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Phenanthroline-Fused Pyrazinacenes: One-Pot Synthesis,
Tautomerization and a Ru'(2,2’-bpy), Derivative

Pavel Svec,*Pl Whitney A. Webre,[?! Gary J. Richards,*9! Jan Labuta,® Yutaka Wakayama,!
David Miklik,@¢! Paul A. Karr,[! Toshiyuki Mori,9! Katsuhiko Ariga,®" Francis D'Souza*! and

Jonathan P, Hill*{a

Abstract: We report the one-pot synthesis of a phenanthrol-
ine-fused pyrazinacene derivative (6,13-dihydrodipyrido-
[3,2-a:2",3"-c]-5,6,7,8,11,12,13,14-0ctaazapentacene-9,10-di-
carbonitrile) and its behaviour under alkylating conditions used
to improve solubility. Tautomerization of the starting pyrazin-
acene due to the presence of a reduced pyrazine ring contained
within an octaazatetracene chromophore led to mixtures of iso-
mers, and factors affecting the relative yields of these isomers
\were considered. Isomer population can be described by a two-

step reaction model where initial N-alkylation affects the reac-
tivity of the remaining nitrogen atoms available for subsequent
alkylation. A discrete soluble non-isomerizable phenanthroline-
fused pyrazinacene was also prepared and the activity of its
Ru(bpy), complex as a photosensitizer for dye-sensitized solar
cell application was investigated. The compounds reported il-
lustrate the unusual reactivity of reduced pyrazinacenes and
also their potential as photosensitizers.

/

Introduction

Heteroacenes!'"'?l have become an increasingly important
branch of the acene family due to their diverse properties mak-
ing them suitable for various applications. These properties in-
clude their more usually cited molecular electronic applications
as n- or p-type semiconductors.['>">! Pyrazinacenes!'® are a
specific type of heteroacene containing linearly-fused 1,4-
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pyrazine units exemplified in work by Stockner and co-workers
who prepared pyrazinacenes containing up to six linearly-fused
pyrazine groups.'”? Other examples containing different multi-
plicities have also been prepared often incorporated in CH-
acene derivatives."® Introducing pyrazine units presents dis-
tinct advantages for these compounds in presenting points for
easy elaboration, oxidation state control, while also adding sites
for accommodation of exchangeable protons whose position
can affect the electronic structure of the pyrazinacenes through
tautomerization.['®2%! Fluorubine (6,13-dihydro-5,6,7,12,13,14-
hexaazapentacene) is a typical example of a pyrazinacene,
which possesses such tautomerizable protons and also presents
substantial fluorescence quantum yields in its derivatives.?"!
Their optical absorption properties also make these compounds
excellent candidates as sensitizing moieties for solar energy
conversion. Materials used for such applications commonly con-
tain a transition metal cation such as Ru" or 122 although
more recent examples have also exploited more available first-
row transition metal cations such as Cu'?3 For this reason, it
would be practical to introduce a ligating group to the pyrazin-
acene chromophore in order to couple prospective molecules
with a transition metal cation or complex. In this work, we have
investigated the synthesis of extended pyrazinacene derivatives
with emphasis on introducing a phenanthroline moiety in order
to investigate their utility as sensitizing materials for dye-sensi-
tized solar cell (DSSC) applications. During this work we were
also presented with a rare opportunity to assess tautomeric
processes in extended pyrazinacenes due to the synthesis of an
unsymmetrical phenthrolopyrazinacene.

Here we report the one-pot syntheses of phenanthroline and
phenanthrene-appended pyrazinacenes from commercially
available reagents. We also report the stepwise synthesis of a
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phenanthroline-appended pyrazinacene, which was chelated, in
this case, with bis(2,2’-bipyridine)ruthenium(ll) to demonstrate
the utility of this approach to prepare materials for DSSCs.

Results and Discussion

In our previous work on the pyrazinacene systems, we
have prepared mostly unsymmetrically substituted com-
pounds.['624-261 This was initially as a result of our use of the
reaction of 2,3-diamino-5,6-dicyanopyrazine (DADCP) with 1,2-
diketones, such as benzil derivatives, where the synthesis natu-
rally provides different groups at the terminal ends of the mol-
ecules. In particular, we were interested to study the effect of
such unsymmetrically substituted structures on the self-assem-
bly properties of the compounds.

For this purpose, we performed initial scanning tunneling
microscopy (STM) studies on 5,12-dihydro-2,3-diphenyl-
1,4,6,7,10,11,12-octaazatetraacene-8,9-dicarbonitrilel'®! (Fig-
ure 1a, Figure 1b, Figure 1c), which revealed its assembly into
paired antiparallel lines of molecules and a potentially unique
method for templating the structure of crystalline thin films
grown from these materials. The self-assembled structure (Fig-
ure 1d) is formed due to several hydrogen bonding interactions
between nitrile groups and either dihydropyrazine NH groups
or phenyl CH groups suggesting to us that the planarization of
the phenyl groups to phenanthrenyl or phenanthrolyl might
improve the quality of monolayer films by (a) optimizing supra-
molecular interactions between these groups, and (b) providing
a larger m electronic surface for interaction with the metal sub-

Figure 1. Scanning tunneling microscopy of 5,12-dihydro-2,3-diphenyl-
1,4,6,7,10,11,12-octaazatetraacene-8,9-dicarbonitrile.l'® (a) Chemical struc-
ture and monolayer on Cu(111) (I, = 60 pA; V; = +1.0 V). (b) Alternating
antiparallel rows of molecules on Cu(111) indicated by the green and yellow
arrows (I, = 60 pA; V, = +1.0 V). (c) Detail of (b) showing close approach of
nitrile groups to the pyrazinacene backbone (CN-:HN H-bonding). (d) Packing
model for the molecules indicating the close approaches of nitriles to the
phenyl substituents in adjacent molecules. Green and yellow colors denote
the rows of molecules in (b).
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strate. Some of these observed interactions also give insight
into the reasons for the often extreme insolubilities of these
compounds and their resulting intractability. Ultimately, how-
ever, we have found that introduction of phenanthroline to the
structure unexpectedly yields compounds of greater solubility
probably due to the part removal of the intermolecular CH«:N
hydrogen bonding network observed by STM. This has permit-
ted us to proceed with the present work.

During this work, we noted that the initial condensation of
a 1,2-phenylenediamine with phenanthrene-9,10-quinone, al-
though normally promoted by acid catalysis, can also proceed
at elevated temperature in polar solvents,?”! being as it is a
simple dehydration reaction. This reaction yields a 1,4,5,8-
tetraazanaphthalo-2,3-nitrile derivative that is sufficiently elec-
tron deficient that nitrile groups are capable of acting as effec-
tive leaving groups in nucleophilic substitution reactions. With
these points in mind, we investigated the reaction of phen-
anthroline-9,10-quinone with DADCP in dimethylsulfoxide at
different temperatures. To our satisfaction, the main product
obtained from reactions performed at 140 °C was 6,13-
dihydrodipyrido[3,2-a:2",3’-c]-5,6,7,8,11,12,13,14-octaazapent-
acene-9,10-dicarbonitrile (2), if two equivalents of DADCP were
applied in the presence of 2 equiv. of sodium carbonate to
neutralize HCN generated in the 2"¢ phase of the reaction. The
reaction is summarized in Scheme 1. It represents a facile
method for preparing a rather unusual pyrazinacene, which in-
cidentally possesses attributes suitable for utilization in the
aforementioned applications. We also undertook the prepara-
tion of the corresponding bis(benzo) derivative 1. Both com-
pounds are quite intractable and, for this reason, difficult to
purify. However, 1 could be partly purified using column chro-
matography although it is subsequently so insoluble that it was
not possible to obtain reasonable NMR spectra - the compound
can just be observed by "H NMR in neat [D,;]TFA. On the other
hand, TH and "3C NMR spectra of 2 could be obtained after
purification either by Soxhlet extraction or column chromatog-
raphy followed by precipitation. 1 and 2 could also not be puri-
fied by sublimation even in ultrahigh vacuum.

Compounds 1 and 2 are relatively insoluble in common sol-
vents so that we considered their modification by N-alkylation
in order to improve solubility. However, protic tautomeriza-
tion['®2% is a significant process occurring in these compounds
so that N-alkylation generally yields complex mixtures of iso-
meric products although these are generally restricted to iso-
mers with one N-alkyl group per side with N-alkylation not fa-
voured at end pyrazine groups of the pyrazinacene unit even if
there is a further fused benzo group present. We attempted to
N-alkylate 2 using simple n-alkyl bromides or 3,4,5-tris(dodecyl-
oxy)benzyl chloride but either solubility was not increased suffi-
ciently (for n-C;,H,s) or separation of the resulting isomer mix-
ture remained unfeasible despite improved solubility. Regard-
less, the higher solubility of the 3,4,5-tris(dodecyloxy)benzyl de-
rivatives 3 presented the possibility of studying the isomeric
identities of the products.

Figure 2 shows the 'H NMR spectra of the isomeric mixture
of bis[3,4,5-tris(dodecyloxy)benzyl] derivatives obtained by gel
permeation chromatography. The spectrum can be decom-
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Scheme 1. One-pot synthesis of unsymmetrically substituted octaazapenta-
cene derivatives 1 and 2.

posed according to the magenta fitted spectrum. We have as-
signed the isomer structures based on the expected position of
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(D-A) interaction over another pyrazine ring ought to further
stabilize the molecule although existence of the protons on a
terminal pyrazinacene ring (i.e. one that does not have two
adjacent fused pyrazine groups) is not favoured.'>2% Therefore,
the protons reside with highest probability on the third pyr-
azine ring remote from the nitrile groups. This assignment is
supported by an X-ray crystallographic study of a similar com-
pound, which indicates that this shift occurs.'® Under this as-
signment of the isomer structure, 3a, 3b, and 3c exist in a per-
centage ratio of 37:22:41. Initial N-alkylation is favoured at the
third pyrazine ring, due to the aforementioned D-A interaction.
Subsequent N-alkylation is subject to an apparent preference
for N-alkylation on the adjacent non-terminal pyrazine perhaps
due to the steric effects of the bulky dendritic substituent.

The populations of resulting isomers obtained in reaction
can be modelled using a two-step reactivity model (see Fig-
ure 3a). The fitting procedure yields values of populations for
3a, 3b and 3c isomers paa = 0.37, pgg = 0.22 and pag.ea = 0.41,
respectively (see Figure 3b). The subscript indicates the order
in which the corresponding nitrogens react in the two-step
model; (paa + Pes + Pas+ea = 1). The populations deviate from
the expected statistical distribution where paa / pgg/ Pagisa =
0.25:0.25:0.5. The basis of the model consists of the two param-
eters a and . The probability a corresponds to the intrinsic
reactivity of nitrogen A over nitrogen B. +f and -3 correspond
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Figure 2. Analysis of the isomer mixture of compound 3 based on 'H NMR spectroscopy. The fitted spectroscopic data is shown in magenta and is based on
the structures 3a-c at top. Other isomer structures may be present in small quantities but were neglected for this analysis. Peaks in the chemical shift ranges
7.2-7.0 and 5.8-5.3 ppm are due to the N-substituent ortho protons and benzylic protons, respectively. Expected percentage statistical composition is

3a:3b:3c = 25 %:25 %:50 %. R = n-C;5H,s.

Eur. J. Inorg. Chem. 2018, 2541-2548 www.eurjic.org

2543

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



{® xChemPubSoc
e Europe

o

(a) Two-step reactivity model

“bonus” “penalty” “bonus”

“penalty”

1 1 1 f
(a+p) (1-a-) (a-B) (1-04P)

AA AB BA BB

l l Second reaction step l l
o [
N~ I N = I
LY LY
I Z I >

T First reaction step T

A B

o (1-at)

(b) Summary of populations as obtained from fitting of 'H NMR spectrum

| 3a 3b 3¢ !
| 37% 2% @ 41% !
L Pan Pss Prgesa |

(¢) Solution of the model

65% 35% 49% 51%
(57%+8%) (43%-8%) (57%-8%) (43%+8%)
AA AB BA BB
l l Second reaction step l 1
S S
! | A B8
N. = N = N\ N\ N N\ CN
XX b I L XXX
NI N7 l\i N™ "NT "Ng TN TCN
> =
T First reaction step
A B
57% 43%

Figure 3. Reactivity towards N-alkylation of the pyrazine rings A (red) and B
(blue) in octaazapentacene derivatives. (a) Effect of first N-alkylation step (at
“A" or “B") on reactivity for the second step (“AA”, “AB”, “BA” and “BB"). (b)
Populations of isomers based on the fitting of NMR spectrum shown in Fig-
ure 2. (c) Solution of the model shown in (a) where percentages given are
the yields of the reactions steps based on the final isomer composition.

to probability “bonus” and “penalty” at the second step due
to reaction at the same pyrazine ring or the neighboring ring,
respectively. The populations can be expressed as:

Paa = ala+ ) (1a)
pee =1 —a)(1—a+p) (1b)
Pap+pa = a(l—a—=p) + (1 —a)(a—p) (1c)

Combination of Equation (1a) and Equation (1b) yields cubic
equation for a and an expression for f3.

2a® —3a® + papspa@ +Paa =0

(22)
(2b)

Numerical solution of Equation (2a) with subsequent substi-
tution to Equation (2b) gives o = 0.57 and 5 = 0.08. This analysis
indicates that nitrogens closer to the phenanthroline group are
more reactive (57 %), which is consistent with the preference of
the dihydropyrazine group to be at this position.['®! Also, values
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of S indicate that the second step of reaction is slightly (8 %)
favoured at the already N-alkylated dihydropyrazine group (see
Figure 3¢).

Although our attempts to obtain pure examples of N-alkyl-
ated 2 have been so far unsuccessful, there remained the ques-
tion of whether the properties of appropriate pyrazinacene-
appended transition metal complexes could be of interest.
Therefore, we designed and synthesized compound 4
(Scheme 2), which possesses a phenanthroline unit conjugated
with a fluorubine core; a pyrazinacene unit that is known to
form only centrally N-alkylated isomers since N-alkylation of ter-
minal pyrazines is negligible in pyrazinacenes. The alkylated
compound 5 was treated with cis-bis(2,2-bipyridine)dichloro-
ruthenium(ll) complex under literature conditions?® yielding 6
containing a classical bipyridine-ruthenium(ll) complex. Similar
complexes have been intensively studied for DNA intercala-
tion[?22% and it is known that replacing fused benzo groups
with fused pyrazino units can have a significant effect on the
properties of the resulting complexes.3”

i H
N NHz NIN:IC" DMSO ND:NIN
+
N NH, NTNTCy "mi NTNTN
4 1n-C5HysBr
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reflux
Iopy)sRuICh, N g
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CHOITHF N NN
A CraHas
5

Scheme 2. Synthesis of compound 4, 5, and 6. The product 4 of the conden-
sation between 1,10-phenanthroline-5,6-diamine and the dinitrile was used
as isolated without further purification.

Compound 6 is an orange amorphous powder soluble in
common solvents despite the presence of the tetrabenzo-
fluorubine core whose large m-electron surface might induce
aggregation. Its electronic spectrum (Figure 4a) contains bands
assignable to the bpy ligands (300 nm) as well as to the acene
unit with a four band structure with 4., at 472 and 503 nm.
An assignment of these transitions with regard to ligand-cen-
tred, MLCT or a combination of these will be reported in future
for these compounds and related derivatives. It is weakly fluo-
rescent with a broad band at 600 nm. An excitation spectrum
recorded by holding the emission monochromator at 531 nm
and scanning the excitation monochromator revealed peaks at
460 and 492 nm, that largely resembled the spectrum of 6 (see
Figure S1). The fluorescence lifetime of 6 in Ar-purged DCB,
evaluated using time correlated single photon counting
(TCSPC) and excited at 529 nm by nanoLED sources, was found
to be 2.11 ns. Upon purging with oxygen, a decrease in lifetime
to 1.98 ns was observed (see Figure S2). Compound 6 under-
goes two one-electron reversible oxidation at 1.15, 1.51 and
three one-electron reversible reductions at -1.10, -1.36 and
-1.75 V vs. Ag/AgCl in o-dichlorobenzene containing 0.1 m
(TBA)CIO, [see Figure 4b] some of them involving the pyrazin-
acene unit."®! The measured electrochemical HOMO-LUMO
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gap was found to be 2.25 eV, close to that of Ru(bpy)s com-
plexes in literature.®" The use of acetonitrile as solvent for elec-
trochemical measurements lead to irreversibility of the proc-
esses and surface adsorption.
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Figure 4. (a) Electronic absorption spectrum of 6 in o-dichlorobenzene (figure
inset shows the emission spectrum, 4., = 503 nm). (b) Cyclic voltammograms
of 6 in dichlorobenzene containing 0.1 m tetrabutylammonium perchlorate.

6 was incorporated into a dye-sensitized cell and the rele-
vant measured data is shown in Figure 5.3 The compound
was adsorbed on TiO, in a typical DSSC configuration with
I7/15~ as the mediator. It should be mentioned here that addition
of a slurry of TiO, into the solution of 6 lead to significant
fluorescence quenching, suggesting occurrence of electron in-
jection from excited 6 into the TiO, conduction band. The ab-
sence of any anchoring groups in 6 leads to its weaker adsorp-
tion onto TiO,, and resulted in a modest overall DSSC perform-
ance.33 It is possible in this case that the dye is chemisorbed
at the TiO, surface with the pyrazinacene group of 6 facilitating
such an adsorption process. This point will be elaborated on in
future work where the role of the pyrazinacene in adsorption
will be investigated by introduction of other reactive groups
such as carboxyl at different points on the structure. As shown
in Figure 5a, average performance metrics of two cells were as
follows: open circuit potential = 0.42 V, short circuit current =
0.58 mA/cm?, fill factor = 0.45 and 7 = 0.11 %. Despite these
relatively modest performance metrics, excellent reproducibility
of voltage and current switching indicate that 6 is a robust
DSSC sensitizer. Figure 5b shows the calculated structures of
the highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) for compound 6. These re-
veal that the HOMO is accommodated largely on the pyrazin-
acene portion of the molecule while the LUMO lies on the
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Ru(bpy), moiety, suggesting their ability to promote directional
electron transfer in DSSCs by means of push-pull effect.3#
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Figure 5. (a) Current density vs. voltage (J-V) curves of DSSC constructed
from 6. Voltage and current switching plots are shown in the right hand
panels. (b) Structures of the HOMO and LUMO for 6.53%

The photochemical properties of 6 might be improved by a
variety of means that have already been addressed by other
workers.[36-38! |n particular, the addition of extended aromatic
ligands has been extensively studied for the corresponding Ru"
complexes. Those works have given insight into the structure
parameters that might affect the materials' performances of the
compounds,3°-#11 and the compounds themselves remain
highly relevant.[*2431 Beyond the already well-studied m-ex-
tended phenanthroline ligands,*44”! the introduction of the
pyrazinacene-type ligands to these dyes present some
prospects for developing a series of highly fluorescent com-
pounds whose substituents can be easily modified either at
(bpy)-Ru" moiety (as has already been done) or at the pyrazin-
acene (here a fluorubine) moiety where lateral substitution at
nitrogen atoms could be advantageous for tuning the interac-
tion of the complexes with TiO,. The variation of the N-substitu-
ents could also be instrumental in reducing detrimental aggre-
gative processes. NMR spectroscopy of 6 at different concentra-
tions suggests that it tends to aggregate through (probably m-
7t stacking) interactions at the pyrazinacene unit as indicated
by the upfield shift of NMR resonances of protons at those loca-
tions (see Figure S21) at higher concentrations. These and other
aspects of derivatives of 6 ought to add a valuable extension
to what is known about the already reported compounds.

Conclusions

In summary, we report the one-pot and stepwise syntheses of
unusual unsymmetrical pyrazinacene derivatives. These novel
chromophore compounds that may be adapted to include a
transition metal chelating group (as in 2 and 5) are significant
from the point-of-view of their highly N-substituted flat acene-
like cores, which suggest their investigation for the relevant ap-
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plications including in molecular electronics and dye sensitiza-
tion. Tautomerization in these systems containing four or more
fused pyrazine rings introduces new aspects to the characteri-
zation of the N-alkylated compounds but also gives access to
conjugation pathways and therefore optical properties not
otherwise available by N-alkylative fixing of the isomer form.

Although initial studies of their use in photovoltaic applica-
tions reveal that the current compounds are not competitive
with the state-of-the-art Grétzel-type dyes (most likely as a re-
sult of poor adsorption stemming from the absence of anchor-
ing groups such as carboxyl groups), we believe that the simple
synthesis of these derivatives and their structures will allow the
exploitation of this new class of compounds despite the intract-
ability of these initially reported materials. We are currently
studying the potential benefits of the dihydrooctaazatetracene
core based on its adaptable molecular recognition properties,
which are available because of potential protic tautomeric proc-
esses revealed by the N-alkylation properties of the pyrazin-
acene congener reported here. Further, the introduction of an-
choring groups on the bpy entities for better dye uptake and
performance of DSSCs using the present push-pull type Ru dye
is currently underway, as is the synthesis of other derivatives
based on transformation of the nitrile groups in 2 and
3-type compounds.

Experimental Section

General: Reagents and solvents were purchased from TCl Chemi-
cals, Aldrich Chemical Co., Wako Chemical Co. or Nacalai Tesque
Chemical Co. All reagents were used as received. Preparative thin
layer chromatography (PTLC) was performed using Analtech UNI-
PLATE™ PTLC silica plates (20 x 20 cm, 1500 microns, cat. no.
Z513040). Gel permeation chromatography separations were per-
formed using Bio-Beads™ S-X1 (tetrahydrofuran as eluent). Stabi-
lizer-free tetrahydrofuran was used for Soxhlet extraction and chro-
matographic separations. Electronic absorption spectra were ob-
tained using a Shimadzu UV-3600 UV/Vis/NIR spectrophotometer.
Fluorescence spectra were similarly obtained using a JASCO FP-
6500 spectrofluorometer. 'H and 'C nuclear magnetic resonance
(NMR) spectra were recorded using a JEOL AL300BX NMR spectrom-
eter operating at 300 MHz for 'H and 75 MHz for '3C. Infrared ab-
sorption spectra were obtained using a Thermo-Nicolet Nexus 670
FT-IR spectrometer from samples prepared as KBr pellets or by ATR
using a Specac MKIl Golden Gate Single Reflection ATR System with
diamond crystal, (angle of incidence 45°) for neat solid samples.
LDI-TOF-MS and MALDI-TOF-MS spectra were measured using a
Shimadzu-Kratos Axima CR+ spectrometer. High resolution MALDI-
TOF mass spectra were measured using an LTQ Orbitrap XL system
using 2,5-dihydroxybenzoic acid as matrix. ESI-HR-MS spectra were
measured using a Thermo Scientific Exactive Plus Orbitrap Mass
Spectrometer. 1,10-Phenanthroline-5,6-dione,*® 1,10-phenanthrol-
ine-5,6-diamine!*°! and dibenzolf,hlpyrazino[2,3-blquinoxaline-
11,12-dicarbonitrilel*®! were prepared according to the literature
procedures.

Scanning Tunneling Microscopy: 5,12-Dihydro-2,3-diphenyl-
1,4,6,7,10,11,12-octaazatetraacene-8,9-dicarbonitrile!"® was dried in
vacuo before use in STM experiments. Atomically clean single crys-
tals of Cu(111) used as substrates were prepared by Ar* sputtering
and annealing (700 K) cycles. Sub-monolayer coverage of the sub-
strate was obtained by sublimation for 10 min at 320 °C from a
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Knudsen cell to the metal substrate over an intervening distance of
30 cm in ultra-high vacuum (1 x 1078 Pa), followed by characteriza-
tion using STM at room temperature.

6,13-Dihydrodibenzo[a,c]-5,6,7,8,11,12,13,14-octaaza-
pentacene-9,10-dicarbonitrile (1): Phenanthrene-9,10-dione
(1.5 g, 7.2 x 1073 mol), 5,6-diamino-2,3-dicyanopyrazine (2.7 g,
1.69 x 1072 mol, 2.3 equiv.) and sodium carbonate (2.31 g, 3 equiv.
based on dione) placed in a 100 mL round-bottomed flask and
dimethylsulfoxide (50 mL) was poured in. The resulting mixture was
stirred at 140 °C for 24 h then cooled. The reaction mixture was
poured into a mixture of acetic acid (150 mL) in methanol (700 mL)
and the resulting precipitate was filtered. The crude material was
triturated with tetrahydrofuran (50 mL) and the suspension was fil-
tered. The filtrand was subjected to column chromatography on
neutral alumina eluting first with neat tetrahydrofuran (to remove
unreacted phenanthrene-9,10-dione) then with THF/5 % methanol/
0.2 % acetic acid. The product elutes as a purple band exiting the
column as a bright orange solution, which gives a brick red solid
when evaporated. This method allowed isolation of =~ 180 mg of
product with the remaining crude product as a dark red powder.
"H NMR (300 MHz, CF;COOD): 8.18 (dd, 3J = 7.8, 3J = 7.2 Hz, 2 H),
832 (dd, 3J =7.8,3)=7.2Hz 2 H), 903 (d, 3/ =78 Hz, 2 H), 9.34
(d, 3J = 7.8 Hz, 2 H) ppm. FTIR (KBr pellet): ¥ = 3217.2 [m, br,, NH
str.)]; 3130.9 [w, C-H (str.)]; 2236.7 [m, C=N (str.)]; 1605.8 (w), 1581.7
m), 1574.9 (m), 1555.1 (w) [C=C (str.), C=N (str.)]; 1516.7 (m); 1492.3
w); 1476.3 [s, NH (def.)]; 1464.9 (w); 1456.8 (w); 1430.8 (s), 1401.6
s) [C-H (def)]; 1365.0 (m); 1323.3 (m); 1278.5 (m); 1222.7 [s, C-N
(str)]; 1168.8 (w); 1132.6 (w); 1116.2 (m); 1086.1 (w); 1043.1 (m);
959.4 (w); 858.9 (w); 848.2 (w) cm~'. MALDI-TOF-MS (dithranol; nega-
tive ion mode): calcd. for C;4H;N;o m/z = 435.09, found 435.31 [(M
- H)7]; M is in situ oxidized acene.

6,13-Dihydrodipyrido[3,2-a:2’,3"-c]-5,6,7,8,11,12,13,14-octaaza-
pentacene-9,10-dicarbonitrile (2): A 100 mL pear-shaped flask
was loaded with a magnetic stirrer bar, phenanthroline-5,6-dione
(1.00 g, 4.76 mmol, 1.00 equiv.), 5,6-diamino-2,3-dicyanopyrazine
(2.00 g, 12.5 mmol, 2.63 equiv.), anhydrous sodium carbonate
(1.00 g, 9.43 mmol, 1.98 equiv.), and dimethyl sulfoxide (50 mL). The
flask was then equipped with a condenser and it was heated in an
oil bath at 140 °C for 16 h. The reaction mixture was poured into a
mixture of acetic acid (150 mL) in methanol (700 mL) and the result-
ing precipitate was filtered. The solid was washed with THF three
times (total volume 150 mL to remove any excess 5,6-diamino-2,3-
dicyanopyrazine) and while still wet was transferred into a 500 mL
round-bottom flask containing acetic acid (300 mL) and THF
(50 mL). Resulting suspension in acetic acid was refluxed for 1 h.
The suspension was subsequently filtered through a Biichner funnel
while still hot and the solid obtained was washed several times
with THF. The product was finally dried under vacuum (50 °C) to
yield the compound in the form of a black solid with a green metal-
lic luster (1.03 g, 2.06 mmol, 43 %). The purity of this crude product
was = 90 % according to NMR analyses. However, the compound
could be further purified by performing Soxhlet extraction using
tetrahydrofuran/acetic acid (2 % v/v) and samples of the latter were
used for analyses. The reaction can also be performed using a lower
quantity of sodium carbonate at the cost of a somewhat lower yield.
However, using more than 2 equiv. of base promotes formation of
an unidentified inseparable by-product. "H NMR (300 MHz,
[DgIDMSO + few drops CF;COOD): 6 = 8.87 (dd, 3J = 8.1 Hz, 3J =
4.8 Hz, 2 H), 9.86 (d, 3/ = 4.5 Hz, 2 H), 10.05 (d, 3J = 8.1 Hz, 2 H)
ppm. 3C NMR (75 MHz, [Dg]DMSO + few drops CF;COOD): 6 =
114.20, 126.63, 127.04, 127.75, 135.24, 137.11, 138.64, 143.53,
145.84, 148.09, 149.14 ppm. FTIR (KBr pellet): ¥ = 3300-3000 [w, br.,
NH (str.)]; 2920.5, 2851.5 [w, C-H (str.) from trace acetic acid]; 2229.3
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[m, C=N (str.)]; 1604.4 [m, C=C (str.)]; 1571.3 [m, C=N (str.)]; 1541.9
(w); 1513.9 (m); 1468.4 (m); 1378.9 (s); 1321.4 (w); 1255.6 (m), 1228.4
(m) [C-N (str.)]; 1177.6 (w); 1124.3 (w); 1083.3 (w); 1035.9 (w); 971.3
(w); 854.8 (w); 819.2 (w) cm™'. MALDI-TOF-HR-MS (DHB): calcd. for
CyoHoNq, m/z = 441.1073, found 441.1070 [(M + H)*].

6(7),13(14)-Bis[3,4,5-tris(n-dodecyloxy)benzyl]-dipyrido-
[3,2-a:2",3’-c]-5,6,7,8,11,12,13, 14-octaazapentacene-9,10-di-
carbonitrile (3): The crude product from the synthesis of 2
(100 mg) was suspended in DMF (10 mL) and 3,4,5-tris(dodecyl-
oxy)benzyl chloride (400 mg, 2.5 equiv.) and potassium carbonate
(100 mg) were added. The resulting mixture was heated at 120 °C
overnight. The reaction mixture was cooled to room temperature
then poured into water (50 mL) followed by partitioning with di-
chloromethane (50 mL). The organic fraction was collected dried
with anhydrous sodium sulfate and the solvents removed under
reduced pressure yielding a dark green solid, which was then ap-
plied to a column of Biobeads SX-1 prepared in tetrahydrofuran.
Elution with tetrahydrofuran yielded two fractions. The high molec-
ular weight fraction was collected and analyzed revealing a mixture
of doubly-N-substituted isomers (see main manuscript). A minor
low molecular weight fraction assigned as the mono-[3,4,5-tris-
(dodecyloxy)benzyl]-N-substituted compound was discarded. Yield
of 3: 230 mg (59 %). Isomers of the doubly-N-substituted com-
pound could not be separated despite attempts using column chro-
matography and preparative thin layer chromatography. '"H NMR
(300 MHz, [DgITHF): 6 = 0.78 (m, 18 H, terminal-CH3), 1.17 [m, 108
H, ~(CH,)s], 1.33 [m, 12 H, ~(CH,)-], 1.54 [m, 12 H, -(CH,)-], 3.73 (m,
8 H, 3,5-OCH,), 3.88 (m, 4 H, 4-OCH,), 5.25-5.75 (4 singl., 4 H
benzylic CH,), 7.05-7.2 (4 singl,, 4 H, benzyl ortho-H), 7.65-7.76 (m,
2 H, phenanthroline meta-H), 9.05-9.15 (m, 2 H, phenanthroline or-
tho-H), 9.25-9.45 (m, 2 H, phenanthroline para-H) ppm. FTIR (KBr
pellet): ¥ = 2923.3, 2853.2 [s, C-H (str.)]; 1590.6 [m, C=C (str.)];
1541.3, 1518.2, 1497.8 [s, C=C (str.), C=N (str.)]; 1459.1 [s, C-H (def.)];
1430.9 [s, C-H (def.)]; 1399.1 (w); 1377.1 [s, C-H (def)]; 1331.3 (m);
1280-1220 [s, C-N (str.)]; 1173.4 (w); 1114.2 [s, C-O (str.)] cm™".
MALDI-TOF-HR-MS (DHB): calcd. for CyogH165N1,06 m/z = 1726.298,
found 1726.297 [(M + H)*].

6,13-Dihydrodipyrido[3,2-a:2’,3’-cldibenzoll,n]-5,6,7,12,13,14-
hexa-azapentacene (4): Dibenzo[f,h]pyrazino[2,3-blquinoxaline-
11,12-dicarbonitrile (200 mg, 6 x 10™* mol) and 1,10-phenanthrol-
ine-5,6-diamine (140 mg, 6.7 X 10~* mol) were dissolved in dimeth-
ylsulfoxide (10 mL) then potassium carbonate (170 mg, 2 equiv.)
was added. The resulting mixture was heated at 110 °C overnight
under a dry nitrogen atmosphere. The resulting light orange solid
was filtered and washed with methanol. This material was used in
the next step without further purification. Yield (crude): 245 mg
(84 %). This compound was too insoluble for NMR analysis. MALDI-
TOF-MS (DHB): calcd. for C3oH;4Ng m/z = 486.1341, found 486.1592;
[(M = 2H)*]: (due to in situ dehydrogenation).

6,13-Bis(n-dodecyl)-dipyrido[3,2-a:2’,3’-cldibenzo[l,n]-
5,6,7,12,13, 14-hexaazapentacene (5): Compound 4 (100 mg,
1.21 x 107 mol) and potassium carbonate (50 mg, 3 equiv.) were
suspended in N,N-dimethylformamide (10 mL) and n-1-dodecyl
bromide (100 mg) was added. The resulting mixture was heated
at reflux overnight under a dry nitrogen atmosphere. The reaction
mixture was then cooled and the orange precipitate filtered then
washed with methanol followed by drying in air at the pump. Yield:
(95 %). "H NMR (300 MHz, CDCl5): 6 = 0.86 (t, 3J = 7.2, Hz, 6 H, CH5)
1.16-1.4 [m, 36 H, (CH,),], 1.48 (m, 4 H, -N-CH,CH,CH,-), 1.84 (p, 4
H, -N-CH,CH,-), 4.26 (t, J = 7.4 Hz, 4 H, -N-CH,-), 7.33 (m, 2 H), 7.50
(m, 2 H), 7.60 (dd, J = 8.1, 4.3 Hz, 2 H), 8.08 (d, 3J = 8.4 Hz, 2 H),
8.69 (d, 3/ = 8.1 Hz, 2 H), 8.77 (dd, 3J = 8.2, *J = 1.1 Hz, 2 H), 9.14
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(dd, 3J = 4.2, %J = 1.7 Hz, 2 H), ppm. "3C NMR (75 MHz, CDCl5): 6 =
14.11, 22.69, 25.83, 27.36, 29.80-29.20, 31.96, 41.11, 122.45, 123.09,
123.92, 126.50, 127.07, 129.22, 129.87, 131.66, 132.19, 133.44,
140.75, 141.75, 145.94, 150.09 ppm. FTIR (KBr pellet): ¥ = 3063.5,
3036.3, 3014.7 [w, aromatic C-H (str.)]; 2955.4, 2920.2, 2851.3 [s,
aliphatic C-H (str.)]; 1601.6, 1588.7, 1579.7, 1565.2 [all w, C=C (str.),
C=N (str.)]; 1514.4 [m, C=N (str.)]; 1488-1420 [s, C-H (def.)]; 1404.9
(w); 1389.0 (w); 1372.6 [s, C-H (def.)]; 1285.6, 1277.2 [s, C-N (str.)];
1222.7 [s, C-N (str.)]; 1173.2 (w); 11538.7 (w); 1153.5 (w); 1125.4 (w),
1084.9 (w); 1045.1 (w); 1039.6 (w); 1027.3 (w); 996.3 (w); 976.0 (w);
944.0 (w); 926.6 (w); 902.2 (w); 893.5 (w); 821.6 (w); 809.7 (w) cm™".
MALDI-TOFHR-MS (DHB): calcd. for Cs4HgsNg m/z = 824.525, found
824.540; [(M + H)'].

