the
SERS spectrum is still discriminable even in the MG concen-
tration down to 10™** mol L™ (which corresponds to 25 MG
molecules at the laser spot), the authors suggested that this
SERS sensor might be applicable for single-molecule detection
of MG. Lu et al. detected 107*° mol L™" R6G (which also corres-
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Fig. 6 The high-throughput label-free detection of PAT and AOH using SERS technology based on the coffee-ring effect. Adapted from ref. 53 with

permission from Elsevier, copyright 2021.
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ponds to the single-molecule level) from Ag NPs dried on a
Teflon film.*® They concluded that Ag NPs dried on the Teflon
films exhibit a higher SERS enhancement and better spectral
reproducibility compared with that on glass slides.

Wu et al. used Ag NPs as the SERS substrate and further
employed the coffee-ring effect to detect the illegal adultera-
tion of the chemicals vardenafil and rosiglitazone maleate in
healthcare products upto the ug mL™" level.® Sodium alginate
used as a reduction agent for Ag NP synthesis also protects Ag
NPs from aggregation. SERS spectra were measured from the
coffee-ring formed by drying the Ag NP/analyte mixture. The
method displays a linear response for the determination of
vardenafil and rosiglitazone maleate in the 4.88-488 pg mL™"
and 4.74-94.7 pg mL™" concentration ranges, and the LOD was
as low as 1.63 pg mL™" and 2.20 pg mL™", respectively. The
method was successfully applied to the detection of both ana-
Iytes in healthcare products, with recoveries higher than
91.52% and RSDs of less than 4.31%.

Regarding medical applications, Hussain et al. used Au NPs
and Au@Ag NPs with a coffee-ring effect on a gold-coated slide
for detecting urea and ammonium sulphate in milk at concen-
trations down to 5 mg dL™".* This method required a small
sample volume and minimal sample treatment. High reprodu-
cibility was achieved, confirming that the combination of SERS
with coffee-ring effects had the potential to screen other
banned and health-hazardous adulterants in milk products
simultaneously.

Villa and co-workers reported the pioneering analysis of
cancer-relevant biomarkers using the coffee-ring effect of Au
NPs.®"®2 The direct deposition of monodisperse Au NPs and
in situ synthesis of Au NPs on filter paper were used. After
that, the analyte adsorption was promoted via simple immer-
sion of the SERS substrate in the analyte solution for 30 min.
The method displayed in Fig. 7A was successfully applied to
the quantitative SERS detection of adenine and guanine in calf
thymus DNA after pre-concentration in ring deposit with a cal-
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culated value of (G + C)/(A + T) close to the literature value.®"
Later, using this approach, they quantified adenosine (a poten-
tial cancer biomarker) in human urine samples.®> Resolution-
alternating least squares (MCR-ALS) were applied to address
overlapping bands in the analysis of SERS spectra. The
method was shown to be sensitive (the LOD values varying
between 3.8 and 4.9 pmol L™"), reproducible (RSD less than
+15%), and selective over other nucleosides (guanosine, cyti-
dine, thymidine, and uridine). This was the first report of a
SERS-chemometric method applied to urinary adenosine
sensing at physiologically relevant concentrations with
minimal sample preparation. Murugesan and Yang used PVP-
stabilised Ag NPs mixed with a sample solution.®® Following
the deposition and drying of the mixture solution on a solid
substrate, a coffee-ring was formed. When applying the pro-
posed method to determine the phenylalanine level in urine
for rapid screening of the phenylketonuria disorder, strong
chemical interference from uric acid was observed. To mini-
mise this interference, ZnO powder was applied to the urine
sample to adsorb uric acid before SERS detection. Then, SERS
signals of phenylalanine were recorded for quantitative pur-
poses. Under the optimised conditions, both the sensitivity
and reproducibility of SERS measurement were considerably
improved. Quantitative analyses revealed that the developed
method is highly feasible for the rapid determination of
phenylalanine in real samples. Since adenosine and phenyl-
alanine molecules exhibit high Raman cross-section values, we
believe that these approaches are very promising as valuable
methods in cancer detection from urine samples.

Hong et al. developed a sensor for the rapid diagnosis of
colorectal cancer (CRC) through SERS measurements of blood
serum.*® The droplet of a Au NP-serum mixture formed a
coffee-ring-like region, providing strong and stable SERS
signals. The obtained spectra from cancer patients and healthy
volunteers were analysed using unsupervised principal com-
ponent analysis (PCA) and a supervised machine learning
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Fig. 7 (A) Quantitative SERS detection of adenine and guanine in calf thymus DNA after pre-concentration due to the coffee-ring effect using the
SERS substrate fabricated by in situ synthesis of Au NPs on filter paper. Adapted from ref. 61 with permission from Elsevier, copyright 2017. (B) Blood
serum analysis strategy using coffee-ring assisted label-free SERS for different types of cancer screening with the corresponding spectra and PLS
results for SERS spectral data. Adapted from ref. 65 with permission from Elsevier, copyright 2022.
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model, such as support-vector machine (SVM), respectively.
The results demonstrate that the SVM model achieves an accu-
racy and sensitivity of 80% for CRC screening better than that
of PCA. Gao et al. first used Ag NPs as the SERS substrate com-
bined with a coffee-ring effect for direct label-free blood serum
analysis for accurate cancer screening.”® The unmodified Ag
NPs were mixed with the serum from liver cancer patients (n =
40), prostate cancer patients (n = 32) and healthy volunteers (n
= 30). The droplets of the Ag NP-serum mixture formed the
coffee-ring on the peripheral region after air-drying, providing
a stable and reliable SERS signal. Fig. 7B shows typical SERS
spectra from the blood serum of liver cancer patients, prostate
cancer patients, and healthy volunteers. PLS and SVM algor-
ithms were utilised to establish the diagnosis model for SERS
spectral data classification, yielding a high diagnostic accuracy
of 98.04% for the healthy group and two types of cancers sim-
ultaneously distinguished (Fig. 7B). More importantly, for the
unknown testing set, an ideal diagnostic accuracy of 100%
could be achieved using the PLS-SVM algorithm for differen-
tiating cancers from the healthy group. The authors stated that
the SERS analysis of blood samples combined with the coffee-
ring effect and PLS-SVM diagnostic algorithm has the potential
for the non-invasive and label-free detection of cancer.
Nevertheless, from our point of view, label-free detection of
disease markers from blood serum is challenging and may
often suffer from low specificity and sensitivity.

3.3. Comparison of both approaches for analytical
applications

Two approaches were introduced along with a description of
their successful use and application. A comparison of these
approaches reveals the advantages and disadvantages of each
of them from the point of view of analytical applications.

In approach 1, the dried pattern is formed by dropping and
drying the analyte solution on a solid SERS (or GERS) plat-
form, which ensures enhancement of the Raman signal. SERS
activity is derived from the SERS-active substrate itself. For the
solid, regular, homogeneous SERS-active nanostructure, the
signal fluctuation is caused only by the variations of pre-con-
centration of the analyte in the dry pattern. SERS sensitivity is
not as high as in approach 2, but better spectral reproducibil-
ity can be achieved. Moreover, in the case of complex analytes
and mixtures, approach 1 provides good separation of individ-
ual components. Since the SERS effect, in some cases, may be
mistaken for a mere coffee-ring effect, a careful evaluation of
the measured raw data is necessary.

In approach 2, the dried pattern is formed by dropping and
drying the SERS-active NP/analyte mixture on glass/silicon or a
similar substrate, so SERS enhancement is ensured by SERS-
active NPs. The drying efficiently pre-concentrates the analyte
in the ring and promotes adsorption of the studied analyte
components to NPs as well as creates ‘hot-spots’. The inherent
limitation of the drying of NPs is inhomogeneity in sizes of
NPs and their aggregates and consequently ‘hot-spot’ distri-
bution leading to SERS signal alteration and fluctuation.
Therefore, this approach offers a high sensitivity but, in some

This journal is © The Royal Society of Chemistry 2024
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cases, may lack spectral reproducibility. Although some
authors reported a stable and reliable SERS signal from dried
metal NP/analytes, it seems that achieving satisfactory quanti-
fication with this approach remains challenging.

4. Conclusion and further prospects

The droplet deposition Raman spectroscopy considerably
improves the Raman sensitivity by drying-induced pre-concen-
tration of the analyte dropped on a suitable (generally hydro-
phobic) solid surface. The significant advantage is the simpli-
city and straightforwardness of the technique: only a small
sample volume (~pL) and no or minimal sample pre-treatment
are needed. The non-enhanced Raman spectrum of the dried
analyte deposit provides direct molecular information. Due to
segregation capability, the quality of the Raman spectra can be
significantly improved as a result of reduced spectral inter-
ference from fluorescent impurities and buffer compounds.
On the other hand, the separation capability might be limited
by the size of molecules and will not work for too small mole-
cules and molecules with high mutual affinity. Moreover, bene-
fitting from the synergy of two distinct effects — analyte pre-
concentration in a dried pattern (coffee-ring or small spot) and
LSPR in the SERS-active surface — the Raman signal of the
analyte can be enhanced even more. In that case, an enhanced
SERS spectrum can suffer from signal alteration and fluctu-
ation. Owing to the low enhancement factor (on the order of
10-20), GERS is analytical
applications.

Droplet deposition Raman spectroscopy and its combi-
nation with SERS have received considerable attention in the
field of analytical sensing. The fundamental applications of

not suitable for routine

droplet deposition Raman techniques include sensitive detec-
tion of various analytically important molecules and bio-
molecules. Moreover, the drying-induced segregation of the
components from the mixtures (such as body fluids) rep-
resents an important advantage. Chemometric profiting from
advanced mathematical tools, ie. PLS regression, should be
used to distinguish individual components. There are some
exciting advances in body fluid detection combining the
coffee-ring effect and SERS technology, where some of such
studies focus on the application of the coffee-ring effect-based
SERS method to accurately screen cancer in clinical diagnosis.
However, the sensitivity and accuracy of simultaneous screen-
ing of multiple types of cancer still need to be improved, and
further analysed for specific spectral markers linked with indi-
vidual types of diseases.