Bis(2,2’-bipyridine)[6,13-bis(n-dodecyl)-dipyrido(3,2-a:2’,3"-c)di-
benzo[l,n]-5,6,7,12,13,14-hexaazapentacene]ruthenium(ll)
Chloride (6): Compound 5 (70 mg, 8.5 x 10~ mol) was dissolved
in tetrahydrofuran (10 mL) and added dropwise to a solution of
dichlorobis(2,2’-bipyridine)ruthenium(ll) in ethanol (10 mL) and the
mixture heated at reflux with stirring overnight under a nitrogen
atmosphere. The reaction mixture was then cooled. Solvents were
removed under reduced pressure and the resulting solid dissolved
in the minimum of tetrahydrofuran, applied to a column of
Biobeads SX-1 prepared using THF, followed by elution with THF.
The dark orange band eluting first was collected and the solvents
removed under reduced pressure. The resulting solid was sus-
pended in a small quantity of methanol and filtered yielding 6 as
a bright orange powder. Yield: 80 mg (71 %). 'H NMR (300 MHz,
[DgIDMSO): & = 0.78 (t, 3J = 7.2, Hz, 6 H), 1.3-1.1 (m, 28 H), 1.46 (m
4 H), 1.55 (m, 4 H), 1.85 (m, 4 H), 4.30 (br. t, 4 H), 7.30 (t, 3J = 6.9 Hz,

H), 7.46 (t, 3J = 6.3 Hz, 2 H), 7.65-7.50 (m, 4 H), 7.79 (d, 3J = 5.3 Hz,

H), 7.90 (m, 4 H), 8.10 (d, 3J = 4.2 Hz, 2 H), 8.21-8.15 (m, 4 H), 8.25
( t,3J=7.9Hz 2 H), 877 (d, 3 = 83 Hz, 2 H), 8.84 (d, 3/ = 8.1 Hz, 2
H), 8.91 (t, 3J = 8.7 Hz, 4 H) ppm. *C NMR (75 MHz, [Dg]DMSO): 6 =
13.59, 21.74, 24.82, 26.25, 28.35, 28.51, 28.70, 28.75, 30.97, 122.39,
123.19, 124.37, 124.43, 126.32, 127.04, 127.51, 127.68, 127.78,
128.22, 129.09, 131.43, 131.53, 132.64, 137.78, 137.86, 139.33,
140.71, 142.69, 146.04, 151.28, 151.36, 156.56, 156.71 ppm. FTIR (KBr
pellet): ¥ = 3127.2, 3068.6, 3025.2 [all w, aromatic C-H (str.)]; 2922.8,
2851.9 [s, alkyl C-H (str.)] 1971.4 (m), 1627.7, 1603.4, 1588.4, 1576.0
[all w, C=C (str.), C=N (str.)]; 1517.7 (m); 1482.0 [s, C-H (def.)]; 1464.9
w); 1452.7 [s, C-H (def.)]; 1409.7 (w); 1372.7 [s, C-H(def.)]; 1345.1
w); 1326.9 (w); 1286.1 [m, C-N (str.)]; 1223.8 [m, C-N(str.)]; 1157.9
w); 1125.7 (w); 1090.4 (w); 1069.2 (w); 1045.4 (w); 1025.7 (w); 957.9
w); 906.8 (w); 813.5 (w) cm™'. ESI-HR-MS: calcd. for C;4HgoN;5Ru
m/z = 619.2836, found 619.2828 {[M - 2(CIN1**}.
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1) Excitation spectrum and fluorescence lifetime data
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Figure S1. Excitation spectrum of 6 recorded by holding the emission monochromator at 531 nm

and scanning the excitation monochromator. The spectrum resembles the electronic absorption
spectrum of 6.
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Figure S2. Time correlated single photon counting (TCSPC) after excitation at 529 nm using a
nanoLED source used to evaluate the fluorescence lifetime of 6.
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2) 6,13-Dihydrodibenzo[a,c]-5,6,7,8,11,12,13,14-octaazapentacene-9,10-dicarbonitrile (1)
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Figure $3. 'H NMR spectrum of 1 in trifluoroacetic acid-d.
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Figure S4. MALDI-TOF-MS of 1 with dithranol as matrix. Molecular ion is due to dehydrogenated
product, dibenzola,c]-5,6,7,8,11,12,13,14-octaazapentacene-9,10-dicarbonitrile.

S5

N

N



3) 6,13-Dihydrodipyrido[3,2-a:2',3'-c]-5,6,7,8,11,12,13,14-octaazapentacene-9,10-dicarbonitrile (2)
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No. &/ppm Height No. 8/ppm  Height
1 1142104 59.68 8 1435341 9825
2 126.6388 8292 9 1458418 97.77
3 1270508 60.63 10 1480917 73.03
4 127.7596 89.16 11 149.1467 98.97
5 1352430 6891
6 137.1139 100
7 138.6386 9158
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Figure S6. 13C NMR spectrum of 2. Samples of 2 isolated by Soxhlet extraction routinely contained
small quantities of acetic acid.
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Figure S7. Expansion of 3C NMR spectrum of 2.
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Figure S8. HR-MS (MALDI-TOF) for compound 2.
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4) 6(7),13(14)-Bis[3,4,5-tris(n-dodecyloxy)benzyl]-dipyrido([3,2-a:2',3'-c]-5,6,7,8,11,12,13, 14-

octaazapentacene-9,10-dicarbonitrile (3)
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Figure S9. 'H NMR spectrum of 3(a-c) in tetrahydrofuran-ds.
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5) 6,13-Dihydrodipyrido[3,2-a:2',3'-c]-dibenzo[l,n]-5,6,7,12,13,14-hexaazapentacene (4)
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Figure S11. HR-MS (MALDI-TOF) for compound 4.
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6) 6,13-Bis(n-dodecyl)-dipyrido[3,2-a:2',3'-c]-dibenzo[l,n]-5,6,7,12,13,14-

hexaazapentacene (5)
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Figure S12. *H NMR spectrum of 6,13-Bis(n-dodecyl)-dipyrido[3,2-a:2',3'-c]-dibenzo(l,n]-5,6,7,12,13,14-

hexaazapentacene (5) in CDCls.
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Figure $13. 3C NMR spectrum of 6,13-Bis(n-dodecyl)-dipyrido[3,2-a:2',3'-c]-dibenzo[l,n]-5,6,7,12,13,14-

hexaazapentacene (5) in CDCls. Asterisk denotes trace solvent impurity.
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Figure S14. MALDI-TOF-HR-MS for compound 6,13-Bis(n-dodecyl)-dipyrido[3,2-a:2',3'-c]-
dibenzoll,n]-5,6,7,12,13,14-hexaazapentacene (5).
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7) Bis(2,2’-bipyridine)(6,13-bis(n-dodecyl)-dipyrido[3,2-a:2',3'-c]-dibenzo[l,n]-5,6,7,12,13,14-
hexaazapentacene)ruthenium(ll) chloride (6)
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Figure $15. *H NMR spectrum of 6 in CDCls. Assignments based on *H-'H COSY NMR spectrum and chemical shifts.
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Figure S16. *H-'H COSY NMR Spectrum of compound 6 with partial assighment of alkyl chain
resonances. For low field region see Fig. S17.
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No. &/ppm Height No. &/ppm Height No. &/ppm Height
1 135883 202 19 1223943 051 37 1460395 0.70
2 217393 230 20 123.1855 044 38 1512833  0.86
3 248217 067 21 1243682 070 39 151.3616 0.78
4 262475 124 22 1244300 070 40 1565641  0.77
5 283491 222 23 1263173 058 41 1567104 1.3
6 285057 1.66 24 127.0426  0.89
7 287035 353 25 1275103 057
8 287488 388 26 1276792 064
9 309740 222 27 1277761 074
10 38.6697 1400 28 1282211  0.87
11 389478 4225 29 129.0886 0.71
12 392260 8485 30 1314292 042
13 39.5041 100 31 1315260 0.7
14 397823 8621 32 1326448  0.69
H 15 400584 4365 33 137.8103 051
16 403365 1477 34 137.8618  0.69
17 407342 055 35 1407051 079
18 412658 039 36 1426893  0.59
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Figure S19. Detail of 3C NMR spectrum of 6 in DMSO-ds.
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Figure S20. ESI-HR-MS for compound 6.
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8) 'H NMR spectra of 6 at different concentrations in acetonitrile-ds.
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Figure S21. 1H-NMR spectra of 6 in acetonitrile-ds at different concentrations (Black: ~1 x 1072 M;
green: ~5 x 1073 M; red: ~1 x 10 M). (a) Low field region. (b) N-CH, group adjacent to the
pyrazinacene unit. Black lines denote the downfield shift at increasing dilution of peaks due to the
phenanthrenyl unit of the pyrazinacene ligand (protons al, a2, a3 according to the assignment given
in Figs. $15,517) and the methylene unit attached at the fluorubine nitrogen atoms (assigned as e in

Figs. S15,517). Other peaks are less affected by change in concentration.
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Appendix 2

Sedlacek, O.; Filippov, S.K.; Svec, P.: Hruby, M., SET-LRP Synthesis of Well-Defined Light-
Responsible Block Copolymer Micelles. Macromol. Chem. Phys. 2019, 220 (19), 1900238.
Times Times Cited: 10; IF = 2.34.

P. Svec performed the pilot NBA polymerization experiments, assisted with optimizing the

polymerization conditions, collected polymer/nanoparticle characterization data (UV, DLS, and
NMR - except the DOSY spectra), and performed the UV-induced micelle disassembly

experiments.
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SET-LRP Synthesis of Well-Defined Light-Responsible Block

Copolymer Micelles

Ondrej Sedlacek,* Sergey K. Filippov, Pavel Svec, and Martin Hruby

Herein, the synthesis of well-defined light-sensitive amphiphilic diblock
copolymers consisting of UV-responsive poly(2-nitrobenzyl acrylate) (PNBA)
and hydrophilic poly(ethylene oxide) (PEO) blocks is reported. This is
achieved by a single electron transfer living radical polymerization (SET-LRP)
of 2-nitrobenzyl acrylate monomer initiated by PEO-containing macroinitiator.
Despite several reports on PEO-b-PNBA copolymers, this is the first time
the PNBA block is synthesized by a controlled radical polymerization leading
to the copolymers with low dispersity (P = 1.10). In water, the copolymers
self-assemble into well-defined micelles with a hydrodynamic diameter of
25 nm. Upon irradiation with UV-light, the PNBA units degrade to hydro-
philic poly(acrylate) resulting in disassembly of the micelles. Considering the
robustness of the reported synthetic protocol, the prepared polymers repre-
sent an interesting platform for the construction of new stimuli-responsive

and hydrophilic blocks. After the adminis-
tration of the drug-loaded micellar delivery
system, its concentration in the body grad-
ually decreases, resulting finally in disas-
sembly of the micelles and release of the
hydrophobic cargo.”l However, the release
rate for systems with non-covalently
bound drugs is much less controllable
than in the case of systems with covalently
bound drug via a degradable linker. Pre-
mature non-covalently bound drug release
from the micelles could be prevented by
the stabilization of the core using either
increasing the content of a hydrophobic
part or by its crosslinking preferably with
a biodegradable linker. Also, the drug can

drug delivery systems.

1. Introduction

Polymeric micelles have recently gained substantial attention
as effective nanocarriers for specific organ delivery of hydro-
phobic drugs.!l In most cases, they are assemblies of amphi-
philic block or graft copolymers with hydrophilic shell and a
hydrophobic core. The core can encapsulate hydrophobic drugs
such as paclitaxel using non-covalent hydrophobic interactions,
while the hydrophobic shell is responsive for the micelle water
solubility and biocompatibility. Kinetic and thermodynamic sta-
bility of these micelles is controlled by the length and nature of
the hydrophobic block as well as a weight ratio of hydrophobic
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be released based on the external stimulil*!

such as change of pH,*® tempera-

ture,’19 presence of light,!!! or the redox

stimuli,'? which is currently the preferred
way providing extra control over drug release.

To achieve decomposition of micelles by light, the hydro-
phobic polymer block should hydrophilize upon irradiation!!!
to enable light-triggered disassembly. As an example, hydro-
philic poly(meth)acrylate block can be retrieved upon UV-light
irradiation when the side chains are esterified with photode-
gradable hydrophobic alcohols.'3] Most of these systems are
composed of poly(ethylene oxide) (PEO) hydrophilic block with
the varying structure of a photodegradable block. This can be,
for example, poly(l-pyrenemethyl methacrylate),l' poly([7-
(diethylamino)coumarin-4-yljmethyl methacrylate),*! or poly(2-
nitrobenzyl acrylate) (PNBA).[1°]

Ultraviolet light is extensively used in a biomedical applica-
tion for sterilization. However, the dose delivered should be
carefully monitored especially for colored samples with signifi-
cant UV absorption where deeper layers may not receive dose
sufficient for sterilization. The commonly used UV-source,
the mercury lamp, has spectrum especially in the shorter
wavelengths below 315 nm (i.e., the UV B and UV C region)
crucial for sterilization perfectly matching the absorption of
2-nitrobenzyl ester, a photocleavable group.

Despite the extensive use of o-nitrobenzyl-based photo-
degradable polymers, the synthesis of 2-nitrobenzyl acrylate
(NBA) polymers with narrow dispersity was challenging for
a long time.l'’] Therefore, the already reported PEO-b-PNBA
amphiphilic copolymers suffered either from rather high dis-
persities!'®1% or the NBA was copolymerized with other mono-
mers in rather low partial content (<12 mol%).l'®2% The pos-
sibilities of controlled polymerization of o-nitrobenzyl (meth)
acrylates were evaluated by Gohy and coworkers.?! As a result,

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the polymerization of NBA using atom transfer radical polym-
erization (ATRP), reversible addition-fragmentation chain
transfer polymerization (RAFT), and nitroxide-mediated polym-
erization (NMP) proceed very slowly and in an uncontrolled
way. The polymerization of 2-nitrobenzyl methacrylate (NBMA)
by ATRP proved to be the method of choice, but the control
over the molar mass and the dispersity was retained only at
monomer conversions up to 30%. Only recently, Six and cow-
orkers succeeded in controlled polymerization of NBA using
single electron transfer living radical polymerization (SET-
LRP), where the Cu(I) species are formed in situ by synpropor-
tionation of Cu(Il) and Cu(0).3] Then, the formed Cu(1) dispro-
portionates to yield highly reactive nascent Cu(0) (and Cu(II)),
which activates the alkyl halide for the polymerization.

Herein, we report for the first time the protocol for the
rapid synthesis of light-sensitive PEO-b-PNBA amphiphilic
diblock copolymers having narrow molar mass distribution
(P = 1.10) necessary to obtain tailorable, well-defined, and
reproducible micellar, and uniform biological behavior. This
was achieved by SET-LRP of NBA monomer initiated by PEO-
containing macroinitiator. Despite several reports on PEO-b-
PNBA copolymers,!'819 this is the first time the PNBA block
was synthesized by a controlled radical polymerization leading
to the copolymers with low dispersity. The micellization of such
copolymer was studied by dynamic light scattering, while the
light responsivity of the system was demonstrated by successful
degradation of formed micelles in aqueous solution upon UV
irradiation. The system described herein may not only serve
as a model biologically excretable micellar delivery system but
also as an in situ dosimeter for monitoring UV dose received
within, for example, sterilization. The output may be moni-
tored/read by both UV-spectrophotometry (the photodegrada-
tion product o-nitrosobenzaldehyde has a different spectrum
than 2-nitrobenzyl ester) and dynamic or static light scattering.
The above-mentioned scattering methods have an advantage
in colored samples with significant UV-absorption, because
while 2-nitrospecies absorb in UV and short wavelength visible
region, light scattering monitoring of micelles-to-unimer disas-
sembly may be done with any wavelength including long wave-
lengths, where absorption may be low.

2. Experimental Section

2.1. Materials

All chemicals, including poly(ethylene oxide) monomethyl ether
(M, = 5000 Da), a-bromoisobutyryl bromide, triethylamine,
2-nitrobenzyl alcohol, acryloyl chloride, dimethyl sulfoxide
(DMSO), hydrazine monohydrate, copper(Il) chloride, tris[2-
(dimethylamino)ethylJamine (Me,TREN) were purchased from
Sigma-Aldrich Ltd. (Prague, Czech Republic) and were used
without further purification. PEO-based macroinitiator PEO-Br
(Mysecy = 5100 Da, D = 1.09) was prepared by esterification of
poly(ethylene oxide) monomethyl ether with o-bromoisobutyryl
bromide according to ref. [16]. Cu(0) wire (20 gauge) was
wrapped around a teflon-coated magnetic stir bar and activated
for 30 min in hydrazine/DMSO solution (10 mwm, 5 mL) fol-
lowed by copious washing with ethanol and drying according to
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the reference.?”l Water was deionized with a Millipore Milli-Q
(Merck) water purification system.

2.2. General Methods

The molar masses (My—mass-averaged molar mass, M,—
number-averaged molar mass) and dispersity (P = M,,,/M,) of
the polymers were determined by size exclusion chromatog-
raphy (SEC) using a Viscoteck GPC-Max VE 2001 equipment
fitted with a 2 x 30 cm 5 pm mixed-C PLgel columns and cou-
pled with a VE 3580 RI detector, VE 3210 UV/vis detector, and
multiangle light scattering (MALS) DAWN EOS (Wyatt Tech-
nology Co., USA); with tetrahydrofuran (THF, flow rate of 1
mL min~!) as mobile phase. The refractive index increment
of the diblock polymer was calculated as a weighted average of
refractive indexes of PEO (dn/dc = 0.078 mL g™')2¥l and PNBA
(dn/dc =0.137 mL g 1) in THF based on the monomeric unit
composition. UV/vis spectra were measured by Evolution 220
Spectrometer (Thermo Scientific, USA). Nuclear magnetic res-
onance (NMR) spectra were measured with a Bruker Advance
MSL 400 MHz NMR spectrometer. All chemical shifts are
given in ppm.

2.3. Synthesis of 2-Nitrobenzyl Acrylate

The 2-nitrobenzyl acrylate (NBA) monomer was synthesized
analogously to the previously described procedure.l'®l Briefly,
a solution of acryloyl chloride (7 g, 78 mmol) in dichlo-
romethane (10 mL) was added dropwise to the ice-cooled mix-
ture of o-nitrobenzyl alcohol (10 g, 65 mmol) and triethylamine
(10.9 mL, 78 mmol) in dichloromethane (200 mL). Then, the
reaction mixture was allowed to warm to the room tempera-
ture and stirred overnight (16 h). After quenching with satu-
rated aqueous NaHCO; solution (200 mlL), the organic phase
was separated, washed with water (200 mL), dried with anhy-
drous magnesium sulfate, evaporated in vacuo, dissolved in
ethyl acetate, filtered, and evaporated again. The crude product
was separated by column chromatography on silica (hexane-
ethyl acetate 5:1) to afford the title compound (10.1 g, 75%) as
a colorless oil, which was stored at 4 °C in the dark. ESI-MS:
230.1 (M + Na*). 'H NMR (DMSO-dg): 8.09 (d, 1H), 7.61-7.73
(m, 3H), 6.37 (d, 1H), 6.23 (dd, 1H), 6.0 (d, 1H), 5.49 (s, 2H).

2.4. SET-LRP Synthesis of PEO-b-PNBA Copolymers

SET-LRP synthesis of PEO-b-PNBA copolymers was carried
out by modifying the procedure described by Soliman and
coworkers.'3l Typically, NBA (4.14 g, 20 mmol), PEO-Br (2 g,
0.4 mmol), MecTREN (107 uL, 0.4 mmol), and CuBr, (8.9 mg,
40 pmol) were dissolved in DMSO (8.18 mL) in a Schlenk tube
under argon atmosphere. After degassing the mixture by seven
consecutive freeze—-pump-thaw cycles, the magnetic stir bar with
wrapped Cu(0) wire (diameter 0.8 mm) was added to initiate the
reaction. The reaction mixture was protected from light by alu-
minum foil and stirred at room temperature (25 °C). For kinetic
analysis, small aliquots (100 uL) were taken in predetermined
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Entry?) Cu(0) wire length [cm] Time [min] Conversion® [%] DP (gn)” M heo)” [Da] My sec) [Da]? Diseq)?
1 5 60 81 40 13 500 26 600 1.57
2 3 60 75 37 12 900 20 900 1.35
3 1.5 60 52 26 10 500 12 300 1.10
4 1.5 120 83 43 13 700 19100 1.26

3lnitial monomer feed ratio [NBA]o:[PEO-Br]y:[MegTREN]o:[CuBr,]o = 50:1:1:0.1 in DMSO [NBAJ, = 1.61 m; ® Determined by 'H NMR spectroscopy; 9Calculated by formula
M theo) = [([NBA]o/[PEO-Br]y X conversion X Myga] + Mpeo.gn 9 Determined by size-exclusion chromatography (SEC).

time points, purged with compressed air to quench the growing
radicals and analyzed. The conversions were calculated from the
'H NMR signal ratio of the peaks corresponding to the ethyl-
enic proton of the monomer (6 = 6.0 ppm) and the sum of the
aromatic protons (0= 7.29 to 8.15 ppm). The polymer was sepa-
rated by gel filtration on an LH-20 column using methanol as
an eluent. Polymer-containing fractions were collected, evapo-
rated under reduced pressure, and stored in the dark. The ratio
of PEO and PNBA blocks was calculated from the 'H NMR
integral intensities of the peaks corresponding to the PNBA ali-
phatic protons (O—CH,—, § = 5.4 ppm) and the PEG methylene
protons (O—CH,—, § = 3.7 ppm).

2.5. Preparation of Micelles

Block copolymer nanoparticles were obtained by so-called nano-
precipitation. Typically, 60 mg of the polymer was dissolved in
acetone (20 mL). This solution was quickly added via syringe to
40 mL of rapidly stirred water or phosphate-buffered saline (PBS,
pH =7.4; 0.150 m). After stirring at room temperature for 30 min,
the volume of the mixture was reduced to =20 mL by rotary eva-
poration. Then, distilled water was added to the acetone-free
solution to adjust its total volume to 30 mL (¢, = 2 mg mL™).

2.6. Determination of Critical Micelle Concentration

Micellar solution was prepared by the abovementioned nanopre-
cipitation in PBS (150 mwm, pH 7.4) at a concentration of 1 mg
mL™" and was successively diluted to a concentration of 107° mg
mL™L. Pyrene stock solution (1.2 x 107 mol L in methanol)
was added to each polymer sample, so the final concentration of
pyrene in PBS was 6 x 10”7 mol L. Fluorescence spectra of the
samples were recorded with Jasco spectrofluorotometer using
excitation at 333 nm. The ratio of the fluorescence emission
intensities at 372 nm (I;) and 383 nm (I3) was plotted against
the polymer concentration. The critical micelle concentration
(cmc) was determined as the intersection between the plateau
at d(;/I3)/dc = 0 and the tangent of the curve where the I;/I3
ratio decreased with an increasing copolymer concentration.

2.7. Dynamic Light Scattering Measurements
The UV-light responsive degradation has been monitored

by dynamic light scattering (DLS) method. Experimental
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DLS setup was based on a homemade goniometer combined
with ALV-7000 correlator (ALV-GmbH, Germany), Ar laser
(Coherent) tuned to 514 nm wavelength, and two avalanche
photodiodes. Cross-correlation setup with fiber optics was used
to accumulate intensity autocorrelation function. Experiments
were conducted at the scattering angle 90° at finite concentra-
tion 0.5 mg mL™! for different degradation times at room tem-
perature. The obtained correlation functions were analyzed at
each angle using the requirements engineering process for
embedded systems (REPES) algorithm. All solutions were fil-
trated with 0.22 um polyvinylidene fluoride (PVDF) filter into a
dust-free cell before DLS experiments.

2.8. UV-Irradiation Induced Disassembly of the Prepared
Micelles

The micellar solution (cpe = 0.5 mg mL™, 4 mL) was transferred
to a quartz cuvette and was irradiated using mercury vapor
lamp Noblelight HPK125W (Heraeus, Hanau, Germany) while
cooling in an ice-water bath, always a pair of cuvettes (one with
PBS solution and one with aqueous solution) was irradiated at
the same time. The distance between the irradiated sample and
the lamp was 5 cm. In predetermined time points, the samples
were measured by UV-vis and DLS. The degradation kinetics
was performed in duplicates and the results were analyzed by
one-way ANOVA.

3. Results and Discussion

To explore the feasibility of SET-LRP polymerization for the
synthesis of PEO-b-PNBA copolymers, a series of test polym-
erizations was performed (Table 1, Figures 1 and 2). Polym-
erizations were carried out in DMSO at 25 °C with ME;TREN
as a ligand.¥] PEO-Br was used as macroinitiator and the
initial weight/volume ratio of NBA/DMSO was held at 1:2
(INBA], = 1.61 M) to ensure full solubility of PEO-Br. CuBr,

/[OV\}IIOJOkl/Br

o]

N
L s e
n m

Me, TREN
8 oo

d DMSO, RT
NO, I ]
NO,

Figure 1. SET-LRP synthesis of PEO-b-PNBA copolymers.
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Figure 2. SET-LRP of NBA using [NBA]y:[PEO-Br]o:[MesTREN]:[CuBr,]p = 50:1:1:0.1 in DMSO at 25 °C, initiated with 1.5 cm 20-gauge copper wire,
using 3 g of NBA. A) Conversion plot of NBA monomer. B) Plot of molar masses and dispersities. C) SEC chromatograms of PEO-b-PNBA copolymers.

was added to prevent the formation of high molar mass by-
products. The polymerization rate highly depends on the length
of the copper(0) wire catalyst. The polymerization initiated with
5 cm wire (diameter = 0.8 mm) led to high conversions in the
short reaction time (81% in 60 min), the dispersity of the final
polymer was relatively high (D = 1.57). On the other hand,
excellent control over the polymerization was achieved using
shorter copper wire (1.5 cm) (Table 1).

Furthermore, the polymerization kinetics was followed by
!H NMR and SEC. After an induction period, the polymeri-
zation proceeds via pseudo-first-order kinetics with respect to
the monomer (Figure 2A), with apparent propagation rate
constant achieved from the linear fit of the kinetic plot being
k, = 8.6 £ 0.4 x 10 L mol™ s™'. Compared with the results
obtained by Six and coworkers who polymerized NBA from
ethyl 2-bromoisobutyrate initiator, the herein reported polym-
erization rate constant is approximately one order of magnitude
higher, which can be explained by more effective activation
of the copper wire surface using hydrazine solution.'*?2 The
increase in the copper surface reactivity can also explain the
shorter induction period (t,q = 7 min) described in this work.
The polymerization follows the first order kinetic for monomer
conversions up to =65%. Then, the bimolecular chain coupling
leads to deviation of the molar mass to the higher values as
well as to the increase in polymer dispersity (Figure 2B). The
final polymer, PEO;4-b-PNBA,¢, was further characterized by
diffusion-ordered NMR spectroscopy (DOSY, Figure 3), which
revealed the same diffusion coefficient for each polymer peak,
confirming the block-character for the synthesized copolymer.

For further irradiation studies, we used a diblock polymer
of composition PEO;;4-b-PNBA,, that is, the polymer with the
weight ratio of hydrophilic and hydrophobic blocks approxi-
mately 1:1. In water or PBS (pH = 7.4), this copolymer self-
assembles by nanoprecipitation into the micelles with an
average hydrodynamic diameter of 25 nm. Although we do
not have direct proof of the micellar structure of nanoparti-
cles, we will use henceforth the term “micelles” for the nano-
particles formed by the nanoprecipitation procedure. The for-
mation of micelles for PEG-based block copolymers is widely
reported in the literature, and therefore, our assumption is
very realistic. The cmc of the block copolymer was measured
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in PBS by fluorescence spectroscopy in the presence of pyrene
(Figure S1, Supporting Information) and the obtained value
(cmc = 8.1 mg L) was similar to the values previously reported
for other block copolymers.[?

Irradiation of micellar solution with the mercury lamp
led to the photo-triggered cleavage of the hydrophobic
o-nitrobenzyl groups and hydrophilization of the whole
polymer system. The o-nitrobenzyl ester decomposition can
be followed by UV-vis spectroscopy, as its intensive absorp-
tion at 275 nm gradually drops upon irradiation, whereas
the band at 326 nm appears, corresponding to the formed
o-nitrosobenzaldehyde (Figure 4A).[13] Therefore, absorption
at 326 nm was used to compare the extent of UV-light trig-
gered PNBA block degradation in water and PBS (Figure 4B),
suggesting slightly faster degradation of micelles irradiated
in pure water; however, this difference was not statistically
significant (p > 0.1). Moreover, the reaction mixtures irradi-
ated for 10 min were freeze-dried and analyzed by '"H NMR

h-j ; a
g o
d
P
E
‘ 0

o b 1B )
i T (1 n
4 o2 F1x10° g
. f 0
: &
h NO, §
(=
)
Q %-‘ 9 . TI Q@ ogerty _1x10-(g
=

8 i § 6 5 4 3 2 1 0

Chemical shift (ppm)

Figure 3. '"H NMR (top) and DOSY (bottom) spectra of PEO+;,-b-PNBA,¢
in CDCl;.
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Figure 4. Absorption spectra measured following irradiation of PEO;14-b-PNBA,¢ micelles in PBS (c=0.5 mg mL™") (A). The initial (blue line) and final
(red line) spectra are highlighted. Dependence of polymer absorption at 326 nm on irradiation time (B).

spectroscopy (Figure 5). The spectrum of aromatic degrada-
tion products is relatively complex; however, the aldehyde
signal at 6 = 10.4 ppm confirms the formation of o-nitros-
obenzaldehyde. Furthermore, the degree of degradation was
calculated from the decrease of the relative intensity of the
aliphatic PNBA signals (—O—CH,—, § = 5.4 ppm) to the PEO
signal at = 3.6 ppm as 46.1% (micelles in PBS), respec-
tively, 48.0% (micelles in pure water). It can be therefore
concluded, that buffering the micelle solution does not have
a significant effect on the rate of the o-nitrobenzyl group
photocleavage.

The decomposition of the amphiphilic polymer micelles
was studied by DLS, as well (Figures 6 and 7). The intensity
of scattered light is the first intuitive parameter that someone
should check if decomposition is expected due to the power law
dependence of the scattered intensity of the size of a scattering
object. Indeed, Figure 6A gives solid proof of the decomposi-
tion process that happens due to UV-light irradiation. With this
finding in mind, we have inspected the distribution functions of
hydrodynamic diameter at different irradiation times. At short
irradiation times, the distribution function of PEO;;4-b-PNBA,,
copolymer in water shows a monomodal peak with D, around

25 nm (Figure 6B,C). This peak was attributed to micelles. With
longer irradiation times, this peak is shifting to lower D, due to
the micelle hydrophilization and disassembly. In the buffered
solution, the Dj, value dropped rapidly to =9 nm and remained
constant upon further irradiation. As the pH of the buffered
solution after irradiation remained unchained, the acrylic acid
units were present in their anionic form, which leads to their
hydrophilization and micelle disassembly.

On the other hand, micelles irradiated in pure water dis-
sociate more gradually, leading to larger objects with D,
around 17 nm. This can be explained by the drop of the
pH in the irradiated solutions to the values below the pK,
of the acrylic acid units. This was experimentally confirmed
by measurement of pH after 10 min (pH = 4.26), respec-
tively 20 min (pH = 4.01) of irradiation. Low pH suppresses
the dissociation of the poly(acrylic acid) block, which can
form a polyplex with PEO blocks via hydrogen bonding.
Similar behavior was observed in the mixtures of PEO and
poly(acrylic acid) homopolymers.[?° To prove this hypoth-
esis, the pH of the micelle solution irradiated in pure water
for 10 min, was adjusted to 7.4 by the addition of solid PBS.
This resulted in the nanoparticle disassembly as observed by

10 9 8 7 6

5 4 3 2 1 0

Chemical shift (ppm)

Figure 5. "H NMR spectra of PEO;;,4-b-PNBA,¢ micelles before (top) and after (bottom) UV-irradiation in water for 10 min. Spectra measured in CDCl;.
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Figure 6. UV-light responsive degradation of the PEO;14-b-PNBA,¢ micelles in water in PBS buffer. Dependence of the scattered light intensity (A) and
hydrodynamic diameter (B) on the irradiation time. Hydrodynamic diameter distribution functions at different irradiation times in PBS (C).

DLS (a drop of Dj, value from 18 to 8 nm, Figure 7). Sur-
prisingly, the adjustment of pH to 7.4 in the sample irra-
diated for longer time (20 min) did not lead to the micelle
disassembly, but to the larger objects with average D of
36 nm (Figure S3, Supporting Information). This can be
explained by the UV-mediated crosslinking of the micelles
irradiated in the assembled state for a longer time. Similar
crosslinking of the nitrobenzyl groups was reported in the
literature.l?) Upon the pH adjustment, the repulsion of
the charged acrylic acid units results in the nanoparticle
swelling and size increase. To conclude, irradiation of PEO-
b-PNBA micelles in pure water represents a complex system.
It should be noted, however, that for the intended applica-
tions (stimuli-responsive drug delivery systems) micellar
properties in buffered media (PBS) are relevant.

4, Conclusions

In summary, we report for the first time the synthesis of low-
dispersity (D = 1.10) light-sensitive PEO-b-PNBA amphiphilic
diblock copolymers by SET-LRP of NBA monomer initiated
by PEO-containing macroinitiator. The screening of polym-

30 ——ry
——10 min in water
41 —— 10 min in water, added PBS
20
=
[
g
o 104
>
0
1 10 " 100

Figure 7. Hydrodynamic diameter distribution functions PEO;j4-b-
PNBA,¢ micelles irradiated 10 min in water before (blue) and after (red)
consequential addition of PBS.
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erization kinetics revealed a high propagation rate and short
induction period even at room temperature. The prepared
amphiphilic copolymer self-assembles in the aqueous con-
ditions into the micelles with a hydrodynamic diameter of
25 nm. Upon irradiation with UV-light, these micelles gradu-
ally disassemble as the PNBA decomposes into the hydrophilic
poly(acrylate) units. These properties, together with the robust-
ness of the reported synthetic protocol, demonstrate the poten-
tial of these polymers for the construction of light-responsive
drug delivery systems and UV-dosimeters with bimodal UV-
absorption and light scattering output.
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Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S2. UV-light responsive degradation of the PEOj14-b-PNBA,s micelles in water:

Hydrodynamic diameter distribution functions at different irradiation times.
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ARTICLE INFO ABSTRACT

Magnetic resonance imaging (MRI) using '°F-based tracers has emerged as a promising

multi-purpose noninvasive diagnostic tool and its application requires the use of various °F-based tracers for
the intended diagnostic purpose. In this study, we report a series of double-stimuli-responsive polymers for use
as injectable implants, which were designed to form implants under physiological conditions, and to subse-
quently dissolve with different dissolution rates (t;,» ranges from 30 to more than 250 days). Our polymers
contain a high concentration of fluorine atoms, providing remarkable signal detectability, and both a hydrophilic
monomer and a pH-responsive monomer that alter the biodistribution properties of the implant. The implant
location and dissolution were observed using '°F MRI, which allows the anatomic extent of the implant to be
monitored. The dissolution kinetics and biocompatibility of these materials were thoroughly analyzed. No sign of
toxicity in vitro or in vivo or pathology in vivo was observed, even in chronic administration. The clinical ap-
plicability of our polymers was further confirmed via imaging of a rat model by employing an instrument cur-
rently used in human medicine.

Keywords:

Polymer implant

19F magnetic resonance imaging
Double-stimuli responsivity
Tunable dissolution

1. Introduction

Magnetic resonance imaging (MRI) is a commonly used noninvasive
diagnostic tool in medicine and research. The vast majority of clinically
used MRI scanners are 'H MRI enabling the detection of the omnipre-
sent water signal, thereby providing detailed anatomical and spatial
information. °F MRI is a highly promising multi-purpose tool in the
diagnostic field, because common MRI devices can be adjusted for the
detection of '°F nuclide by hardware modifications (as 19F and 'H have
similar gyromagnetic ratios). A major benefit of '°F MRI is, that there is
only a negligible '°F fluorine background in terms of '°F MRI, which
can be used to monitor the presence of a given tracer. The development
of '°F MRI and its availability has created a great demand for *°F-based
tracers. Many tracers have been developed and tested, yet most small-

* Corresponding author.

molecule-based tracers frequently suffer from poor or very poor bio-
distribution due to their hydrophobicity and lipophobicity [1]. Over the
last few decades, '°F MRI has become an important tool in many
medical applications: [2] it can be used for cellular tracking [3-8],
tumor diagnosis [9-12], metabolic studies [13], partial oxygen pressure
determination [14,15], inflammation monitoring [16-18], and intra—/
extracellular pH measurement [19].