The implementation of droplet deposition Raman tech-
niques as routine commercial applications is still challenging.
The formation of dried deposits of the target analyte on
specific surfaces is generally a complex process and its control
is still under investigation. The evaporation of a droplet at
room temperature takes around 30 min which brings some
limitations, iLe.
Moreover, the problematic quantification of the obtained

for monitoring fast chemical processes.
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results is a serious drawback for analytical applications. The
outcome should be validated via other independent tech-
niques (such as chromatography, colorimetry, or mass spec-
trometry), not only for quantification but also to prevent
potential false positives, especially in the case of disease
marker detection. Point-of-care or on-site analysis of droplet
deposition Raman spectroscopy could be successfully per-
formed via combination with the microarray techniques allow-
ing simple and rapid analysis with high throughput.
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Abstract: Raman spectroscopy is one of the most used biodetection techniques. However, its
usability is hampered in the case of low concentrated substances because of the weak intensity of the
Raman signal. To overcome this limitation, the use of drop coating deposition Raman spectroscopy
(DCDRS), in which the liquid samples are allowed to dry into well-defined patterns where the
non-volatile solutes are highly concentrated, is appropriate. This significantly improves the Raman
sensitivity when compared to the conventional Raman signal from solution/suspension. As DCDRS
performance strongly depends on the wetting properties of substrates, we demonstrate here that
the smooth hydrophobic plasma polymerized fluorocarbon films prepared by magnetron sputtering
(contact angle 108°) are well-suited for the DCDRS detection of liposomes. Furthermore, it was
proved that even better improvement of the Raman signal might be achieved if the plasma polymer
surfaces are roughened. In this case, 100% higher intensities of Raman signal are observed in
comparison with smooth fluorocarbon films. As it is shown, this effect, which has no influence on
the profile of Raman spectra, is connected with the increased hydrophobicity of nanostructured
fluorocarbon films. This results in the formation of dried liposomal deposits with smaller diameters
and higher preconcentration of liposomes.

Keywords: drop coating deposition Raman spectroscopy; DCDRS; plasma polymers; liposomes;
nanostructured surfaces; wettability

1. Introduction

The wetting of polymeric surfaces plays a crucial role in different sectors such as
the textile industry [1], ink-jet printing [2], metallization of polymers [3], and last but not
least in biomedical applications [4,5]. The latter is connected with the fact that the surface
wettability governs the interaction of polymers with surrounding media, including the
biological suspensions or solutions. This, in turn, influences the attachment, adhesion, or
the proliferation of cells or adsorption of biomolecules on polymeric surfaces [6-9]. In
addition, in some situations, the wettability per-se is not the only parameter to be consid-
ered. Equally, and in some cases an even more important parametet, is the way in which a
liquid drop dries on a surface. As demonstrated in numerous studies, the droplet drying
dynamics have a strong impact on the formation of stains after the complete evaporation
of droplets that contain non-volatile solutes [10-12]. A prominent example of this is the
formation of the so-called “coffee-ring”, i.e., the ring-shaped pattern where the edge part
comprises accumulated non-volatile solutes [13]. Such structures are highly advantageous,
especially for biodetection, as the substances to be detected are highly preconcentrated in
well-defined surface locations. One of the biodetection techniques that benefit from the

Polymers 2021, 13, 4023. https:/ /doi.org/10.3390/polym13224023
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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 uL) and at low concentrations (mM—-puM). 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 103-10° 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
CaF,, 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.

Deposition of Cu i
iti Deposition of pPTFE
Deposition of pPTFE ‘ Hanopaiticles ‘
RF , bc RF Magnetron RF
RF Magnetron PTFE target Arinlet —~ DC magnetron ~ PTFE target
Arinlet —» == Gas aggregation Arinlet  » ==
chamber Cu target
Low-pressure
' deposition v
S—, chamber - ¥
Low-pressure K LZ: F:) r;;ﬁ:’re Substrate
deposition Substrate e hpam ber
chamber ® ®© 6 o ®o ®o o ©°
EPTFE EPTFE EPTFE
a) b) c)

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 pm x 10 pm) 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, AkiSima,
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 M(), 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 uL
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 pm pinhole diameter, 100 pm entrance slit width and 50x ULWD
(ultra-long working distance) objective with the spectral acquisition of 60 x 1s. White
light images of formed, dried rings patterns were taken by using objective 5x. Lateral
parameters as widths and diameters of rings deposits were determined from white light
images using Image] 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. Palacky [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 5;j(v), orthonormal matrix of corresponding
scores Vj; and a set of singular values W; (weights). A linear combination of computed
subspectra can express each original measured spectrum Y;(v) as:

Yi(v) = ) WiVsSi(v) (1)
=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 downbhill 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].

Secondary electrons
Hy — Back-scattered electrons

Intensity [a.u.]

10 ) ) B3 3 C)
Radial profile [nm]

Si substrate Si substrate

Figure 3. (a) Top-view SEM images of samples NpsCu2 and NpsCu4 measured in SE mode. (b) Com-
posite SE (false green) and BE (false red) image of detail of surface nanostructure of sample NpsCu4
and (c) corresponding radial profiles. (d) Cross-section of NpsCu4 coatings measured in SE mode
(left), BE mode (right) and composite SE and BE SEM image (middle).

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-uL 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
pPTEE 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.

pPTFE NpsCu2 NpsCu4

1 mg/mL
y” Ring width WP
V4
N
0.5 mg/mL
Ring diameter

0.25 mg/mL
0.125 mg/mL

Figure 4. White light images of formed patterns after evaporation of DPPC liposome suspension at
four concentrations on three different substrates.

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.

1 mg/mL :

0.5 mg/mL |
0.25 mg/mL 1
0.125 mgimL |

1 mg/mL 1
0.5 mg/mL

0.25 mg/mL | NpsCu2
0.125 mg/mL

Concentration

1 mg/mL 1

0.5 mg/mL |

025 mg/mL | NpsCus
0.125 mg/mL

60 40 20 1000 2,000

Ring width [um] Ring diameter [um]

Figure 5. Lateral widths and diameters of the rings formed after the DPPC liposome suspension
evaporation.

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 ! for DPPC liposomes by DCDRS on pPTFE
substrate is presented in Figure 6a. The upper region 2600-3200 cm~! shown in Figure 6b
represents the dominant, more intense part corresponding to the C-H stretching vibrations.
Specifically, the spectral band of 2850 cm ™! is assigned to the C—H symmetric stretching,
2885 cm ! to the C-H antisymmetric stretching, and the shoulder at 2936 cm ™! corresponds
to terminal CH; symmetric stretching vibrations. The lower part 550-1800 cm ™! is less
intense and can be more affected by the background signal during the measurement. The
three spectral bands in the 1000~1150 cm ™! region are assigned to C-C stretching, the band
1299 em ™! is assigned to the CHj twisting and the signal at 1441 cm ! corresponds to CHj
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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Figure 6. DCDRS spectra of dried liposome suspension from ring-shaped pattern on smooth pPTFE
substrate (a) at DPPC concentration of 1 mg/mL in the spectral interval 550-3300 cm~!. Marked
bands of Si originate from the base layer of the substrate; and (b) comparison for the upper dominant
region at four different concentrations.

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~!. 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 NpsCu? is better.
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Figure 7. Averaged spectra (baseline corrected) for (a) 1 mg/mL, (b) 0.5 mg /mL, (c) 0.25 mg/mL
and (d) 0.125 mg/mL deposited concentration of DPPC in the form of liposome suspension.

To demonstrate the DCDRS performance of smooth versus nanostructured substrates,
integral intensities in the region 2780-3020 cm~! 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.

40,000
- Il oPTFE
= I NpsCu2
- I NpsCu4 Integral intensity increase by (%):
£ 30,000+ (relative to pPTFE)
>
[
€ 20,000+ 1 mg/mL 10 37
T% 0.5 mg/mL 105 105
2 0.25 mg/mL 97 66
£ 10,000
0.125 mg/mL 114 125
b)
1 05 0.25 0125 a)

Concentration {(mg/mL)

Figure 8. (a) Comparison of the integral intensity of averaged DPPC spectra in the region
2780-3020 cm~! 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:

e  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.

e As itis 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.

e These findings may pave the way for the development of cheap and disposable
platforms for efficient DCDRS-based biodetection.
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Raman spectroscopy is a useful technique to identify small organic molecules, including contaminants.
The drop coating deposition Raman (DCDR) is more sensitive than conventional Raman spectroscopy
from solution. It is based on Raman measurement from a small drop dried on a hydrophobic surface
where studied molecules are preconcentrated. In this paper, DCDR spectra of dried drops of selected con-
taminants (food contaminant melamine, fungicide thiram, herbicides bentazon and picloram) on the
hydrophobic substrate were acquired for the first time, whereas Raman spectra from stock solutions were
impossible to obtain under the same experimental conditions. The lowest DCDR detected concentrations
were determined as 6.4 pM, 0.31 uM, 20 uM and 2 pM in deposited concentrations for melamine, thiram,
bentazon and picloram, respectively. Therefore, DCDR spectroscopy can serve to detect these molecules
in concentrations relevant in food/groundwater contaminations.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Raman spectroscopy, as a vibrational spectroscopic technique,
serves as a powerful analytical tool providing unique information
about molecules and their interactions. However, the application
of conventional Raman spectroscopy to solutions is generally lim-
ited to highly concentrated samples. To study solutions or suspen-
sions in low concentration, a special method - a drop coating
deposition Raman (DCDR) spectroscopy — was introduced. It has
been a widely used technique to study biological molecules and
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E-mail address: kocisova@karlov.mff.cuni.cz (E. KoiSova).

https://doi.org/10.1016/j.52a.2021.120109
1386-1425/© 2021 Elsevier B.V. All rights reserved.

molecular mixtures in recent years [1-5]. DCDR technique is based
on the deposition of a small volume of analyte solution (several pl)
on a suitable hydrophobic substrate. Due to the surface hydropho-
bicity, evaporation of the solvent may lead to preconcentration of
studied analyte in ring-shaped drying pattern (known as “coffee-
ring”) or into small spots, from which Raman spectra are acquired
[6-7]. Compared to conventional Raman spectra from solution, the
sensitivity of DCDR can be significantly improved, often by several
orders of magnitude [8]. Thus, DCDR represents a special technique
of Raman spectroscopy that enables the measurement of solutions
at very low concentrations and small volumes which is required for
the detection and identification of substances at trace concentra-
tions [9]. Important examples of such substances are various food
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additives or pesticides for controlling pests and weeds, which can
be both life and environment threatening. We have selected for our
study melamine as a food contaminant, thiram as a fungicide and
herbicides bentazon and picloram.

Melamine (2,4,6-triamino-1,3,5-triazine) is known as a food
additive for apparent elevation of protein content due to its high
content of nitrogen. Excessive consumption can lead to the forma-
tion of kidney stones. This substance became infamous for its neg-
ative health effect established by contamination of infant formula
in China in 2008 and pet food in 2004 and 2007. A tolerance level
for infant formula was set to 1 mg/l and for other food products to
2.5 mg/(1 (20 uM) [ 10].

Thiram (bis(dimethylthiocarbamyl) disulphide) is an example
of a fungicide that serves as an animal repellent to protect fruit
trees as well. As a fungicide, it is used to prevent deterioration from
harvested crops in storage or transport from a variety of fungal dis-
eases. This compound is toxic to the liver due to its breakdown to
the form of the carbon disulfide in the body [11]. Thiram is not
expected to contaminate groundwater because of its slight water
solubility and strong adsorption tendency to soil particles. The
maximum residue limit for thiram in EU is 2-7 mg/kg (8-30 uM
in solution) [12].

Bentazon (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 amongst the food crops. It has been
detected in groundwater and also in surface water throughout var-
ious countries [13-14], which can be dangerous due to its toxicity
and mutagenic effects [ 15-16]. Picloram (4-amino-3,5,6-trichloro
pyridine-2-carboxylic acid) is a systemic herbicide used for broad-
leaf weed control in pasture and rangeland, wheat, barley, oats,
and woody plant species [17]. It causes uncontrolled growth of
the plant cells leading subsequently to the death of the plant. This
substance is relatively water-soluble and can contaminate ground-
water and surface water due to its high half-life in soil, where its
main degradation pathway is by microbial action [18]. The toxicity
of bentazon and picloram in the case of oral exposure is in the
order of 50 mg/kg (0.2 mM in solution) and 0.03 mg/kg (0.1 uM
in solution) according to the United States Environmental Protec-
tion Agency and European Commission, respectively.

This work is focused on the detection of selected contaminants
by the DCDR method. We followed the measurements down to
concentrations as low as possible to determine their lowest DCDR
detected concentrations. They will be compared with previously
reported detected concentrations by surface-enhanced Raman
spectroscopy (SERS), known as the most sensitive Raman
technique.

2. Material and methods

All studied contaminants were purchased from Sigma-Aldrich,
Inc. at the highest possible purity as crystalline powders: mela-
mine (product number M2659) and thiram (product number
43966) with 99% purity, bentazon with 99.9% purity (product num-
ber 32052) and an amorphous powder picloram with 99,6% purity
(product number 36774). Their chemical structure is demonstrated
in Fig. 1. All purchased powders were dissolved in deionized water
(Millipore-Q, 18 MQ) and prepared at the highest achievable con-
centrations. To prepare these stock solutions, data on the highest
aqueous solubility published by Yalkowski were used [19]. They
are summarized in Table 1. Stock solutions were subsequently
diluted into a series of concentrations independently for each con-
taminant according to its Raman spectra sensitivity.

These initial solutions were further diluted (as will be men-
tioned in results) and deposited by micropipette as 2-pl drops on
hydrophobic ~ substrate  SpectRIM™  (Tienta  Sciences).
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Fig. 1. Chemical structure of (a) melamine, (b) thiram, (c) bentazon and (d)
picloram,

Table 1
Aqueous solubility and concentrations of prepared stock solutions.

Contaminant Maximum solubility Concentration of prepared stock

(20 °C) solution
Melamine 2.69mg/ml(21.35 mM) 16 mM
Thiram 0.03 mg/ml (0.12 mM) 0.062 mM
Bentazon 0.5 mg/ml (2.08 mM) 2 mM
Picloram 0.55 mg/ml (228 mM) 2 mM

This substrate is formed by a polished stainless steel plate with
an ultrathin hydrophobic coating (<50 nm) of Teflon. The substrate
with deposited drops was covered by a Petri dish to avoid dust con-
tamination and left to dry at room temperature for approximately
30 min. DCDR spectra from formed deposits were measured by a
confocal Raman microspectrometer LabRAM HR800 (Horiba Jobin
Yvon) equipped with 300 grooves/mm grating, a nitrogen-cooled
CCD detector and an internal He-Ne laser with excitation line
632.8 nm. All spectra (DCDR, powders and solutions as well) were
recorded with 400 pm pinhole diameter, 100 um entrance slit
width and 50 x ULWD objective. The final laser power on the sam-
ple was set to 3 mW. Spectra were accumulated in 300 -
1800 cm™! spectral range with the acquisition of 60 x 1 s.

For DCDR measurement, we have always monitored 2-3 dried
drops and accumulated a minimum of 10 spectra per deposit. Pre-
sented DCDR spectra correspond to the average of three spectra of
the highest quality. To check the signal from different spots of the
dried drop, we measured a spectral map of the bentazon (Fig-
ure S1). The signal fluctuation was up to 40%. Spectra of stock solu-
tions as reference measured under the same experimental
conditions from drops on a microscope slide are presented in Fig-
ure S2. They do not show any spectral features of studied mole-
cules, except for the weak band at 676 cm™! that appeared in the
spectrum of melamine.

White light images of dried patterns were taken by using objec-
tives 5 %, 10 x and 50 x .

3. Results and discussion

Droplets of aqueous solutions of all studied contaminants were
deposited on commercial SpectRIM™ hydrophobic surface (con-
tact angle for a drop of water is 122°) at various concentrations,
starting with the highest one and gradually decreasing. We
observed the dried deposits at different forms and measured DCDR
spectra from them in every case.
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3.1. Melamine

Droplets of aqueous solutions of melamine after an evaporation
process demonstrated different dried patterns according to initial
deposited concentration, as seen in Fig. 2. A droplet of the prepared
stock solution (1.6 x 102 M) led to the formation of small sharply
shaped crystals, which were still observable for 10-* M concentra-
tion (not shown). Gradual dilution to lower concentrations led to
the dried deposits that change from the homogenous amorphous
form (0.16 mM) (Fig. 2Zb) to small non-homogenously distributed
spots (32 uM - not shown and 6.4 uM) (Fig. 2c).

Afterwards, Raman spectra for each concentration were
acquired from preconcentrated spots on the substrate. The charac-
teristic spectral bands of melamine appeared in the lower
wavenumber spectral region. Fig. 3 shows that detected bands
from dried deposits are in good agreement with reference Raman
spectrum of melamine acquired from crystalline powder. We
assessed that the lowest initial concentration from which we are
able to obtain a Raman spectrum of good quality for melamine is

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 262 (2021) 120109

6.4 uM. This lowest DCDR detected concentrations is one or two
orders of magnitude higher than those reported by the SERS tech-
nique on common Ag or Au nanoparticles or solid nanostructures
(107-10% M) [20].

3.2. Thiram

Dried deposit from a drop of stock solution of thiram (62 uM), as
next examined contaminant, led to the formation of a bulk pattern
situated in the centre of the initially placed droplet (Fig. 4a). The
final dried deposit possessed a rough height profile without any
signs of visible microcrystals. Subsequent dilution of the stock
solution caused a change in the dried residue, and for 0.62 uM
and lower concentration 0.31 uM, we observed nonhomogenous
deposits varying in total size and final pattern (Fig. 4b,c). Another
dilution to lower concentrations (0.1 pM and 62 nM - not shown)
led to the formation of similar dried deposits, but we no longer
were able to obtain Raman spectra. Fig. 5 compares the acquired
Raman spectra from each deposit of detectable thiram solution

Fig. 2. White light images of dried drops of melamine a) 1.6 x 102 M, b) 0.16 mM and c) 6.4 M concentration (1 white bar = 40 pm).

3
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Fig. 3. Raman spectra of melamine from a) crystalline powder, and dried drop in deposited concentration b) 16 mM, c¢) 1.6 mM d) 0.16 mM and e) 6.4 pM.

Fig. 4. White light images of dried drops of thiram a) 62 pM, b) 0.62 pM and c,d) 0.31 pM concentration (1 white bar = 40 um).

and crystalline powder sample as a reference. DCDR spectra were
similar to the spectrum of the powder; only slight changes in
intensity ratios were observed, specifically at 320/396 cm~’,
976/851 cm ! and at 1398/1374 cm ..

We estimated the lowest DCDR detected concentration of thi-
ram as 0.31 pM. It is close to the detected concentration obtained
by SERS from Au nanorods (10”7 M) [21]. Again, the more sophisti-
cated SERS detection using Au@Ag nanoparticles and paper-based
microfluidic allowed SERS detection of thiram at 10" M concentra-
tion [22].

3.3. Bentazon

Deposition and subsequent evaporation of small droplets of
bentazon solutions led to different final dried patterns depending
on the initial concentration. A stock solution with the initial con-
centration of 2 mM resulted in a deposit of crystalline character
that had the form of thin, tangled stripes (Fig. 6a). After dilution
to 0.2 mM, a significant change in the dried deposit was noticed
where the evaporation led to the round shape pattern, and the
sample was homogeneously distributed (Fig. 6¢). Reaching 20 uM
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Fig. 5. Raman spectra of thiram from a) crystalline powder, and dried drop in deposited concentration b) 62 pM, c) 0.62 pM, and d) 0.31 pM.

Fig. 6. White light images of dried drops of bentazon a,b) 2 mM, c) 0.2 mM and d) 20 uM concentration (1 white bar = 40 pm).

concentration, a final deposit composed of small non-homoge-
nously spread dried residue was formed (Fig. 6d).

We measured DCDR spectra for a series of concentrations, and
due to bentazon molecular structure, it exhibited a rich Raman
spectrum (Fig. 7). The spectrum from a crystalline powder pos-
sessed similar spectral features as DCDR spectrum from a stock
solution; only slight changes in intensity ratios were observed,

specifically at 675/693 cm ™!, 856/868 cm ! and 1606/1650 cm 1.
Deposition of a drop with an initial concentration lower than
20 uM led to dried deposit from which we were not able to acquire
a Raman spectrum with distinguishable spectral bands of benta-
zon. Therefore, we estimated the lowest DCDR detected concentra-
tion of bentazon as 20 uM in the deposited concentration. We did
not find any SERS study of bentazon in literature.
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Fig. 7. Raman spectra of bentazon from: a) crystalline powder, and from a dried drop in deposited concentration b) 2 mM, c) 0.2 mM, d) 26 uM and e) 20 pM.

3.4. Picloram

In the case of another herbicide picloram, after the evapora-
tion process, we observed changes in the shape of a dried pat-
tern depending on initial concentration. For a stock solution
with an initial concentration of 2 mM we observed uneven dis-
tribution of small picloram spots (Fig. 8a). The dilution to
0.2 mM led to intermittent coverage of substrate with visible
preconcetrated locations (Fig. 8b). A similar pattern was also
observable for lower concentrations as 40 pM (Fig. 8c) and
20 uM (not shown), but preconcentrated places and spots were
less distinct. After the evaporation for the concentration of
2 uM (Fig. 8d), a thin layer of nonhomogenously distributed
material was present, where a few preconcentrated spots were
visible and measurable.