In this study, we investigate stimuli-responsive polymers with a
lower critical solution temperature (LCST) [20,21]. This means that
below the a so-called cloud point temperature (Tcp), such polymers
dissolve, e.g., in water, but above this temperature, they aggregate,
forming rather lipophilic implants. Stimuli-responsive polymers were
suggested to be used as drug-delivery systems for the controlled release
of hydrophobic pharmaceuticals entrapped in the so called polymeric
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depots by noncovalent interactions [22,23] as well as for polymer-
supported internal radiotherapy (brachytherapy), [24] im-
munoradiotherapy [25], injectable thermogelling tissue engineering
scaffolds [26], or for cell cultivation purposes [27], due to the tendency
to adhere to cells and the extracellular matrix [28,29]. If such an im-
plant is based on a fluorinated material, '°F MRI can be effectively used
to detect and monitor its location and size, as has been reported in
previous studies [22,23,25,30-43]. Such systems usually contains low
concentration of fluorine and are designed for specific applications.
Recently, an injectable fluorinated thermo- and pH-responsive polymer
with high concentration of fluorine for use as a universal tracer for '°F
MRI was introduced in a communication study [44,45]. However, the in
vivo dissolution of the reported polymer implant [44] under physiolo-
gical conditions ranged from slow to virtually nonexistent, which
compromises its possible biomedical applications.

In this paper, we describe a series of polymers, based on previously
published tracers, for injectable implants with different dissolution
rates under physiological conditions (with a biological half-life ranging
from approximately 30 to more than 250 days in rats), overcoming the
slow elimination of the previously described polymers. We have shown
that different dissolution rates can be tailored by altering the polymer
compositions to meet the demands of various applications. The me-
chanism of polymers' intended administration is illustrated in Fig. 1. At
lower pH values of = 5.0 (non-physiological, but biologically well
tolerated) [46], these polymers dissolve readily in water; hence, their
aqueous solution can be injected into the body. After the administra-
tion, the solution is exposed to the interstitial fluid within the tissue,
which has a high buffer capacity [47,48]. Therefore, the pH rises very
quickly to the physiological pH = 7.4, they form an implant due to
aggregation, which can physically entrap (or dissolve in this separated
phase) the co-administered drugs [31,49], forming the polymeric depot.
The surrounding cells are exposed to the higher pH for only a short
period of time. This is a major difference from previous studies, since
they mostly used DMSO solutions of the polymer, which stays in the
tissue for longer period of time and is then responsible for several side
effects. Due to the chemical nature of our polymers (in aggregated form
they are lipophilic and positively charged) they can be expected to
accumulate lipophilic and/or negatively charged molecules rather well
and release them slowly as we demonstrated with the in vitro drug re-
lease study. Moreover, it has been shown in similar pH responsive
materials that if the pH in the certain tissue is lowered (e.g. tumor tis-
sues tend to have pH = 6 due to the Warburg effect [50] or in in-
flammations [51]), the solidified polymeric implant would dissolve and
release the co-administered compound quickly (under the acidic con-
ditions, their LCST is higher), while non-pathological tissues would be
exposed to much lower concentrations of the drug (for a longer period
of time) [21,31,52,53]. This property could potentially provide a

/\‘v

T=20°C 4 , C T= ZOC

pH=5.0

B

9@ %

. , S
pH=5.0 L/\j N /\ pH=74
T=37"C 4 / Lo\ 4 :“:,5"/ s

b w0

- <4

Journal of Controlled Release 327 (2020) 50-60

locally accelerated controlled release in acidic conditions in more
specific applications.

The biocompatibility of the described polymers was studied in vitro
and by in vivo chronic administrations, and their clinical applicability
was further confirmed by '°F and 'H MR imaging in a rat model by
employing a clinically used MR scanner. Finally, evaluation of the ki-
netic data revealed a relationship between physico-chemical properties,
polymer composition, and in vivo biological half-life of the polymer.
These data can be used to tailor properties of the polymer to meet the
clinical demand.

Our newly reported polymeric system can, therefore, serve as an
injectable implant with adjustable dissolution rates for variable appli-
cations. Dissolution of the polymer depot can be quantitatively mon-
itored with '°F MRI.

2. Materials and methods
2.1. Materials

2,2-Difluoroethylamine (97%) was purchased from FluorChem
(Germany). Amphotericin B (250 ugmL’l), Dulbecco's modified Eagle's
medium (DMEM, high glucose, GlutaMAX™), fetal bovine serum (FBS,
heat-inactivated), penicillin-streptomycin-neomycin antibiotic mixture,
Roswell Park Memorial Institute (RPMI) 1640 (ATCC modification),
and TrypLE™ express enzyme were purchased from Life Technologies,
Ltd. (Czech Republic). Isoflurane for anesthesia of the experimental
animals was purchased (Baxter, Deerfield, United States). The Lewis
rats (attested by Envigo+, Huntingdon, United Kingdom) were pro-
vided by AnLab s.r.o. (Czech Republic), and their feed (1324 mod.
Velaz IRR - maintenance diet) was obtained from Velaz, Ltd. (Czech
Republic). Normal human fibroblasts from stomach/intestine Hs
738.St/Int and normal human epithelial cells from lungs BEAS-2B were
purchased from American Type Culture Collection (USA). The murine
monocyte-macrophage cell line J774A.1 and all the remaining chemi-
cals were purchased from Sigma-Aldrich (Czech Republic).

2.2. Methods

2.2.1. Synthesis of monomers

N-(2,2-Difluoroethyl)acrylamide (DFEAM) was synthesized as pre-
viously described by the reaction of acryloyl chloride with 2,2-di-
fluoroethylamine in the presence of triethylamine (TEA) [54]. N-[3-
(1H-Imidazol-1-yl)propyllacrylamide (ImPAM) was synthesized by the
reaction of acryloyl chloride with 3-(1H-imidazol-1-yl)propan-1-amine
as previously described [44].

pH=5.0

Fig. 1. (Left) Illustration of the pH-dependent LCST behavior of the proposed polymers (Right) Schematic illustration of '°F MRI contrast implant formation.
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2.2.2. Synthesis of polymers

Copolymers poly{N-(2,2-difluoroethyl)acrylamide-co-N-[3-(1H-imi-
dazol-1-yl)propyl]acrylamide-co-N-(2-hydroxyethyl) acrylamide} (P
(DFEAM-ImPAM-HEAM)) F1-F5 were prepared by reversible addition-
fragmentation chain transfer (RAFT) copolymerization with 4-cyano-4-
(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid as the chain
transfer agent (CTA) (Scheme 1). The polymerization mixture con-
sisting of the monomers N-(2-hydroxypropyl)methacrylamide, N-[3-1H-
imidazol-1-yl)propyl]lacrylamide and N-(2-hydroxyethyl)acrylamide
(initial monomer ratios and amounts are shown in Table S1), the CTA
(8.5 mg, 23.4 pymol) and AIBN (1.0 mg, 6.2 pmol) in DMF (4 mL) was
purged with argon in a dried Schlenk flask and polymerized overnight
in an oil bath heated to 70 °C. Afterward, the resulting copolymers were
precipitated into diethyl ether and purified by gel filtration using a
Sephadex LH-20 column with methanol as eluent. The solvent was re-
moved under reduced pressure, and the polymers (F1-F5) were isolated
by freeze-drying (yields 65-74%, Table S1) as off-white powders.

2.2.3. Size exclusion chromatography (SEC)

The number-average molecular weight (M,,), weight-average mole-
cular weight (M) and polymer dispersity (P = M,,/M,) were analyzed
by SEC using an HPLC Ultimate 3000 system (Dionex, Sunnyvale, USA)
equipped with an SEC column (TSKgel SuperAW3000 150 X 6 mm,
4 um). Three detectors, UV/VIS, refractive index (RI) Optilab®-rEX and
multiangle light scattering (MALS) DAWN EOS (Wyatt Technology Co.,
USA), were employed with a methanol and sodium acetate buffer
(0.3 M, pH 6.5) mixture (80:20 v/v, flow rate of 0.6 mL-min~') as the
mobile phase (Fig. S1).

2.2.4. NMR spectroscopy

Each polymer (10 mg) was dissolved in DMSO-dg (550 pL). 1H NMR
spectra (D; = 30.00 s, NS = 32, Fig. S2 and S3) and HSQC-edited
spectra (D; = 1.5s, NS = 2, TD = 2048 for H and 256 for C, Fig. S4).
Each polymer (15.0 mg) was dissolved in fetal bovine serum (150 pL),
ECM gel (150 pL), phosphate-buffered saline solution (40 mM, 150 pL,
pH = 7.4) and phosphate-buffered saline solution (40 mM) with its pH
adjusted to 5.0 by the addition of hydrochloric acid. The solution was
placed inside a coaxial NMR tube insert (3.00 mm outer diameter,
1.84 mm inner diameter), and the insert was placed inside a standard
5.00 mm NMR tube filled with D,O (200 pL), potassium carbonate
(6.3 mg, 46 umol) and trifluoroacetic acid (6.0 pL, 8.9 mg, 78 pumol).
Then, '°F NMR (D; = 8.00 s, NS = 64) spectra of each sample were
measured at both 20.0 °C and 37.0 °C. The integral ratio of the polymer
peak and trifluoroacetate peak, as well as the height of the polymer
peak at both temperatures, was evaluated. All spectra were acquired
with a Bruker Advance III 400 MHz (Bruker, Rheinstetten, Germany)
equipped with a broad-band probe.

2.2.5. Turbidity measurements
The cloud point temperature (Tcp) was indicated by a decrease in
sample transmittance below 90 % (Fig. S7). The polymer was dissolved
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in 150 mM phosphate buffer or 150 mM sodium acetate buffer at a
polymer concentration of 5.0 mg:mL~'. The transmittance was mea-
sured at A = 600 nm with a Thermo Scientific Evolution 220 UV/VIS
spectrophotometer equipped with a Thermo Scientific single cell Peltier
element (Thermo-Fisher, Waltham, USA). The temperature increments
were 0.1 °C, and the samples were stirred at 700 rpm.

2.2.6. Cytotoxicity assay

J774A.1 and Hs 738. St/Int cells were grown in full DMEM con-
taining 10% FBS, 50 pg/mL penicillin, 50 pgmL~! streptomycin,
100 pg'mL~' neomycin, and 2.5 ug'mL~! amphotericin B in a humi-
dified atmosphere containing 5% CO, at 37 °C. BEAS-2B cells were
grown in full RPMI containing 10% FBS, 50 pgmL™' penicillin,
50 ug'mL~! streptomycin, 100 pg'mL~ ' neomycin, and 2.5 pyg-mL~*
amphotericin B in a humidified atmosphere containing 5% CO, at
37 °C. For subculturing, J774A.1 cells were detached using a cell
scraper; Hs 738.St/Int and BEAS-2B cells were detached using TrypLE™
express enzyme. The cytotoxicities of the copolymers were assessed via
an MTT assay using J774A.1, Hs 738.St/Int, and BEAS-2B cells. The
cells were seeded in 96-well plates at a concentration of 1-10* cells/well
and left to incubate overnight. For the assays, the F1-F5 copolymers
were directly dissolved in the culture medium (DMEM or RPMI). The
cell culture medium was replaced with 100 pL of fresh culture medium
(DMEM or RPMI) containing the formulations to be tested. After 24 h of
incubation, the medium was aspirated, and the cells were incubated
with complete culture medium containing MTT reagent (0.5 mg-mL ™ ')
for 3-4 h. The MTT solution was subsequently aspirated before adding
100 puL of DMSO. A Sunrise microplate reader (Tecan Group Ltd.,
Switzerland) was used to assess cell viability via spectrophotometry at
570nm. The results of the MTT assay are expressed as the percentage of
the control value (obtained from cells in the control medium). A re-
duction in cell viability by more than 30% is considered a cytotoxic
effect, according to ISO 10993-5. The testing consisted of at least three
experiments. The results are shown in Fig. S8.

2.2.7. MRS and MRI phantom measurement (in vitro)

All in vitro MRS and MRI experiments were performed using a
custom-made dual 'H/'°F surface single-loop circular radiofrequency
(RF) coil with a diameter of 4 cm optimized for rat experiments on a
4.7 T scanner (Bruker BioSpec, Ettlingen, Germany). The coil was de-
signed to allow an on-machine tuning and matching at the 'H and '°F
Larmor frequencies.

Phantoms (0.5 mL Eppendorf tubes with aqueous solution of F3
polymer, polymer concentration c,,; = 100, 50, 25, 12.5, 6.25, 3.13,
1.56 and 0.00 mgmL~™') in 40 mM phosphate-buffered saline
(pH = 7.4) at 37 °C were used for setting the 'H Larmor frequency of
water and '°F frequency of the polymer (200,486 = 1 kHz and
188,620 = 1 kHz, respectively). The phantom was subsequently used
for optimization of the excitation block-pulse width. Afterwards, a MRS
single-pulse sequence was used to measure the MRS spectrum (repeti-
tion time TR = 1000 ms; number of averaging NA = 64; total scanning
time TA = 1 min 8 s). The dependency of acquired signal as a function
of concentration can be seen in Figs. 3 and S13. After the spectroscopy
experiments, Rapid Acquisition with Relaxation Enhancement (RARE)
[55] sequence was employed to acquire *H and '°F MR images. The
images were processed with ParaVision 4 (Bruker, Billerica, USA) and
fused in ImageJ 1.48 (National Institutes of Health, Bethesda, USA) and
are presented in Fig. 3.

H MRI: TR = 3000 ms; echo time TE = 36 ms; turbo factor TF = 8;
NA = 2; spatial resolution 0.25 X 0.25 x 1.5 mm; field of view
65 X 65 mm, digital matrix 256 X 256, number of slices 15 (long-
itudinal axis), TA = 2 min 24 s.

19F MRL: TR = 500 ms; TE = 43.5 ms; TF = 4; NA = 512; spatial
resolution 0.94 x 0.94 X 5.0 mm; field of view 60 X 60 mm,; digital
matrix 64 X 64, number of slices 3 (longitudinal axis); TA = 17 min
4s.
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Polymer pH 77 £SD(s) T, = SD (s)
50 0.430=0.008 0.331+0.003
t 74 0494+0.050 0.285=+0.013
50 0370+0.012 0.405=0.004
F2 74 0453+0.004 0.414=+0.007
50 0.424+0.003 0.401+0.005
" 74 0.440=0.008 0.331=+0.004
50 0.326=0.003 0.426 =0.006
e 74 0426=0.008 0.383=0.007
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Fig. 2. Left: Summary of the relaxation times for F1-F4 under a 4.7 T field at 37.0 °C (mean value + SD based on the fitting residue). Right: Relative '°F signal
amplitude in buffer with pH 5.0 or 7.4 or in FBS or EMC gel after a change in temperature from 20.0 °C to 37.0 °C.

2.2.8. °F MR relaxations (in vitro study)

Relaxation times for in vivo experiments were assessed using the '°F
MRS performed at 4.7 T MRI scanner. The T; and T, relaxation times
were assesed for polymers F1, F2, F3, and F4 using a non-localized
saturation recovery [56] and Carr-Purcell-Meiboom-Gill (CPMG) [57]
sequences, respectively. The  polymer sample  solution
(cpot = 100 mgmL ™" in 40 mM phosphate-buffered saline solution, the
pH was adjusted to 5.0 or 7.4 with an addition of concentrated hy-
drochloric acid) was placed inside a 0.5 mL Eppendorf tube and mea-
sured at 25.0 or 37.0 °C.

Saturation recovery (for T;): single square pulse; flip angle 90°%;
bandwidth: 25 kHz; TR = 64, 96, 128, 184, 256, 384, 512, 740, 1024,
2048, and 4096 ms.

CPMG sequence (for T»): TE ranged from 7.2 ms to 1440 ms, in-
crement 7.2 ms (200 echoes in total). Only data from TE = 7.2 to 720
were used to calculate the T,. The data was fitted with corresponding
functions using Origin 8.0 (OriginLab, Northampton, USA). The T; and
T, relaxation times are shown in Fig. 2.

2.2.9. In vivo experiments

All animal experiments described in this manuscript were per-
formed in accordance with the Protection of Animals Against Cruelty
Act (No. 359/2012) of the Czech Republic, which fully corresponds
with European Union directives, and were approved by IKEM's ethics
committee as stipulated in the legislation above. All animals were kept
in a conventional breeding facility under a 12/12 h light cycle regimen
with free access to water and pelleted food.

Healthy male Lewis rats (5 months old, n = 15, AnLab, Czech
Republic) were divided into 4 groups based on the administration of
different copolymers (control group: n = 4, Fl: n = 3, F2: n = 4, F3:
n = 4, F4: n = 4). Polymer implants were injected into the muscle of
the left hind leg and the subcutaneous area of the right hind leg (in MRI
perspective) (200 pL, c¢po1 = 100 mgmL~! in 40 mM phosphate-buf-
fered saline, the pH was adjusted to 5.0 by the addition of concentrated
hydrochloric acid) under anesthesia using isoflurane (3% for induction,
0.8-1.5% for maintenance). The respiratory function during anesthesia
was monitored with a trigger unit (Rapid Biomedical, Berlin, Germany).
Animals weight was monitored, and blood samples were collected from
two rats from each group using a catheter administered into the tail
vein. The blood samples were left to clot at room temperature for
20 min and then centrifuged (6000 rpm, 10 min); the resulting serum
was then removed. Before examination, using a DRI-CHEM 500
(Fyjifilm, Tokyo, Japan) with original testing slides, serum was stored
at —20 °C. The activities of alanine aminotransferase (ALT) and as-
partate aminotransferase (AST) and the concentrations of bilirubin,
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creatinine and albumin in this serum were assessed. The results are
shown in Fig. S9.

2.2.10. MRI and MRS experiments (in vivo)

Long-term in vivo MRI experiments were performed with the same
4.7 T scanner and RF coil as was used in the phantom study. Animals
were scanned over the course of 9 months with the following proce-
dure.

Firstly, the tested animal was placed into the MR scanner. A
phantom containing an aqueous solution of the same polymer as the
one implanted into the animal's leg was placed between its hind legs
(cpor = 100 mgmL~?, 200 ul, pH = 5.0). A single-pulse MRS experi-
ment with the same parameters as the ones used the in vitro was con-
ducted. The phantom was used to set the 'H and '°F frequencies at the
given local field and to determine the 90° and 180° pulse width. Next
the phantom was removed without moving the animal and the same
MRS sequence was repeated to quantify the signal of the polymer
within the implant formed in the body.

If a '°F signal was detected within the animal implant during the
MRS experiment, a MRI experiment was conducted to provide anato-
mical details of the implant location, to visualize the implant size, vo-
lume and its signal. The visualization encompassed acquisitions of both
H MRI in 3 anatomical axes and '°F MRI in transversal axis using a
RARE sequence (with the same parameters as used for in vitro experi-
ments). The results of both MRS and MRI data were used for quantifi-
cation of the implant dissolution by means of signal decrease and vo-
lume decrease (for details see the chapter 2.2.12. Pharmacokinetics,
Fig. 3, Table S2, S3, S4, S5 and S6).

One rat was scanned with a 3 T Tim Trio clinical scanner (Siemens
Medical Solutions, Erlangen, Germany) intended for use in human
medicine (Fig. 6). The 'H and '°F frequencies were set using aqueous
solution of polymer F3 (123,258 and 115,963 kHz, respectively). The
phantom and rat were scanned 24 h after the administration of the F3
polymer (200 pL, ¢yt = 100 mgmL ~') into the muscle of the right
hind leg in a whole-body clinical system with a dedicated '°F transmit/
receive birdcage coil for rodents (MRI. TOOLS GmbH, Berlin, Ger-
many).

For precise localization, T,-weighted proton 'H MR images were
acquired (turbo spin-echo sequence, animal imaging: TR = 3000 ms,
TE = 34 ms, TF = 16, NA = 4; TA = 2 min 33 s, field of view
63.75 x 80 mm; digital matrix 204 x 256; number of slices 7; spatial
resolution: 0.32 x 0.32 x 3.0 mm.

1°F MR spectroscopy was performed in 3 T scanner using a single
block pulse sequence (TR = 1500 ms), and imaging was performed
using a fast low-angle shot (FLASH) [58] gradient sequence
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Fig. 3. Top: Merged 'H and '°F MR images of rats injected with fluorinated polymers. Images were acquired at (from left) 5 h, 1 day, 7 days, 1 month and 9 months
after administration. Images of FO were from a previous study [44] and were acquired with the same procedure. Image (*) from day 1 was not available, and an image
from day 4 was used instead. Because of the lack of a detectable ’°F signal, in vivo experiments for F3 and F4 were discontinued after 1 month, and those for F2 were
discontinued after 5 months. Bottom: Phantoms with a decreasing concentration of F3 polymer in 40 mM PBS (pH 7.4), merged 'H/'°F-RARE images (17 min
acquisition) subjected to the same processing procedure as those from the in vivo experiments, and relative measured signals used as a reference.

(TR = 500 ms, TE = 3.8 ms, NA = 64; number of slices 3; digital
matrix 30 x 32; field of view 75 x 80 mm; spatial resolution
2.5 X 2.5 x 8 mm, flip angle 30°, TA = 17 min 4 s).

All MR images used for quantification were post-processed using a
sine-squared filter implemented in ParaVision 4 (Bruker, Billerica, USA)
on a 4.7 T scanner console with the same weight. The volume and mean
intensity of the implant were assessed from the '°F MR images using
ImageJ 1.48 (National Institutes of Health, Bethesda, USA).

2.2.11. Histological examination

At the end of the imaging experiments, animals were sacrificed; the
sites of injection for rat in the F1 and F2 groups (those injected with
polymer F1 and F2, respectively) were visually inspected for any pa-
thology, and their liver, spleen, kidneys, injected muscle, and con-
tralateral muscle were excised for histological examination. Tissues
were fixed in 10% buffered formaldehyde for 2 days and then em-
bedded in paraffin, after which 5-mm thick sections were stained ac-
cording to standard hematoxylin & eosin and Verhoeff-van Gieson
staining procedures. The results are shown in Fig. S10.

2.2.12. Pharmacokinetics
Using '°F MRI, the signal integral of the polymer and the volume of
the implant formed in muscle and subcutaneously were measured as a
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function of time.

Isng = 0.655-£
Os

(€8]

Isnr is the signal integral of the '°F signal with the normalized noise
level, S is the mean signal integral in the region of interest, os is the
standard deviation of the background noise, and the constant 0.655
reflects the Rician distribution of background noise in a magnitude MR
image [59].

The observed implant-dissolution kinetics were characterized by
parameter A, which is a ratio of the signal integral (or implant volume)
observed immediately after the administration and the signal intensity
(or implant volume) after period t; (from when the dissolution follows
the 1st order kinetics). Lastly, the signal integral (or implant volume)
were fitted with Formulas 2 and 3 (SD-weighted fit; outlier values were
excluded) using Origin 8.0 (OriginLab, Northampton, USA).

Isng,e = Fyee ket

(2

V, = Fyeekeve!

3)

where I, and V; are the signal integral and implant volume, respectively,
as a function of time, F; and Fy are the corresponding normalization
factors, ke, ; and ke, v are the elimination constants for signal intensity
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and implant volume, respectively, and t is the time after administration.
The results are shown in Tables 2 and 3.
The biological half-lives were calculated with Formula 4.

In(2)
ke

b=
1/2 (4)
where k. represents any elimination constant. Finally, the parameter A
was calculated based on signal integral (Ayrs or Amrp) and volume (Ay)
based on MRS or MRI data.

Awgs = =
MRS I() (5)

o

Yo (6)
where I, and V, are signal integral and implant volume detected after
the administration, respectively.

2.2.13. Drug release (DR)

The stock solution of dexamethasone was prepared by sonicating
dexamethasone (10 mg) in PBS (25 mL) at 40 °C for 30 min. After that,
the resulting suspension was centrifuged to remove the undissolved
dexamethasone (solubility approx. 80 mgL™ ') and the supernatant
(1.000 mL) was transferred to an Eppendorf tube containing polymer F1
or F4 (50 mg, experiments run in duplicates). The polymer was sub-
sequently dissolved by sonication in an ice/water bath and subsequent
vortexing. The cooled polymer solution containing dexamethasone was
quickly transferred into a minidialysis kit (Float-A-lyzer G2-1 mlL,
300 kDa) and the minidialysis kit was immersed into a 50 mL cen-
trifugation tube containing pre-heated PBS (25 mL, 37 °C) and a mag-
netic stir bar. The solution (150 pL) at the outer side of the dialysis
membrane was taken by a pipette at specific time-points for determi-
nation of the released amount of dexamethasone by UV HPLC. HPLC
Gradient: Phase A: 95% water, 5% ACN, 0.1% TFA, Phase B: 5% water,
95% ACN, 0.1% TFA, t = 0 min — 20% B, 0.5 mL'-min~%; ¢ = 0.1 min —
20% B, 3.5 mL'min~'; t = 2.25 min - 60% B, 3.5 mL'min~" (linear
gradient); t = 2.5 min - 90% B, 3.5 mLmin~! (linear gradient);
t = 3.0 min - 90% B, 3.5 mLmin~'; t = 3.3 min - 20% B,
3.5 mL'min ! (linear gradient); t = 4.0 min — 20% B, 3.5 mLmin 1.

The data was subsequently fitted with the Formula (7).

Ae~kat 4 BekB-t
Xgos = 28T BT 00%

Cdex,max

()

Where Xqex, ¢ is the fraction of the released drug (described in %),
Cdex, max 1S the maximal concentration of the dexamethasone in the
control experiment; A and B are coefficients that describe the drug
binding, and k, and kg are kinetics constant of non-bound drug release
(ka) and polymer-bound drug release (kg).

3. Result and discussion
3.1. Synthesis of polymers and characterization

P(DFEAM-ImPAM-HEAM) multiresponsive fluorinated copolymers
were prepared by the reversible addition and fragmentation transfer
(RAFT) statistical copolymerizations of the corresponding monomers
with 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid
as the chain transfer agent (CTA) (Scheme 1). While the N-(2,2-di-
fluoroethyl)acrylamide units endowed the copolymers with '°F MRI
contrast and LCST properties, the pendant imidazole moieties ensured
their pH-responsive character. Finally, the N-(2-hydroxyethyl)acryla-
mide units were used to modulate the polymer hydrophilicity. The
copolymers were prepared in five different monomer unit ratios
(Table 1) to develop tracers with variable in vivo dissolution rates. All
copolymers had a narrow molecular mass distribution (dispersity
b =< 1.20), and their molar mass was approximately 40 kDa, which is
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below the renal filtration threshold [60]. This property, together with
the positive charge of the polymer, allows the renal elimination of the
polymer from the body after implant dissolution [60]. Polymers with
LCST properties have often been shown to be eliminated by kidneys and
bile even if the LCST of the given polymer was well below body tem-
perature due to equilibration between the phase-separated and dis-
solved phase [61].

'H NMR spectroscopy was used for composition determination (Fig.
S2 and S3). The monomeric composition was calculated from the in-
tegrals of the corresponding signals in the 'H NMR spectrum of each
monomer: PDFEA (CHF, moiety, § = 5.9), imidazole-containing
monomer (aromatic CH moiety, § = 6.9), and HEAM (OH moiety,
8 = 4.6) (Table 1). HSQC-edited spectra were used for signal assign-
ment (Fig. $4); *°F NMR spectra were used for purity confirmation (Fig.
S5 and S6).

The pH- and thermoresponsive behavior of the polymers was ana-
lyzed by turbidimetry (Fig. S7) based on a temperature-dependent
change in the sample transmittance in PBS buffer (pH = 7.4) and
acetate buffer (pH = 5.0). The polymers were optimized to exhibit the
maximum difference in Tcp (Table 1) under physiological versus acidic
conditions, which is beneficial for the intended application. The poly-
mers were designed to dissolve at pH 5.0, at which the T¢p value of the
copolymer needs to be well above body temperature to prevent ob-
struction of the needle by polymer aggregates during administration
into the body. [62] On the other hand, the Tcp needs to be below the
body temperature at pH 7.4 to enable the rapid formation of the im-
plant. The polymers that exhibit Tcp values within the required range
are copolymers F1, F2, and F3. Even though F3 precipitates at = 37 °C
at pH 7.4, this temperature is too close to body temperature (36.5 °C in
rats [63]) to guarantee the formation of a sufficiently stable implant. As
the content of the hydrophilic N-(2-hydroxyethyl) acrylamide mono-
meric unit increased, Tcp was observed to increase, in accordance with
the general trend observed for LCST copolymers [52,64], due to the
pronounced hydration of the polymeric chains. The most hydrophilic
copolymers (F4, F5) exhibited LCST behavior within a temperature
range far above the body temperature and were therefore not suitable
as injectable implants. For the biological evaluation, we therefore fo-
cused mostly on polymers F1, F2, F3, and F4. Polymer F4 is used as a
reference material expected to have the fastest dissolution rate.

3.2. In vitro’F NMR spectroscopy and relaxation properties

These tracers have relatively unique chemical shift (—124 ppm),
which allows a parallel use of ‘traditional’ perfluorocarbon tracers if
needed (they usually have shifts from —80 ppm to —70 ppm). Their T;
and T, relaxation times were measured with a 4.7 T MRI scanner at
37.0 °C and pH 5.0 and 7.4, respectively, because these parameters are
essential for the choice of the MRI sequence (Fig. 2). Both T; and T, for
the given magnetic field (4.7 T) were approximately in range
380 = 50 ms (they were equal within the margin of the experimental
error) for all polymers in both the non-aggregated (pH = 5.0) and
aggregated forms (pH = 7.4), which enables the use of the most
common MRI sequences [30]. In spite of the fact that T, cannot be
longer than T;, the resulting relaxations in the case of copolymer F2 and
pH 5.0, where T, > T; corresponds to the experimental error. Inter-
estingly, there was a relatively minor difference between the relaxation
times with the change of the pH, indicating that the aggregation has
only a minor effect on the observable relaxation times of our polymers.

The effect of polymer aggregation on its signal was investigated
further with 400 MHz NMR (9.4 T). The '°F NMR signal was measured
in PBS (pH 5.0 and 7.4), FBS or EMC gel at 20.0 °C and 37.0 °C.
Trifluoroacetate solution inside a coaxial insert was used as a reference
in each measurement. The integrals and amplitudes of the polymer
signals at different conditions were compared. The temperature in-
crease to body temperature had a negligible effect on the overall
measured signal integral (Fig. 2). However, the increased temperature
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Table 1
The composition and physicochemical properties of the prepared polymers.
Polymer Polymer composition® (mol. %) Fluorine content (wt%) M,, (kDa)® (M,,/M,) Tep (°C)¢
DFEAM ImPAM HEAM pH7.4 pH 5.0
FO [44] 92 8 0 25.8 41.9 1.10 22 43
F1 88 7 5 24.8 37.8 1.12 27 60
F2 84 8 8 23.6 37.9 1.09 31 71
F3 76 9 15 21.4 32.8 1.19 37 > 854
F4 70 9 21 20.2 43.7 1.05 54 (85)¢
F5 58 9 33 16.3 47.4 1.09 ©®7)¢ (85)¢

Determined by H NMR spectroscopy?, SEC® or turbidimetry®. Inaccurate data®.

caused a signal broadening and amplitude decrease (most pronounced
in F1 an F2; Fig. 2, Fig. S5 and S6). As our polymers have a high Tcp
under acidic pH, the signal broadening was also significantly smaller.
Lastly, the presence of naturally occurring proteins in biological media
(FBS and EMC gel) did not cause additional signal broadening above
Tcp and the broadening was similar to buffer solutions. The general '°F
NMR behavior of this system is similar to a system we have described
before [65].

3.3. In vitro cytotoxicity essay

Before conducting the in vivo experiments, we analyzed the cyto-
toxicity of the studied copolymers in several relevant cell lines. None of
the F1-F5 copolymers were found to decrease cell viabilities below 70%
(Fig. S8); the non-cytotoxicity of the polymers to all the tested cell lines
within the concentration range used (8-1000 pug-mL~') was confirmed.

3.4. In vivo'F MR imaging and implant dissolution

Although many theoretical and experimental studies have been
conducted on the prospective usage of LCST polymers for implant drug
formulations and the controlled release of co-administered drugs, very
little work involving the pharmacokinetics and dissolution rates of the
polymer implant has been previously conducted. The polymers were
injected subcutaneously and intramuscularly into healthy rats.

We collected data from MR spectroscopy (Table S2) and MRI signal
intensity (signal-to-noise ratio, Table S4 and S6) and MRI-assessed
implant volume (Fig. 3, Tables S3 and S5), and converted these data

1E10

1E9

1E8

Detected signal in MRS

1E7 S—

into specific pharmacokinetic data (Fig. 4, Table S7 and Fig. S12). As
the MR spectroscopy measurement evaluates the absolute integral of
the 1°F signal of the measured implant, these kinetic data are the most
accurate. The MRI signal and MRI-assessed implant volume are more
prone to be influenced by geometry of the implant and other factors.
Therefore, the exact description of the kinetics in rats is less accurate,
but the data seem to comply with MRS-based descriptions. The °F MR
signal of isoflurane (a fluorinated inhalation anesthetic) did not inter-
fere with the signal acquired from the fluorinated polymer implants,
because its signals are well beyond the measured region of the MRI (Fig.
S11) [66,671].

After administration (simultaneous intramuscular and sub-
cutaneous), a '°F MR spectroscopy signal was detected. Similar to our
previous study with N-isopropylacrylamide [68], the administration
was followed by a fast decrease in signal intensity over a short period of
2 to 3 days. The initial decrease in the signal (characterized by the
parameter Aygrs) was more significant for the more hydrophilic poly-
mers, probably due to their faster dissolution into the blood and sub-
sequent elimination during the first phase. After this initial period, the
decrease in the signal closely followed pseudo-lst order kinetics
(Fig. 4). The kinetics during this phase can be described with a mono-
exponential function (Formulas 2, 4 and 5), and the results can be seen
in Fig. 4.

The kinetic study reveals a possible mechanism of the thermo-
responsive polymeric implant dissolution (Scheme 2), although this
mechanism needs to be investigated in more detail. In previous studies,
it has been reported that as the aggregated polymers lose hydration
(especially above their LCST), they tend to adhere to the cell membrane

p ti/2, + SD 2
Polymer “*MRS (days)
FO 1.0 > 200 -
F1 0.6 86+18  0.92
F2 0.2 48+ 8 0.75
F3 0.1 36 +31 0.14
F4 0.2 31+8 0.62

T T T v T v T v
50 100 150 200 250

time (days)

T
300

Fig. 4. The non-localized '°F MR spectroscopy from thigh part of rat body performed with 4 cm circular 'H/*°F RF surface coil dissolution kinetics of polymers FO-F4
as a function of time. Parameters Aygs and t; » of the polymers, the fitting-based SD, the fitting R2
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Scheme 2. Scheme of polymer forms, interactions with tissues and their ki-
netics.

and become bound to tissue [28,29]. It has also been shown that
thermoresponsive polymers may be retained in organisms for a rather
long time, e.g., poly(N-isopropylacrylamide with My = 28 kDa,
Ticst = 32 °C is after IM administration retained with half-life of t;,
o> = 50 days [68,69], which is in agreement with our findings. The
binding and renal excretion of the polymer are parallel processes
(Scheme 2); therefore, during the period a fast decrease in the signal
was observed. This fast decrease is followed by a short and steady ex-
cretion of the tissue-bound polymer, which can be described with 1st
order kinetics.

In summary, the properties of synthetized polymers, changed by
altering the composition, are compared in Fig. 5. The Tcp of the
polymer at the given pH grows linearly with the addition of the hy-
drophilic monomer, in agreement with previous studies [64]. The dis-
solution constant k. increases (in other words t; 5 decreases) with the
amount of hydrophilic monomer, which fulfills the primary intentions
of this study - to obtain polymers with various biological dissolution
rates. The parameter Ayrs decreases with the amount of hydrophilic
monomer, possibly due to faster elimination of the polymer before its
tissue binding.

Implant dissolution times can be also summarized by the biological
half-life of dissolution (ranging from approximately 30 days to more
than 250 days). In comparison, the polymer FO dissolution rate from a
previous study [44] ranged very slow to almost negligible (the signal
from '°F MR images was detectable during the entire experiment, t; »
> 200 d). Despite F3 having a Tcp close to body temperature and F4
even having a Tcp far higher than body temperature, the dissolution
rates of the polymers were still significantly slower than they would be
in the case of mere diffusion-driven dissolution, proving that the
polymer binds to tissues upon the administration.

As has been discussed before, such polymer could find numerous
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applications in the medical field. These polymers could be used as
tracers for tracing cells and tissues (e.g. for purposes of transplanta-
tions) because of their long, but tunable retention within tissues. They
can be further used for injectable-depot formulations, which could
serve for slow and controlled release of pharmaceutically active sub-
stances. Due to the chemical nature of our polymers (in aggregated
form they are lipophilic and positively charged) can be expected to
accumulate lipophilic and/or negatively charged co-administered drugs
rather well and release them slowly into the surrounding tissues.

3.5. In vivo compatibility

Throughout the duration of the above mentioned in vivo'F MR
imaging experiments in rats, blood samples were taken and evaluated
once a week for the first month and then once a month until the end of
the experiment. A standard blood test was performed for the assessment
of aspartate aminotransferase (AST, EC 2.6.1.1) and alanine amino-
transferase (ALT, EC 2.6.1.2) activities and bilirubin, creatinine, and
albumin concentrations since their altered blood levels could indicate
pathology or organ toxicity. Rat weights were monitored because
weight gain retardation or even a decrease in weight could indicate
pathology, pain or discomfort to the animal. The results are shown in
Fig. §9. The biomarker values were consistent throughout the entire
duration of the experiment, despite the steady decrease in the polymer
concentration, indicating that the polymers had a minor to negligible
influence on the biomarker values. Only at a few time points did the
values deviate with statistical importance, but no general trend or long-
term deviation between the test groups was observed. All biomarker
values were within the ranges measured in the control group (Fig. S9).
The biomarker values in all animals were consistent with those found in
the literature [70].

Anatomical 'H MRI revealed no foreign-body responses to the ad-
ministered polymer. Similar polymer implants have been shown to
secondarily accumulate in the liver, kidneys, and spleen [61,68];
therefore, at the end of the experiment, the rats were sacrificed, the
sites of injections were inspected for any pathology, and a histological
examination was performed. No pathology was found, and the histology
is shown in Fig. S10. In summary, the results of in vitro and in vivo
testing indicated the biological tolerance of the polymers.

3.6. "°F/’H MR imaging of polymer implant F3 with a clinically used
instrument

To demonstrate the potential use of our polymers in clinical
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Fig. 5. Correlation among composition, physicochemical properties and biological behavior of the polymers. The compared parameters are based on MRS-assessed
implant volumes after subcutaneous administration. Blue: Cloud point temperatures of each polymer at pH 5.0 and 7.4; red: dissolution constant of each polymer;
yellow: fraction of tissue-bound polymer. All parameters are plotted as a function of the polymer (FO-F5) composition (% of hydrophilic monomer). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. In vivo experiment with the clinically used 3 T MRI showing a merged
19F MRI (red) and 'H MRI (grayscale). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

practice, a rat was measured on a clinically used 3 T MRI scanner
equipped with rat '"H/*°F volume coil, capable of measuring both 'H
MRI and '°F MRI. The merged images can be seen in Fig. 6. This image
shows a high potential of this tracer for clinical use.

3.7. Drug release study

To demonstrate the effect of polymer and their aggregation on the
drug release, an in vitro experiment was performed with dexamethasone
as a chosen drug for this study. Dexamethasone was used due to its
biological activity in minute biologically efficient concentrations. It is
relatively lipophilic (logP = 1.8) [71], but soluble enough to perform
this study, i.e., its aqueous concentration during the measurements was
high enough to be determined by HPLC.

In this experiment, the polymer (F1 or F4) was dissolved in a sa-
turated solution of dexamethasone. This solution was transferred into a
mini-dialysis kit and placed into a pre-heated (37 °C) PBS solution.
Upon heating, the polymer F1 solidified and formed a depot; in con-
trast, polymer F4 did not, as its Tcp if higher than 37 °C, and therefore it
was used as a reference. Samples (20 pL) of the outer solution were
taken and analyzed using HPLC equipped with a UV-vis detector to
quantify the dexamethasone concentration.

In both cases (for both polymers), a rather fast release was observed
during the first 10 h, which corresponds to the release of non-polymer
bound drug. After this initial burst release, a significantly slower release
was observed in F1. For this polymer, the release was sustained and
accounted for less than 10% of the contained drug per day (the t;,, of
the release was 2.2 days). The release may depend on the lipophilicity
of the drug, as reported in similar systems [72-75], and may be even
slower in vivo, given that the in vivo release of the polymer has been
shown to be considerably slower than in vitro [76,77]. The obtained
results indicate that the polymeric depot can incorporate a portion of
the drug (in function of the logP of the drug) and sustain the release
over time (see Fig. 7). The collected data also evidences the inability of
the control polymer F4 to sustain the drug release. Given the in vitro
results, we can assume that our system can be used for a controlled
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Fig. 7. Drug release from 50 mg depot in vitro; the graph shows the con-
centration of dexamethasone released from the depot F1 and the control F4 as a
function of time. The data were fitted with the Formula (7).

release of hydrophobic drugs.
4. Conclusion

This study demonstrates that the presented fluorinated polymers
can be used for cells/tissue tracing or as injectable implants that can be
easily visualized via'F MRI with equipment that is used in clinical
practice. These tracers have relatively unique chemical shift
(—124 ppm), which allows a simultaneous use of the ‘traditional’
perfluorocarbon tracers if needed (they usually have shifts from
—80 ppm to —70 ppm). We showed that the addition of pH-responsive
and hydrophilic monomers in various ratios can be used to tailor the
polymer properties to meet the demands of the desired application. The
polymers described herein have excellent imaging properties such as a
high fluorine concentration, high atomic mobility even in the ag-
gregated state and almost ideal relaxation times. Our in vivo experi-
ments confirmed that the addition of a hydrophilic monomer to the
polymer results in these multiresponsive polymers having a tunable
dissolution rate. The formed implants demonstrated the potential of
these systems in both experimental and clinical medicine. Finally, we
used the data to propose the mechanism of aggregated implant dis-
solution in a biological system.
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Table S1. Initial monomer ratios, amounts and resulting yields of polymers F1-F5, prepared
by the RAFT copolymerization of DFEA, InPAM and HEAM in dry DMF at 70 °C.

Initial monomer ratios (mol. %) Monomer amounts (mg) Yields (%)
Polymer DFEAM ImPAM HEAM DFEAM ImPAM HEAM
F1 85 10 5 720 280 30 69
F2 80 10 10 680 280 80 71
F3 75 10 15 640 280 100 74
F4 70 10 20 600 280 200 65
F5 60 10 30 500 280 300 71
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Figure S1. Size exclusion chromatography (SEC) traces for prepared polymers F1-F5 using an HPLC
Ultimate 3000 system (Dionex, Sunnyvale, USA) equipped with a SEC column (TSKgel SuperAW3000
150 x 6 mm, 4 um) and employed with a methanol and sodium acetate bufter (0.3 M, pH 6.5) mixture
(80:20 v/v, flow rate of 0.6 mL min™") as the mobile phase.
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Figure S2. '"H NMR spectrum acquired on Bruker 300MHz of polymer F2, measured in DMSO-ds (cpol
=0.5mgmL™"),NS=32,D1=230.00s.
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Figure S3.'H NMR spectrum acquired on Bruker 300MHz of polymers F1-F5 measured in in DMSO-
de (Cpo1= 0.5 mg'mL™"), NS=32, DI =30.00 s.
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Figure S4. HSQC-edit F1 (25 mg in DMSO-dg, 550 uL), NS =2, DI = 1.50 s, 2048 to 512 points in
spectrum, external projection was used.
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Figure S5. "F NMR scan, F1 (cpoi= 15.0 mg'mL! in 40 mM phosphate buffered saline with pH adjusted

by addition of hydrochloric acid to 5.0), DI = 8.00 s, NS = 64, meassured at 20.0 °C and 37.0 °C with

Bruker Avance III 400 MHz (Bruker, Billerica, USA). A slight change in chemical shifts at different

temperatures is due to the solvent (D,0O) locking.



r1 Blr2 lr3 [rs [@F5 — sampleat20.0°C  ---- sampleat37.0°C

F5
/=7
/ \
7/ ¥ b
[~ /"Hf' \
F4 R X
Y, A
g // \'\\
F3
F2
F1
-121.0 -121.5 -122.0 -122.5 -123.0 -123.5 -124.0 -124.5 -125.0

(ppm)
Figure S6. "’F NMR scan, F1-F5 (cpoi = 15.0 mg'-mL"! in 40 mM phosphate buffered saline, pH = 7.4),
D1 = 8.00 s, NS = 64, measured at 20.0 °C and 37.0 °C with Bruker Avance III 400 MHz (Bruker,
Billerica, USA). A slight change in chemical shifts at different temperatures is due to the solvent (D,O)
locking.
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Figure S7. Transmittance (A = 600 m) of the polymer solutions FO-F5 (cpo1= 5.0 mg-mL™") as a function
of temperature at pH 5.0 or 7.4, respectively. Gray horizontal lines are transmittance levels 30% and
70%, omitted for clarity.
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Figure S8. Viability of different cells (J774A.1, Hs 738.St/lnt and BEAS-2B) with an increasing
concentration (0-1000 mg-L™") of polymer F1-F5.
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Figure S9. Tested biomarkers of systemic toxicity: body weight, albumin, ALT, AST, blood bilirubin

and creatinine.



Hematoxylin & eosin stain  Verhoeff-Van Gieson stain

F1group F2group Fl1 group F2 group

Figure S10. Histogical examination of test animals: live, kidney, spleen, muscle after administration
and contralateral muscle, respectively, of groups F1 and F2 1 year after administration. Stained with
haematoxylin&eosin and Verhoeff-Van Gieson stain, respectively, all magnified 200 times.
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Figure S11. An in vivo 19F spectrum at 4.7 T; polymer signal and isoflurane signals can be seen. The
gray rectangle shows the measured area during the MRI experiments (—125.4 to —118.4 ppm). No
apodization was involved.
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Table S2. Whole body MR spectroscopy and calculated standard deviation. Data for FO polymer were

used from a previous study [S1].

Polymer FO F1 F2 F3 F4

Day MRS SD MRS SD MRS SD MRS SD MRS SD

0 3.2:10° 1.6:10° 4.4-10° 6.9-10% 3.9:10° 9.1-10° 3.8-10° 7.4-10° 3.6-10° 5.6:10’
1 3.1-10° 1.8-10° 2.7-10° 8.1-10® 8.7-10°® 3.0-10®° 4.2-10* 1.9-10% 7.5-10% 2.0-10®
3 3.1-10°  1.1-10° 2.2:10° 2.0-10% 6.7-10® 2.9-10° 3.4-10° 9.9-107 4.1-10® 8.4-10’
7 3.0-10° 1.1-10° 2.3-10° 8.2:10% 5.4-10® 2.4-10° 2.6:10° 6.4-10"7 3.2-10° 4.6:10’
14 4.0-10° 4.9-10° 2.2-10° 4.0-108 2.9-10® 1.5-10°® 6.2:107 3.5-10°® 1.1-108
21 3.6:10° 1.6-10° 2.3-10° 2.4-10® 4.0-10° 1.5-10°® 1.9-10° 4.5-107 4.8-10% 5.0-10°
30 1.2:10° 8.9-10% 1.8-10° 2.7-10® 3.9-10°® 1.8-10° 1.6-10% 4.5-10" 1.1-10% 2.6-107
45 1.9-10° 1.5-10° 1.4-10° 4.1-10® 2.5-10® 1.2:10® 6.5-10° 3.9-10° 2.8-10% 1.2-10®
60 3.1-10° 3.0-10° 1.8-10° 2.9-10® 2.5-10°® 1.1-10®° 1.5-10* 1.8-10" 1.4-10% 1.4-10®
75 7.2:10° 7.4-10° 1.5-10° 5.5-10% 3.0-10° 1.6-10% 4.0-10’ 9.6-107 8.1-107
120 2.0:10° 3.6:10° 1.4-10° 6.2:10° 4.7-107 4.3-10’

150 3.9-10° 9.4-10° 5.2:10° 1.3-10® 4.3-107

180 3.6:10° 1.5-10° 4.6-10% 1.5-10% 8.3-10" 5.9:107

210 29108 1.9-10® 52-107 1.4-10%

240 4.4-10% 3.2-10%

270 6.4-10° 3.1-10®

300 4.8-10% 2.3-10°




Table S3. Average volume of intramuscular implant and calculated standard deviation. Data for FO
polymer were used from a previous study [S1].

Polymer F0 F1 F2 F3 F4

Day \ SDV \ SDV \Y SDV \Y SDV \Y SDV
0 0.39 045 0.77 0.73 1.82 1.84 1.54 1.28 1.04 0.67
1 0.38  0.09 0.27 0.15 0.30 0.54 0.08 0.11 0.43 0.46
2 0.12 0.00 0.00 0.00
3 0.33 0.34 0.40 0.37 0.04 0.06 0.06 0.11
4 0.62 0.31
7 0.54 032 0.90 0.28 0.30 0.24 0.13 0.19
14 1.07 0.31 0.11 0.16 0.06 0.09

21 092 035 0.86 0.14 0.03 0.06

30 0.64 0.19 0.77 0.75 0.15 0.30

45 0.33 0.28 0.07 0.12

60 0.54 0.76 0.44 0.21 0.05 0.07

75 0.40 0.19 0.07 0.12

90 0.03 0.05

120 046  0.65 0.26 0.45 0.29 0.12

150 0.34 0.13 0.28 0.27 0.00 0.00

180 0.71 1.01 0.40 0.13 0.00 0.00

210 0.11 0.15 0.00 0.00

240 0.24 0.00

270 046 0.26 0.11 0.19

300 0.16 0.27

330

360 0.13 0.19

Table S4. Average volume of subcutaneous implant and calculated standard deviation. Data for FO
polymer were used from a previous study [S1].

Polymer F0 F1 F2 F3 F4

Day \Y SDV \Y SDV \Y SDV \ SDV \ SDV
0 1.36 0.34 2.61 0.61 2.96 1.88 2.95 1.59 2.84 0.95
1 0.56 0.24 0.67 0.21 1.37 0.27 1.17 0.20 1.62 1.25
2 0.38 0.21
3 0.84 0.29 1.07 0.37 0.50 0.02 0.52 0.29
4 0.80 0.84
7 0.88  0.45 1.21 0.30 1.01 0.12 0.92 0.01
14 1.16 0.61 0.55 0.19 0.33 0.07 1.11

21 1.31 043 0.81 0.77 0.63 0.28 0.27 0.23

30 1.67 0.29 0.93 0.22 0.97 0.38

45 0.87 0.08 0.32 0.17

60 0.40 0.57 0.73 0.11 0.51 0.06

75 0.70 0.21 0.46 0.13

90 0.69 0.57

120 1.08  0.55 0.60 0.21 0.08 0.13

150 1.41  0.03 0.34 0.32

180 0.58 0.38 0.11 0.19

210 1.61 0.27 0.17

240 0.44

270 1.66 1.25 0.40 0.17

300 0.33 0.12

330 0.49 0.18

360 0.50 0.14
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Table S5. Signal to noise ratio of intramuscular implant and calculated standard deviation. Data for FO

polymer were used from a previous study [S1].

Polymer F0 F1 F2 F3 F4

Day SNR SD SNR SD SNR SD SNR SD SNR SD
0 292 195 6.54 8.16 17.94 15.38 10.61 1.37 1143  4.57
1 524  1.96 3.65 0.94 1.94 2.24 1.59 2.25 7.40 9.69
2 3.17 0.00
3 3.45 3.44 3.25 2.32 1.58 2.24 0.91 1.57
4 6.35 295
7 6.02 1.75 4.06 1.26 2.51 1.90 1.42 2.01
14 4.42 0.46 2.21 2.84 1.53 2.17 0.00 0.00
21 4.07 3.19 4.98 0.99 0.79 1.59 0.00 0.00 0.00 0.00
30 7.09  3.36 3.36 291 0.73 1.46 0.00 0.00 0.00 0.00
45 3.03 3.03 1.81 3.13 0.00 0.00 0.00 0.00
60 4.04 572 6.14 4.01 1.60 2.27 0.00 0.00 0.00 0.00
75 5.93 3.78 1.26 2.18 0.00 0.00 0.00 0.00
90 1.36 1.92

120 248  3.50 2.46 4.26 3.29 0.63

150 336  0.15 3.12 2.96 0.00 0.00

180 4.06 5.75 4.18 1.21 0.00 0.00

210 2.33 3.29 0.00 0.00

240 5.02 0.00

270 4.68 130 1.91 3.30

300 1.05 1.82

330 0.00 0.00

360 2.12 2.99

Table S6. Signal to noise ratio of subcutaneous implant and calculated standard deviation. Data for FO

polymer were used from a previous study [S1].

Polymer FO F1 F2 F3 F4
Day SNR SD SNR SD SNR SD SNR SD SNR SD
0 329 248 8.78 371 2506 19.05 6588 68.58 57.06 34.35
1 4.67 4.95 5.10 1.58 8.31 4.90 4.22 1.01 9.85 11.67
2 3.26 2.55
3 7.32 2.15 9.81 4.75 3.86 0.06 3.37 0.92
4 5.50 3.23
7 7.80  4.28 6.27 3.13 6.49 2.40 3.10 0.33
14 8.74 1.92  9.26 5.24 3.21 0.45 2.60
21 575 1.97 8.63 749  5.08 2.29 2.73 3.37
30 732 143 12.89  4.63 5.60 1.72
45 7.73 541 4.94 1.68
60 5.58  7.89 1458 598  4.50 1.70
75 11.53 3.53 3.79 0.96
90 450 042
120 6.11 1.28 12.03  4.19 1.79 2.53
150 521 091 8.19 7.71
180 497 1.40 1.63 2.81
210 8.38 3.93 1.31
240 5.87
270 6.76  1.24 4.71 0.68
300 4.48 1.21
330 6.62 2.89
360 4.69 1.87
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Table S7. Parameters Augi, tpeaks t1/2 and the fitting-based SD, and the fitting R? as they were
calculated based on MRI data. Data for FO polymer were used from a previous study [S1].

AMR1 t12 £SD R? Awmri t12 £ SD R?
Polymer (days) (days)
Administ. SC administration IM administration
FO 2 1.0 > 350 - 1.0 > 250 -
F1 5, 1.0 168 + 35 0.55 1.0 319+ 119 0.54
2 &g 0.3 2412 0.81 0.2 56+ 10 0.89
F3 E = 02 40+ 5 0.97 0.1 <40’ -
F4 & 0.2 30+ 3 0.98 0.1 < 40" -
F0 2 1.0 > 350 - 1.0 169 + 73 0.48
F1I = 1.0 242 +39 0.82 0.9 103 + 20 0.76
F2 g 0.3 48 + 6 0.91 0.2 20+2 0.91
F3 3 0.2 <30 - <0.1 <30 -
F4 E 0.1 <30 : 0.1 <30 -
Phase 1 + 2 Phase 3
100+ FO FO
{a o F1 = F1
| = F2 = F2
= F3 = F3
Fa - F4

Detected '°F MRI signal,
noice normalised
S

1 T T T T T T T T T T T T 1
0 50 100 150 200 250 300
time (days)

Figure S12. ’F MRI intensity dissolution kinetics of polymers FO-F4 after subcutaneous injection as a
function of time. Demonstration of 1* order kinetics of Phase 3 including data of more complex behavior
in Phases 1 and 2. Standard deviations are not shown for clarity.
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Figure S13. The dependency of MRI signal intensity as a function of concentration, polymer
F3 in 40 mM phosphate-buffered saline, pH = 7.4 at 37 °C.
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ABSTRACT: Fluorine-19 magnetic resonance imaging ( F MRI)
enables detailed in vivo tracking of fluorine-containing tracers and .
is therefore becoming a particularly useful tool in noninvasive # = — %% R
medical imaging. In previous studies, we introduced biocompatible ¢ ' iy

polymers based on the hydrophilic monomer N-(2- g o 7
hydroxypropyl)methacrylamide (HPMA) and the thermorespon- ng
sive monomer N-(2,2-difluoroethyl)acrylamide (DFEA). These on R L e
polymers have abundant magnetically equivalent fluorine atoms h_o /ﬁ P HNN o
and advantageous properties as '’F MRI tracers. Furthermore, in *X - %

this pilot study, we modified these polymers by introducing a e g ~
redox-responsive monomer. As a result, our polymers changed % MR tracer e ; 9 R tracer

their physicochemical properties once exposed to an oxidative

environment. Reactive oxygen species (ROS)-responsive polymers were prepared by incorporating small amounts (0.9—4.5 mol %)
of the N-[2-(ferrocenylcarboxamido)ethyl]acrylamide (FcCEA) monomer, which is hydrophobic and diamagnetic in the reduced
electroneutral (Fe(Il), ferrocene) state but hydrophilic and paramagnetic in the oxidized (Fe(IIl), ferrocenium cation) state. This
property can be useful for theranostic purposes (therapy and diagnostic purposes), especially, in terms of ROS-responsive drug-
delivery systems. In the reduced state, these nanoparticles remain self-assembled with the encapsulated drug but release the drug
upon oxidation in ROS-rich tumors or inflamed tissues.

B INTRODUCTION (tumors are usually more acidic than the surrounding tissues
16 ~ o
Drug-delivery systems (DDSs) may improve the pharmacody- due 1t7c1 the Warburg effect,” pH ~ 6), thermoresponsive

ness''~*° (increased temperature in tumor tissue), light
responsiveness” " (release of the drug after irradiation),
and enzyme responsiveness,” " as well as redox-responsive
systems,””~>**7>* have been extensively researched. However,
some of these properties are nonspecific: several tissues in the
body have low pH values (e.g, stomach® and the female
reproductive system®®) or temperatures higher than the rest of
the body,”” which can interfere with drug delivery (by
triggering premature drug release). Light irradiation depends
on external sources of radiation, which can be very advanta-
geous for topical applications but have only limited use in
internal applications because radiation does not extensively
penetrate tissues. Nevertheless, inflammation and tumors are
associated with a significant increase in the concentration of
reactive oxygen species (ROS), which is quite unique among

namics and pharmacokinetics of drugs. Modern medicine
depends heavily on pharmaceuticals, which may nevertheless
cause side effects in patients and have unfavorable chemical
and physicochemical properties or biodistribution. DDSs can
solve many of these problems, especially those with improved
bioavailability, biodistribution, and pharmacokinetics." Tissue-
specific DDSs use one or several specific properties of the
target tissue that, ideally, cannot be found anywhere else in the
body.”* Arguably, the most studied drug-delivery principle is
the enhanced permeability and retention (EPR) effect.”® Most
solid tumors passively accumulate more nanoparticles
(approximately 200 nm and smaller) than healthy tissues.
Furthermore, most solid tumors lack lymphatic drainage
systems; thus, these nanoparticles remain trapped in the
tumor, and drug-loaded nanoparticles may accumulate in solid
tumors more selectively than the corresponding free drug.
An ideal DDS does not release its drug content reaching the Received:  September 9, 2020
target tissue (once exposed to target-specific conditions). This Revised:  April 6, 2021
targeted delivery can be achieved by designing drug-delivery Published: April 21, 2021
systems responsive to specific stimuli under external conditions
that trigger the release of the drug.” For these purposes,
stimulus-responsive systems exploiting pH responsivenessg_15

© 2021 American Chemical Society https://doi.org/10.1021/acs.biomac.0c01316
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healthy tissues.”*™** These ROS (such as ClO~, H,0,, and
0,7) are commonly formed by the both immune system and
cancer cells.*®**™** Therefore, redox responsiveness can be
used for the selective disassembly of DDSs.

DDSs can also be attached to a tracer moiety to track the
fate of DDSs and to diagnose diseases. These systems combine
therapeutic and diagnostic modalities, often called theranos-
tics.”** Traditionally, radioisotope tracers have been used for
single-photon emission computed tomography (SPECT) and
positron emission tomography (PET), but radioisotopes have
several drawbacks (mostly related to administration, cost, and
safety). However, YE magnetic resonance imaging ("F MRI)
has emerged as a highly promising noninvasive imaging
method without radioisotopes.”> ™" To date, most MRI
systems used in clinical practice detect the proton signal ("H
MRI) of omnipresent water; therefore, xenobiotic tracers are
not required. Nevertheless, the gyromagnetic ratios of '°F and
'H are very similar; therefore, 'H MRI scanners can be
modified into F MRI scanners with only minor hardware
adjustments (or both '"H and '"F MRI scanners can be used
with advanced hardware).”’ Because the concentration of
fluorine in the body is negligible, the use of '’F MRI requires a
xenobiotic tracer.’” However, this also means that '°F MRI can
be used to monitor the distribution of administered fluorine-
containing molecules highly selectively and with a very low
background, thereby increasing its diagnostic value. Thus, the
fate of the fluorinated DDS may be monitored by '°F MRI.

Thermoresponsive copolymers can form nanoparticles with
noncovalently bound drugs and thus be used for drug delivery.
The amphiphilic copolymers containing hydrophilic blocks and
thermoresponsive blocks (e.g, poly[N-(2,2'-difluoroethyl)-
acrylamide], PDFEA) exhibit a lower critical solution temper-
ature (LCST). Consequently, they can be injected into the
body at room temperature in aqueous solution; upon heating
to body temperature, the PDFEA block rapidly loses its
hydration layer, forming defined nanogel particles. In our
previous studies, we explained that these thermoresponsive
fluorinated diblock copolymers® ™ can self-assemble into
nanoparticles of ideal sizes upon heating past their cloud point
temperature (Tcp). We previously described the numerous
benefits of using PDFEA polymers for MRI tracers:*> >’
PDFEA is noncytotoxic and contains a high content of
chemically equivalent fluorine atoms that provide a sharp
signal in 'F MRI. Moreover, even after aggregation, the '’F
signal exhibits only minor signal broadening and a small
change in relaxation parameters.”” >’ Considering all of these
properties, PDFEA copolymers are ideal not only for '’F MRI
but also for DDSs.

In this study, we investigate a PDFEA-based dual thermo-
and ROS-responsive diblock copolymeric DDS that can be
monitored via 'F MRI for theranostics. The thermores-
ponsiveness of these PDFEA-based copolymers enables the
convenient formation of nanoparticles in their aqueous
solution upon heating, thus encapsulating the drugs.
Furthermore, our polymeric nanoparticles contain various
amounts (0.9—4.5 mol %) of ferrocene derivatives, endowing
the polymers with ROS-responsive behavior. This covalently
bound hydrophobic ferrocene (Fc) can be oxidized to a
hydrophilic ferrocenium cation (Fc*),*® thereby changing the
phase transition temperature and triggering the disassembly of
the nanoparticles. Therefore, our polymers are quickly oxidized
in an ROS-rich environment (typical for inflammation and
tumor tissues),”” dissolving and noncovalently releasing their

2326

60,61

cargo. Because these polymers in the form of PDFEA
contain abundant fluorine (16.5—18.0 wt %), they can be
visualized using F MRI. As described in the literature, the
combination of the MRI contrast agent or tracer with the
redox-switch modality enables MRI signal regulation with
oxidation.®”®® Nevertheless, in our case, the concentration of
ferrocene is too low to enable us to detect changes in signal
intensity upon oxidation, that is, to track the signal in the
oxidized state as well. We used dynamic light scattering (DLS)
to study the ability of polymers to self-assemble into particles
with increasing temperature and their disassembly upon
oxidation. Our approach yielded more advanced polymeric
systems, which form nanoparticles when heated to physio-
logical temperature and disassemble under oxidative stress, as
confirmed by DR in vitro measurements and in spheroidal
cancer cell clusters (spheroids) mimicking in vivo micro-
tumors.*”%

B EXPERIMENTAL SECTION

Materials. 2,2-Difluoroethylamine (97%) was purchased from
Fluorochem (Chempur Feinchemikalien GmbH, Germany). Dimeth-
yl sulfoxide-ds (99.80% D, water content < 0.02%) and methanol-d,
(99.80% D, water content < 0.03%) were purchased from Eurisotop
(Saint-Aubin, France). All solvents and magnesium sulfate were
purchased from Lach-Ner (Neratovice, Czech Republic). Collagen
solution from rat tails was purchased from Millipore (Burlington,
MA). The remaining chemicals and cell cultures were purchased from
Sigma-Aldrich s.r.o. (Prague, Czech Republic). All chemicals and
solvents were of analytical grade. Solvents and liquid chemicals were
dried and purified by conventional procedures or distilled before use.

Synthesis of Monomers. N-(2-Hydroxypropyl)methacrylamide
(HPMA) was synthesized by the reaction of methacryloyl chloride, 1-
amino-propan-2-ol, and sodium carbonate in dry dichloromethane
(DCM) according to ref 66.

N-(2,2-Difluoroethyl)acrylamide (DFEA) was prepared by the
reaction of acryloyl chloride, 2,2-difluoroethylamine, and triethyl-
amine (TEA) in tetrahydrofuran (THF), according ref 67.

N-(2N’-Boc-aminoethyl)acrylamide was prepared by the reaction
of acryloyl chloride with N-Boc-ethylenediamine in the presence of
triethylamine. N-Boc-ethylenediamine (2.00 mL, 12.5 mmol) was
dissolved in dry THF (20 mL) and cooled in an ice bath. TEA (1.50
mL, 6.85 mmol, 1.20 equiv) was added, followed by the dropwise
addition of acryloyl chloride (1.20 mL, 15.0 mmol, 1.20 equiv) in dry
THF (1.20 mL). The reaction mixture was stirred overnight at room
temperature. Then, the reaction mixture was washed with water and
dried with anhydrous magnesium sulfate, and the product was purified
by column chromatography on silica (mobile phase, 1:4 v/v hexane/
ethylacetate). '"H NMR (400 MHz, DMSO) & 8.10 (t, ] = 5.0 Hg,
1H), 6.82 (t, ] = 5.6 Hz, 1H), 6.18 (dd, J = 17.1, 10.0 Hz, 1H), 6.06
(dd, J = 17.1, 2.3 Hz, 1H), 5.57 (dd, J = 10.0, 2.4 Hz, 1H), 3.15 (q, J
= 6.3 Hz, 2H), 3.00 (q, ] = 6.3 Hz, 2H), and 1.37 (s, 9H). *C NMR
(101 MHz, DMSO) 8 165.19, 156.08, 132.26, 125.44, 78.12, 40.13,
39.18, and 28.68.

Ferrocene carboxylic acid was prepared by ferrocene lithiation with
Schlosser’s base according to ref 68.

Synthesis of PHPMA. Poly[N-(2-hydroxypropyl)-
methacrylamide] (PHPMA) was prepared by RAFT polymerization.
The polymerization mixture consisting of N-(2-hydroxypropyl)-
methacrylamide (3.00 g, 21.0 mmol), 4-cyano-4-
[ (dodecylsulfanylthiocarbonyl)sulfanyl Jpentanoic acid (CTA, 105
mg, 0.260 mmol), and AIBN (31.5 mg, 0.192 mmol) in tert-butanol
(24 mL) was flushed with argon in a dried Schlenk flask and heated in
an oil bath to 70 °C for 7 h. Then, the resulting polymer was
precipitated in diethyl ether and purified by gel chromatography using
a Sephadex LH-20 column with methanol as the eluent. The polymer-
containing fractions were evaporated under reduced pressure, and the
polymer was isolated by freeze-drying, yielding 2.1 g (70%) of macro-
CTA. The concentration of CTA in macro-CTA was determined by

https://doi.org/10.1021/acs.biomac.0c01316
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UV—vis spectrometry to be 21.5 mmol-g™" at 4 = 308 nm in methanol
(e = 491 x 10°> cm™-M™).

Synthesis of Diblock Copolymers. We prepared three diblock
copolymers with different N-(2N’-Boc-aminoethyl)acrylamide con-
tents with both types of hydrophilic blocks. First, three reaction
mixtures containing macro-CTA (PHPMA-CTA, 0.5 g), AIBN (S mg,
0.03 mmol), N-(2,2-difluoroethyl)acrylamide (1.20 g, 8.89 mmol),
and three different amounts of N-(2N’-Boc-aminoethyl)acrylamide
(11.0, 22.0, or 44.0 mg; corresponding to 0.05, 0.09, and 0.18 mmol,
respectively) were dissolved in dry DMF (4.50 mL), flushed with
argon, and polymerized overnight in an oil bath heated to 70 °C. After
polymerization, the resulting three polymers were precipitated in
diethyl ether and purified by gel chromatography using Sephadex LH-
20 in methanol. Methanol was evaporated under reduced pressure,
and the polymers were isolated by freeze-drying. The yield was from
133 to 180 mg (from 26 to 36% of the theoretical yield) of PHPMA-
block-P(DFEA-stat-BocAEA), polymers HF1 to HF3.

Modification of the Polymers. The polymers (100 mg) were
dissolved in a 10% aqueous solution of trifluoroacetic acid (TFA, 5.00
mL) and stirred for 1 h at room temperature to remove the Boc-
protecting groups. Then, we partially evaporated TFA under reduced
pressure, and the remaining solution was neutralized with a saturated
solution of aqueous sodium bicarbonate to obtain a neutral pH. The
polymers were purified using gel chromatography on Sephadex LH-20
with methanol as the eluent. The solvent was evaporated using a
rotatory evaporator, and the product was redissolved in water and
isolated by freeze-drying, yielding approximately 80 mg of product.
The content of the amine moieties in the polymers was determined by
labeling the polymers with 2,4,6-trinitrobenzene-1-sulfonic acid
(TNBSA) according to the literature.”” The content of the TNBS
amides was measured at 415 nm (¢ = 1.12 X 10* cm™-M™!) and was
determined to be 0.0054, 0.0113, and 0.0315 mmol per 70 mg of the
HF1-NH,, HF2-NH,, and HF3-NH, polymers, respectively.

Subsequently, ferrocenecarboxylic acid (FcCOOH, 23.5 mg, 0.102
mmol), N,N’-dicyclohexylcarbodiimide (DCC, 25.3 mg, 0.123
mmol), and a catalytic amount (% 0.1 mg) of 4-dimethylaminopyr-
idine (DMAP) were dissolved in cool, dry DMF (1.0 mL), and the
mixture was stirred for 30 min at 0 °C. Then, N-hydroxysuccinimide
(NHS, 17.0 mg, 0.148 mmol) was added to the reaction mixture; the
mixture was stirred for 2 h at room temperature to form reactive
ferrocenecarboxy-N-hydroxysuccinimide ester (FcCOO-NHS). This
humidity-sensitive NHS ester was not isolated, and its solution was
used without modification for further transformations of the polymer.

The HF1-NH,, HF2-NH,, and HF3-NH, polymers (70 mg each)
were dissolved in dry DMF (1.0 mL). Then, we added 100, 220, and
630 L of the freshly prepared FcCOO-NHS solution in DMF to the
polymer solutions, and the reaction mixture was stirred overnight.
After the reaction, the polymers were purified by gel chromatography
using Sephadex LH-20 in methanol. The solvent was evaporated
under reduced pressure, and the polymers were isolated by freeze-
drying, yielding from S5 to 60 mg (70—86%) of the final poly[N-(2-
hydroxypropyl)methacrylamide]-block-poly[ N-(2,2-difluoroethyl)-
acrylamide-stat-N-[2-(ferrocenylcarboxamido)ethyl]acrylamide]
(PHPMA-block-P(DFEA-stat-FcCEA)) HF1, HF2, and HF3 copoly-
mers.