Fig. 9 and 10 show Raman spectra from the dried deposits
and the reference spectrum from a powder as well. Two sets
of Raman spectra are present (Fig. 9 for 2 mM and 0.2 mM,
Fig. 10 for 0.2 mM and lower), where the first one has the same
spectral features as the powder reference and the second one
differed significantly. Dried deposits from initial concentrations
40 uM and lower exhibited solely the second type of spectrum
(Fig. 9). The deposit formed by the initial concentration of
2 mM was composed of small spots, and it exhibited the same
spectrum as in the case of amorphous powder (Fig. 9). The
threshold concentration for this change was a 0.2 mM one, from
a deposit of which we obtained both types of spectra due to the
specific focused sites. Visible bulk locations exhibited the first
type, whereas the spectrum acquired from the rest of the deposit
possessed the same spectral features as spectra from lower con-
centrations. The first set of spectra was quite rich in bands
(Fig. 9). We can observe strong spectral bands in the lower
wavenumber spectral region at 343, 361 and 593 cm™' and at
several positions in the higher wavenumber region, 1110, 1285,
1395, 1535, 1662 cm™'. The second type of spectra (Fig. 10)

from lower concentrations (0.2 mM and lower) exhibited strong
bands at 353, 605 and 1110 cm ™!, which were well distinguish-
able even for the deposited concentration of 10 M. There was
only one evident common feature for both sets of spectra, which
was a spectral band at 1110 cm™". To understand the origin of
the sites providing the second type of spectrum, we imaged
them in polarized light that revealed picloram crystals. We esti-
mated the lowest DCDR detected concentration of picloram as
2 pM. We did not find any reported SERS study for comparison.

4. Conclusions

DCDR spectra of dried drops of selected contaminants (food
contaminant melamine, fungicide thiram, herbicides picloram
and bentazon) on the commercial hydrophobic substrate
SpectRIM™ (Tienta Sciences) were acquired. The Raman spectra
of powders and stock solutions were accumulated as a reference
under the same experimental conditions. Spectra of solutions
showed only spectral bands of water as a solvent except for one
weak band for melamine at 676 cm™". Thus, they could not have
been used as reference spectra.

For DCDR measurements, in all cases, the dried drops formed
patterns composed of small crystals or preconcentrated dried
spots often depending on the deposited concentration. No dried
pattern with a “‘coffee-ring” effect was noticed. The DCDR spectra
were generally similar to Raman spectra of powder except for
picloram. In this case, two types of spectra were measured with
the threshold concentration of 0.2 mM as a border at which the
change occurred. The first type of spectrum for higher concentra-
tions possesses the same spectral features as an amorphous pow-
der. The second type of spectrum was assigned to picloram
crystals proved by imaging in polarized light. The lowest DCDR
detected concentrations were assessed as 6.4 pM, 031 pM,
20 uM and 2 puM in deposited concentrations of solutions for mel-
amine, thiram, bentazon and picloram, respectively. The detected
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Fig. 8. White light images of dried drops of picloram a) 2 mM, b) 0.2 mM, c) 40 uM and d) 2 pM concentration (1 white bar = 40 pm).

concentrations for melamine and thiram were one or two magni- Our study proved that the DCDR is a powerful method to detect
tudes higher than in the case of common SERS detection, but it the studied contaminants at small volumes at biologically and
still represents the concentrations relevant in food/groundwater environmentally relevant concentrations, which is impossible by
contaminations. Raman measurements from solutions.
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Fig. 9. Raman spectra of picloram from a) powder, and dried drop in deposited concentration b) 2 mM and c) 0.2 mM.
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Fig. 10. Raman spectra of picloram from a dried drop in deposited concentration a) 0.2 mM, b) 40 uM, c¢) 20 uM and d) 2 pM.
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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.
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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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1 | INTRODUCTION
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Eva KociSova | Vaclav Profant

Abstract

Thiram, a widely known fungicide, has evinced a negative impact on the envi-
ronment and human health that led to the banning of its use in plant protec-
tion products on all commodities in the European Union. Therefore, there is a
need for monitoring possible illicit use, which requires sensitive and accurate
detection methods. In this study, the behavior of thiram in different phases
was investigated in order to better understand its properties. Raman spectra
were obtained from thiram in the solid state as a crystalline powder, dissolved
in different solvents, and from dried deposits using the drop coating deposition
Raman (DCDR) method. The analyses of acquired Raman spectra revealed evi-
dence of hydrogen bonding between thiram and chloroform in the solution
phase. The reliability and sensitivity of DCDR measurements were also
highlighted, with high-quality spectra obtained from a dried pattern from
droplet at a 40 pM concentration. Moreover, the study identified the most
abundant conformer of intact (undegraded) thiram molecule and enabled reli-
able band assignment and vibrational analysis based on DFT simulations, pro-
viding a better understanding of the compound's properties. The results also
suggested that thiram can be coordinated to silver in nanostructured SERS
active substrates not only in the degraded form but also in the undegraded
form. Overall, this study provides valuable insights into thiram's behavior and
can be helpful in the further development of efficient and effective methods
for its detection and analysis.

KEYWORDS
density functional theory (DFT), drop coating deposition Raman (DCDR), SERS, Thiram,
vibrational assignment

for various animals such as rabbits, rodents, birds, and
deer.'?

Thiram (Figure 1), a sulfur-containing fungicide, is
widely utilized to protect cereals, fruits, seeds, and vege-
tables from fungal infections and to prevent harvested
crops from deterioration during transportation or storage.
Additionally, high doses of thiram can act as a repellent

Belonging to the dithiocarbamate family, the thiram
molecule releases carbon disulfide within an animal's
body, leading to liver damage and digestion issues.>™®
Acute exposure to thiram can result in symptoms such
as throat irritation, coughing, dizziness, and headaches.”

J Raman Spectrose. 2023;1-16.
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FIGURE 1 Structure of thiram molecule with highlighted
dihedral angles y, (blue), ¥, (green), and y', (red).

Thiram induces oxidative stress and oxidative modifica-
tion of cellular components in human erythrocytes,® and
it causes thyroid dysfunction in aquatic organisms.” Due
to these negative impacts,>'® 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, the monitoring of possible illicit
use is necessary.

The detection of thiram residues in fruit and vegeta-
ble samples using surface-enhanced Raman spectroscopy
(SERS) has been extensively studied.'>'7 These studies
have been focused on the selection and manufacture of
the most suitable substrate in the form of a solid surface
or colloid. However, there have been fewer studies
conducted on the SERS or normal Raman spectrum mea-
surement of thiram itself and the assignment of its spec-
tral bands.’® ! There are significant differences between
the solid-phase Raman spectra and SERS spectra of thi-
ram, which might be attributed to various individual
aspects. For instance, the Raman signal from crystalline
powder may be influenced by packing or conformational
polymorphism or even by different crystal grain sizes.”**
In SERS measurements, the analyte is dissolved in a suit-
able solvent and allowed to adsorb onto the SERS-active
substrate. Spectra are then measured from a colloidal
solution or from dried deposits formed on the solid sur-
face. Therefore, changes seen in the SERS spectrum can
be produced by solvent-solute interactions, the drying
process, and/or interaction with a SERS-active substrate.
Samples for SERS measurements and further analysis are
mostly prepared as a diluted aqueous solution, in which
thiram is rather unstable.”** Given the high affinity of
sulfur atoms for binding to SERS-active substrates, it is
generally believed that the degraded form of thiram is
measured, where the central disulfide bridge is cleaved,
and resulting dimethyldithiocarbamate ions are directly
bound to Ag atoms. However, the spectra of thiram and
dimethyldithiocarbamate ions bound to Ag atoms are

highly similar, as shown in a recent theoretical study by
Oliviera et al.,'® making it difficult to provide a definitive
answer. Alternatively, it was shown recently® that thi-
ram in low concentrations, relevant to groundwater con-
tamination, can be detected also by a drop coating
deposition Raman (DCDR) approach,”® which does not
require nanostructured SERS active substrate. DCDR
method was already proven to be efficient approach for
detection and identification of small molecules from low
concentrated solutions.?’~*

The aim of this study is to investigate and gain a dee-
per understanding of thiram fate after dissolution in dif-
ferent solvents and during drying processes. To achieve
this, we obtained Raman spectra of thiram in various
phases, including the solid state (crystalline powder),
solution phase (dissolved in chloroform, benzene, and
tetrachloromethane), and from dried deposits using the
DCDR method. Due to the limited solubility of thiram,
solution phase measurements have not been done previ-
ously. In addition, we utilized quantum mechanical cal-
culations and spectra simulations to analyze the obtained
spectra from different methods, including SERS spectra,
and to assign specific spectral bands to corresponding
vibrations in the thiram molecule.

2 | METHODS

2.1 | Samples

A commercial thiram sample was purchased from Merck
(Sigma-Aldrich) in crystalline powder form—product
number 43966, purity <100%, certified reference material.
The solvents used—deionized water, chloroform, ben-
zene, and tetrachloromethane—were of spectroscopic
purity. Samples and solvents were used without further
refinement or purification.

2.2 | Experimental setups

Macro-measurements (solution in cuvette) were per-
formed on a Raman spectrometer based on the spectro-
graph SPEX 270M from the Jobin-Yvon company with a
focal length of 270 mm and a collimating mirror diameter
of 50 mm. The second harmonic wavelength of a
Nd:YAG laser was used as an excitation source of 532 nm
with ~600 mW power at the sample. The spectrometer
uses rectangular geometry where the incident excitation
beam passes through the polished bottom cuvettes and
the scattered radiation is collected at right angle geome-
try. Scattered radiation passes through an edge filter to
filter out Rayleigh scattering and enters the spectrograph,
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where it is diffracted by grating with 1,200 grooves/mm.
The recorded spectral region spanned from ~ —50 to
2,325 cm™ ! with the Rayleigh filter cut-off at ~53 cm™*.
The signal was detected by a liquid nitrogen-cooled CCD
detector with 1,340 x 100 pixels. Quartz cuvettes with
1- and 10-mm widths were used; the standard sample vol-
ume was 100 pl and 1 ml, respectively. The thiram con-
centrations used for measurements were chosen to be
close to the solubility limit in a particular solvent, that is,
100 mg/ml (416 mM) in benzene and chloroform and
~10 mg/ml (41.6 mM) in tetrachloromethane.