ICP-MS-MS (Determination of the Fe Content). Each polymer
(from 1 to 4 mg) was dissolved in nitric acid (v/v 65%, 900 L) and
hydrogen peroxide (v/v 30%, 100 xL). This mixture was heated to
130 °C in capped vials in a single-mode Biotage Initiator Sixty
microwave (IR temperature sensor, Biotage, Uppsala, Sweden). Then,
the solution was diluted in deionized water to a final volume of 15.0
mL. Subsequently, this solution (1.00 mL) was mixed with nitric acid
(5.00 mL, v/v 2%), and the concentration of iron was determined
using ICP-MS-MS (Agilent 8900, Agilent, Santa Clara, CA) in O,
mode. External calibration was performed.

NMR. All NMR spectra were acquired with a Bruker Avance III
400 MHz system (Bruker, Billerica, MA) operating at 400.13 MHz
and equipped with a broad-band probe. The 'H, BC{'H}, 'H-'H
correlation spectroscopy (COSY), 'H—'3C heteronuclear multiple
bond correlation (HMBC), and multiplicity-edited "H—"3C hetero-
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nuclear single quantum coherence spectroscopy (HSQC) spectra of
the monomer N-(2N’-Boc-aminoethyl)acrylamide were recorded in
dimethyl sulfoxide-dj.

Each polymer (10.0 mg) was dissolved in methanol-d, (600 uL).
We used their 'H NMR (NS = 32, D; = 30.0 s) spectra to determine
the polymer purity. Furthermore, we assessed the ratio of the proton
signals in the —CHF, moiety of PDFEA (6 = 5.9 ppm) and the
CHOH moiety of PHPMA (8 = 3.9 ppm) to determine the ratios of
the incorporated monomers.

We recorded the "’F NMR spectra of aqueous HF1, HF2, and HF3
polymers (0.6 mgmL™", 64 scans, D; = 1.00 s) in their reduced and
oxidized forms.

'F Relaxation. We determined the relaxation properties (T and
T,) of F atoms with a Varian Inova 400 MHz spectrometer
equipped with an ID-PFG (pulsed field gradient) probe. Both
parameters were measured for each sample (cpol = 15 mg-mL™') at
37.0 °C in their reduced form. The samples were incubated for at least
1S min at the given temperature before assessment. The T, parameter
was measured with an inversion recovery sequence (D, = 0.2, 0.4, 0.8,
1.6, 3.2, 6.4, 12.8, 25.6, 51.2, 102.4, 204.8, 409.6, 819.2, 1638.4, and
3276.8 ms; the 180° pulse width was optimized to ~ 180°; and the
90° pulse was derived from the 180° pulse width). The T, parameter
was measured with the CPMG sequence70 (D, =0.05ms; n=4,8, 16,
32, 64, 128, 256, 512, 1024, 2048, 4096, 8192, 16 384, 32 768, and
65 536; the 180° pulse width was optimized to ~ 180°; the 90° pulse
was derived from the 180° pulse width).

Size Exclusion Chromatography (SEC). The number-average
molecular weight (M,), weight-average molecular weight (M,,), and
dispersity (P = M,,/M,) of the polymers were assessed using an
HPLC Ultimate 3000 system (Dionex, Sunnyvale, CA) equipped with
an SEC column (TSKgel SuperAW3000 150 X 6 mm? 4 um) and
three different types of detectors, a UV—vis detector, an Optilab-rEX
refractive index (RI) detector, and a DAWN EOS multiangle light
scattering (MALS) detector (Wyatt Technology Corporation, Santa
Barbara, CA). For the analysis, a methanol and sodium acetate buffer
(0.3 M, pH 6.5) mixture was used as the mobile phase (80:20 v/v%, a
flow rate of 0.5 mL-min~").

Dynamic Light Scattering (DLS). We measured the intensity-
weighted hydrodynamic diameter (Ry) and the scattering intensity of
the polymeric assemblies as a function of polymer temperature using a
Zetasizer NanoZ$ instrument, model ZEN3600 (Malvern Instru-
ments, Malvern, U.K.). R; was measured at a scattering angle of 0 =
173° and the data were processed with the Repes algorithm.71 All
solutions were filtered before measurement using a 0.22 ym PVDF
syringe filter. The measurement step was 0.5 °C. The set points of the
temperature values were kept within an accuracy level of +0.2 °C, and
the samples were incubated at the given temperature for 5 min before
taking measurements. The stability of the polymeric particles over
time was measured using the same procedure as that followed in the
assessment of the variation of temperature as a function of the particle
size. Samples HF1, HF2, and HF3 (polymer concentration 1.0 mg-
mL™! in 140 mM PBS) were incubated at 37 °C for 72 h, and the
DLS of each sample was measured at specific time points.

We measured the size distribution of the polymeric assemblies in
the polymer solutions (1.0 mg-mL_l, PBS, 140 mM, pH 7.4) as a
function of temperature (15.0—48.0 °C). Then, we measured the size
distribution of the polymeric assemblies in the polymer solutions in
acetate buffer (40 mM, pH 5.0) containing a catalytic amount of
CuClL,2H,0 (~ 0.1 mg) and from 0.003 to 0.01 v/v % hydrogen
peroxide as a function of temperature.

Finally, we measured the size distribution of the polymeric
assemblies in the HF1 solution (8.00 mL, 1.0 mg:mL™") in PBS
(140 mM, pH 7.4) at constant temperature (37.0 °C) with increasing
concentrations of hydrogen peroxide; at each step, we added 30 uL of
30% (v/v) hydrogen peroxide.

Static Light Scattering (SLS). M,, and radii of gyration (Rg) at 37
°C were determined by SLS using an ALV-6000 equipment (ALV-
GmbH, Langen (Hesse), Germany). The z-average radii of gyration
of particles, (R,) z, and their M,, were derived from a wide range of
scattering angles (60—146°, increment 2°) and polymer concen-
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trations (0.25, 0.3, 0.5, 0.75, and 1.0 mg-mL ™" in 140 mM PBS). All
solutions were filtered using a 0.22 ym PVDF syringe filter. The SLS
was measured three times, and the SLS acquisition time was 40 s.
Subsequently, we constructed Zimm plots from the data and analyzed
them by ALV/static and Dynamic FIT and PLOT 4.31 10/01
software (Langen/Hessen, Germany).

Furthermore, we measured the differential refractive index (dn/dc)
using a differential refractometer (Brookhaven Instruments, Holtsville,
NY) and analyzed by Brookhaven Refractometer Software Ver. 5.32 at
different polymer concentrations (0.25, 0.35, 0.5, 0.75, and 1.0 mg:
mL™" in 140 mM PBS) and temperature 37 °C.

Critical Association Concentration (CAC). We assessed the
CAC via fluorescence spectrometry using Nile red (NR) in two
independent experiments. We prepared a series of HF1 solutions in
PBS: a twofold dilution series starting from a concentration of 1.0 mg-
mL™" and decreased to 3.8 X 107° mg-mL™' was prepared (19
samples, each 100 yL), and we added a stock solution of NR (5 uL,
2.0 X 1075 mol-L™" in ethanol) to each of the samples, which were
incubated for 10 min at 37 °C. Then, we recorded the fluorescence
spectra of all samples using black Nunc cell culture microplates
(Nalge Nunc International, Rochester, NY) and a Synergy H1 hybrid
reader (BioTek, Winooski, VT) at 37 °C and excitation/emission
wavelengths of 485/636 nm. The intensities of the fluorescence were
plotted as a function of polymer concentration, and the CAC was
determined as the intersection between two fit linear functions, one
decreasing with decrease in polymer concentration and the other
remaining constant regardless of the polymer concentration.

Transmission Electron Microscopy (TEM). The morphology of
the nanoparticles was visualized under a transmission electron
microscope (Tecnai G2 Spirit Twin 12; FEI Company, Brno,
Czech Republic) equipped with a Cryo-holder (Gatan, CA). The
polymer solution (polymer concentrations 1.0 and 10 mg:mL™" in
140 mM PBS, pH 7.4) and tools for sample preparation (tweezers,
microscopic grids, etc.) were incubated in an electric oven at 50 °C
for at least 30 min. Then, 2.0 yL of the heated solution was deposited
on a carbon-coated copper TEM grid and left to evaporate for 1 min
(still in the oven at T = SO °C). Subsequently, the grid was removed
from the oven and then the excess solvent on the grid was removed by
touching the bottom of the grid with a small piece of filter paper. This
fast removal of the solution is a key step of the fast-drying method,
which minimizes drying artifacts, as shown in our previous
studies.””””* The dried samples were equilibrated for at least 1 h in
air and were then observed under TEM at room temperature using
bright field imaging at 120 kV.

MRS and MRI Phantom Measurements. Both MRS and MRI
were performed on a Bruker BioSpec 94/30 Advanced III 9.4 T MRI
system (Bruker BioSpin MRI GmbH, Ettlingen, Germany) equipped
with a 'H/"F dual probe (RF RES 'H/"F 075/040 LIN/LIN, outer
diameter of 75 mm, and inner diameter of 40 mm). We prepared
small Eppendorf vial phantoms containing PBS solutions (200 uL) of
H1 polymer (50.0, 25.0, or 12.5 mg:mL™") with trace amounts of
trifluoroacetic acid as a chemical shift reference. Then, the phantoms
were sealed and placed into a large plastic vial connected to a
thermostat (the heat transfer fluid was an aqueous solution of
manganese(II) chloride), which enabled us to carefully control the
sample temperature during the measurements. With this setup, MRS
was performed at 24 and 37 °C (Figure 3), and MRS was used for
excitation pulse length optimization.

F MRS (376.7 MHz): single-pulse sequence; repetition time TR
= 1000 ms; number of averages NA = 128; total scanning time TA =2
min 8 s.

Subsequently, 'H MRI and '’F MRI were performed at 37 °C, and
their data were combined.

"H MRI (400.3 MHz): MGE gradient sequence; flip angle = 2.94°;
repetition time TR = 64.8 ms; echo time TE = 1.03/2.93/4.83/6.73/
8.63/10.5 ms; TF = 1; slice thickness = 1.57 mm; sw = 100 kHz;
number of averages NA = 25; number of slices, 5; digital matrix, 64 X
128; field of view, 40 X 40 mm? spatial resolution, 0.313 X 0.313
mm?%* TA = 3 m 27 s.

2328

F MRI (376.4 MHz): MGE gradient sequence; flip angle = 2.94°;
repetition time TR = 64.8 ms; echo time TE = 1.03/2.93/4.83/6.73/
8.63/10.5 ms; TF = 1; slice thickness = 1.57 mm; sw = 100 kHz;
number of averages NA = 225; number of slices, 5; digital matrix, 64
X 128; field of view, 40 X 40 mm?; spatial resolution, 0.313 X 0.313
mm?%* TA =31m 7 s.

Drug Loading (DL). The drug-loading factor f,; (sometimes
referred to as DL) and the entrapment efficiency factor fgg
(sometimes referred to as EE) were calculated using eqs 1 and 2.

Mg 11
e X 100%

fDL
1

mpolymer + mdrug, I

Mg 11
for = —2 % 100%
EE
mdrug,l (2)
where 1., is the mass of the polymer, g, is the mass of the

drug added to the system (cumulative mass of the drug within both
the aqueous and polymer phases), M.,y is the mass of the drug
found in the formulation, and m,g is the mass in the aqueous phase.

The mass of the non-encapsulated drug was determined by UV—vis
spectroscopy after ultrafiltration (Amicon Ultra-15 centrifugal filter
unit with an Ultracel 30 kDa membrane, Millipore, Burlington, MA).
Particle solutions at 0.1 mg-mL ™" in PBS buffer, pH 7.4, with varying
concentrations of the drug doxorubicin (DOX) or the inhibitor (GSK
429286) (drug concentration range: from 0.025 to 0.100 mg:mL™")
were tested at 37 °C in two independent experiments. For the
determination of the non-encapsulated drug, an aliquot (45 uL) of
each filtrate was diluted with methanol (55 uL), and the absorbance
was compared to the absorbance of the particle solution (4S5 uL) also
diluted with methanol (55 uL) to dilute the particles and avoid
measurement errors. The concentration of DOX (imy,,, ,H) was
determined by UV—vis spectroscopy (measured at 480 nm) with a
Synergy H1 hybrid reader (BioTek, Winooski, VT) and black Nunc
cell culture microplates (Thermo Scientific, Nalge Nunc International,
Rochester). The concentration of the inhibitor (GSK 429286) was
determined by UV HPLC.

The HPLC gradient was as follows: phase A: 95% water, 5% ACN,
and 0.1% TFA; phase B: 5% water, 95% ACN, 0.1% and TFA; t = 0
min for 20% B, 0.5 mL-min"'; ¢ = 0.1 min for 20% B, 3.5 mL-min™'; ¢
=2.25 min for 60% B; 3.5 mL-min~" (linear gradient); ¢ = 2.5 min for
90% B; 3.5 mL-min~" (linear gradient); t = 3.0 min for 90% B; 3.5
mL-min~'; t = 3.3 min for 20% B; 3.5 mL-min~" (linear gradient); and
t = 4.0 min for 20% B, 3.5 mL-min"".

Drug Release (DR). The doxorubicin stock solution (10 uL) in
DMSO (10 mgmL™') was transferred to an Eppendorf tube
containing 1.00 mL of polymer HF1 solutions (1.0 mg in 140 mM
PBS, pH 7.4, or 40 mM acetate buffer, pH 5.0, containing a catalytic
amount of (~0.1 mg) CuCl,2H,0 and 0.003 vol % hydrogen
peroxide), and the final concentration of DOX is 0.1 mgmL™". A
measure of 0.1 mg of doxorubicin was dissolved in 1.00 mL of 140
mM PBS buffer and used as a control measurement. The preheated
polymer solution containing DOX and free DOX solution was quickly
transferred into a minidialysis kit (Spectra-Por Float-A-Lyzer G2
black, 1 mL, MWCO 3.5-5 kDa, Sigma-Aldrich, Prague, Czech
Republic), and the minidialysis kit was immersed into a 150 mL
beaker containing preheated PBS (125 mL, 37 °C) and a magnetic
stir bar. The solution (5 pL) at the inner side of the dialysis
membrane was taken using a pipette at specific time points to
determine the amount of released doxorubicin by fluorescence (4.,/
Aem = 480/590).

Cell Culture. Human embryonic lung fibroblasts (IMR90) and
human fibrosarcoma (HT1080) cell lines were routinely cultivated in
DMEM supplemented with 10% FBS and 10 pug-uL™" gentamicin in a
humified atmosphere with 5% CO, at 37 °C.

In Vitro Cytotoxicity. In vitro cytotoxicity was assessed by an
Alamar Blue assay (Invitrogen, Grand Island, NY). Briefly, HT1080
and IMRIO0 cells were seeded in 96-well plates (1 X 10* cells per well,
Figure S13). The next day, polymer solutions in complete medium
(DMEM supplemented with 10% FBS and antibiotics) were prepared
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Scheme 1. Synthesis of Multiresponsive Fluorinated PHPMA-block-P(DFEA-stat-FcCEA) Copolymers HF1, HF2, and HF3“

(1) Synthesis of PHPMA macro initiator

Ho COOH on
NC
\NH s t-BuOH, AIBN AIBN
' s JL
°=}_ s 70°C,7h g~ (CH211CHy
H3C(H,C)yq
HPMA CTA MacroCTA

(2) Synthesis of diblock copolymers HF1, HF2 and HF3

R BocHN NH
F 1. MacroCTA, DMF, AIBN \. K /
70 °C, overnight ) %
NH + NH 5 1ra qnRT NH
°=§ o 3. FcCOOH, DCC, NHS, 0 °C
/ /

DFEA BocAEA HF1-3

“The polymer chain end moieties were omitted for clarity.

Table 1. Composition and Physicochemical Properties of Polymers
polymer block ratio” M," (kDa) M," (kDa) p” (M, /M,) wt % of fluorine™ wt % of ferrocene™?
PHPMA - 8.68 8.02 1.09 - -
HF1 1:1.8 32.3 26.3 122 16.7 0.49 £ 0.12
HF2 1:1.9 29.1 26.0 1.12 18.0 0.80 + 0.12
HF3 1:1.8 34.0 27.9 122 16.6 2.63 + 0.66

“Determined by 'H NMR spectroscopy. “Determined by SEC. “Determined by ICP-MS-MS. “Not applicable (—).

from a stock solution (10 mg:-mL™" in PBS) by serial dilution and
added to cells (100 uL per well). A complete medium without
polymer solutions was used as a positive control, and wells containing
only medium were used as blanks. After 24 h, the medium was
aspirated, and the cells were incubated with 50 yL of Alamar Blue
solution per well (10% Alamar Blue reagent in phenol-red free
DMEM) for 3 h. Subsequently, 40 uL of the Alamar Blue solution was
transferred to a new 96-well plate, and fluorescence (1., = S60 nm;
Aem = 590 nm) was determined using an Infinite M200 PRO
fluorescent plate reader (Tecan Life Sciences, San Jose, CA). Two
independent experiments were performed, and the average results of
the treated cells were plotted relative to the positive control. Statistical
significance was assessed by a two-way ANOVA with Sidak multiple
comparison tests.

3D Spheroid Assay. HT1080 cells were grown to create
multicellular spheroids using agarose micromolds (MicroTissues 3D
Petri Dish micromold spheroids) according to the manufacturer’s
instructions. After 48 h, the spheroids were rinsed in medium and
embedded in a collagen matrix prepared by mixing a buffer solution
with rat tail collagen (4 mg:-mL™") on ice. The resulting composition
of the collagen matrix was 1.0 mg-mL™" rat tail collagen, 1X RPMI
medium, 15 mM HEPES, 1% fetal bovine serum, and 50 pg-mL™'
gentamicin (Sigma Aldrich, St. Louis, MO). After 30 min, the
spheroids were overlaid with the medium without polymer or the
medium with 0.2 mg-mL™" polymer; for both conditions, DMSO or
an inhibitor of invasion (1.0 and 10 uM GSK 429286) was used as a
control. Images of the spheroids were taken using a Nikon-Eclipse
TE2000-S microscope immediately after embedding and after 24 h.
The area of the spheroids at 0 and 24 h was assessed using Fiji
software. The “relative invasion index” was calculated as the ratio of
the spheroid area at 24/0 h. The presented data show the results of
two independent experiments and 6—8 spheroids per condition.
Statistical significance was assessed by a two-way ANOVA with Sidak
multiple comparison tests. To determine the DOX distribution in 3D
spheroids, doxorubicin (10 zM) was added to the overlaid control
medium or the medium with 0.2 mg-mL™" polymer directly after cells
were embedded in 3D collagen. After 24 h, doxorubicin fluorescence
in the spheroids was imaged by a 10X objective lens using the
Thunder Imager configuration of a Leica DMi8 microscope
(excitation wavelength of 470 nm). For each spheroid, the
representative image is a maximum projection of 100 stacked images.
Doxorubicin fluorescence was quantified with Image] software based
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on three independent experiments, and significance was assessed
using the Student’s ¢ test.

B RESULTS AND DISCUSSION

The PHPMA-block-P(DFEA-stat-FcCEA) (HF1, HF2, and
HF3) amphiphilic diblock copolymers at a 1:2 ratio and with
varying ferrocene content (from 0.5 to 3.0 wt %) were
prepared by two subsequent RAFT polymerizations of the
corresponding monomers using the chain transfer agent
(CTA) and AIBN, as the initiator (Scheme 1), followed by
postpolymerization modifications. First, we polymerized the
hydrophilic HPMA monomer, purified, and determined the
concentration of CTA using UV—vis spectroscopy. Then, the
second polymerization of the DFEA monomer was performed
with small amounts (from 0.9 to 4.5 mol %) of the N-(2N'-
Boc-aminoethyl)acrylamide monomer (determined by NMR,
Figures S1—S5) for statistical copolymerization. After polymer-
ization, the Boc-protecting groups were removed under acidic
conditions, neutralized, and purified. The concentration of
amine moieties was determined by the reaction with TNBSA
and measured by UV—vis spectroscopy according to the
literature.”” Then, the amine moieties were coupled with in
situ-generated ferrocenecarboxy-N-hydroxysuccinimide ester to
form the resulting HF1, HF2, and HF3 polymers. The
structure and purity of all copolymers and the relative content
of the comonomers were determined by '"H NMR (Figure S6).
Then, the narrow molecular weight distribution (dispersity D
< 1.22) and molar mass of approximately 30 kDa (Table 1) of
all copolymers was determined by size exclusion chromatog-
raphy (Figure S7).

Thus, the polymer consists of three different components
(Scheme 1). First, PDFEA with a high concentration of
fluorine is suitable for "F MRI and ensures the LCST
properties of the polymer, thus enabling particle self-assembly
with the increase in temperature. Second, the N-[2-
(ferrocenylcarboxamido)ethyl]acrylamide monomer (FcCEA)
incorporated in the PDFEA block provides the redox-
responsive character of the polymers and possible controlled
drug release properties. Last, the nanoparticle that colloidally
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Figure 1. Graphs (A—C) show the particle size (determined by DLS) as a function of temperature for HF1, HF2, and HF3 in their reduced forms
in PBS (black trends), in their oxidized forms in acetate buffer (red trends), and in their reduced drug-loaded form in PBS (GSK 429286, 0.1 mg:
mL™!, gray trends). Graph (D) shows the HF1 particle size (by DLS) as a function of the H,0, concentration used for titration. The trendlines,
smoothened using a Savitzky—Golay filter, serve as guides to the eye.

stabilizes the hydrophilic block consists of a single monomer,
HPMA. The copolymers were prepared with three different
ferrocene contents (approximately 0.5, 1.0, and 3.0 wt %, Table
1) to assess the concentration effect of the redox-responsive
monomer on the general physicochemical properties of the
polymer.

The temperature change-induced self-assembly of the
copolymers in the aqueous PBS solution was measured by
DLS as a function of temperature (Figure 1, black trends) and
as a drug formulation with hydrophobic drugs (GSK 429286,
0.1 mg-mL™', Figure 1, gray trends). A phosphate-buffered
saline (PBS) solution (pH 7.4) was chosen as a simple
biologically relevant model (pH, ion concentration). Particle
hydrodynamic radii (Ry) and Tcp are outlined in Table 2. The
morphology of the particles based on the reduced form of HF1
was visualized by transmission electron microscopy (TEM)
(Figure 2) to further corroborate and confirm DLS results. The
particle size of the sample HF1 measured by TEM above

Table 2. DLS and SLS Data of HF1, HF2, and HF3
Polymers (1.0 mg'mL~" in 140 mM PBS, 37 °C)

Ry + SD + SD M, of particle p Tcp

polymer (nm) (nm) (kgmol™) (grem™)  (°C)
HF1 124 + 4 133 + 27 175§ + 35 0.03 32.5
HF2 S7+1 75 + 14 63 +7 0.06 33.0
HF3 35+3 36+3 24 +1 0.02 33.6
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LCST (Figure 2; diameter approximately 100 nm) was in fair
agreement with the DLS results (Figure 1; diameters
approximately 120 nm). The difference between the two
methods is given by different sample preparations: In TEM, we
used the fast-drying method in which the sample was heated
up to S0 °C (to ensure that the temperature remained above
the LCST throughout the sample preparation), and the solvent
was quickly removed before the particles collapse, albeit
without completely avoiding particle shrinking (due to solution
removal). In DLS, we measured swollen particles directly in
the solution and with the precise temperature gradient.
Therefore, DLS is a more precise method for determining
the particle size of our system as it measures particles in their
natural state in the solution. Eventually, the architecture was
described in more detail with SLS. Thus, the DLS and SLS
results together with TEM images provide a comprehensive
insight into the structure of each copolymer and suggest that
the internal structure of these polymers resembles a nanogel,
which we have described previously.”>**>*” These nanogels
have a low density and relatively large sizes and particle
weights. With the increase in the content of ferrocene, the
particles became more compact, most likely due to the
hydrophobicity of ferrocene. In the polymer HF1, we observed
an equilibrium between small particles and larger nanogels
(Figure $9) as described in a previous study.”

The Ry of the particles ranges from approximately 34.8 to
124 nm, and the T¢p is 33.0 + 0.6 °C for all three polymers.
The initial increased Ry value corresponds to a cluster of
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Figure 2. TEM micrograph of polymeric HF1 particles. Left: polymer concentration of 10 mg-mL™", right: polymer concentration of 1.0 mg-mL™".

particles moving together, which is a well-known behavior of
particles with hydrophobic coronas.”> Particles were stable
over 3 days at 37 °C in 140 mM PBS. Particles (or their
clusters, Figure S8) are stable over time, and no disassembly or
oxidation occurs. Additional depictions of the intensity-based
size distributions of particles, which provide a comparative
picture of size distributions from Figure 1 below and above the
Tcp, are presented in Figures S9—S11.

To determine the ROS-responsive behavior, we oxidized
terrocene in the polymer and measured the size distributions as
a function of temperature using the same DLS setup (Figure
1). Numerous ferrocene oxidation methods have been
reported, e.g, with hydrogen peroxide in the presence of
enzymes and metal ions and acids.”*””’ The oxidation of
ferrocene can be observed by the color change from yellow-
orange ferrocene (Fc®) to greenish and dark blue ferrocenium
(Fc*). For our intended application, as DDSs for cancer
treatment, we decided to simulate the conditions for in vitro
measurements in acidic environments containing hydroxyl
radicals (pH $.0, corresponding to acidic environments in
tumor endosomes).*” Therefore, for our measurement, we
used Fenton oxidation conditions in the 40 mM acetate buffer
(pH 5.0).°" The results revealed that oxidation prevents all
three polymers from forming particles within the measured
temperature range (Figure 1, red trends), which indicates that
oxidation shifts to the temperatures outside the physiological
range, thus triggering particle disassembly. Furthermore, we
also titrated the polymer solution using a hydrogen peroxide
solution under neutral conditions to determine the concen-
tration of H,0O,, into which the particles decompose. The 0.2
mol % concentration of H,0, (corresponding to approximately
11 pL of H,0, to 0.02 mg of ferrocene) was sufficient to
oxidize/disassemble the polymer with the lowest concentration
of ferrocene, showing the great sensitivity of the system to even
a slightly oxidative environment. In conclusion, the ferrocene
moiety acts as a ROS-responsive switch between self- and
disassembled states at physiological temperatures.

The suitability of using the tracers for routine 'F MRI
techniques is highly dependent on several key parameters.
First, it is beneficial if the 'F atoms are chemically and
magnetically equivalent (this ensures a very intense and narrow
peak of the '’F signal), and the content of the '°F atom needs
to be as high as possible. Second, the choice of applicable '’F
MRI scanning techniques and, therefore, the quality of the
image strongly depend on the T, and T,* relaxation properties
of fluorine atoms. For the purposes of routinely used MRI
scanning techniques (e.g,, RARE and FLASH),*” T, should be

2331

longer than 10 ms.’* Short T, relaxation requires using
particular sequences, such as ultrashort echo time (UTE)®** or
zero echo time (ZTE)83 sequences, which, in turn, require a
high hardware capacity.

Usually, polymer aggregation significantly decreases the '°F
signal (partly due to the significantly faster T, relaxation of the
aggregates, ultimately lowering the intensity of the tracer
signal).”> Although the PDFEA copolymers generally do not
undergo changes in their MR properties upon aggregation, the
MR properties may be influenced by the surrounding
conditions.’®>” Therefore, we measured the T, and T,
relaxation times at 37 °C in 140 mM PBS buffer (pH 7.4)
to simulate physiologically relevant conditions.® The results
show a decrease in both relaxation times with the increase in
ferrocene content (Table 3). T, is above the threshold value
for the 'F MRI sequences of polymers HF1 and HF2 (T, ~
17 ms), making them suitable for currently used 'F MRI
scanners.

Table 3. T, and T, Relaxation Times for °F in a 9.4 T Field
of All Three Polymer Solutions at 37 °C in PBS-D,0 Buffer
(140 mM, pH 7.4)“

polymer T, (ms) T, (ms)
HF1 460 + 4 16.9 + 0.6
HF2 458 + 6 11.0 + 0.4
HF3 39S + 10 7.0 + 0.6

“All data were fitted with R? > 0.998.

Moreover, the oxidation of the diamagnetic ferrocene to
paramagnetic Fc' may affect the 'F signal. Hence, we
recorded the NMR spectrum of the polymers before and
after oxidation, and we did not observe any change in chemical
shift (both forms had a chemical shift of ~# —123 ppm) or any
significant signal broadening (indicating no observable change
in T,*) (Figure S14). Furthermore, the similarity of spectra,
regardless of the oxidation state, was confirmed in MRS
experiments (Figure 5). No changes were observed in the
NMR spectra most likely because the polymer contains a
relatively minor amount of Fc and its oxidation affects only the
surrounding DFEA monomers. Most moieties remain un-
affected, and thus the F NMR signal remains unchanged.

Based on our results, we decided to use the polymer HF1 for
further measurements owing to its well-defined self-assembling
properties, thoroughly studied in previous research,” and its
suitable T, and T, relaxation times for '’F MRI purposes.
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Figure 3. Top: '°F MRS spectra of the HF1 polymer with trifluoroacetic acid as a chemical shift reference at 24 °C (blue curve) and 37 °C (red
curve). Bottom: In vitro phantom 'H MRI and '°F MRI images with decreasing polymer concentrations. Signal-to-noise ratio (SNR) = 6.9.

However, our results indicated that the ferrocene content
might differ considerably without severely changing the Tcp or
MR properties (only particle size changes).

Subsequently, we performed 'H/"F MRS and MRI: the
polymer HF1 with the best MR relaxation properties was
dissolved in a 140 mM PBS solution to achieve various
polymer concentrations (Figure 3). The phantoms were placed
inside a container connected to a thermostat to closely control
the temperature of the samples during the measurement. We
used water as a heat transfer medium, but we added
manganese(II) chloride to decrease the relaxation times of
the medium and thus shortened the "H MRI acquisition time.
First, we measured '°F MRS at 24 °C (Figure 3, blue curve)
and 37 °C (body temperature, Figure 3, red curve). No
significant signal decrease was observed upon heating (and
particle formation), which is ideal for 'F MRI purposes.
Subsequently, we performed 'H and YF MRI for the entire
setup (Figure 3); this method enables the study of phantoms
with polymer concentrations as low as 12.5 mg-mL™".

The HF1 polymer, selected for further testing, was subjected
to a drug-loading (DL) study. We determined the drug-loading
factor fpp; and the entrapment efficiency factor fgg, which were
calculated with eqs 1 and 2. The DL was measured for three
different concentrations of doxorubicin (DOX) and the
inhibitor (GSK 429286) in the presence of the polymer (1.0
mgmL™" in 140 mM PBS buffer, pH 7.4) at 37 °C by
ultracentrifugation (Table 4). The lowest concentration of the
drug (0.025 mg of the drug to 1.0 mg of polymer) has an fg; ~
92.1 + 2.4% for DOX and an fg; & 74.5 + 2.7% for GSK
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Table 4. Data from the DL Study for the HF1 Polymer in
PBS Buffer, pH 7.4, Loaded with the DOX/GSK 429286
Drug at Concentrations of 0.10, 0.05, and 0.025 mg'mL_la

doxorubicin
Mgy (HE) 100 50.0 25.0
Myrugnr (HG) 352 + 1.6 278 £ 1.7 228 £ 03
fes (%) 341 + 32 58.0 + 6.7 92.1 + 24
for (%) 32402 2.7 +£02 223 +0.03
GSK 429286
Mangr (48) 100 50.0 25.0
Manug (H8) 302 + 2.5 17.8 + 1.7 18.6 + 0.8
fee (%) 30.5 + 2.9 353 + 3.1 74.5 + 2.7
for (%) 29+ 03 1.8 +£02 1.8 + 0.1

“The mean and SD were calculated from two independent
experiments.

429286, which corresponds to the approximate concentration
in the following in vitro measurements, showing efficient drug
encapsulation.

To determine the biocompatibility of the polymer HF1, we
measured the cytotoxicity on two relevant cell lines, human
embryonic lung fibroblasts and human fibrosarcoma (IMR90
and HT1080). The polymer HF1 did not significantly affect
cell viability, with no decreases below 70% (Figure S13) within
the tested concentration range (0.125—2.00 mg-mL™").
Furthermore, we measured the critical association concen-
tration (CAC) to determine the biocompatibility and stability
of the polymer particles.”* Serial dilution was used to measure
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the critical association concentration of the polymer solution in
phosphate-buffered saline (140 mM, pH 7.4) containing the
same concentration of Nile red (NR) used as the fluorescent
probe with a low fluorescence signal in aqueous solution and a
high fluorescence signal in micelles. The fluorescence of the
samples was recorded (Ao/Aem = 485/636) and plotted as a
function of polymer concentration. The CAC of the polymer
HF1 was 14.1 + 1.9 mg-L™', as determined by intersecting
both fitted linear functions (Figure S12). The standard
deviation was evaluated from two independent experiments.

To demonstrate the effect of the oxidative state of the
polymers on drug release, we performed in vitro drug-release
experiments with the hydrophobic drug doxorubicin. In this
experiment, both doxorubicin and HF1 polymer were
dissolved in either PBS (140 mM, pH 7.4, as a model of
reduced state) or acetate buffer (40 mM, pH 5.0, and oxidized
via Fenton oxidation). We used doxorubicin solution in PBS as
a drug release control (no added polymer). DR was performed
using a dialysis method. The DR was determined by the
fluorescence (Aoy/Aer = 480/590).

In both cases (reduced and oxidized states), the DOX
concentration increased rather quickly during the first S h,
which corresponds to the release of the nonpolymer-bound
drug. Upon this quick initial release, a significantly slower
release is observed in the HF1-reduced polymer formulation
(Figure 4). In contrast, in the oxidized state of HF1, DOX

%0 —=s— Doxorubicin
—=— Doxorubicin + HF1 (reduced)
—=— Doxorubicin + HF1 (oxidized)

% of released DOX

0 12 2 3 a8

Time (hours)
Figure 4. DOX DR from the HF1 polymer formulation in vitro. The
graph shows the concentration of DOX released from the drug
formulation of polymer HF1 in the oxidized and reduced states and
the corresponding control (free DOX) as a function of time. The drug
release was measured in two independent experiments.

release follows the kinetics of the free DOX. The final release
of DOX from the HF1 (reduced form) formulation was very
slow (~45% of the remaining encapsulated drug after 42 h).

This shows that the polymeric formulation can incorporate
hydrophobic drugs and that DR can be effectively accelerated
by polymer oxidation.

To demonstrate the ability of the formulations to entrap and
subsequently release drugs under conditions naturally medi-
ated by standard cancer cells, we chose two in vitro
experiments with spheroidal cancer cell clusters known as
“spheroids”. In this study, we monitored spheroid proliferation
in the presence of polymer particles loaded with cytostatic
drugs (doxorubicin, DOX) or with an inhibitor of proliferation
(GSK 429286).

First, we determined the in vitro distribution of cytostatic
DOX in 3D spheroids, which provides important information
about the availability of the drug encapsulated in the polymeric
particle (Figure S). Although low-molecular-weight drugs can
easily penetrate cell clusters crossing into the core of spheroids,
the presence of nanoscale particles can limit their penetration
and, therefore, the effect of cytostatic drugs. However, our
results suggest that the penetration of the polymer formulation
and of the free DOX are similar to that of the control, showing
effective tissue penetration and DR of the encapsulated drug,
even inside the core of the spheroids, mediated by the
oxidative environment of cancer cells. The experiment with the
DOX distribution was performed by adding doxorubicin (to a
final 10 uM DOX solution, corresponding to fry > 90%) to the
cells incubated with control medium or the medium with 0.2
mg-mL~" polymer (more than 10-fold higher than the CAC of
polymer HF1) directly after embedding in 3D collagen,
acquiring images after 3 h of incubation.

We performed a second experiment with a selective Rock
(Rho-kinase) inhibitor (GSK 429286), that is, a cell invasion
inhibitor, to describe the efficiency of the DR of the
encapsulated drug by comparing the activities of the free
inhibitor and inhibitor—polymer formulation (Figure 6). The
experiment was performed at two different inhibitor concen-
trations (1 and 10 uM inhibitor solution), and data were
collected in duplicates to assess their statistical distribution
(Figure S15). Images of the spheroids were taken immediately
after they were embedded into the medium and 24 h later.
Four different culture media were prepared. First, a control
medium containing 1.0 #L-mL™" DMSO was used to rule out
any DMSO effect on cell proliferation (this DMSO content is
labeled as DMSO hereafter), whereas the hydrophobic
inhibitor must be applied in a DMSO solution. The first
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Figure S. Distribution of free DOX and the DOX—polymer formulation in 3D spheroidal clusters of HT1080 cancer cells. Left: representative
maximum projection images of spheroids treated with free DOX and the DOX—polymer formulation imaged with a 10X objective lens using
Thunder Imager configuration of a Leica DMi8 microscope (excitation 470 nm). Scale bar 100 um. Right: quantification of doxorubicin
fluorescence in HT1080 spheroids treated with free DOX and DOX—polymer formulation. Doxorubicin fluorescence was quantified in Image]
based on three independent experiments, and significance was assessed using the Student’s ¢ test.
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GSK 429286

Polymer + DMSO

Polymer + GSK 429286

Figure 6. In vitro HT 1080 spheroid proliferation study. Left: control medium with DMSO and control medium containing the free inhibitor GSK
429286 (10 uM). Right: the polymer solution (0.2 mg:mL™" with DMSO) and the medium with the inhibitor—polymer formulation (polymer
concentration 0.2 mg-mL™" with 10 4M inhibitor). Images were taken using the microscope immediately after incubation with the medium and
then after 24 h. Representative images are shown with a scale bar (500 ym).

control medium was used to observe, quantify, and compare
the invasion of cancer cells by spheroids. The second culture
medium was a control medium containing free inhibitor
(applied in a DMSO solution to a final 10 #uM concentration of
inhibitor) to observe and quantify the relative inhibition of
proliferation after exposure to the free inhibitor. The third
culture medium was a control medium with polymer (0.2 mg-
mL™" polymer in DMSO) to eliminate the possible impact of
the polymer on the experiment. The last culture medium
contained the inhibitor—polymer formulation (0.2 mg-mL™'
polymer with 10 yM inhibitor), and the relative inhibition of
proliferation was quantified and compared to that of the
control media. After 24 h, the control groups without the
inhibitor proliferated naturally; neither the free polymer nor
DMSO affected the invasion of cancer cells. The comparison of
the results between the experimental and control groups
showed a similar spheroid growth inhibition in the free
inhibitor and inhibitor—polymer formulation groups at both
inhibitor concentrations (Figures 6 and S10). These results
again indicate that the polymer effectively releases the inhibitor
under such conditions, which are naturally mediated by
standard cancer cells, and that the drug encapsulated in the
polymeric particle reached its target.

B CONCLUSIONS

In this study, we developed a promising polymeric '’F MRI
theranostic tracer that forms particles when heated above 33
°C but disassembles when exposed to oxidative conditions. By
combining self-assembly and disassembly with '"F magnetic
resonance imaging, we introduce a novel theranostic system for
drug delivery in cancer tissues with simultaneous functional
detection. Even our polymer with the lowest concentration of
redox-responsive ferrocene (HF1, 0.5 wt % of ferrocene) loads
hydrophobic drugs (doxorubicin and GSK-429286) in reduced
state and releases them in oxidized state while maintaining
suitable imaging properties, such as a high fluorine
concentration and relaxation times in both states. This ability
to monitor the location and amount of drug release in cell
cultures highlights the potential to quantitatively analyze the
therapeutic effects in target tissues of cancer patients using this
approach. As such, our findings contribute to advancing
theranostics by providing a more sophisticated system for such
purposes toward improving the efficacy of clinical treatments.

Further research may show the applicability of this system to
other classes of drugs and other oxidative-stress-related
diseases, thereby maximizing the value of this theranostic
system.
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Figure S1. 'H NMR spectrum of monomer N-(2N -Boc-aminoethyl)acrylamide in dimethyl sulfoxide-
D6; NS =32; D; =30.00 s; recorded with a Bruker 400 MHz instrument.
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Figure S2. “C{'H} NMR spectrum of monomer N-(2N’-Boc-aminoethyl)acrylamide in dimethyl
sulfoxide-D6; NS = 1024; D; = 2.00 s; recorded with a Bruker 400 MHz instrument.
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Figure S3. 'H-'H COSY spectrum of monomer N-(2N’-Boc-aminoethyl)acrylamide in dimethyl
sulfoxide-D6; NS = 4; D; = 1.50 s; recorded with a Bruker 400 MHz. instrument
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Figure S4. 'H-*C HMBC spectrum of monomer N-(2N’-Boc-aminoethyl)acrylamide in dimethyl
sulfoxide-D6; NS = 4; D, = 1.50 s; recorded with a Bruker 400 MHz instrument.




Col

] ~

|

I

ppm

40

100
120
- 140
160

180

Figure S5. Multiplicity-edited 'H-"*C HSQC

200
[ ppm

spectrum of N-(2N’-Boc-aminoethyl)acrylamide

measured in dimethyl sulfoxide-D6; NS = 4; D; =2.00 s; recorded with a Bruker 400 MHz instrument.

15-16,
Fe
14
OH o NH
13
12

HN_.O Os_NH
3
1
HN o]
F

6
F

5

6 ‘ 8 515,16

A i
_ Nu D | A O

7,12-1ﬂ
\'\_L/\J\' {\L J" ) _

2,4,10
3,1

RN

2,5

|
)

|
i
|

“L_i )

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 08 06

f1 (ppm)

Figure S6. 'HNMR spectrum of polymer HF2 in MeOH-D4 (cpo=16.7 mgmL™"); NS=32;

D1 =30.00 s; recorded with a Bruker 400 MHz instrument.
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Figure S7. Size exclusion chromatography (SEC) traces for polymers PHPMA-b-P(DFEA-co-
BocAEA) 1-3 prepared using a methanol and sodium acetate buffer (0.3 M, pH 6.5) mixture (80:20 v/v;
flow rate of 0.6 mL-min"') as the mobile phase.
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Figure S8. DLS determination of particle stability as a function of time. Samples were
incubated at 37 °C (polymer concentration of 1 mg-mL! in 140 PBS buffer).
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Figure S9. The intensity of the fluorescence emission (A =636 nm) of Nile red as a function of
decreasing polymer concentration. The critical association concentration is evaluated as the intersection
between the enhanced Nile red emission spectrum by the concentration of polymers and the
concentration of polymer where the Nile red fluorescence emission is static.
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Figure S10. Viability of different cells (IMS90 and HT1080) with increasing concentrations
(0.125 to 2 mg'mL™") of polymer HF1.
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Figure S11. Comparison of the '’F NMR spectra (64 scans, D; = 1.00 s) of HF1, HF2 and HF3 in D,O
before (red) and after oxidation (ox) with ammonium persulfate. Recorded with a Bruker 400 MHz
instrument.
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Figure S12. Relative invasion index evaluated for the spheroids in different media. The gray trend line
corresponds to the control media (medium containing DMSO and medium containing the free inhibitor
GSK 429286 at a 1 or 10 uM concentration), which is compared to the blue trend line corresponding to
the polymer solutions (medium with the free polymer and DMSO; medium containing the polymer with
the encapsulated inhibitor GSK 429286 at a 1 or 10 M concentration).
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ABSTRACT: Fluorine-19 magnetic resonance imaging (F MRI) stands out as a
powerful tool for noninvasive diagnostics. In particular, polymer-based '’F MRI tracers
offer tunable physicochemical properties, including solubility and thermoresponsive-
ness, and enhanced 'F MRI performance. However, these tracers do not detectably
respond to redox changes or do so in only one redox state, thereby preventing potential
applications to reactive oxygen species (ROS) bioimaging. Herein, we report the first
amphiphilic redox-responsive, poly(2-oxazoline)-based polymers bearing fluorinated
ferrocene moieties. Their hydrophobicity and redox responsiveness were tailored by
changing the monomer ratio and substitution pattern of the fluorinated ferrocene units. Converting the diamagnetic fluorinated
ferrocene moieties into paramagnetic ferrocenium markedly changed the chemical shift and relaxation times of the F nuclei
distinguishable by "’F MRI. In turn, the statistical—diblock copolymers formed nanoparticles that disassemble upon oxidation, with
no toxicity to cultured cells. Therefore, these polymers may be used to release lipophilic drugs in ROS-rich malignancies.

B INTRODUCTION studies have demonstrated that '’F MRI tracers based on
fluorinated polymers display unique tunable physicochemical
and "’F MRI properties.”’ For instance, we recently introduced
thermoresponsive copolymers based on poly[N-(2,2-
difluoroethyl)acrylamide]** that combine an exceptionally
high fluorine content (up to 28 wt % for the homopolymer)
with excellent relaxation properties, even in the collapsed state
above the lower critical solution temperature (LCST) of these
tracers.”””>’ As even more versatile platforms, poly(2-alkyl-2-
oxazoline)s (PAOx) stand out for their biocompatibility and
tunable properties and for the possibility to synthesize well-
defined PAOx polymers with narrow dispersity by controlled
cationic ring-opening polymerization (CROP).**** For
example, we have recently developed a promising ""F MRI
tracer with a high fluorine content based on PAOx, poly[(2-
methyl-2-oxazoline)-stat-(2-difluoromethyl-2-oxazoline) ].*°
Overall, considerable efforts have been made to tap into the
potential of these tracers for applications in both basic and
applied research, including biomedical sciences.

Both physiological (immune response, cell signaling, and
aging) and pathological (cancer) processes are associated with
reactive oxygen species (ROS), namely, hydroxyl radicals

Magnetic resonance imaging (MRI) is currently one of the
most important anatomical imaging tools for medical purposes.
Using appropriate tracers, MRI even enables us to visualize
specific molecular targets, including metabolites." Standard
MRI techniques visualize "H in water as the most sensitive and
abundant nuclei in many tissues of living organisms, but '°F
MRI is currently emerging as a highly promising supple-
mentary method because the '’F nucleus sensitivity and the
resonance frequency/gyromagnetic ratio are almost identical to
those of 'H. This similarity enables us to acquire 'F MRI
images on standard '"H MRI machines with only minor
adjustments of the radiofrequency hardware for dual-mode
YE/'H MRI patient imaging” and even for simultaneous
acquisition.” Thanks to the monoisotopic composition of
natural fluorine and to its negligible content in the body,
fluorinated tracers provide high contrast with almost no
background.” Unsurprisingly, numerous "’F MRI tracers have
already been described for various applications, such as cell
tracking,’~'® amyloid plaque detection,"'™"* pO, determina-
tion,"* ™' and polymers with glutathione'” or drug-release
switchable '”F MRI signal."®

Some of these systems have a high fluorine content but lack
fluorine mobility and consequently display strong F—F dipolar
interactions,”** resulting in unfavorable relaxation times. In
addition, magnetically inequivalent fluorine atoms also
contribute to a lower '"F MRI signal-to-noise ratio due to
peak broadening or multiple peaks, thus accounting for poor
tracer performance despite the high fluorine content. Previous
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Scheme 1. Synthesis of Fluorinated Ferrocenes with a Pendant Amino Group (MW, Microwave-Assisted)
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(*OH), superoxide radicals (*O,”), alkyl peroxy radicals
(ROO®), hydrogen peroxide (H,0,), hypochlorous acid
(HCIO), and peroxynitrite (ONOO~ ).73% Cancer cells, in
particular, may exhibit increased levels of ROS. On the one
hand, these increased levels of ROS stabilize hypoxia-inducible
factor 1-a (HIF-1a),*~*" which is required for cell survival
under the hypoxic conditions of solid tumor microenviron-
ments and for rapid tumor neovascularization.*” On the other
hand, human neutrophils selectively generate HCIO and
ONOO™ during oxidative burst and netosis*>** (production
of neutrophil extracellular traps), which are vital defense
mechanisms against pathogens. Therefore, ROS-responsive
drug delivery systems (DDSs) and tracers for noninvasive
visualization of processes involving increased concentrations of
reactive oxygen species may be used as powerful research and
diagnostic tools.

Many redox-responsive fluorinated metal-complex 'F MRI
tracers, *® fluorinated polymers showing changes in T, upon
oxidation,”’ ™" and ferrocene-based redox-responsive materi-
als’°™** and DDSs>® have been described previously.
Furthermore, 2-[2-(ferrocenyl)ethyl]-2-oxazoline has been
reported as a CROP-polymerizable building block for redox-
responsive polyoxazolines.”* More recently, we have also
described 'F MRI tracers/DDSs based on poly[N-(2,2-
difluoroethyl)acrylamide] modified with ferrocene groups for
ROS-induced nanoparticle disassembly and drug release.”
However, the "’F MRI signal of this polymer does not change
upon oxidation due to its low ferrocene content.

In this study, we present, for the first time, fluorinated
ferrocenes as a platform for polymeric redox-responsive '*F
MRI tracers/DDSs. Our noncytotoxic, water-soluble amphi-
philic polymers form redox-responsive nanoparticles and
change their relaxation times and 'F chemical shifts upon
oxidation of the ferrocene moieties. These characteristics
differentiate them from other 'F MRI polymer tracers because
both reduced and oxidized forms can be visualized selectively.
Furthermore, the fluorinated ferrocene-based polymers do not
employ potentially immunogenic and/or toxic metals such as
nickel or cobalt. The nanoparticles of some of our polymers
disassemble in an aqueous environment through the action of
ROS and may be thus used to deliver lipophilic drugs. The
polymers contain 4—11 wt % fluorine, and their localization
and oxidation state can be monitored by '’F MRI thanks to the
trifluoromethyl groups attached only one atom away from the
ferrocene moiety. We also synthesized fluorinated ferrocene
amino derivatives suitable for conjugation with polymers using
common peptide chemistry, available on a multigram scale
from relatively inexpensive common reagents. In addition, we
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characterized the morphology, redox properties, and MRI
performance of our systems by dynamic light scattering (DLS)
and cryogenic transmission electron microscopy (cryo-TEM),
by cyclic voltammetry (CV), and by “F NMR/MR],
respectively.

B RESULTS AND DISCUSSION

Synthesis of Fluorinated Ferrocene Derivatives with
a Pendant Amino Group. Strong '’F MRI signals require
materials with mobile magnetically equivalent fluorine atoms
and a high fluorine content. 1920 Bor this reason, we designed
polymers containing trifluoromethylated ferrocenes as the
sensing units that were anticipated to change their '°F nuclear
magnetic resonance signal in response to ROS species while
simultaneously triggering nanoparticle disassembly and poten-
tial drug release. "’F nuclei will experience the strongest
changes in relaxation times and chemical shift when they are
close to the ferrocene moiety that is being oxidized. However,
introducing strong electron-withdrawing groups, such as the
trifluoromethyl group, to the ferrocene moiety can significantly
increase its redox potential. The resulting redox potential of
the polymer-bound ferrocene derivative could thus impact the
ease and rate of oxidation/disassembly of nanoparticles formed
from these amphiphilic polymers. Furthermore, fluorinated
groups tend to increase material lipophilicity markedly, and
highly fluorinated materials may even exhlblt both hydro- and
lipophobicity (i.e., fluorophilic behavior).”® Therefore, we
prepared polymers based on two different fluorinated ferrocene
chemotypes in this study (Scheme 1).

Compound 1 was prepared using a previously reported
microwave-assisted Friedel—Crafts-like reaction.”” After opti-
mizing the reaction conditions, we easily synthesized the
fluorinated precursor on a multigram scale. To introduce the
amine group, necessary for amide coupling with the polymer,
we used the Williamson ether synthesis with (benzyloxy)-
carbonyl-protected amine 2 (Cbz) as the alkylating agent. The
hydroxyl group in compound 1 is expected to be strongly
acidic given the presence of two electron- w1thdraw1ng —CF;
groups (the pK, of hexafluoroisopropanol is 9.3°° and the
phenyl analog of 1 has a pK, value of 8.8°”%°), which accounts
for the relatively high yield of the Sy2 reaction that leads to the
desired product 3 (63%). Considering the above, we selected
the Cbz group in compound 3 as the most suitable amine-
protecting group for its clean and fast cleavage by H,/Pd and
straightforward free amine isolation.

The synthesis of the second fluorinated ferrocene derivative
with a pendant amino group starts with 2,2,2-trifluoroacetyl-
ferrocene (§). In turn, S can be synthesized by Friedel—Crafts
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Figure 1. (A, C) Cyclic voltammograms of 1 and 3 (A) and 6 and 7 (C) as recorded in dichloromethane (0.1 M Bu,N[PF]) on a glassy carbon
disk electrode at 0.1 V-s™" scan rate showing the first scans; the reversible nature of the redox transitions is maintained over the following scans
except for 6, for which the second scan is also shown by a dashed line. (B, D) Representative cyclic voltammograms recorded over different
potential ranges for FcF6-C (B) and FcF3-C2 (D) in dichloromethane under the same conditions.

Scheme 2. Synthesis of Starting Polyoxazolines with a Pendant Carboxyl Group
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acylation of ferrocene with trifluoroacetic anhydride in the
presence of AICl; as the catalyst.’’ Unfortunately, this
approach resulted in very low yields (~15%) with a rather
demanding purification of the product on a larger scale. For
this reason, we prepared 2,2,2-trifluoroacetylferrocene (5) on a
larger scale by selective monolithiation of ferrocene®” followed
by a reaction of the in situ-formed lithioferrocene with Weinreb
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amide of trifluoroacetic acid (4). This reaction is straightfor-
ward, yielding the product on a multigram scale and allowing
further upscaling.

The next step toward the desired amine 6 was reductive
amination of the ketone moiety, which is usually performed
through in situ imine formation and reduction with, e.g,
sodium cyanoborohydride. However, under these conditions,
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we were able to isolate only the product of ketone reduction
[(2,2,2-trifluoro-1-hydroxyethyl)ferrocene; perfluoromethy-
lated ketones generally perform poorly in reductive amina-
tion®® with NaBH;CN]. By following a previously reported
protocol for 1-aryl-2,2,2-trifluoroethylamine synthesis from the
corresponding ketones,”* we were able to prepare more than
1 g of pure compound 6 in a single run. Compound 6 was
easily isolated by chromatography on silica without adding any
base into the mobile phase, indicating the low basicity of its
amino group, vide infra. The amine 6 was converted into the
corresponding acetamide 7 (Figure 1C) to study its electro-
chemical behavior as a low-molecular-weight counterpart of
polymers prepared by coupling with compound 6.

Polymer Synthesis and Modification with Fluori-
nated Ferrocene Derivatives. A series of three methyl
ester-containing diblock copoly(2-oxazoline)s (Ape By and
Cye; Scheme 2) were targeted to have a first block consisting
of a statistical copolymer of 2-methyl-2-oxazoline (MeOx) and
2-(3-methoxy-3-oxopropyl)-2-oxazoline (MestOx),** which
will serve for coupling with the fluorinated ferrocene moieties
leading to a hydrophobic block and a second hydrophilic
PMeOx block.

The block copolymers were synthesized by microwave-
assisted cationic ring-opening polymerization (CROP) of the
respective 2-oxazoline monomers in acetonitrile at 140 °C
initiated by methyl 4-methylbenzenesulfonate (MeOTs). To
avoid preparing an excessively hydrophobic ferrocene-contain-
ing block, statistical copolymerization of MestOx with
hydrophilic MeOx was used to synthesize the first block.
Hydrophobic statistical copolymers may also offer some
advantages over classical block copolymers, such as higher
hydration of the core and increased mobility, which leads to
longer T,% and higher drug loading capacity.*®

After both monomers were completely consumed, the
second portion of MeOx was added, and the polymerization
was continued to yield the second block of fully hydrophilic
MeOx homopolymer to ensure water solubility. The polymer-
ization was terminated with sodium azide to introduce a chain-
end azide moiety for functionalization, which was not further
employed in this work. The three copolymers differed in the
content of MestOx repeating units, whereas the target total
theoretical degree of polymerization (DP = 100) and target
block molar ratio remained the same in all polymers ([MeOx-
MestOx]/[MeOx] = 40:60). For subsequent conjugation, the
methyl ester side chains were converted into carboxylic acids
by alkaline saponification (for molecular weights and
dispersities, see Table 1).

The polymers with free carboxyl groups were subsequently
conjugated with the fluorinated ferrocenes by amide coupling
using (benzotriazol-1-yloxy)tripyrrolidinophosphonium hexa-
fluorophosphate (PyBOP). The hexafluorinated amine 8
(Scheme 3) was prepared by deprotection of 3 by hydrogen
in MeOH with a Pd/C catalyst immediately prior to coupling
with polymers A—C. Amide coupling with compound 8 and
PyBOP proceeded smoothly and with virtually full conversion
of the carboxyl groups, yielding polymers FcF6-A, FcF6-B, and
FcF6-C with §, 10, and 15 mol % fluorinated ferrocene moiety
content, respectively, according to NMR analysis. These values
correspond to S—11 wt % fluorine content (Table 1). Polymers
FcF6-A and FcF6-B were soluble/dispersable in water at room
temperature, and the polymer FcF6-C dissolved/dispersed in
water after briefly heating to approximately 50 °C without any
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Table 1. Molecular Weight and Dispersity as Determined by
Multiangle Light Scattering Coupled with Size-Exclusion
Chromatography (SEC-MALS), Proportion of Ferrocene-
Containing Repeating Units (Fc % ru) as Determined by
NMR in DMSO-d,, and the Corresponding Calculated
Weight Content of Fluorine in the Polymers

polymer M, [kDa] Dy Fc % ru” F [wt %]
A 11.0 1.03

B 9.66 1.03

C 8.52 1.03

FcF6-A 12.8 1.03 S 5.3
FcF6-B 14.2 1.04 10 8.9
FcF6-C 16.8 1.01 15 11
FcF3-C1 149 1.02 6.8 3.4
FcF3-C2 25.8 1.14 13 5.8

“Determined by SEC; the dn/dc in a mixture (80:20 vol %) of MeOH
and aqueous AcONa buffer (0.3 M, pH = 6.5) at 620 nm and 29 °C:
dn/dc (FcF6-C) = 0.183 + 0.005 mL-g™"; dn/dc (FcF3-C1) = 0.187
+ 0.00S mL-g"; dn/dc (FcF3-C1) = 0.182 + 0.009 mL-g"
*Determined by 'H NMR in DMSO-d,.

apparent precipitation when cooling to room temperature (c =
20—30 mg:mL™").

Because the fluorine content was lower in compound 6, only
polymer C, which had the highest amount of free carboxyl
groups, was chosen for modification with this fluorinated
ferrocene moiety. Using the same reaction conditions as those
applied to 8, the conversion of the carboxyl groups of C in the
reaction with 6 was always incomplete, with a relatively high
amount of HOCH,CH,NH-moieties (coupling reactions were
quenched with 2-hydroxyethylamine). Polymer FcF3-C1
(Table 1) contains 6.8 mol % of ferrocene moieties and 5.8
mol % of N-(2-hydroxyethyl)amide moieties. This phenom-
enon is most likely caused by low nucleophilicity (and basicity,
as mentioned above) of the amino group geminal to the
trifluoromethyl group in compound 6. For this reason, we
decided to employ a more reactive coupling reagent (7-
azabenzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluor-
ophosphate (PyAOP) added in two portions. This procedure
yielded polymer FcF3-C2 with a high functionalization degree
(13 mol %), but the high functionalization was unfortunately
accompanied by higher polymer dispersity than in FcF6-A-C
and FcF3-C1 (Table 1). As with the FcF6 polymers, the most
hydrophilic polymer of the FcF3 chemotype (FcF3-C1) was
soluble/dispersable at room temperature, whereas the polymer
with the highest ferrocene content (FcF3-C2) required heating
to 60 °C for dissolution/dispersion, with no apparent
precipitation after cooling to room temperature. Although
FcF3-C2 should be less hydrophobic than its FcF6-C
counterpart (1 vs2 CF; groups on the ferrocene moiety),
the former is surprisingly almost insoluble in water without
heating the sample. This kinetically impeded solubility may be
explained by a higher rigidity of the ferrocene-containing
repeating units in FcF3-C2 (T, = 98 °C for FcF3-C2 vs 80 °C
for FcF6-C; see Table SS and Figure S37, SI).

Cyclic Voltammetry. The redox properties of the
amphiphilic polymers and low-molecular-weight fluorinated
ferrocene precursors were studied by cyclic voltammetry in
dichloromethane containing Bu,N[PF,] as the supporting
electrolyte. Our results showed that alcohol 1 and ether 3
undergo simple redox transitions attributable to reversible
oxidation of the ferrocene unit at 0.25 and 0.22 V vs ferrocene/
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Scheme 3. Synthesis of the Final Polymers: Amide Coupling with 8 (R = —CF;, Y = —CH,CH,0—-) or 6 (R = —H, Y = Void;
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Figure 2. (A, B) Hydrodynamic diameter of FcF6-A and FcF6-C polymer samples (2 mg-mL™") dissolved in citrate buffer (0.08 M, pH = 6.2)
before oxidation, after Cu** (catalytic amount) addition, and after APS addition at different timepoints. (C) Cryo-TEM image of FcF6-C dissolved
in citrate buffer (0.08 M, pH = 6.2). (D) Cryo-TEM image of FcF6-C dissolved in citrate buffer (0.08 M, pH = 6.2) after oxidation with APS.

ferrocenium (Figure 1A). Both oxidations occur at more
positive potentials than the oxidation of ferrocene itself due to
the electron-withdrawing character of the substituents at the
ferrocene unit, which hinders oxidation. Thus, our findings
corroborate previous data on compound 1.”” In contrast, we
observed that ether 3 derived from compound 1 is more easily
oxidized than its parent alcohol, unlike the methyl ether
derivative 3-(1,1,1,3,3,3-hexafluoro-2-methoxypropan-2-yl)-
ferrocene, whose oxidation potential is higher than that of
compound 1.°” Nevertheless, this discrepancy may be merely
caused by different experimental conditions (MeCN vs
CH,Cl,), as found when comparing FcCH,OH with
FcCH,OMe.“%® Moreover, the difference in oxidation
potentials between 1 and 3 is small.
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The oxidation of compound 6, which bears a single —CF;
group, was also reversible (E°' 0.10 V) but followed by an
irreversible redox transition at more positive potentials (Figure
1C). The second wave, presumably due to irreversible
oxidation of the amine moiety,”” was associated with a weak
reduction counter wave and changed its position and intensity
upon repeated scanning. Conversely, the oxidation of amide 7
was electrochemically reversible and, due to the presence of an
electron-withdrawing substituent at the nitrogen atom,
occurred at a more positive potential (E°’ 0.13 V) than for
the parent amine.

The FcC(CF;),0CH,CH,NHC(O) moieties in the FcF6-C
polymer were oxidized independently during a single redox
event at potentials similar to that of compound 3 (an anodic
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Figure 3. (A) Hydrodynamic diameter of FcF3-C1 polymer samples (2 mg-mL™") dissolved in citrate buffer (0.08 M, pH = 6.2) before oxidation,
after Cu®* (catalytic amount) addition, and after APS addition at different timepoints. (B) Cryo-TEM image of FcF3-C1 dissolved in citrate buffer

(0.08 M, pH = 6.2).

peak potential of 0.19 V, see Figure 1B). However, the
associated reduction was strongly affected by adsorption of the
oxidized polymer on the electrode surface. For instance,
changing the scan direction immediately after the oxidative
wave resulted in a convolution of the reduction counter wave
with a stripping peak during back scanning. Upon increasing
the switching potential, the stripping peak became the
dominant feature of the reverse scan. The redox behavior of
polymers FcF6-C and FcF6-B was virtually identical. Similarly,
the redox responses of the polymers FcF3-C2 and FcF3-Cl1
did not differ from each other and were comparable to those of
FcF6-C and FcF6-B, except for the lower oxidation potential
of the amido-ferrocene pendants in FcF3-C2 (Figure 1D) and
FcF3-Cl. This shift to lower potential stems from the presence
of only one —CF; group and a less electronegative nitrogen
atom at the pivotal carbon atom (anodic peak potentials: 0.08
V).

To further support the results of CV, we also investigated
the redox potentials of fluorinated ferrocene derivatives 1, 3, 6,
and 7 computationally using a combined (U-)DFT/(U-
)DLPNO-CCSD(T) approach, (for details, see the SI,
Quantum Chemical Study).”°””® The calculated redox
potentials were in good agreement’* with the experimental
data.

Dynamic Light Scattering and Cryogenic Trans-
mission Electron Microscopy. Polymer responsivity to
oxidation in an aqueous environment was assessed by dynamic
light scattering (DLS) and cryogenic transmission electron
microscopy (cryo-TEM). Polymers with fluorinated ferrocene
moieties can be oxidized using hydrogen peroxide, but
similarly to the oxidation of ferrocene with H,0,, this reaction
is autocatalytic, with relatively slow kinetics.”> Furthermore,
the ferrocenium species can be decomposed by oxygen or
some nucleophiles on a longer time scale.”™% To perform the
oxidation as fast as possible and in a controlled manner, we
used ammonium peroxydisulfate (APS), together with a CuCl,
catalyst as the oxidant. Under these Fenton-like conditions, the
polymers of the FcF3 chemotype were fully oxidized almost
instantaneously, whereas polymers of the FcF6 chemotype
with two CF; groups on the ferrocene moiety became
gradually oxidized with an induction period of approximately
1 min. Isotonic citrate buffer was selected as the aqueous
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medium for its ability to strongly complex Fe'" that was slowly
released upon ferrocenium decomposition. Citrate chelates
Fe" and prevents the formation of larger Fe" hydroxide
aggregates that interfere with DLS measurements.

The polymers FcF6-A and FcF6-B formed micelles with a
hydrodynamic diameter (Dy,) from 10 to 20 nm, whose size did
not change significantly upon oxidation (possible slight
swelling observed during FcF6-A oxidation, Figure 2A). In
contrast, the Dy, of FcF6-C polymer particles was close to
100 nm (Figure 2B). This value cannot correspond to the size
of a “classical micelle” because the maximum theoretical
diameter of a classical micelle is limited by the fully stretched
polymer chain contour length (L), and, therefore, cannot
exceed 2 L (for MeOx DP = 100 approx. 70 nm).”" Upon
oxidation, the hydrodynamic diameter of the FcF6-C nano-
particles changes to approximately 20 nm, which is similar to
that of unoxidized FcF6-A and FcF6-B (Figure S2) nano-
particles.

To better understand these unexpected DLS results, we
examined the morphology of these nanoparticles by cryo-
TEM. Cryo-TEM images of unoxidized FcF6-C revealed
approximately 100 nm long, thin “rod-like” particles resem-
bling rod-/worm-like micelles®® and flake objects of a similar
size (Figure 2C). The flake objects could be either different
nanoparticles of FcF6-C or an artifact resulting from the
cryogenic sample preparation process (such as the occasionally
occurring “leopard skin” artifact of unclear origin).**** In
contrast, the oxidized polymer FcF6-C resembled classical
micelles, as shown by the isometric objects, approximately 20
nm in size, observed in the cryo-TEM images (Figure 2D) and
in line with our DLS results.

The Dy of the nanoparticles formed from FcF3-Cl and
FcF3-C2 (close to 10 nm) was lower than that of FcF6
samples. Unlike the nanoparticles derived from FcF6 polymers,
those formed from FcF3-Cl and FcF3-C2 at least partly
disintegrated to unimers upon oxidation (Figures 3A and S8).
After 6 min, the Dy, returned to slightly higher values indicating
a gradual reassociation process. The cryo-TEM images of the
aqueous FcF3-C1 sample (Figure 3B) revealed micelle-like
particles, which disappeared after oxidation (image not
shown).
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Figure 4. (A) "°F NMR spectra of FcF6-A, -B, -C, FcF3-C1, and FcF3-C2 in citrate buffer (0.08 M, pH = 6.2) at By = 11.75 T. The timepoints
indicate the time elapsed after adding APS to the sample. The '°F chemical shifts are referenced to external CFCl,. (B) 'F NMR spectra of FcF6-C

and FcF3-C2 in DMSO-d,,.

These substantial differences between FcF6 and FcF3
polymer chemotypes during oxidation suggest that the
(hexafluoroisopropyl)ferrocenyl moiety remains hydrophobic
after oxidation to its cationic ferrocenium counterpart and/or
that the oxidation of the ferrocene moieties in FcF6 polymers
is incomplete even when using a powerful oxidizing agent such
as peroxydisulfate. These two possible mechanisms would act
in cooperation because the redox potential of ferrocene
significantly increases in a nonpolar environment.** Further-
more, excessive hydrophobicity decreases the amount of APS
and reactive oxidative species available in the micelle core.
During the oxidation, the aqueous polymer samples change
from orange-brown (ferrocene) to blue (ferrocenium); more
specifically, the FcF3 samples turn deep blue almost
immediately after adding APS, whereas FcF6 samples reach
only a faint blue-green hue even when using a high excess of
APS (the incomplete oxidation is also supported by the results
of the NMR/MRI experiments, vide infra).

Cytotoxicity. Polymer cytotoxicity was assessed using the
standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. For this purpose, we selected a
human prostate cancer PC3 cell line for its considerably high
ROS levels® and normal human dermal fibroblast (NHDF)
line as a “ROS-negative” control. The cells were cultivated with
the polymers at four different concentrations of up to
1 mg-mL™". The polymers had no detrimental effect on the
cell viability of the NHDF line, but at the two highest
concentrations (1.0 and 0.75 mg-mL™"), they had a minor,
albeit significant, negative impact on the viability of PC3 cells
after 24 h of incubation (Figures S30 and S31, SI). This result
indicates that both FcF3 and FcF6 polymers are oxidized and
slightly cytotoxic to cancer cells that produce high amounts of
ROS. Both the oxidation of the ferrocene moieties to

ferrocenium and the subsequent, gradual release of Fe(Il) by
hydrolysis cause cytotoxicity by generating further ROS species
through Fenton-type pathways.**~%

NMR and MRI Properties. Fluorinated ferrocenes 8 and 6
are diamagnetic before their oxidation to the corresponding
paramagnetic ferrocenium ions. Similarly to isopropylferrocene
and (fert-butyl)ferrocene, the CF; groups in 8 and 6 should
have low rotational barriers, thus allowing high group mobility
at room temperature.®” Accordingly, the DMSO-d solutions of
FcF6 and FcF3 polymers exhibited sharp signals in 'F NMR
(FWHM = 0.02 kHz) at —72.3 and —75.8 ppm, respectively
(Figure 4B). The "’F NMR peak of the polymer was always
accompanied by two '"F NMR signals with low integral
intensities but distinctively sharp peaks. These minor signals
likely derive from slow oxidation and decomposition of the
ferrocene units by oxygen and are therefore unavoidable
impurities; a higher impurity signal was observed in the more
hydrophilic polymers (Figure 4A).