Solid phase measurements (crystalline powder,
DCDR, and SERS) were performed on a Raman micro-
spectrometer Alpha 300 from WITec. The instrument
possesses an ultra-high throughput spectrometer (UHTS)
with a focal length of 30 cm and 600 grooves/mm grating.
A 532 nm laser was used as an excitation source during
the measurement with ~10 mW power at the sample
(0.5 mW in the case of SERS measurements). Carl Zeiss
50x/0.55 LD was chosen as the microscope objective.
The recorded spectral range (~ —160 to 3,610 cm™")
enabled the acquisition of high-quality spectra in
the whole region of fundamental molecular vibrations.
The Rayleigh filter cut-off was at ~81 cm™*. The crystal-
line powder form was measured directly from a small
amount of sample on a glass slide. DCDR spectra were
acquired from dried deposits (on a pure glass slide) of
various initial sample concentrations. SERS spectra were
measured from dried deposits on the commercial SERS
substrate manufactured by SERSitive (www.sersitive.eu).
In all cases, spectral maps of ~20 x 20 pm areas were
measured and further statistically processed. The laser
power and the accumulation time were chosen so as not
to degrade the sample.

2.3 | Experimental data treatment

Spectra measured on a Raman spectrometer were cali-
brated using the spectrum of the Ne discharge lamp and
interpolated to a 1 cm™' sampling interval. Calibration
was followed by solvent signal subtraction and cubic-
spline-based background correction in GRAMS/AI soft-
ware version 9.2 (Thermo Fisher Scientific Inc.). Spectra
measured on an Alpha300 RS confocal Raman micro-
scope were processed in the associated software from the
WITec Suite SIX package (Oxford Instruments, WITec)
with automatic calibration. Raw spectra were purged of
cosmic ray spikes by available software procedures.
Where appropriate, the “True Component Analysis”
tool*** was then used. This procedure involves fitting
each spectrum of the spectral map with a linear combina-
tion of basis spectra using the least squares method. The

RAMAN _ 1 3
spEcTRoscopy YILEY

process begins by identifying the dominant spectral
contribution, which serves as the base spectrum. Subse-
quently, a residual image is calculated based on this base
spectrum. If the residual image exhibits structure, addi-
tional cycles are performed automatically to incorporate
additional components and calculate corresponding
residual images. This iterative process continues until it
is determined that the residual image primarily consists
of noise. Final graphs were created in the OriginPro pro-
gram 2020b version 9.7.5.184 (OriginLab Corporation).

2.4 | Quantum mechanical calculations
and spectra simulations

Thiram structure optimization was done using Gaussian09
(Revision D.01) program,*® using the density functional
theory (DFT), B3LYP hybrid functional, >3 6-311+
+G** basis set,*® and implicit solvent model COSMO*’
to mimic the solvent environment. The starting confor-
mations were generated by 1D and 2D scans of the
potential energy surface (PES) along chosen coordinates
using a smaller basis set (6-31G). Raman intensities for
individual conformers were obtained within the har-
monic approximation at the same level of theory
(DFT/B3LYP/6-311++G**/COSMO); backscattered spec-
tral profiles were generated by convolution of the inten-
sities with a Lorentzian function of 10 cm™* full width
at half-height and a Boltzmann factor corresponding to
298 K. Final simulated spectra were acquired as a
Boltzmann average corresponding to DFT energies. We
used various weightings based on the electronic energy
(AE), zero-point vibrational energy (AE,), enthalpy
(AH), and Gibbs energy (AG).

3 | RESULTS

3.1 | Crystalline phase Raman spectra

The solid phase Raman spectra of thiram in crystalline
powder form were acquired as a spectral map of
12 x 15 pm comprised of 2,880 spectra (4 spectra/pm in
both axes). These were processed by True Component
Analysis (see Section 2 for details), and three main com-
ponents were identified: The first was attributed to the
background signal, the second and third were labeled as
Thir A and Thir B. The spatial distribution of these com-
ponents within the measured area is shown in Figure 2,
left. To enable quantitative analysis, the spectra of both
components were compared in three spectral regions
(Figure 2, right) corresponding to (A) skeletal and lattice
vibrations, (B) fingerprint region, and (C) CH stretching
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(Left) Three main components (Thir A, Thir B, and background signal) obtained from a spectral map of thiram crystalline

powder form on the glass slide. The image of the scanned area and the spatial distribution of the components are shown in insets; brighter

color indicates a higher signal intensity. (Right) The overlap of Raman spectra of components Thir A and Thir B in three spectral regions

(A-C). Spectra were normalized to the same integral intensity in region C.

Intensity/ (Intensity @ 2930 cm )

Wavenumber (cm ) Thir A Thir B
11 0.32 1.14
178 0.33 0.74
395 0.44 1.65
560 245 332
975 1.31 0.73
1,375 1.16 0.61
2,930 1.00 1.00

region. Normalization was done to the same integral
intensity in region (C), which was found identical for
both components. Additionally, both spectral compo-
nents exhibited the same number and positions (wave-
numbers) of Raman bands. However, significant
differences were observed in the relative intensities of six
major bands, three in Region (B), and other three in
Region (A), as summarized in Table 1. Specifically, Thir
A showed ~80% increase in the intensity of bands at
975 and 1,375 cm ™! (corresponding to the modes 30 and

TABLE 1 The maximum band
intensities in the Raman spectra of
Region thiram crystalline powder form.
a
b

41/42 in Table 3, respectively) and ~25% decrease in the
intensity of the u(S-S) band at 560 cm™' (mode 22 in
Table 3) in Region (B). In the low-wavenumber region
(A), the band at 178 cm™*, corresponding to the bending
of the central part of the molecule (Modes 10 and 11 in
Table 3), had twice the intensity in Thir B, while the
bands at 395 and 111 cm ™' (Modes 18/19 and 8/9 in
Table 3, respectively), corresponding mostly to vibra-
tional movement of the whole methyl groups, were
almost four times more intense in Thir B.
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3.2 | Solution phase Raman spectra
Obtaining high-quality Raman spectra of thiram in the
solution that cover the entire range of fundamental
vibrations is a difficult task. The best solvent for Raman
measurements, water, is not suitable, as saturated thiram
aqueous solution has a low concentration of only
0.03 mg/ml. Therefore, it is necessary to use organic sol-
vents, which, however, generally exhibit intense Raman
signals. To obtain all vibrational bands of the studied
sample, spectra from several solvents that have their
own vibrations in different spectral regions must be
combined. After tests, benzene and chloroform were
identified as the most suitable solvents (see Figure S1),
in which thiram could be dissolved up to a concentra-
tion of 100 mg/ml. By combination of acquired Raman
spectra from both solutions, it was possible to obtain
almost the entire range of thiram molecular vibrations
except for a narrow gap between 1,160 and 1,240 cm ™'
(Figure 3). A complementary measurement in tetrachlor-
omethane at thiram concentration of 10 mg/ml
(Figure S2) revealed that this gap does not contain any
Raman band of thiram.

Figure 3 illustrates that the spectra obtained from
different solvents are highly similar, indicating that the
conformational preferences of the thiram molecule were
unaffected by the choice of solvent. Generally, wavenum-
ber shifts are insignificant. The detailed assignment of
Raman bands is shown in Table 3 and Figure 10 in
Section 3.7. It is noteworthy that when measuring in
chloroform, an additional band at 2,985cm™! was
detected in the CH valence region (indicated by a dagger
in Figure 3), which was not present in the spectra
obtained from other solvents. This band is believed to
correspond to the valence vibration of the C-H bond

RAMAN _ 1 s
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in the chloroform molecule (3,019 cm_l), which is down-
shifted by 34 cm™" due to hydrogen bonding to the thio
group in the thiram molecule.

The Raman spectra of thiram solution were success-
fully obtained at high quality primarily from measure-
ments in chloroform and benzene, with the additional
measurements in tetrachloromethane providing comple-
mentary information. Although performed in organic sol-
vents, the results were of good quality and reproducible.

3.3 | DCDR spectra

The DCDR measurements were performed using thiram
solutions in benzene and chloroform at different initial
concentrations (~4 mM, 0.4 mM, and 40 pM). The depos-
ited drops were dried freely at room temperature on a
pure glass microscope slide without any surface treat-
ment. The resulting deposits consisted mainly of clus-
tered (bulk) structures, with a thin film observed
between the clusters. A spectral map of 20 x 25 pm was
acquired and evaluated, consisting of 500 spectra (1 spec-
trum/pm in both axes). Using the True Component
Analysis, we have consistently identified two main
spectral components along with the signal corresponding
to the background (Figure S3). The first (most prevalent)
component emerging from the clusters was assigned to
the intact thiram molecule based on the presence of a
prominent band at ~560 cm™' (corresponding to the
Y(S-S) vibration) and overall spectral similarity to the
results of solution phase measurement. Well-resolved
thiram spectra were obtained using both solvents and at
all concentrations and with good quality even at 40 pM
initial concentration (Figure 4). It is likely that thiram
could be identified by DCDR even at concentrations 1 or

563,564

FIGURE 3
of thiram dissolved to 100 mg/ml

Overlaid Raman spectra
0.5 1
(416 mM) concentration in chloroform
(black) and benzene (green). Regions
with high solvent signal were omitted.
Spectra were baseline corrected and
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DCDR spectra of thiram measured from dried deposits (bulks) from solutions of 1 mg/ml (4.2 mM, black), 0.1 mg/ml

(0.4 mM, red), and 0.01 mg/ml (40 pM, blue) concentration in chloroform (left) and benzene (right). Spectra were acquired from selected

areas of spectral maps that did not show evidence of thiram decomposition.

2 orders of magnitude lower. The overall spectral
shape was highly similar to the thiram signal obtained
from solution measurements, with band assignments
provided in Table 3.

The second spectral component, coming primarily
from the thin films, lacked the characteristic band at
~560 cm ™! and exhibited downshifted bands in the CH
stretching region. The increase in its signal was observed
in the case of deposits originating from 40 pM thiram
solution in benzene and in all samples originating from
chloroform solution (Figure S3). Therefore, this compo-
nent may correspond to the degraded forms of thiram,
which tends to undergo S-S bond cleavage to form two
dimethylthiocarbamate ions that can further degrade
to dimethylamine and carbon disulfide. The rate of degra-
dation was lower when benzene was used as solvent,
which could be related to the existence of hydrogen
bonds between thiram and chloroform weakening the
disulfide bond.

3.4 | SERSspectra

SERS spectra of thiram were obtained using commercial
nanostructural substrate from SERSitive. This was pre-
pared using the electrodeposition of silver nanoparticles
on an indium tin oxide glass surface. As declared, the
structure of silver nanoparticles obtained using this
approach gives excellent and uniform signal enhance-
ment. To achieve high-quality spectra, a relatively high
concentration of samples (10~* M) and two types of sol-
vents were utilized: first, water, with which thiram is

most often encountered when used as a fungicide and
repellent in industry, and second, benzene, in which thi-
ram underwent minimal degradation in the solution
phase and DCDR experiments. The samples were depos-
ited (2 pl) onto the substrate and measured after drying.
Similar to previous cases, spectral maps of 25 x 25 pm
containing 2,500 spectra were acquired (2 spectra/pm
in both axes). Upon map evaluation (using the True
Component Analysis tool), two main components were
identified (Figure S4)—the first with a homogeneous dis-
tribution corresponding to thiram and the second local-
ized in several small areas (even points) where the
sample was photodecomposed (burned) to graphitic car-
bon. Formation of bulks of clusters has not been
observed. The resulting SERS spectra of thiram are
shown in Figure 5.

The spectra of both samples match well above
700 cm ™1, except for a shoulder at around 1,575 cm™,
which could be attributed to imperfect background sub-
traction or residual signal of photodecomposed sample.
Nevertheless, notable differences were observed in the
low-wavenumber region. The sample prepared from a
water solution exhibited a significant decrease (by more
than 50%) in the intensity of the bands at 563, 443, and
347 cm ™!, and a new band emerged at 255 cm™'. This
observation is particularly significant for the band at
563 cm ™Y, which is known to correspond to the ©(S-S)
vibration in standard Raman and DCDR measurements.
In SERS, the relative intensities of bands are typically dif-
ferent from those observed in standard Raman scattering
and therefore cannot be directly compared. However, if
two SERS measurements only differ in the solvent used,
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FIGURE 5 SERS spectra of thiram 150
measured from dried deposits from

1 mg/ml solutions in benzene (black)
and water (red). Spectra were corrected
for the signal of photodecomposed 100 4
(burned) sample and baseline and
normalized on the same intensity to the

band at 1,378 em ™.
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FIGURE 6 One-dimensional PES scans of thiram dihedral angles y, (left) and y, (middle). Energy minima are highlighted in red color.

Two-dimensional PES scan of thiram dihedral angles ¥, and y, (right). ¥, angle was kept at 180° during the scan. Energy minima are

sequentially labeled M;-M; according to their depth.

changes in the relative intensities of the bands are signifi-
cant and meaningful. The implications of such changes
are discussed in detail in Section 4.

3.5 | PESscan
The thiram molecule consists of two dimethyldithiocar-
bamate groups connected by a disulfide (S-S) bond
(as shown in Figure 1). These groups are planar due
to the resonance character, similarly to the peptide
group. However, because of the disulfide bond, there
are three dihedral angles—y; (N-C-S-S), y» (C-S-S-C),
and y'; (S-S-C-N)—which give the molecule flexibility
in its conformation.

The angles y; and y'; have the same range of possible
values because of symmetry, but the preferred values for
the angle y, are different. The favored conformational

arrangements were determined by performing PES
scans along specific coordinates (dihedral angle) at
B3LYP/6-31G/cpcm (chloroform) level of theory. The
starting point for these scans was an optimized structure
of the “stretched” conformer, which had the dihedral
angles of (y1, ¥2, ¥'1) ~ (180°, —90°, and 180°). The 1D
scan of the dihedral angle y., with y; and y'; set to 180°,
revealed two additional minima at +90° and 180°
(as shown in Figure 6, left). Similarly, the 1D scan of tor-
sion angle jy;, with y, set to —90° and y'; to 180°, identi-
fied two other minima at approximately +40° and —40°
(as shown in Figure 6, middle). To account for the
mutual influence of the conformational preferences of
the angles y; and x,, a two-dimensional (2D) scan was
also performed, with y'; restricted to 180°. This scan iden-
tified a total of seven local energy minima, labeled as
M;-M,, (see Figure 6, right), with values of (y1, ¥2) €
{(180°, 180°), (180°, —90°), (180°, 90°), (32°, —108°), (28°,
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80°), (—28°, —80°), (—32°, 108°)}, which correspond well
to the values observed in the 1D scans.

To determine the most stable conformations of
thiram, 27 different structures were created (combining
the favored values of angles of 1, 2, and y'1) and opti-
mized at a higher level of theory (B3LYP/6311++G**/
cpcm (chloroform)). After optimization, 11 unique
structures were obtained, consisting of five pairs of enan-
tiomers (structures that are mirror images to each other,
such as A; and A, in Figure 7) and one non-chiral
structure. Since Raman scattering cannot differentiate
between enantiomers, it is possible to group them

Conformer A,

Conformer A,

I

FIGURE 7

corresponding geometry parameters are shown in Table 2. Atomic

Enantiomeric thiram conformers A, and A,; the

types are labeled by color: sulfur, yellow; carbon, gray; nitrogen,
blue; and hydrogen, white.

together, resulting in a total of six possible thiram struc-
tures. The geometry parameters, thermochemical proper-
ties, and molar ratios of each conformer (calculated using
the Boltzmann statistics) are presented in Table 2. Each
conformer is also described using the conventional nota-
tion, where ¢ (trans), g+ (gauche plus), and g— (gauche
minus) are used for y; and y'; values of ~180°, +40°, and
—40°, respectively. For the angle y,, t, d, and g stand for
180°, +90°, and —90°, respectively. The molar ratios of
conformers slightly vary depending on the thermody-
namic potential used, but in all cases, the A conformer
(tgt or tdr) is the most prevalent with 80.7-95.7%.

3.6 | Spectral markers of different
conformers

The thiram conformers differ not only in their energies
but also in their Raman spectra. These spectral differ-
ences can be used to identify and confirm the relative
proportions of the different conformations determined
solely based on energies. For this purpose, it is conve-
nient to divide the Raman spectrum of thiram into three
main regions:

i. The CH stretching region (2,900-3,300 cm™ 1), which
is not very useful for distinguishing between confor-
mations because the wavenumbers of the methyl
group stretching vibrations do not vary enough, as
shown in Figure S5. The only exception is the fully

TABLE 2 Geometric and thermodynamic parameters of unique thiram conformers.
Thermodynamics n

1 Xz X1t AE AE, AH AG AE AE, AH AG
Conformer ©) Type (kcal/mol) (%)
Ay 177 91 177 tdt 0.00 0.00 0.00 0.00 80.8 87.2 83.1 95.7
A, —177 —91 —177 tgt
B, 28 81 170 g+dt 1.27 1.51 1.34 2.28 9.5 6.8 8.7 2.0
B, —170 —81 -28 tgg~
Cy =31 108 179 g dt 1.69 1.88 1.75 2.34 4.7 3.7 4.3 1.8
C, —-179 —108 31 tggt
D, 38 80 39 g+dg+ 1.92 2.49 211 3.92 32 1.3 215 0.1
D, -39 —80 -38 g g
E; 32 100 —38 ghdg 235 2.82 251 4.28 1.5 0.7 1.2 0.1
E, -32 —100 38 g gt
F 180 —180 180 ttt 3.28 3.27 3.24 3.67 0.3 0.3 0.3 0.2

Abbreviations: AE, the energy difference between the current conformer and conformer with the lowest energy; AE,, zero point energy difference; AH,
enthalpy difference; AG, Gibbs energy difference; , molar ratio conformer calculated based on the Boltzmann distribution at 20°C, level of calculations

B3LYP/6-311++G**/cpcm (chloroform).
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FIGURE 8

stretched conformation F (#tf), which has a slightly
different NH stretching bands' profile. Also, the
changes in band intensities between conformations
are too small to enable conformer recognition when
compared to the experimental spectrum.

The CH deformations and thiocarbamate vibrations
region (1,000-1,600 cm™Y), in which spectra can be
divided into three groups based on the degree of
stretching or packing of the molecule. These
groups include “stretched” conformers A and F,
“semi-packed” conformers B and C, and “packed”
conformers D and E. The spectra of the
stretched conformers are slightly more diverse due to
a large change in the value of y, angle, but the spec-
tra in the remaining two groups match well (see
Figure 8). This behavior is caused by the spectral
band, which wavenumber is very sensitive to the
value of the y; and ¥'; angle (modes 39 and 40, p[C-
Hs] + ¢[N-CHs]; see Tables S1 and 3). When at least
one of these angles has a trans conformation, the
band is found at 1,267 cm™! (conf. A), 1,273 cm™*
(conf. F), or approximately 1,260 cm™' (conf. B and
C). On the other hand, if at least one of these angles
has a gauche conformation, the band is found at
approximately 1,243 ecm ™! (conf. B, C, D, and E). In
the experiment, only one band is observed in
the 1,200-1,300 cm™* region; therefore, semi-packed

iii.

RAMAN _ 1o
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conformers B and C can be excluded. For the further
assignment, a direct comparison to the experiment is
not possible as there is a shift between experimental
and calculated band positions. However, by compar-
ing the relative distances to the nearest two bands in
both experimental and calculated spectra, it is possi-
ble to estimate which conformation thiram favors.
The measurement in chloroform provided a trio of
bands at 1,155, 1,249, and 1,382 cm !, with distances
of 94 and 133 cm™. The calculation resulted in dis-
tances of 94 and 134 cm™' for conformer A and
81 and 168 cm ™! for conformer D. Additionally, in
the spectrum of conformer F, a rather intense band
at 1,037 cm ™! was observed that is not present in the
experiment. Therefore, the comparison to the experi-
mental spectrum strongly indicates that conformer A
dominates the conformer ratio.

The C-S and S-S stretching and skeletal vibrations
region (0-1,000 cm™Y), in which the differences
among the conformers are most prominent (as
shown in Figure 9). Again, the conformers can be
divided into three categories: stretched (A, F), half-
packed (B, C), and packed (D, E) based on their band
positions (wavenumber) and intensity. The most sig-
nificant difference between categories is seen in the
S-S stretching vibration band (Mode 22 in Table 3).
For stretched conformers A and F, the band is

—8B
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Comparison of solution phase Raman spectra of thiram (top, left) with calculated spectral profiles of the thiram conformers

in 1,000 to 1,600 cm ™t region; B3LYP/6-311++G**/cpcm (water) level of theory.
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TABLE 3 Vibrational mode assignment of the bands in the experimental Raman spectra from various phases and SERS

CHCl; CCl, CsHs Powder SERS

Wavenumber (cm ™)

125 116 - 111 -

177 175 175 178 -

211 - 216 213 -

- - - 270 -

311 - 311 317 347

- - 356 363 347

397 395 395 395 -

446 - 445 443 443

563 565 564 561 563
585 -

855 857 855 851 870

961 961 - 958 936

987 992 - 975

1,052 - - 1,041 1,014

1,085 1,082 1,081 1,088 -

1,129 1,127 1,122 1,132 -

1,155 1,156 1,152 1,149 1,142

1,249 1,254 1,250 1,240 1,239

1,382 1,379 1,380 1,375 1,378

1,410 1,410 1,409 1,399 -

1,450 1,450 1,450 1,466 1.4

1,490 - 1,490 1,510 1,503

2,864 2,853 2,860 2,851 2,853

2,934 2,931 2,934 2,930 2,922

- - - 2,970 -

- - - 3,028 3,020

Note: The most distinct bands in the experimental spectra are highlighted in bold.