When dissolved in water, FcF6 and FcF3 polymers formed
nanoparticles. With a few exceptions,”> polymer aggregation
significantly decreases T, (and/or T,*) and increases T, due to
the lower mobility of the polymers. This is generally an
undesirable effect for MRI imaging because the decrease in the
T,-to-T| ratio lowers the signal-to-noise ratio and leads to
longer acquisition times. As expected, the decrease in T, due to
FcF6 and FcF3 polymer aggregation strengthened with the
increase in polymer hydrophobicity. Consequently, FcF6-C
and FcF3-C2 exhibited shorter spin—spin relaxation times (T,
0.4 and 1.6 ms, respectively) than their more hydrophilic
counterparts FcF6-A and FcF3-Cl (T, 8.2 and 6.9 ms,
respectively; for complete data, see Table 2 and Figures S20—
S24, SI).
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Table 2. Full Width at Half-Maximum (FWHM) and Mean
T, and T, Relaxation Times of Polymer Samples in Citrate
Buffer (0.08 M, pH = 6.2) at B, = 11.75 T

reduced oxidized (>60 min)

FWHM i i FWHM i T,
polymer [kHz] [ms] [ms] [kHz] [ms] [ms]
FcF6-A 0.07 620 8.2 1.1 280 20
FcF6-B 0.17 670 1.6 2.1 810 2.1
FcF6-C 0.86 740 0.4 3.2 280 1.3
FcF3-C1 0.45 560 6.9 1.1 290 n/a
FcF3-C2 1.60 690 1.6 2.0 280 3.0

The polymer oxidation effect on '"F NMR parameters
differed between FcF3 and FcF6 chemotypes. However, these
chemotypes follow a similar reaction pathway via a short-living
(~10 min) intermediate stage with the sharpest changes in
NMR lineshape and T relaxation. For the FcF6 chemotype,
this stage of oxidation manifests as broadening and shifting of
the "F peak around —73 ppm to a lower frequency (upfield)
and as a second peak that emerges around —82 ppm (Figure
4A). For the FcF3 chemotype, the peak at —77 ppm shifts to a
higher frequency (downfield), and the second peak emerges at
—73 ppm (Figure 4A). These changes are accompanied by a
decrease of more than one order of magnitude in the T,
relaxation time (Figures $20—S24, SI).

The second "F peak emerging during oxidation is attributed
to the newly formed paramagnetic ferrocenium. Paramagnetic
metal centers are known to shift the NMR frequency of the
nucleus, and the value and sign of this shift are determined by
the electron spin—nuclear spin coupling.”””' The second 'F
peak appeared at opposite sides to the original peaks in FcF6
versus FcF3 polymers (upfield vs downfield, respectively). At
the early stage of oxidation (Figure 4A), these two '°F signals
may be interpreted as a transient coexistence of both
ferrocenium and ferrocene moieties. The concomitant faster
T, relaxation of the '°F signal is attributed to the paramagnetic
relaxation enhancement (PRE) caused by Fe'" of ferrocenium
(Fe" in ferrocene is diamagnetic). The moieties with
unoxidized ferrocene also exhibited enhanced '°F T relaxation
resulting from the surrounding paramagnetic species and
higher mobility due to polymer hydrophilization/nanoparticle
disassembly, which caused the T distribution to spread to 100
ms and lower values. In contrast, the T, relaxation did not
exhibit dramatic changes at this early stage of oxidation (see
Figures S20—S24). This observation could be explained by two
opposing oxidation effects on T,—PRE of the ferrocenium
moieties (lowering T,) and by polymer hydrophilization/
nanoparticle disassembly (increasing T, and/or T,*). Consid-
ering the high T,/T, ratio and the micelle size, unlike in
smaller dendrimer systems,”” in our FcF3 and FcF6 systems,
the "F relaxation conditions approach the solid-state limit,
where T, and T, have an opposite dependence on the
molecular mobility. In other words, polymer nanoparticle
disintegration and the concomitant increase in molecular
mobility would lead to longer T, and shorter T, values. The
formation of paramagnetic ferrocenium upon oxidation further
shortens the T values while counteracting the increase in T,.

As the reaction proceeded, the newly formed peak gradually
disappeared in both FcF3 and FcF6, whereas the parent peak
was shifted and broadened compared to the reduced polymer
(except for the initially broad spectrum of FcF3-C2, where the
oxidation effect on the FWHM may be disregarded because
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the peak is already broad) (Figure 4A). Two different
phenomena may explain the displacement of this peak from
the original '°F chemical shift. On the one hand, both polymer
micelles and “free” unimers are present but a fast chemical
exchange now gives rise to an average signal. This explanation
is also supported by DLS measurements, especially for FcF3
polymers. In FcF3-C1 and FcF3-C2, after their initial
“oxidative” disintegration, the nanoparticles gradually reasso-
ciate, albeit considerably less so than in the starting polymers.
On the other hand, ferrocenium compounds gradually
decompose similarly to ferrocenium. Ferrocenium reacts with
common nucleophiles (e.g, water and chloride ions) and
oxygen. These reactions partly regenerate ferrocene and form
Fe'' and Fe' ions together with other byproducts such as
cyclopentadiene, cyclopenta-2,4-dien-1-one, and cyclopent-4-
ene-1,3-dione, which can further react through Diels—Alder
reactions, leading to complex mixtures of products.””””*" A
small amount of regenerated ferrocene units on the polymer
chain inevitably leads to fast ferrocenium—ferrocene electron
self-exchange, as shown by NMR line broadening.”>’® The '°F
NMR signals did not change any further 60 min after oxidation
and the blue color caused by ferrocenium had dissappeared
completely. To compare the relaxation times of the reduced
and oxidized samples at the late stage of the reaction (>60
min), see Table 2.

T, relaxation times increased at the late stage of the reaction
toward the initial values but exhibited a wider distribution
(Figures S20—S24). In contrast to T}, the mean T, relaxation
times were slightly higher at the late stage of oxidation than
before oxidation (see Table 2). In some samples of oxidized
polymers, T determination was negatively affected by minor
impurities, which, however, displayed long T, and very sharp
peaks compared to the significantly broadened signal of the
redox tracers.

The contrast in MR images is most often achieved by spatial
variation of nuclear spin relaxation properties. In general, 3
quantities can be used: T, (spin-lattice relaxation time), T,
(spin-echo decay time), and T,* (free induction decay time,
FID, T,* < T,). The short ’F T, relaxation times of the FcF3/
FcF6 polymers in aqueous medium render the most commonly
used echo-based MRI pulse sequences impractical and require
FID-based techniques (free induction decay). Hence, we
employed the ultrashort echo time (UTE) MRI sequence in
FID mode (see the SI, Section 5.3).”>”® The difference in
chemical shift of the reduced and oxidized state is an excellent
tool for probing the redox state of our tracers by '°F magnetic
resonance spectroscopy (MRS) and 'F MRI. Yet, this
property also presents a challenge because the chemical shift
is used to encode spatial information in MRI. The first
approach to resolve this issue was late-stage imaging of the
oxidized sample because only a single '’F NMR peak was
present 60 min after sample oxidation. The second approach
included selective excitation to exclusively visualize '°F signal
of the ferrocenium species.

MRI contrast between late-stage oxidized and reduced
FcF3/FcF6 polymers within UTE can be achieved in at least
two ways. One approach is to exploit the longer T relaxation
of the 'F signal in the reduced sample to saturate this signal
more than that of the oxidized sample. This technique was
implemented by setting a short repetition time in conjunction
with a 90° flip angle (henceforth referred to as “positive”
contrast in the following text). The other approach is to use
the difference in linewidth (FWHM = 1/xT,*) and to
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Figure 5. FcF6-A: '°F NMR spectra and '°F UTE images of a polymer sample (18 mg:mL™") in citrate buffer (0.08 M, pH = 6.2) before (A) and
after oxidation (B) with APS (>60 min). The UTE provides a circular field of view (d = S mm, the inscribed circles in the square images), and the
tube position is slightly shifted with respect to the center (tube inner diameter d = 4.2 mm). A blurring of sample edges in panel (B) is due to the
greater FWHM of the '°F NMR signal. Top: UTE parameters set in favor of the oxidized sample with a shorter T: 22 us acquisition delay; 10.5 ms
repetition time; 90° flip angle. The brighter image is displayed in the full range of a 16-bit grayscale, whereas the darker image is rescaled according
to its true intensity ratio. Bottom: UTE parameters set in favor of the reduced sample with a slower °F FID (a narrower spectral peak): 680 us

acquisition delay; 11.2 ms repetition time; 12° flip angle.

attenuate the signal from the oxidized sample by setting a
sufficient delay between the excitation pulse and acquisition
while applying a small flip angle (henceforth referred to as
“negative” contrast).

Figure S shows axial views of a S mm NMR tube filled with
FcF6-A in aqueous medium before and after oxidation (late
stage, >60 min). The top two images were acquired with the
UTE parameters for positive MRI contrast based on T,
relaxation enhancement upon oxidation. The bottom images
show MR images of the same sample, albeit with negative MRI
contrast, exploiting the difference in signal FWHM (note the
respective '’F NMR spectra shown above the images). In FcF6
polymers, the 'F line broadening resulting from oxidation
yielded a significantly better contrast than the T relaxation
enhancement (6:1 vs 1:2). The UTE images of FcF6-B had
similar contrasts (Figure S2S, SI). FcF6-C (Figure S26, SI)
exhibited a positive contrast albeit much weaker than the
negative contrast of FcF6-A and FcF6-B.

FcF3-C1 and FcF3-C2 polymers (Figures S27 and $28, SI)
offered good contrast when exploiting the T, relaxation
enhancement (>4:1), but unlike FcF6-A and FcF6-B, showed
no negative contrast related to differences in FWHM because
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the 'F signal of FcF3 polymers was already broad in the
reduced state. The short T, relaxation of the diamagnetic
reduced polymers results from the low mobility of the
nanoparticle core and may be improved by altering the
polymer composition or changing the structure of the
fluorinated ferrocene moieties. For example, switching the
trifluoromethyl substituents for difluoromethyl groups may
significantly reduce the hydrophobicity”*” and, therefore,
increase mobility and make the tracers suitable for echo-based
MRI pulse sequences when using a T, contrast scheme.

Of all our polymers, FcF6-A gave the highest contrast '°F
images. Figure 6A illustrates the negative contrast of this
polymer within a single-image axial view of coaxial NMR tubes
(the inner tube is filled with the reduced polymer and the outer
tube with the oxidized polymer). Figure 6B shows 'H MRI
contrast caused by paramagnetic relaxation enhancement of 'H
water signal in a common gradient-echo experiment.

Furthermore, selective excitation may enable us to
selectively detect ferrocenium species in FcF6-A or FcF6-B
formed at an early stage of the oxidation process by exploiting
the large (~10 ppm) difference in '’F chemical shift between
ferrocene and ferrocenium. In fact, we briefly tested this option
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Figure 6. (A) '°F UTE image of a composite sample of FcF6-A (30
mg-mL™") in citrate buffer (0.08 M, pH = 6.2) comprising two coaxial
NMR tubes; the inner tube is filled with the reduced polymer and the
outer with the oxidized polymer. The UTE parameters are identical to
those shown in Figure S favoring the reduced sample. (B) 'H 64 x 64
FLASH image of the same sample, demonstrating paramagnetic
relaxation enhancement of the 'H water signal in the oxidized sample
and outlining the geometry of the setup.

in two-dimensional (2D) UTE without performing any slice
selection (Figure 7). When using selective excitation, the '°F
MRI signal derives solely from the “paramagnetic” ferrocenium
species at —82 ppm. These selective pulses can be applied
without any resolution restriction in the three-dimensional
(3D) UTE pulse sequence as long as the whole imaging
experiment can be performed within the lifetime of the
paramagnetic molecular tracer.

The initial in vitro UTE experiments establish the link
between MRI and redox-triggered FcF3/FcF6 changes
necessary for their potential biomedical applications as hybrid
drug-delivery/tracer materials. Based on these findings, suitable
MRI methods may be thus further developed to fully exploit
the properties of these new redox-responsive tracers. For
example, the intermediate paramagnetic state with a signifi-
cantly shorter T| may create a positive contrast by adding an

inversion recovery filter at the beginning of the UTE pulse
sequence.

B CONCLUSIONS

In summary, in this study, we describe the first synthesis of
amphiphilic poly(2-oxazoline)s with fluorinated ferrocene
moieties. We also report the straightforward and scalable
synthesis of trifluoromethylated and bis(trifluoromethylated)
ferrocenes with a pendant amino group to introduce these
moieties into polymers through common peptide chemistry.
The poly(2-oxazoline)s bearing fluorinated ferrocene moieties
are amphiphilic and form nanoparticles with a hydrophobic
core in an aqueous environment. Their ferrocene moieties are
susceptible to oxidation by ROS, resulting in a partial or full
hydrophilization of the hydrophobic block through the
formation of charged ferrocenium cations. The redox proper-
ties of differently substituted low-molecular fluorinated
ferrocenes are closely correlated with those of the correspond-
ing polymers, as shown by cyclic voltammetry. Upon oxidation,
the polymer nanoparticles disassemble and/or the morphology
changes, as confirmed by DLS and cryo-TEM. In principle, this
redox responsiveness may be employed for selective drug
delivery and release into ROS-rich loci in vivo because our
polymers were noncytotoxic in vitro for healthy cells and mildly
cytotoxic only in PC3 cancer cells, indicating preferential
polymer oxidation in ROS-rich cells. Based on our pilot F
MRI study with these materials and appropriate sequences, the
described polymers in vitro can be selectively visualized in their
reduced and oxidized states. In conclusion, our results lay the
foundation for the development of 'F MRI theranostic
materials toward selectively imaging ROS-related processes
and drug delivery in vivo.

A FCF6-A, reduced
}

|

B FcF6-A, oxidized
|| ‘
i L

70 75 80 -85

70 75 50 85

Figure 7. (A) '°F UTE images of FcF6-A (16 mg-mL™") in citrate buffer (0.08 M, pH = 6.2) before oxidation recorded with a frequency-selective
pulse of a Gaussian shape. The carrier frequency of the pulse is indicated by the arrow and the excitation bandwidth by the brace in the spectra
above the image. (B) '°F UTE image of the sample shortly after oxidation with APS (~10 min), recorded with the same pulse sequence parameters
as in panel (A). The MRI signal derives solely from the paramagnetic '°F signal at —82 ppm, which enables us to detect the onset of FcF6-A

oxidation directly from the emergence of the new peak.
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by, dispersity (M,,/M,); DCM, dichloromethane; DDS, drug
delivery system; Dy, hydrodynamic diameter; DIPEA, N,N-
diisopropylethylamine; DLS, dynamic light scattering; DMF,
N,N-dimethylformamide; DMSO-d,, deuterated dimethylsulf-
oxide; DP, degree of polymerization; Et;N, triethylamine; Fc,
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ferrocene; FLASH, fast low-angle shot; FID, free induction
decay; DSC, differential scanning calorimetry; FWHM, full
width at half-maximum; HIF-1a, hypoxia-inducible factor 1-a;
L, chain contour length; LIHDMS, lithium bis(trimethylsilyl)-
amide; MALS, multiangle light scattering; MeCN, acetonitrile;
MeOH, methanol; MeOTs, methyl 4-methylbenzenesulfonate;
MeOx, 2-methyl-2-oxazoline; MestOx, 2-(3-methoxy-3-oxo-
propyl)—Z—oxazoline; MRI, magnetic resonance imaging; MRS,
magnetic resonance spectroscopy; MTT, 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide; MW, microwave
assisted; M,, number average molecular weight; M, weight
average molecular weight; NHDF, normal human dermal
fibroblast; PAOx, poly(2-alkyl-2-oxazoline); PC3, human
prostate cancer; ppm, parts per million; PRE, paramagnetic
relaxation enhancement; PyAOP, (7-azabenzotriazol-1-yloxy)-
tripyrrolidinophosphonium hexafluorophosphate; PyBOP,
(benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluoro-
phosphate; ROS, reactive oxygen species; ru, repeating units;
SEC, size-exclusion chromatography; t-BuLi, tert-butyllithium;
t-BuOK, potassium tert-butoxide; THF, tetrahydrofuran; UTE,
ultrashort echo time
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1 Materials and Methods

1.1 Materials

All solvents were purchased from Lach-Ner s.r.0. (Neratovice, Czech Republic) and of analytical
grade. Hexafluoroacetone trihydrate and trifluoroacetic anhydride were purchased from Fluorochem
Ltd. (Hadfield, United Kingdom). Deuterated solvents were purchased from Eurisotop (Saint-Aubin,
France). 2-Methyl-2-oxazoline (MeOx) was purchased from Acros Organics and distilled from barium
oxide before use. Methyl p-toluenesulfonate (MeOTs) was purchased from Sigma-Aldrich and distilled
from calcium hydride before use. Acetonitrile (Sigma-Aldrich) was purified over aluminum oxide using
a solvent purification system from J.C. Meyer. Dry tetrahydrofuran and all other chemicals were
purchased from Sigma-Aldrich (Prague, Czech Republic) and used as received. 2-(3-Methoxy-3-
oxopropyl)-2-oxazoline (MestOx) was synthesized according to a previously reported procedure.! Water

was deionized with a Millipore Milli-Q water purification system.

1.2 Methods

The reactions were monitored by thin-layer chromatography (TLC) unless stated otherwise. Flash
chromatography was performed using Puriflash XS 420 (Interchim, France) system and spherical silica
gel (40-75 pm). Polymers were purified by size exclusion chromatography using an FO080 column
cartridge (Interchim, France) packed with Sephadex LH-20 (Cytiva Sweden AB, Uppsala, Sweden) and
a flow rate 10 mL - min™". TLC plates (silica gel 60 F254 or silica gel-RP18 60 F254) were visualized
under UV and/or with KMnO4/Na;COs3.

Polymer synthesis

All polymerization stock solutions were prepared in a VIGOR Sci-Lab SG 1200/750 glovebox
system with a water concentration < 0.1 ppm. For the polymerizations, a Biotage Initiator EXP
microwave system with Robot Sixty was used. CROP conversion was monitored by Gas
chromatography (GC) on an Agilent 7890A system equipped with a VWR Carrier-160 hydrogen
generator and an Agilent HP-5 column 30 m in length and 0.32 mm in diameter. A flame ionization
detector (FID) was used, and the inlet was set to 240 °C, with a split injection ratio of 25:1. Hydrogen

was used as carrier gas at a flow rate of 2 mL - min'.

'H, 3C NMR, and ’F NMR

NMR spectra were recorded at 298 K using Bruker Avance 11T 400 ('H 400.13 MHz, *C 100.62
MHz, "F 376.46 MHz) spectrometer. The chemical shifts (6/ppm) of the small-molecule compounds in
YF NMR are reported and referenced to an internal standard of 2,2,2-trifluoroethanol (1.0 uL TFE in
0.5 mL of the corresponding deuterated solvent; '’F NMR signal of TFE was set to —77.0 ppm).
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Size-exclusion chromatography

The molecular weights of polymers were determined by size-exclusion chromatography (SEC)
using an HPLC Ultimate 3000 system (Dionex, USA) equipped with a SEC column (TSKgel
SuperAW3000 150 x 6 mm, 4 um) coupled with a UV/VIS DAD, refractive index (RI) Optilab®-rEX
and multi-angle light scattering (MALS) DAWN EOS (Wyatt Technology Co., USA). A mixture (80:20
vol.%) of methanol and sodium acetate buffer (0.3 M, pH = 6.5) was used as the mobile phase at a flow
rate of 0.6 mL - min™".

Refractive index increment (dn/dc)

The refractive index increment was measured at four different concentrations (0.5, 1.0, 1.5, and 2.0
mg - mL") in a mixture (80:20 vol.%) of methanol and aqueous sodium acetate buffer (0.3 M, pH = 6.5)
using a PSS DnDc-2010/620 differential refractometer (Polymer Standard Service, Mainz, Germany) at
620 nm and 29 °C. The data were processed using Differential Refractometer Software (version 5.32,
Brookhaven Instruments Corp., Holtsville, NY, USA). The refractometer was calibrated with a series of
aqueous solutions of potassium chloride, according to the user manual.

Cyclic voltammetry

Cyclic voltammograms were recorded on a pAUTOLAB III instrument (EcoChemie, Netherlands)
at room temperature using a glassy carbon disc working electrode (2 mm diameter), a platinum auxiliary
clectrode, and Ag/AgCl (KCI) reference clectrode. The samples were dissolved in anhydrous
dichloromethane containing 0.1 M BuwN[PF¢] (Fluka, purissimum for electrochemistry) as the
supporting electrolyte to make approximately 1 mM solution of the low-molecular weight precursors
and 1 mg - 1 mL solution of the polymers. The solutions were deaerated by argon bubbling prior to the
measurement and then maintained under an argon atmosphere. Decamethylferrocene (Alfa-Aesar) was
added as an internal standard during the final scans, and the redox potentials were converted into the
ferrocene/ferrocenium scale by subtracting 0.548 V.2 The formal redox potentials £°' for reversible
redox transitions were determined as an average of the anodic and cathodic peak potentials in the cyclic
voltammograms recorded at 0.1 V s™! scan rate, E° = Y4(Ep, + Epc). Due to the higher resistance of the
solutions, the separations of the counter-waves, AE, = Epa — Epe, exceeded the theoretical value (59 mV
for a reversible one-clectron transfer at 25°C); the typical value was near 100 mV.

Cryogenic transmission electron microscopy (cryoTEM)

TEM micrographs were acquired with a Tecain G2 Spirit Twin 12 microscope (FEI, Czech
Republic) equipped with a cryo-attachment (Gatan, CA, USA). The sample solution (3 uL) was dropped
to an electron microscopy grid covered with a holey carbon supporting film (Electron Microscopy
Science), which was hydrophilized just before the experiment by glow discharge (Expanded Plasma
Cleaner, Harrick Plasma, USA). The excess solution was removed by blotting (Whatman no. 1 filter

paper) for 1 s, and the grid was plunged into liquid ethane held at -181 °C. The frozen sample was
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immediately inserted in the cryo-holder, transferred into the TEM microscope, and observed by bright
field imaging at -173 °C using an accelerating voltage of 120 kV.

Dynamic light scattering

The hydrodynamic diameter (Dh) of the polymer samples was measured in aqueous citrate buffer
(0.08 M, pH=06.2) on a Zetasizer Nano-ZS, Model ZEN3600 (Malvern Instruments, UK) at the
scattering angle 6 = 173° (using the DTS software — version 6.20 for data evaluation) at 25 °C.

Differential scanning calorimetry

DSC measurements were performed on a Q2000 DSC calorimeter (TA Instruments, USA)
calibrated for indium. The sample (2 mg) was placed in Tzero aluminum pan with a pinhole and
measured in a nitrogen atmosphere (flow rate 50 ml - min™') at the temperature range of -80 — 200 °C.
The sample was measured in a heating-cooling-heating cycle with a heating / cooling rate of
10 °C - min’!. A 2-minute isotherm was inserted between the cycles. The glass transition temperature
(T,) was determined as the inflection point of the second heating curve.

In vitro cytotoxicity

Normal Human Dermal Fibroblast (NHDF, Lonza) and PC3 (prostate adenocarcinoma, ATCC)
cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, SigmaAldrich) with the addition
of 10% fetal bovine serum (SigmaAldrich) and 1% penicillin streptomycin (SigmaAldrich) at 37 °C in
a humidified CO; incubator containing 5% CO,. The NHDF and PC3 cells were pre-cultivated for 24
hours in 96-well plates (clear, flat bottom plate; density 10* cells per cm?). The cells were incubated
with an appropriate volume of polymer dissolved in phosphate buffered saline (PBS) to reach final
concentrations 1.0 mg - mL'; 0.75 mg - mL!; 0.5 mg - mL"! and 0.25 mg - mL"! for 24 h. A solution of
PBS without any polymer was used as a control. The cell viability was determined via a 3-(4,5-
dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide assay (MTT, Sigma-Aldrich). MTT is reduced
to formazan in mitochondria of living cells, and thus the cell viability can be spectrophotometrically
determined at 570 nm after cell lysis (sodium dodecyl sulphate lysis buffer). The MTT assay results
were compared with the control samples (PBS without any polymer added), and cell viability in these
control samples was set to 100 %. Data in graphs are shown as the mean of three independent
experiments = SEM.

F MRI and determination of relaxation times

NMR/MRI experiments were performed on a Bruker Avance III HD spectrometer in a magnetic
field of 11.75 T (**F Larmor frequency of 470.9 MHz). The spectra were referenced with respect to
external CFCl; since no internal standard was added. A Micro-5 microimaging probe head by Bruker
with a 5-mm radio-frequency insert (tunable to '°F) was used in conjunction with the GREAT 60
gradient amplifier and x,y,z gradient coil (maximum gradient amplitude 300 G/cm). For “F T
relaxometry, a Carr-Purcell-Meiboom-Gill spin-echo pulse sequence with an echo period of 0.4 to 0.8
ms was employed, while 7 relaxation was measured with an inversion-recovery sequence with

logarithmically spaced relaxation delays up to ~5x 7. The recorded relaxation curves were submitted to
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the inverse Laplace transformation® to obtain T, 7> histograms (Fig. S20), from which the mean T, 1>
values were finally computed to represent characteristic relaxation rates of the samples. MRI
experiments were performed on a Bruker’s ParaVision software platform (v6.0). The ultrashort echo
time (UTE) pulse program from the Paravision library was used without any modification. The images
of size of 32x32 pixels were acquired with an axial slice orientation, while the slice thickness parameter
was set to maximum to excite the whole sample. The excitation pulse of a rectangular shape was applied;
the pulse length was calibrated either for a 90° flip angle or for the Ernst angle (11-12°) depending on
the required contrast. UTE parameters in favor of the oxidized sample: acquisition delay 22 us; repetition
time 10.5 ms; flip angle 90°. UTE parameters are set in favor of the reduced sample: acquisition delay
680 us; repetition time 11.2 ms; flip angle 12°. The acquisition bandwidth (the FID sampling rate) was
set to 10 kHz. The k-space trajectory measurement for the given bandwidth and image resolution was
performed using a 'H signal from the actual sample. One ”F UTE image was acquired in ca. 10 min.
Lastly, the image data were finally exported from the ParaVision (Bruker) format into Matlab (The
MathWorks Inc., Natick, Massachusetts) using the function read 2dseq.m* and the image intensities

were rescaled using the actual signal amplitude.

2 Synthesis

2.1 Synthesis of fluorinated ferrocene derivatives

Preparation of (1,1,1,3,3,3-hexafluoro-2-hydroxypropan-2-yl)ferrocene (1)

Compound 1 was synthesized as described in a previously reported procedure, albeit under
modified conditions.” A microwave pressure vial equipped with a magnetic stir bar was loaded with
ferrocene (3.50 g, 18.8 mmol, 1 equiv.) and hexafluoroacetone trihydrate (15 mL, 108 mmol, 5.72
equiv.) and flushed with argon. The reaction was performed at 150 °C for 200 min in a Biotage Initiator+
microwave synthesizer (Biotage, Uppsala, Sweden). After cooling, the green residue in the reaction vial
was dissolved in DCM (40 mL), and the resulting solution was poured into EtOAc (300 mL). The
organic phase was subsequently washed with aqueous Na»S>03; (200 mL; reduction of the blue
ferrocenium species) and two times with water (200 mL) in a separatory funnel, dried over anhydrous
MgSO;4 and evaporated. The crude product was purified by flash chromatography (spherical silica,
gradient 0-15% EtOAc in cyclohexane). Product 1 was obtained as an orange crystalline solid (3.79 g,
10.8 mmol, 57%).

OH "H NMR (400 MHz, DMSO-d6) 6 7.77 (s, 1H), 4.37 — 4.33 (m, 4H), 4.27 (s, 5H). 1*C

CF4 NMR (101 MHz, DMSO-d6) ¢ 122.72 (q, J = 289.1 Hz), 80.35, 76.15 (septet, J =

Fe CFs 28.0 Hz), 69.45, 68.50, 67.08. "F NMR (376 MHz, DMSO-d6) J -76.08 (d,
J=8.4 Hz).
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Preparation of benzyl (2-bromoethyl)carbamate (2)

A dry Schlenk flask equipped with a magnetic stir bar was loaded with 2-bromoethylamine
hydrobromide (6.00 g, 29.3 mmol, 1.03 equiv.) and the 4-(dimethylamino)pyridine catalyst (70.0 mg,
0.573 mmol, 2 mol%). The flask was closed with a rubber septum, and the atmosphere was exchanged
for argon using three cycles of vacuum-argon and cooled to 0 °C. Subsequently, DCM (100 mL, dried
over 4 A sieves) followed by benzyl chloroformate (4.04 mL, 4.83 g, 28.3 mmol, 1 equiv.) were added
through the septum using a syringe and needle. Lastly, DIPEA (12.6 mL, 9.35 g, 72.3 mmol, 2.56 equiv.)
was added dropwise through the septum. The reaction mixture was allowed to slowly warm to room
temperature and stirred overnight. The reaction mixture was then diluted with DCM (250 mL) and
extracted with water (200 mL), dilute aqueous HCl (2 x 200 mL) and brine/NaHCO; mixture
(2 x 200 mL). The organic phase was dried over anhydrous MgSOy, and all volatiles were then removed
on a rotary evaporator. The crude product was purified by flash chromatography (spherical silica,
gradient of EtOAc in cyclohexane 0-30%) yielding product 2 (6.30 g, 86%) as a colorless oil which
crystallized upon cooling.

_/_N;—o "HNMR (400 MHz, DMSO-ds) § 7.57 (t,J= 5.2 Hz, 1H), 7.40 — 7.28 (m, 5H), 5.03
3 (s, 2H), 3.50 — 3.44 (m, 2H), 3.41 — 3.35 (m, 2H). *C NMR (101 MHz, CDCl3) §
156.27,136.37, 128.69, 128.37, 128.27, 67.12, 42.89, 32.58.

Preparation of  {2-[2-(benzyloxycarbonyl)aminoethoxy/-1,1,1,3,3,3-hexafluoropropan-2-
yl}ferrocene (3)

A flask equipped with a magnetic stir bar was loaded with NaH (60% dispersion in mineral oil,
203 mg, 8.46 mmol, 2.50 equiv.), closed with a rubber septum and flushed with argon. Dry Et,O
(2.0 mL, dried over 4 A sieves) was added through the septum with a needle and syringe, and then
a solution of compound 1 (1.100 g, 3.384 mmol, 1 equiv.) in dry Et,O (6.0 mL) was added dropwise to
the suspension of NaH. The mixture was stirred at rt for 15 min, and the solution was then aspirated into
a syringe and filtered into a pear-shaped flask through a PTFE syringe filter to remove the solid NaH.
Subsequently, the Et,O was quickly evaporated on a rotary evaporator, the flask was immediately
equipped with a magnetic stir bar, closed with a rubber septum, and put under argon (3 x vacuum-argon).
Dry DMF (4 mL, dried over 4 A sieves) was added into the flask with the solid residue using a needle
and syringe, followed by a solution of compound 2 (961 mg, 3.722 mmol, 1.1 equiv.) and Nal (152 mg,
1.015 mmol, 0.3 equiv.) in dry DMF (6 mL). The reaction mixture was then heated to 40 °C for 30 h.
The DMF was removed on a rotary evaporator, and the residue was dissolved in Et;O (130 mL) and
washed with water (3 x 100 mL) in a separatory funnel. The organic phase was dried over anhydrous
MgSOs and evaporated in vacuo. The crude product was purified by flash chromatography using
spherical silica as the stationary phase (ternary gradient 4% EtOAc / 96% cyclohexane / 0% DCM —
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4% EtOAc / 46% cyclohexane / 50% DCM). The product 3 (1.136 g, 2.146 mmol, 63 %) was obtained
as an orange oil, which crystallized upon cooling.

IN;—O "H NMR (400 MHz, DMSO-d6) 6 7.45 (t, J = 5.8 Hz, 1H), 7.40 — 7.28 (m,

3 5H), 5.05 (s, 2H), 4.47 — 4.45 (m, 2H), 4.31 —4.21 (m, 7H), 3.87 (t,J=5.6

Fe C|:(3:F3 Hz, 2H), 3.22 (td, J = 5.8, 5.8 Hz, 2H). 3C NMR (101 MHz, DMSO-d6) &

156.23, 137.16, 128.31, 127.75, 127.64, 122.23 (q, J = 290.6 Hz), 80.71

(septet, J = 28.0 Hz), 75.35, 69.87, 69.15, 67.57, 65.25 (2C), 40.25. ’F NMR (376 MHz, DMSO-d6) §

-72.25 (s).

Preparation of 2,2,2-trifluoro-N-methoxy-N-methylacetamide (4)

A round-bottom flask equipped with a magnetic stir-bar was charged with N,O-
dimethylhydroxylamine hydrochloride (12.0 g, 123 mmol, 1.00 equiv.), and the flask was closed with a
rubber septum and flushed with argon via piercing the septum with a needle. Subsequently, dry DCM
(250 mL, 4 A sieves) was added using a syringe and a needle, and the flask was cooled to — 20°C in an
ice-salt bath. Trifluoroacetic anhydride (17.4 mL, 26.4 g, 126 mmol, 1.02 equiv.) was added, followed
by a dropwise addition of dry pyridine (20.2 mL, 19.9 g, 251 mmol, 2.04 equiv.). The reaction mixture
was then allowed to warm to rt and stirred for 1 h. The reaction mixture was diluted with DCM (300 mL)
and extracted with water (60 mL), dilute aqueous HCl (100 mL), and finally with aqueous
NaCl/NaHCO; (80 mL). The organic phase was dried over anhydrous MgSO, and evaporated in vacuo,
yielding product 4 as a colorless viscous liquid (17.0 g, 108 mmol, 88%).

0] '"H NMR (400 MHz, CDCls3) 6 3.77 (s, 3H), 3.29 (s, 3H). 3C NMR (101 MHz,
FacJ\N/O\ Chloroform-d) 6 157.04 (q, J = 38.3 Hz), 116.25 (q, J = 286.4 Hz), 62.32, 33.00. '°F

| NMR (376 MHz, CDCls) 6 -71.78.

Preparation of 2,2,2-trifluoroacetylferrocene (5)

A flame-dried Schlenk flask equipped with a magnetic stir bar was loaded with ferrocene (3.163 g,
17.00 mmol, 1.0 equiv.) and #~BuOK (477 mg, 4.25 mmol, 0.125 equiv.) and closed with a rubber
septum. The atmosphere in the flask was exchanged for argon with four cycles of vacuum-argon, and
dry THF (160 mL) was added through the septum with a syringe and needle. The flask was cooled to
— 78 °C and #-BuLi (1.7 M in pentane, 20 mL, 34.00 mmol; DANGER: extremely pyrophoric!) was
slowly added dropwise via a needle and syringe over approx. 15 min (minimalization of local
overheating resulting in ferrocene dilithiation®). The reaction mixture was stirred at — 78 °C for 1 h, and
then 2,2,2-trifluoro-N-methoxy-N-methylacetamide (4) (4.16 mL, 5.341 g, 34.00 mmol, 2.0 equiv.), was
added dropwise using a syringe and needle. The cooling bath was exchanged for acetonitrile-dry ice
bath (— 46 °C), and the reaction mixture was stirred for another 1 h. Subsequently, the reaction mixture

was left to warm slowly to rt and then hydrolyzed with water, diluted with DCM (250 mL) and extracted
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with dilute aqueous HCI (3 x 200 mL) followed by aqueous NaHCO3 (200 mL). The organic phase was
dried over anhydrous MgSQs, and all volatiles were subsequently removed on a rotary evaporator. The
crude product was purified from ferrocene and 1,1°-bis(2,2,2-trifluoroacetyl)ferrocene by flash
chromatography (spherical silica, gradient of 0-15% EtOAc in cyclohexane). Dark red
2,2 2-trifluoroacetylferrocene (5) (3.561 g, 12.63 mmol, 74%) was isolated as a liquid, which formed
large dark red crystals after cooling in the fridge. Even a freshly purified sample of compound 5
dissolved in DMSO-ds exhibited very broad peaks in 'H NMR, possibly due to the fast formation of
trace Fe*" species.
@ O 'HNMR (400 MHz, DMSO-ds) § 4.98 (br s, 4H), 4.35 (br s, 5H). *C NMR (101 MHz,
Fe CFs DMSO-ds) 0 185.20 (q, J = 33.8 Hz), 116.39 (q, J = 292.2 Hz), 75.09, 70.50, 70.21,

) 69.97.