Mode Description

8,9 ©(C-Hy)

10, 11 5(C-5-S-C) sym.

12,13, 14 Y(N-C-S-8-C-N), 8(N-C [CH,],)
15 6(S=C-N-CHjy)

16 8(5-C=S)

17 8(S-C=S)

18,19 v(58-C) + 8(N-[CH;],) rocking
20, 21 8(N-[CH,],) scissoring

22 v(S-S)

24-26 8(C-NS,) + 6(N-[CHj;],) scissoring op
27 v(C-S) + v(N-CHj;) sym.

29 UC=S) + p(C-H,) ip

30 v(C=S) + p(C-H;) ip

32 p(C-Hj) op + YN-CHj;) asym. Op
33,34 p(C-Hi) op

35, 36 p(C-Hy)ip

38 p(C-Hy) ip

39, 40 p(C-H3) op + YN-CHjy) asym. Ip
41,42 V(C-N)

43,44 8(C-H,) sym. Op

47-52 8(C-H;) asym.

53, 54 6(C-H;) sym. Ip

55, 56 v(C-Hs) sym. Op

58 ¥(C-H,) sym. Ip

59-61 v(C-H3) asym.

63-66 v(C-H;) asym. Ip

Abbreviations: T, twisting; p, rocking; v, stretching; 5, deformation; asym., asymmetrical; ip, in phase; op, out of phase; sym., symmetrical; -, not measured or

observed.

located at 538 and 540 cm ™, respectively. For half-
packed conformers B and C, the band has a slightly
higher intensity and is downshifted by approxi-
mately 70 cm™" to 467 and 474 cm™?, respectively.
And for packed conformers D and E, the band has
a very high intensity (about 5 times higher than in
A) and is further downshifted by another ~70 cm™*
to 396 and 387 cm™!, respectively. In experiments,
the S-S stretching vibration can be seen at
~564 cm~ !, which is most consistent with the
stretched conformers.

The analysis showed that experimental thiram spectra
agree with the calculated spectrum of conformer A,

which is characterized by the tgt/tdt stretched conforma-
tion. This dominance of conformer A is also supported by
the comparison of the weighted spectra of thiram
obtained based on the AE, AE,, AH, and AG of individual
conformers, as shown in Figure S6. Weighted spectra are
very similar due to the overwhelmingly dominant contri-
bution of conformer A. Therefore, it is difficult to deter-
mine the most appropriate weighting method when
compared to the experimental spectrum. The indicators
enabling differentiation might be the intensity ratio of
bands at 841 and 874 cm ™, the presence of a band at
468 cm ™Y, and the presence of a band at 276 cm ™. How-
ever, none of these features are observed in the experi-
mental spectra (see, e.g., Figures 2 or 3). Therefore, the
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FIGURE 9 Comparison of solution phase Raman spectra of thiram (top, left) with calculated spectral profiles of the thiram conformers

in 0 to 1,000 cm ™! region; B3LYP/6-311++G**/cpcm (water) level of theory.

weighting based on the Gibbs energy with the highest
ratio of conformer A (95.7%) appears to be the most
accurate.

3.7 | Vibrational analysis

Based on the analysis in the previous two sections, it was
found that at standard pressure and temperature (20°C),
the stretched conformer A has the highest probability of
occurrence. The vibrational analysis of thiram was there-
fore made based on its Raman spectrum (see Table 3 and
Figure 10; the in-detail assignment of all vibrational
modes is made in Table S1). A thiram molecule has
24 atoms and thus 66 fundamental vibrations. Due to the
symmetry of thiram, we distinguish two variants for each
vibration—A (symmetrical to the C, axis of symmetry) or
B (asymmetric to the C, axis of symmetry). For each
dithiocarbamate, the group contains two methyls, whose
vibrations often combine in phase or in antiphase. In
general, the thiram Raman spectrum is dominated by the
bands corresponding to vibrations with symmetry A and
related to the movement of methyl groups (region of CH
valence vibrations and the region of 1,000-1,700 crn_l) or
movement of sulfide groups (0-1,000 cm™'). The agree-
ment between the calculated and experimental spectra is
very good, which made it possible to assign practically all

vibrational modes to the corresponding spectral bands
(except for the region below 100 cm™1). Also, the relative
ratios between the intensities of the individual bands are
reliably reproduced in the simulations. The only signifi-
cant deviation is swapped intensity of bands 22 and 24-26.

The vibrational analysis was successful for all experi-
mental spectra, regardless of the chosen phase or mea-
surement technique. The four most characteristic thiram
vibrations (Raman markers) are illustrated in Figure 10
(bottom) and highlighted in bold in Table 3. These are
related to vibrations of the disulfide group (Modes 18 and
22), thiocarbonyl groups (Mode 30), and dithiocarbamate
(Mode 41).

4 | DISCUSSIONS
4.1 | Reproducibility of experimental

features in simulations

The spectra of different conformers exhibited sufficient
variability to enable the identification of the preferred
conformation, not only on the basis of calculated
conformer energies (Table 2) but also because of the
similarity of calculated and experimental spectral
profiles (Figures 8 and 9). Conformer A, with a tgt/tdt
conformation (Figure 7), was found to be predominant in
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FIGURE 10 (Top) Comparison of the calculated thiram spectrum based on the AG weighting of conformers with experimental Raman

spectra obtained in solution and solid phase (Thir B) and SERS spectrum. Corresponding bands are labeled, and the numbers correspond to

the individual vibrational modes as shown in Tables 3 and S1. (Bottom) Illustration of the four vibrational modes corresponding to the most

characteristic spectral bands of thiram.

the equilibrium by both approaches. This finding is read-
ily explicable since this conformer possesses the lowest
steric hindrance.

A high degree of concordance between experimen-
tal and simulated spectra allowed for a detailed vibra-
tional analysis and the assignment of all observed
experimental bands in the solution, as well as the vast
majority of bands from the crystalline powder, DCDR,
and SERS measurements (Table 3). Although the level
of calculation employed for Raman spectra simulation
(B3LYP/6-311++G**/cpcm [chloroform]) was adequate,
the calculated wavenumber of S-S stretching vibration
was somewhat imprecise. While most calculated spectral
bands are slightly upshifted, the v(S-S) band is slightly

downshifted, a known effect for which a scaling factor of
1.05 has been proposed specifically for v(S-S) vibration to
improve the correspondence between experimental and
calculated spectra.33 However, because this factor is arbi-
trary and empirical, we chose to present calculated spec-
tra without additional wavenumber scaling.

The findings of our calculations can be compared to
the recent studies conducted by Oliviera et al.'® and
Ivanov et al.*® However, it should be noted that these
studies primarily focused on the interaction between
degraded thiram molecules and silver atoms/surfaces.
Both papers do present DFT simulated Raman spectra for
the intact thiram molecule, but the specific conformation
used is not mentioned. From a plain comparison of their
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molecular schemes and simulated spectra, it appears that
the former paper likely employed conformation A (which
we identified as the prevalent one), while the latter paper
probably used the linear conformation F, which has a
negligible abundance. This inference is supported by the
shape of the molecular scheme and the calculated band
positions in the lower wavenumber region (e.g., the
band at 420 cm ™' should be approximately at 390 cm™ ).

Consequently, our research contributes clarity regard-
ing the behavior and conformational flexibility of the
undegraded (intact) thiram molecule. It showcases
the reproducibility of experimental features in simula-
tions, enabling the identification of the preferred confor-
mation of thiram based on calculated conformer energies
and the agreement between calculated and experimental
spectral profiles.

4.2 | Resemblance of thiram and other
disulfide group containing systems

The molecular structure of thiram closely resembles the
central part of cystine, or diethyldisulfide, which is fre-
quently utilized as an S-S bridge model. The conforma-
tion of these molecules, as determined by the value of
three central dihedral angles, is described in the same
manner, and there is a comparable correlation between
the wavenumber of 1(S-S) vibration and conformation in
all these systems. A rule proposed in 1970s*** states that
Raman bands attributed to disulfide bond stretch motion,
observed at ~500, ~520, and ~540 cm™%, should be
assigned to three rotamers defined along the three suc-
cessive bonds of the -C-S-S-C- moiety, designated as ggg,
ggt, and tgt. This rule fits well for diethyldisulfide*'~**
and is also utilized for Raman-based assignment of S-S
bridges conformation in peptides,****® although recent
observations suggest that the situation is more complex
and requires refinement of this basic rule.*®*’ Neverthe-
less, our DFT simulations (Figure 8) revealed a similar
trend, with Raman bands corresponding to the u(S-S)
vibration of ggg, ggt, and gt conformers found at ~390,
~470, and ~540 cm ™}, respectively (~410, ~495, and
~565 cm™! if a scaling factor of 1.05 is employed). The
primary difference is the increase in the wavenumber gap
between these bands, which rises from ~20cm™ ! for
diethyldisulfide to ~80 cm ™! for thiram.

43 |
spectra

Comparison of experimental

Figure 10 and Table 3 can be utilized to facilitate the dis-
cussion of similarities and differences observed in thiram

RAMAN _ SR
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spectra obtained by various techniques and in different
phases. Based on the calculations, the conformation of
thiram molecule in the solution phase has been identi-
fied as tgt/tdt in both benzene and chloroform. This pre-
ferred arrangement is not altered by drying, as evidenced
by the similarity of DCDR spectra obtained from dried
deposits with spectra from solution (Figure S7). Further-
more, the Thir B component from crystalline powder
measurements exhibits similar band positions and inten-
sities to solution thiram spectra (Figure S7), while the
spectrum of Thir A component exhibits minor differ-
ences related only to relative band intensities, particu-
larly in the region below 700 cm ™', however without any
band shifts (Figure 2).

The disparity between the spectra of Thir A and Thir
B components therefore cannot be attributed to confor-
mational polymorphism, for spectra of different con-
formers manifest a number of band shifts. Instead, it
could arise from either packing polymorphism or the
influence of crystal grain size. Previous studies have dem-
onstrated that the intensity of low wavenumber vibra-
tional modes in Raman measurements of crystalline
powder samples can be affected by the size of crystal
grains.*>***% Considering that the observed differences
between Thir A and Thir B spectra are mostly subtle and
confined to the region below 500 cm™!, we deem the lat-
ter explanation to be the most plausible.

4.4 | Stability of thiram molecule in
different phases

Thiram exhibits relative instability and is susceptible to
degradation, starting with the cleavage of the disulfide
bond into two dimethyldithiocarbamate anions. UV radi-
ation and humidity have been identified as triggers of this
process.>*>%>! The present study aimed to investigate the
stability of thiram crystalline powder and solutions in dif-
ferent solvents, namely, benzene, chloroform, and water,
with a focus on the effect of drying methods and solvent-
solute interactions. The results showed that thiram crys-
talline powder and solutions in benzene and chloroform
are generally stable. However, evidence of degradation
was observed in DCDR and SERS measurements, sug-
gesting that the combination of the drying process and
the solvent's capability to create intermolecular H-bonds
with thio groups make the disulfide bond more vulnera-
ble to degradation. The SERS spectra of dried samples
from benzene and water solutions (Figure 5) showed that
the intensity of 560 cm ™' band was less than half in the
latter case. Additionally, DCDR measurements revealed
increased thiram degradation when dissolved in chloro-
form (Figure S3) in which evidence of hydrogen bonds
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between chloroform and thiram was detected (Figure 2).
Therefore, these observations suggest that the choice of
solvent and drying process are crucial factors in main-
taining the stability of thiram. It is important to note that
our findings were not influenced by the specific spot cho-
sen on the dried deposit, indicating that the results are
consistent and reproducible. The only observed heteroge-
neity was associated with DCDR measurements and was
related to the variations in the shape of the dried
deposits, which however did not impact the identification
of the spectral components.

4.5 | Differences in thiram SERS spectra
Generally accepted mechanism of enhancement of thi-
ram SERS spectrum (measurements done on Ag aqueous
colloids® and Au films'") is based on the idea of cleavage
of thiram disulfide bond after adsorption on the metal
surface, leading to the formation of monodentate or
bidentate coordination of resulting dimethyldithiocarba-
mate anions to metal atoms.”” This ligation should lead
to the charge redistribution and strong enhancement of
the v(C-N) band at 1,378 cm . In other words, it is
expected that not thiram itself but products of its degra-
dation are observed in SERS measurements. Recent stud-
ies supported this hypothesis, showing that simulated
SERS spectra of dimethyldithiocarbamate ions bound to
silver are highly similar to the spectra of thiram.'®"
Even the band at 560 cm™* (corresponding to v(S-S) in
undegraded thiram molecule) is still present but corre-
sponds to ¥(S-C-S) and & (CHj;-N-CHj) vibrations of
dimethyldithiocarbamate anion.

However, our results (Figure 6) suggest that the situa-
tion can be more complex and the type of solvent used
for sample preparation plays a crucial role. The intensity
of bands below 600 cm™ " is over two times higher in ben-
zene than in other solvents, indicating that another type
of adsorption occurs when the solvent does not facilitate
thiram degradation. Thiram may adsorb to Ag through
weak interaction when only thiocarbonyl groups are
coordinated to the surface and the molecule does not
undergo degradation, similar to the case of ziram
absorbed on Au surfaces.?! This is supported by the nota-
ble downshift in modes 29 and 30 related to the v(C=S)
vibration and changes in other modes (16-19) associated
with the vibrations of the C=S group in the low-
wavenumber region (Figure 10 and Table 3). The favored
tgt/tdt conformation of thiram remains unchanged, as
the v(S-S) vibration does not shift in wavenumber.

Our findings indicate that both types of coordination
to the metal surface occur and the sum of thiram and
dimethyldithiocarbamate anion SERS spectra is recorded

in different proportions depending on the solvent used.
The choice of solvent plays a crucial role due to its ability
to form intramolecular hydrogen bonds to the thiocarbo-
nyl group, which weakens the thiram disulfide bond and
makes it susceptible to degradation.

5 | CONCLUSIONS

The study conducted on thiram revealed several signifi-
cant findings. The spectra of the crystalline powder phase
of thiram exhibited slight variability in relative intensities
attributable to the variable crystal grain size. The solution
phase Raman spectrum of thiram was obtained for the
first time using a combination of measurements in three
different solvents: chloroform, benzene, and tetrachloro-
methane, providing valuable insights into the interaction
between thiram and solvent used. Evidence of hydrogen
bonding between thiram and chloroform was observed.

The study has also highlighted the reliability and sen-
sitivity of DCDR measurements, with high-quality thiram
DCDR spectra obtained at a concentration of 40 pM. The
spectra were highly similar to those obtained from
the solution phase measurements, validating the accu-
racy of the results. Moreover, the observation of a higher
rate of thiram degradation during drying when a solvent
capable of forming intramolecular hydrogen bonds with
thiram was used provides valuable information for future
research.

The detailed conformational analysis of thiram
allowed the identification of the most abundant con-
former (adopting tgt/rdt conformation) based on both
calculated thermodynamic properties and spectral resem-
blance to the experiment. This enabled reliable band
assignment and vibrational analysis, providing a better
understanding of the compound'’s properties.

The differences observed in thiram SERS spectra
based on the solvent used for sample preparation indicate
that thiram can be coordinated not only in the degraded
form but also in the undegraded form. However, further
experiments and simulations are required to verify this
observation.

Overall, this study provides valuable insights into the
behavior of thiram in different phases and solvents used,
as well as into the differentiation and detection of its
degraded and undegraded forms. This knowledge can be
very beneficial in further work towards a viable Raman-
based sensing and quantitative detection of thiram. At
present, its detection is based on several SERS platforms
(silver and/or silver/gold nanoparticles in different forms
and states) as well as on the use of standard chromatogra-
phy separation methods. In further prospect, the SERS
and DCDR spectra complementing each other as well as
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the spectra coming from the synergy of both techniques
could lead to the extension of their detection potential for
thiram.
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ARTICLE INFO ABSTRACT

Keywords: Drop coating deposition Raman (DCDR) spectroscopy was employed to investigate the melamine compound
Infant formula susceptibility to milk infant formula main constituents as lactose and lipids (specifically 1,2-dioleoyl-sn-glycero-
Melamine 3-phosphocholine (DOPC), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)). DCDR approach is
E:zz;tydrates based on the deposition and drying of a small droplet (a few pl) of liquid sample on a hydrophobic substrate.
Lipids After complete evaporation, the analyte is preconcentrated into the dried pattern from which the classical Raman

Drop coating deposition Raman spectra are acquired. A simple melamine-blended model reactions were tested (melamine-blended lactose,

DCDR 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.

melamine with cyanuric acid produces insoluble co-crystals present in
kidney tubules where the physical blockage leads to renal impairment
Melamine, as a small organic molecule characterised by a high ni- [8].

1. Introduction

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
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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 pl) 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 !
corresponding to the breathing vibration [21-23]. Using the DCDR
approach and commercial hydrophobic substrate SpectRIM™ from
Tienta Sciences, it was shown that melamine from an aqueous solution
can be detected at uM 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

a-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 MQ) 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
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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 p-RIM slide
from BioTools, a highly reflective stainless steel hydrophobic substrate
with no detectable Raman or IR background signal. A 2-ul 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 50x/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 x 3 s accumulation. For measuring a
spectral map of pure DOPC, DOPC-melamine mixture and lactose-
melamine mixture dried patterns, an area of 40 x 40 um was scanned
comprising 1600 spectra with a resolution of 1 spectrum/pum witha 1 s
accumulation per spectrum. For pure DOPE, and DOPE-melamine
mixture dried patterns, the area of 20 x 80 pym comprising 1600
spectra was measured with a resolution of 1 point/um with a 1 s accu-
mulation per spectrum. To acquire a spectral map of milk solutions, an
area of 20 x 20 pm comprising 100 spectra was scanned with a reso-
lution of 1 point per 2 ym 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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Table 2
Final concentrations of reactants in the mixtures for model reactions.
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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 0.05 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

degradation. For a more detailed image, white light images of dried
patterns were taken using objectives Carl Zeiss 5x /0.15 and Carl Zeiss
50x%/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-ul drop of melamine solution (0.1 mg/ml) was deposited
onto the p-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 ™}, 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™! [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. 2¢ 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
(a-lactose monohydrate, a-lactose anhydrous and p-lactose anhydrous)
with different vibrational signatures confirmed experimentally as well
as by quantum chemical calculations [39-41]. a- and p-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
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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 p-Rim
substrate, and b) the single point DCDR spectrum providing further as a reference. Inset: chemical structure of melamine.
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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™",

and g) average Raman spectrum from this selected area.

pure dried lactose deposit, a very distinctive band at 1086 cm ™! assigned
to the v(CC) and v(CO) modes of the glycosyl unit can be used as a
characteristic fingerprint band for a-lactose [41-43]. More spectral
bands can be used for anomer identification, for instance, the intense
band at 355 cm ™! is attributed to the 7(COHO) and t(HOH) [41,44].
Detailed band assignments of lactose Raman bands can be found else-
where [39,42-44]. Moreover, the 1086 cm ' 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™! 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,

1

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
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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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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. ¢) Average spectrum from pure DOPE dried deposit

and average Raman spectra of both components obtained from a spectral map.

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
em ™! 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 ! visible in our spectra at 1264 cm ™! and 1302 cm ™! assigned to the
in-plane = C-H deformation in an unconjugated cis double bond and
8(CHy) twisting, respectively [46]. The intense band at 1655 em !
assigned for C = C stretching vibration is characteristic of unsaturated
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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. ¢) 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.

FAs, and the band at the position of 1746 cm ™ 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 ™! related to the stretching modes of the = C-H
moieties visible at 3008 cm™! in our spectra. Spectral bands at 2853
em ! and 2898 cm™! are assigned to the CHj stretching vibration, and
the band at 2927 cm ™! is related to the CH; 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 ™! 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 ™)) contains two strong bands at 1087 cm ! and at 1123 cm’l, with
shoulders at 1027 ecm ™! and 1149 cm™! [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 ™! and 1118 cm™! for

Sun and 1081 cm™! and 1120 em™! 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’l), anomeric region (600-950 cm’l) and also the CH, and
COH deformations region (1200-1500 cm™) correspond to the lactose
Raman bands [50]. The high wavenumber region (>2600 crn‘l) in our
measured spectra from the central part exhibited the broader overlapped
bands assigned to the CH; and CHj 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-
ul droplets blended milk mixtures for both tested formulas were left to
dry at room temperature (Sun A (20 x ), Sun B (20 x ), Sun C (20 x ),
Nut A (20 x ), Nut B (20 x ), Nut C (20 x )). 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
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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
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presence of melamine thanks to its breathing vibration. We could
recognise an evident spectral band at 681 cm ™! 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 x ) sample and
accumulated Raman spectra (Fig. 6b and Fig. 6¢). To observe the pres-
ence of melamine, we used a filter for the spectral band for breathing
vibration at 681 cm™!. The spectral map and the average spectrum
calculated from all measured spectra (Fig. 6b and Fig. 6¢) 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.
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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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