Preparation of (1-amino-2,2,2-trifluoroethyl)ferrocene (6)

Compound 6 was prepared using a modified procedure reported for the synthesis of
1-aryl-2,2,2-trifluoroethylamines.” A flame-dried Schlenk flask equipped with a magnetic stir bar was
loaded with 2,2,2-trifluoroacetylferrocene (5) (2.00 g, 7.09 mmol, 1 equiv.) and closed with a rubber
septum, and the atmosphere in the flask was exchanged for argon (4 vacuum-argon cycles).
Subsequently, dry toluene (60 mL, dried over 4 A sieves) was added through the septum using a syringe
and needle, followed by a dropwise addition of LIHMDS solution in THF (1M, 13.5 mL, 13.5 mmol,
1.90 equiv.). The reaction mixture was stirred at room temperature for 20 min. Subsequently, the flask
was immersed in an oil bath and heated to 80 °C for 30 min and then to 100 °C for another 45 min and
finally 15 min at rt. At room temperature, a solution BH; - Me,S in THF (1M, 25 mL, 25 mmol,
3.53 equiv.) was carefully added dropwise via a syringe and needle. The reaction was stirred at rt for
30 min and then heated to 55 °C for 45 min. After cooling down to 1t, the reaction mixture was quenched
by a dropwise addition of aqueous NaOH (2N, 20 mL) (exothermic reaction, hydrogen gas evolution!)
and stirred overnight at rt. The crude product was extracted into Et,O in a separatory funnel, and the
organic phase was washed with aqueous Na,COs. The organic phase was dried over anhydrous MgSOs,
and all volatiles were removed on a rotary evaporator. The crude product was purified by flash
chromatography using spherical silica as the stationary phase (gradient EtOAc in cyclohexane 5-70%)
yielding compound 6 (1.17 g, 4.14 mmol, 58%) as an orange solid.

NH, 'HNMR (400 MHz, DMSO-d6) ¢ 4.42 — 4.38 (m, 1H), 4.31 — 4.27 (m, 1H), 4.24 (s,
5H), 4.20 — 4.12 (m, 3H), 2.26 (s, 2H). *C NMR (101 MHz, DMSO-d6) 6 125.73 (q,
J=1282.4 Hz), 84.54 (q, J = 2.2 Hz), 68.66, 68.46 (q, J= 1.3 Hz), 67.72, 67.58, 65.81,
52.58 (q,J = 28.8 Hz). ’F NMR (376 MHz, DMSO-d6) 6 -77.47 (d, J = 8.0 Hz).

Fe CF3
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Preparation of (I-acetamido-2,2,2-trifluoroethyl)ferrocene (7)

A dry pear-shaped flask was loaded with (1-amino-2,2,2-trifluoroethyl)ferrocene (6) (142 mg,
0.500 mmol, 1 equiv.), closed with a rubber septum and flushed with argon. Subsequently, dry DMF
(1 mL, dried over 4 A sieves) was added through the septum using a syringe and a needle, followed by
DIPEA (192 uL, 142 mg, 1.10 mmol, 2.2 equiv.) and acetic acid (31 uL, 33 mg, 0.55 mmol, 1.10
equiv.). Finally, a solution of PyBOP (339 mg, 0.650 mmol, 1.30 equiv.) in DMF (1 mL) was added
dropwise at rt, and the reaction mixture was stirred for 90 min. All volatiles from the reaction mixture
were removed in vacuo, and the crude product was purified by flash chromatography using spherical
silica as the stationary phase (gradient 15-35% EtOAc in cyclohexane) yielding product 7 (126 mg,
0.386 mmol, 77%) as an orange solid.

N O 'H NMR (400 MHz, DMSO-d6) ¢ 8.80 (d, J = 9.9 Hz, 1H), 5.47 (dq, J = 9.9, 8.4
@\( \‘{ Hz, 1H), 4.53 — 4.51 (m, 1H), 4.46 — 4.41 (m, 1H), 4.24 — 4.19 (m, 2H), 4.14 (s,
5H), 2.06 (s, 3H). *C NMR (101 MHz, DMSO-d6)  169.27, 124.23 (q, J = 282.8
Hz), 81.04, 69.26, 68.64, 68.20, 68.03, 66.42, 49.22 (q, J = 30.6 Hz), 22.26. “F
NMR (376 MHz, DMSO-d6) ¢ -75.84 (s).

2.2 Synthesis of polymers

Synthesis of P(MeOx-stat-MestOx) 4-block-PMeOxs0-N3 (Ave-Chme).

The corresponding amount of MeOx, MestOx (see Table S1) and MeOTs (108.8 uL, 0.72 mmol)
were dissolved in acetonitrile (the total monomer concentration was 4 M, see Table S1) in 20 mL Biotage
microwave vial. The vial was sealed and heated in a microwave reactor for 7 min at 140°C. After cooling
to ambient temperature, the vial was transferred into the glovebox. A small aliquot (20 uL) was taken
for the GC measurement to confirm the complete consumption of both monomers (conversion > 99%).
The second portion of MeOx (3.67 g, 43.2 mmol) and acetonitrile (7.13 mL) was added, the vial was
sealed, heated at 140 °C in a microwave reactor for 7 min and subsequently cooled to ambient
temperature. After cooling the vial to ambient temperature, a small aliquot (20 uL) was taken under
argon for GC measurement to confirm the complete consumption of MeOx (conversion > 99%), solid
sodium azide (3 eq. of initial MeOTs amount) was added, and the mixture was stirred at ambient
temperature overnight. The solution was evaporated under reduced pressure, dissolved in
dichloromethane (DCM), filtered through a short pad of basic alumina, precipitated in diethyl ether, and
dried under vacuum. The crude polymer was purified by dialysis (molecular weight cut-off 1 kDa)

against distilled water, followed by freeze-drying.
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Table S1. The amounts of monomers and solvent used for the synthesis of the first block of polymers

AMme-CMe.
Polymer MeOx MestOx Acetonitrile
Ame 2.20 g,25.9 mmol | 452 mg, 2.88 mmol 4.54 mL
Bwe 1.96 g, 23.0 mmol | 904 mg, 5.76 mmol 4.34 mL
Cwme 1.71 g, 20.2 mmol 1.71 g, 8.64 mmol 4.13 mL

Polymer Ay

"HNMR (400 MHz, CDCl3) 6 3.66 — 3.58 (m, 16.5H, -OCHj3), 3.58 — 3.34 (m, 409H, -NCH-CH.-), 3.34
— 3.19 (m, 18.4H, -NCH;CH>-), 2.74 — 249 (m, 18.8H, -CO-CH,CH»-), 2.19 — 2.02 (m,
300H, -CO-CHj3). SEC-MALS: M, =12.28 kDa, M,, = 12.89 kDa, Dy = 1.050

Polymer By,

"HNMR (400 MHz, CDCl3) 6 3.66 — 3.58 (m, 35.5H, -OCHj3), 3.58 — 3.34 (m, 458H, -NCH-CH.-), 2.74
— 2.49 (m, 40.4H, -CO-CH,CH>-), 2.19 — 2.02 (m, 300H, -CO-CH;). SEC-MALS: M, = 11.57 kDa,
M,, =12.07 kDa, Dy = 1.043

Polymer Cyy,

"HNMR (400 MHz, CDCl;) 6 3.66 — 3.58 (m, 52.5H, -OCH;), 3.58 — 3.34 (m, 482H, -NCH.CH>-), 2.74
—2.49 (m, 62.2H, -CO-CH,CH-), 2.19 — 2.02 (m, 300H, -CO-CH;). SEC-MALS: M, = 12.25 kDa,
M,, = 12.58 kDa, Dy = 1.027
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Synthesis of P(MeOx-stat-(COOH) Ox) 4-block-PMeOxs~-N3 (A-C).

A solution of LiOH (10 eq. relative to the methyl ester groups amount) in distilled water (20 mL)
was added to a solution of methyl ester-containing polymer precursor Ame-Cwme (5 ) in distilled water
(40 mL), and the resulting mixture was stirred at room temperature for 4 h. Then, the mixture was
acidified by concentrated hydrochloric acid to pH ~ 3, transferred to the dialysis tubing (molecular
weight cut-off 1 kDa) and dialyzed against distilled water for two days, followed by polymer recovery
by freeze-drying. The full ester conversion to carboxylic acid was confirmed by 'H NMR (absence of

the signal at 3.66 — 3.58 ppm corresponding to the methyl ester group).
) @)

h g

{,( N Fstaty N /\‘)_],:Iock ~N \/~)r: N,

0
OH
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Polymer A
SEC-MALS: M, = 10.67 kDa, M,, = 10.98 kDa, Dy=1.029
Polymer B

SEC-MALS: M, =9.350 kDa, M,, = 9.662 kDa, Dy = 1.033
Polymer C

SEC-MALS: M, = 8.318 kDa, M,, = 8.522 kDa, Dy = 1.025

Preparation of [2-(2-aminoethoxy)-1,1,1,3,3,3-hexafluoropropan-2-yllferrocene (8)

A Schlenk flask equipped with a magnetic stir bar was loaded with palladium on carbon (10% Pd,
110 mg, 0.103 mmol, 8.6 mol%) and compound 3 (468 mg, 0.885 mmol). The flask was closed with a
rubber septum, and the atmosphere was exchanged for argon (3 cycles vacuum-argon). Subsequently,
MeOH (6 mL) was added through the septum using a needle and syringe. The argon tubing connected
to the sidearm of the Schlenk flask was carefully exchanged for hydrogen tubing to prevent the
introduction of air. The flask was then connected to a gas bubbler via piercing the septum with a needle
(the needle tip placed close to the liquid), and the flask was thoroughly flushed with hydrogen. After
reducing the hydrogen flow, the flask was immersed in an oil bath and heated to 45 °C. A TLC analysis
was run after 45 min, confirming a full conversion to the deprotected amine 8. The hydrogen atmosphere
was then exchanged for argon, and the suspension was filtered through a PTFE syringe filter to remove
the Pd catalyst. All volatiles were thoroughly removed in vacuo, and the product 8 was dissolved in dry

DMF (dried over 4 A sieves) and used immediately for the synthesis of the ferrocene-modified polymers
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(FcF6 polymers). The sample of compound 8 dissolved in DMSO-d6 exhibited very broad peaks in 'H
NMR, possibly due to the fast formation of trace Fe** species by oxidation with atmospheric oxygen.

NH, 'HNMR (400 MHz, DMSO-ds) & 4.50 (br s, 2H), 4.35 (br s, 2H), 4.28 (br s,

o SH), 3.72 (br s, 2H), 2.77 (br s, 2H), 1.56 (br s, 2H). *C NMR (101 MHz,

Fe CF§F3 DMSO0-d6) 6 122.40 (q, J = 290 Hz), 80.69 (septet, J = 27 Hz), 75.51, 69.85,
69.20, 69.03, 67.84, 41.34.

Preparation of polymer FcF6-A
A Schlenk flask equipped with a magnetic stir bar was loaded with polymer A (500 mg, 0.28 mmol

COOH, 1 equiv.) and closed with a rubber septum, and the atmosphere in the flask was exchanged for
argon (3 cycles argon-vacuum). Subsequently, dry DMF (6 mL, dried over 4 A sieves) was added
through the septum using a needle and syringe, followed by DIPEA (123 uL, 91 mg, 0.71 mmol,
2.5 equiv.), and the mixture was gently heated with a heat gun to fully dissolve the polymer. After
cooling the flask to rt, the freshly prepared solution of [2-(2-aminoethoxy)-1,1,1,3,3,3-
hexafluoropropan-2-yl]ferrocene (8) (0.294 mmol, 1.05 equiv.) in dry DMF (1.3 mL) was added
through the septum using a syringe and needle, followed by a solution of PyBOP (153 mg, 0.294 mmol,
1.05 equiv.) in dry DMF (2 mL). The reaction mixture was stirred overnight at rt and subsequently
quenched by adding 2-aminoethan-1-o0l (100 uL, stirred 30 min). The volatiles from the reaction mixture
were removed on a rotary evaporator, and the polymer was purified by size-exclusion chromatography
in methanol using a flash chromatography system (LH-20 in FOO80 column, 10 mL - min™"), yielding
polymer FcF6-A (579 mg) as an orange amorphous solid. The extent of polymer functionalization by
the ferrocene moiety was approximately 5 mol% relative to all monomeric units (100%) according to
the '"H NMR analysis.

"H NMR (400 MHz, DMSO-de) 6 8.11 — 7.96 (m, 5.0H, -NH-), 4.54 — 4.43 (m, 10.5H, Fc-H), 437 —
4.22 (m, 34.6H, Fc-H), 3.90 —3.76 (m, 11.5H, -O-CH>-), 3.60 — 3.21 (m, 468H), 2.40 — 2.29 (m, 10.8H),
2.09 — 1.87 (m, 300H, -CO-CHj3). SEC-MALS: M, = 12.43 kDa, M,, = 12.75 kDa, Dy = 1.026
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Preparation of polymer FcF6-B

A Schlenk flask equipped with a magnetic stir bar was loaded with the polymer B (500 mg,
0.55 mmol COOH, 1 equiv.) and closed with a rubber septum, and the atmosphere in the flask was
exchanged for argon (3 cycles vacuum-argon). Subsequently, dry DMF (6 mL, dried over 4 A sieves)
was added through the septum using a needle and syringe, followed by DIPEA (246 uL, 182 mg,
1.41 mmol, 2.56 equiv.), and the mixture was gently heated with a heat gun to fully dissolve the polymer.
After cooling the flask to rt, the freshly prepared solution of [2-(2-aminoethoxy)-1,1,1,3,3,3-
hexafluoropropan-2-yl]ferrocene (8) (0.589 mmol, 1.07 equiv.) in dry DMF (2.6 mL) was added
through the septum using a syringe and needle, followed by a solution of PyBOP (307 mg, 0.590 mmol,
1.07 equiv.) in dry DMF (2 mL). The reaction mixture was stirred overnight at rt and subsequently
quenched by adding 2-aminoethan-1-o0l (100 uL, stirred 30 min). The volatiles from the reaction mixture
were removed on a rotary evaporator, and the polymer was purified by size-exclusion chromatography
in methanol using a flash chromatography system (LH-20 in FO080 column, 10 mL - min™"), yielding
polymer FcF6-B (696 mg) as an orange amorphous solid. The extent of polymer functionalization by
the ferrocene moiety was approximately 10 mol% relative to all monomeric units (100%) according to
the '"H NMR analysis.
"H NMR (400 MHz, DMSO-ds) 6 8.11 — 7.96 (m, 10.1H, -NH-), 4.54 — 4.43 (m, 20.8H, Fc-H), 4.37 —
422 (m, 72.4H, Fc-H), 3.90 — 3.76 (m, 20.28H, -O-CH>-), 3.60 — 3.21 (m, 495H), 2.40 — 2.29 (m,
21.8H), 2.09 — 1.87 (m, 300H, -CO-CH3). SEC-MALS: M, = 13.66 kDa, M,, = 14.23 kDa, Py = 1.042
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Preparation of polymer FcF6-C

A Schlenk flask equipped with a magnetic stir bar was loaded with the polymer C (250 mg,
0.400 mmol COOH, 1 equiv.) and closed with a rubber septum, and the atmosphere in the flask was
exchanged for argon (3 cycles argon-vacuum). Subsequently, dry DMF (3 mL, dried over 4 A sieves)
was added through the septum using a needle and syringe, followed by DIPEA (183 uL, 134 mg,
1.04 mmol, 2.6 equiv.), and the mixture was gently heated with a heat gun to fully dissolve the polymer.
After cooling the flask to rt, the freshly prepared solution of [2-(2-aminoethoxy)-1,1,1,3,3,3-
hexafluoropropan-2-yl]ferrocene (8) (0.460 mmol, 1.15 equiv.) in dry DMF (2 mL) was added through
the septum using a syringe and needle, followed by a solution of PyBOP (240 mg, 0.461 mmol, 1.15
equiv.) in dry DMF (2 mL). The reaction mixture was stirred overnight at rt and subsequently quenched
by adding 2-aminoethan-1-ol (100 pL, stirred 30 min). The volatiles from the reaction mixture were
removed on a rotary evaporator, and the polymer was purified by size-exclusion chromatography in
methanol using a flash chromatography system (LH-20 in FO080 column, 10 mL - min™) yielding
polymer FcF6-C (334 mg) as an orange amorphous solid. The extent of polymer functionalization by
the ferrocene moiety was approximately 15 mol% relative all monomeric units (100%) according to the
"H NMR analysis.
"H NMR (400 MHz, DMSO-ds) 6 8.11 — 7.96 (m, 15.9H, -NH-), 4.54 — 4.43 (m, 34.2H, Fc-H), 4.37 —
4.22 (m, 119.2H, Fc-H), 3.90 — 3.76 (m, 32.2H, -O-CH>-), 3.60 — 3.21 (m, 508H), 2.40 — 2.29 (m,
31.8H), 2.09 — 1.87 (m, 300H, -CO-CHj3). SEC-MALS: M, = 16.62 kDa, M,, = 16.82 kDa, Py = 1.012
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Preparation of polymer FcF3-C1

A Schlenk flask equipped with a magnetic stir bar was loaded with the polymer C (400 mg,
0.640 mmol COOH, 1 equiv.) and compound 6 (240 mg, 0.848 mmol, 1.33 equiv.) and closed with
a rubber septum, and the atmosphere in the flask was exchanged for argon (3 cycles vacuum-argon).
Subsequently, dry DMF (6 mL, dried over 4 A sieves) was added through the septum using a needle and
syringe, followed by DIPEA (365 pL, 271 mg, 2.10 mmol, 3.3 equiv.), and the mixture was gently
heated with a heat gun to fully dissolve the polymer. After cooling the flask to rt, a solution of PyBOP
(551 mg, 1.06 mmol, 1.65 equiv.) in dry DMF (3 mL) was added through the septum using a syringe

and needle. The reaction mixture was stirred overnight at rt and subsequently quenched by adding
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2-aminoethan-1-ol (100 uL, stirred 30 min). The volatiles from the reaction mixture were removed on a
rotary evaporator, and the polymer was purified by size-exclusion chromatography in methanol using a
flash chromatography system (LH-20 in F0080 column, 10 mL -min?'), yielding polymer
FcF3-C1 (500 mg) as an orange amorphous solid. The extent of polymer functionalization by the
ferrocene moiety was 6.8 mol% and 5.8 mol% by 2-hydroxyethylamide moiety relative to all monomeric
units (100%) according to the 'H NMR analysis.

"HNMR (400 MHz, DMSO-ds) J 8.90 — 8.67 (m, 7.8H, ((CFs, F¢)CH)-NH-CO-), 7.87 — 7.61 (m, 6.6H,
-CO-NH-CH2CH>-), 5.58 — 5.35 (m, 8.0H, ((CF3, Fc)CH-), 4.65 —4.57 (m, 7.0H), 4.56 —4.49 (m, 7.7H,
Fc-H), 4.45 —4.36 (m, 8H, Fc-H), 4.23 —4.17 (m, 17H, Fc-H), 4.15 - 4.11 (m, 41H, Fc-H), 3.62 — 3.22
(m, 455H), 3.13 — 3.04 (m, 15.2H), 2.10 — 1.82 (m, 300H, -CO-CHj3). SEC-MALS: M, = 15.09 kDa,
M, = 15.44 kDa, Dy = 1.024
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Preparation of polymer FcF3-C2

A Schlenk flask equipped with a magnetic stir bar was loaded with polymer C (200 mg,
0.320 mmol COOH, 1 equiv.) and closed with a rubber septum, and the atmosphere in the flask was
exchanged for argon (3 cycles vacuum-argon). Subsequently, dry DMF (2.5 mL, dried over 4 A sieves)
was added through the septum using a needle and syringe, and the flask was heated to 70 °C. After the
complete dissolution of the polymer, the flask was cooled to rt, and DIPEA (184 uL, 137 mg,
1.06 mmol, 3.3 equiv.) was added through the septum using a syringe and needle, followed by a solution
of compound 6 (147 mg, 0.519 mmol, 1.62 equiv.) in dry DMF (1 mL). Subsequently, a solution of
PyAOP (270 mg, 0.518 mmol, 1.62 equiv.) in dry DMF (1 mL) was added through the septum, and the
reaction mixture was stirred at rt for 1 h. Finally, a second portion of PyAOP (120 mg, 0.230 mmol,
0.72 equiv.) in dry DMF (0.5 mL) was added, and the reaction mixture was stirred at rt for another
30 min. The reaction mixture was then quenched by adding 2-aminoethan-1-ol (150 pL, stirred 30 min),
and the volatiles were removed on a rotary evaporator. The polymer was purified by size-exclusion
chromatography in methanol using a flash chromatography system (LH-20 in FO080 column,
10 mL - min™), yielding polymer FcF3-C2 (265 mg) as an orange amorphous solid. The extent of
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polymer functionalization by the ferrocene moiety was approximately 13% relative to all monomeric
units (100%) according to the 'H NMR analysis.

"H NMR (400 MHz, DMSO-ds) J 8.89 — 8.66 (m, 13.8H, -NH-), 5.55 — 5.36 (m, 15.2H, ((CF3, Fc)CH-
), 4.60 —4.48 (m, 15.5H, Fc-H), 4.45 —4.32 (m, 17.7H, Fc-H), 4.22 —4.16 (m, 31H, Fc-H), 4.16 —4.11
(m, 73H, Fc-H), 3.65—-3.21 (m, 438H), 2.07 — 1.88 (m, 300H, -CO-CH3). SEC-MALS: M, =22.87 kDa,
M,, =26.03 kDa, Dy = 1.138.
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3 Dynamic light scattering and cryoTEM

The corresponding polymer was dissolved an isotonic citrate buffer (0.08 M, pH =6.2) at
a polymer concentration of 2 mg - mL™' (more hydrophobic polymers FeF6-C and FeF3-C2 had to be
briefly heated to approx. 50-60 °C to obtain a clear solution). The samples were filtered through
a 0.45 uM PVDF syringe filter into a cuvette (1 mL). After the first DLS measurement, a CuCl, solution
in citrate buffer (10 pL, 10 mg - mL) was added, and another measurement was run. Finally, an aqueous
solution of (NH4)2S,0s (20 uL, 100 mg - mL) was added into the cuvette, and the change of polymer
particle size was observed at different timepoints. The same polymer sample preparation was used in

cryoTEM measurements (Fig. S4, S5 and S7).
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Figure S1. Hydrodynamic diameter of FcF6-A polymer sample (2 mg - mL™") dissolved in citrate buffer
(0.08 M, pH = 6.2) before oxidation, after Cu** (catalytic amount) addition, and after addition of APS

at different timepoints
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Figure S2. Hydrodynamic diameter of FcF6-B polymer sample (2 mg - mL™") dissolved in citrate buffer

(0.08 M, pH = 6.2) before oxidation, after Cu** (catalytic amount) addition, and after addition of APS

at different timepoints
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Figure S3. Hydrodynamic diameter of FeF6-C polymer sample (2 mg - mL!) dissolved in citrate buffer

(0.08 M, pH = 6.2) before oxidation, after Cu** (catalytic amount) addition, and after addition of APS

at different timepoints
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Figure S4. CryoTEM image of FcF6-C polymer sample (2 mg- mL™") dissolved in citrate buffer
(0.08 M, pH = 6.2) before oxidation showing the 100-nm-long, “rod-like” micelles and flake structures

Figure S5. CryoTEM image of FcF6-C polymer sample (2 mg - mL™) dissolved in citrate buffer
(0.08 M, pH=16.2) after Cu** and APS addition (approx. 10 min) showing approximately 20 nm

isometric objects resembling classical micelles after polymer oxidation (compare with Fig. S4)
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Figure S6. Hydrodynamic diameter of Fc¢F3-C1 polymer sample (2 mg - mL™") dissolved in citrate
buffer (0.08 M, pH = 6.2) before oxidation, after Cu®" (catalytic amount) addition, and after addition of
APS at different timepoints

Figure S7. CryoTEM image of FcF3-C1 polymer sample (2 mg - mL™"') dissolved in citrate buffer

(0.08 M, pH = 6.2) showing approximately 10-20 nm isometric objects resembling classical micelles
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Figure S8. Hydrodynamic diameter of FcF3-C2 polymer sample (2 mg - mL™) dissolved in citrate
buffer (0.08 M, pH = 6.2) before oxidation, after Cu®" (catalytic amount) addition, and after addition of
APS at different timepoints

4 Size-exclusion chromatography

The peaks in SEC chromatograms (Fig. S9-S19) at 6 min correspond to system peaks, which are
more prominent in polymers with free carboxyl groups (polymers A, B, C - Fig. S10, S12, S14). Their
intensity also increases with the increasing content of free carboxyl groups. This relationship could be
explained, for example, by the increase in the amount of water in polymer samples with the higher
content of free carboxyl groups or by partial depletion of sodium ions in the mobile phase, bound by the
polymer carboxylate groups, resulting in a greater change in the refractive index of the buffer in the

system peak.

The apparent shoulders of the polymer peaks in SEC chromatograms of the free carboxyl group
containing polymers A, B, C (Fig. S10, S12, S14) is a tailing arising from the polymer interaction with
the column stationary phase. The tailing increased with the content of free carboxyl groups (especially
B, C) but was not present in the corresponding parent polymers with methyl ester groups (Ame, Bue,

Cwme - Fig. S9, S11, S13) or in the final polymers FcF6-A, FcF6-B, FcF6-C or FcF3-Cl1.
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Figure S9. SEC chromatogram of polymer Awme
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Figure S10. SEC chromatogram of polymer A, slight peak tailing due to free carboxyl groups
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Figure S11. SEC chromatogram of polymer Bume
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Figure S12. SEC chromatogram of polymer B, peak tailing due to free carboxyl groups
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Figure S14. SEC chromatogram of polymer C, peak tailing due to free carboxyl groups
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Figure S15. SEC chromatogram of polymer FcF6-A with a UV trace confirming that the polymer FcF6-
A is free of the excess unbound ferrocene derivative 8 used for coupling
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Figure S16. SEC chromatogram of polymer FeF6-B with a UV trace confirming that the polymer
FcF6-B is free of the excess unbound ferrocene derivative 8 used for coupling
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Figure S17. SEC chromatogram of polymer FeF6-C with a UV trace confirming that the polymer
FcF6-C is free of the excess unbound ferrocene derivative 8 used for coupling
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Figure S18. SEC chromatogram of polymer FcF3-C1 with a UV trace confirming that the polymer
FcF3-C1 is free of the excess unbound ferrocene derivative 6 used for coupling

S27



n —— MALS
/YA\ —— UV (254 nm)
g 1 —dRl
g 0,8 - I//
g I//
a
S _
S o I
I\
= 0,2 /\
0 - . , : : , . .
0 2 4 6 8

Time [min]

Figure S19. SEC chromatogram of polymer FcF3-C2 with a UV trace confirming that the polymer
FcF3-C2 is free of the excess unbound ferrocene derivative 6 used for coupling

S28



5 DF relaxation times and MRI

5.1 UF relaxation times
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Figure S20. '°F T» and T relaxation time distributions in a FeF6-A polymer sample in citrate buffer
(0.08 M, pH=6.2) before oxidation and at various stages of oxidation. The 7; /7> values in the brackets
represent arithmetic-mean relaxation times of the respective distributions.
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Figure S21. '°F 7> and 7 relaxation time distributions in a FcF6-B
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Figure S22. "°F T and T relaxation time distributions in a FcF6-C
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Figure S23. '°F T and T relaxation time distributions in a FcF3-C1
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Figure S24. '°F 7> and 7 relaxation time distributions in a FeF3-C2

S31

0.1
T.,s

1?

10



5.2 '"F UTE MRI images

The polymer concentration between 10-20 mg - mL™! was chosen for '°F MRI experiments for lying
within both the solubility limit of all polymers and a reasonable concentration window for potential
bioapplications and drug delivery systems.

FcF6-B, reduced FcF6-B, oxidized

g

.60 -65 70 -75 -80 -85 -90 -95 -100

Figure S25. °F UTE images of a FcF6-B polymer sample (19 mg - mL™) in citrate buffer (0.08 M,
pH=6.2) before and after oxidation (> 60 min). Top: UTE parameters are set in favor of the oxidized
sample with a shorter 7': acquisition delay 22 ps; repetition time 10.5 ms; flip angle 90°. The brighter
image is displayed in the full range of a 16-bit gray scale, while the darker image is rescaled according
to their true intensity ratio. Bottom: UTE parameters are set in favor of the reduced sample with a slower
F FID (a narrower spectral peak): acquisition delay 680 ps; repetition time 11.2 ms; flip angle 12°.
The UTE provides a circular field of view (the inscribed circles in the square images), the tube position

is slightly shifted with respect to the center.
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M FcF6-C, oxidized
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Figure S26. '°F UTE images of a FcF6-C polymer sample (10 mg - mL™!) in citrate buffer (0.08 M,
pH=6.2) before and after oxidation (> 60 min). Top: UTE parameters are set in favor of the oxidized
sample with a shorter 7': acquisition delay 22 ps; repetition time 10.5 ms; flip angle 90°. The brighter
image is displayed in the full range of a 16-bit gray scale, while the darker image is rescaled according
to their true intensity ratio. Bottom: UTE parameters are set in favor of the reduced sample with a slower
F FID (a narrower spectral peak): acquisition delay 680 ps; repetition time 11.2 ms; flip angle 12°.
The UTE provides a circular field of view (the inscribed circles in the square images), the tube position

is slightly shifted with respect to the center.
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FcF3-C1, reduced FcF3-C1, oxidized

Figure S27. °F UTE images of a FcF3-C1 polymer sample (18 mg - mL™) in citrate buffer (0.08 M,
pH=6.2) before and after oxidation (> 60 min). Top: UTE parameters are set in favor of the oxidized
sample with a shorter 7': acquisition delay 22 ps; repetition time 10.5 ms; flip angle 90°. The brighter
image is displayed in the full range of a 16-bit gray scale, while the darker image is rescaled according
to their true intensity ratio. Bottom: UTE parameters are set in favor of the reduced sample with a slower
F FID (a narrower spectral peak): acquisition delay 680 ps; repetition time 11.2 ms; flip angle 12°.
The UTE provides a circular field of view (the inscribed circles in the square images), the tube position

is slightly shifted with respect to the center.
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FcF3-C2, reduced M
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Figure S28. '°F UTE images of a FcF3-C2 polymer sample (12 mg - mL™) in citrate buffer (0.08 M,
pH=6.2) before and after oxidation (> 60 min). Top: UTE parameters are set in favor of the oxidized
sample with a shorter 7': acquisition delay 22 ps; repetition time 10.5 ms; flip angle 90°. The brighter
image is displayed in the full range of a 16-bit gray scale, while the darker image is rescaled according
to their true intensity ratio. Bottom: UTE parameters are set in favor of the reduced sample with a slower
F FID (a narrower spectral peak): acquisition delay 680 ps; repetition time 11.2 ms; flip angle 12°.
The UTE provides a circular field of view (the inscribed circles in the square images), the tube position

is slightly shifted with respect to the center.
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5.3 UTE imaging technique

UTE (ultrashort echo time) is a purely frequency-encoding MRI technique with radial k-space
sampling trajectories (Fig. S29). In free induction decay (FID) acquisition mode, trajectories are taken
starting from the center of the k-space, and their polar angle is incremented between 0 and 2w after each
excitation a-pulse every TR (repetition time). To include the k-space center at each increment of the
gradients, sampling begins already on the rising gradient ramps. The minimum acquisition delay (TE)
is therefore limited by the duration of the RF pulse and of the refocusing gradient for slice selection and
can be set as short as 0.1 ms or less. As a result, the UTE in FID mode becomes suitable for acquiring
the k-space signal from samples with very fast 7>/ T»" relaxation, for which echo-based sequences are
not a viable option.

The radial sampling of the k-space requires a regridding procedure whereby acquired data are
resampled on a uniform Cartesian grid prior to the Fourier transform. The regridding procedure relies
on the actual k-space trajectories measured on a phantom with a long 7> and high signal-to-noise ratio
and with identical geometry.® In particular, the k-space trajectory measurements are needed to account
for transient currents during the rising gradient ramps at the beginning of the signal acquisition.

In the 3D UTE, the slice-selection gradient is replaced with the third read gradient. The k-space
trajectories span a sphere with an even distribution of the “end points” with the density that is required
by the field of view. The 3D UTE allows even shorter acquisition delays than the slice-selective 2D

UTE because delay for a refocusing lobe of the slice selection gradient is avoided.
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Figure S29. Left: Diagram of the 2D UTE pulse sequence in the FID acquisition mode (adapted from
Bruker Paravision 6.0. Operating manual. Bruker BioSpin GmbH, 2014). Right: The radial k-space
sampling employed for the 2D UTE — the ray direction is determined by the sum of two read gradients.
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6 Cytotoxicity

150
PC3 cells o EeERA
' —e— FcF6-B
120 - —+— FcF6-C

Viability [%]

' I ' I ' I ' 1
0 250 500 750 1000
¢ [mg.mL™"]

Figure S30. PC3 line viability (% of control) after incubating the cells with the polymers for 24 h
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Figure S31. NHDF line viability (% of control) after incubating the cells with the polymers for 24 h
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7  Quantum chemical study

We conducted a quantum chemical study to examine geometries of the complexes as well as the
electronic structures of reduced (Fe(Il)) and oxidized (Fe(Ill)) ferrocene derivatives to support the
results of cyclic voltammetry measurements. The scope of the study is limited to compounds 1, 3, 5,
6, and 7 which are considered the redox-responsive moieties of the studied polymers. We selected Kohn-
Sham DFT (at B3LYP/def2-TZVP level) as the most suitable method for obtaining molecular
geometries. Then, we performed an additional DLPNO-CCSD(T) single point energy calculation to
obtain improved electronic energies of the compounds, which were used to model redox behavior.

Solvation was considered implicitly, using the SMD formalism.

7.1 Method

We performed the quantum chemical calculations using ORCA 4.2.1. software package.” '° Initial
and final geometries and their properties were constructed and analyzed by Avogadro 1.2.0 ' ' and
Chemcraft (version b595)," respectively. Visualizations were rendered in VMD 1.9.3.'* All geometry
optimizations were conducted at BILYP/def2-TZVP level' '® with D3BJ dispersion correction!” ¥, and
inclusion of SMD implicit solvent model of dichloromethane.!” RIJCOSX density fitting scheme was

20.21 with corresponding def2 auxiliary basis sets.?>?* All procedures were

applied in all calculations,
conducted under the “VERYTIGHT” criteria, as applied in ORCA 4.2.1 and integration grids were
expanded to the “GRID6” and GRID6X” parameters. All geometries were verified by a subsequent
calculation of their analytical hessians.’> 2° Vibrational frequencies were obtained without any
imaginary frequencies.

Compounds 1, 3, 5, 6, and 7 were pre-optimized (to their minimum energy geometries) in their
neutral singlet and cation doublet multiplicities, in vacuum, and thereafter perturbed by implicit solvent
model of dichloromethane. Subsequent optimizations used the optimized ground state singlet geometries
as initial geometries.

Properties were collected from calculations perturbed by implicit solvent models, per
experimental conditions. Redox properties, including calculations of single electron oxidation
potentials were calculated using an additional single point DLPNO-CCSD(T)?’ 8 energy calculation
for a more accurate treatment of the electronic energy, which was added to the DFT-calculated AG-E¢
energy to give a more rigorous AG. Internally referenced isodesmic model, which was found suitable

29 30

for metallocene-type compounds in previously published works,*” *° was applied to calculate oxidation

potentials (Table S4), referenced to compound 1.
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7.2  Results: Electrochemical properties

Calculated single-electron oxidation of 1, 3, 5, 6, and 7 leads to the proposed metal centered
oxidation of Fe(Il) species to Fe(IIl) which is supported by Lowdin atomic charges and spin population
of the optimized geometries (Tables S2 and S3). Calculated oxidation potentials in dichloromethane,
based on an internally referenced isodesmic model are consistent with the experimentally determined

oxidation potentials by cyclic voltammetry in the expected error margin®' (Table S4).

Table S2. Lowdin atomic charge analysis of 1, 3, 5, 6, 7 Fe(II)/Fe(Ill) redox pairs, listed for redox non-
innocent atoms, in atomic units

Reduced compound — Fe(II) Oxidized compound — Fe(III)
Cmpnd. Fe N [0) Fe N 0)
1 -0.16 - 0.08 0.09 - 0.08
3 -0.15 0.13 0.23° 0.08 0.13 0.23*
- - 0.22¢ - - 0.23°
- - 0.02¢ - - 0.02¢
5 -0.15 - 0.12 0.10 - 0.12
6 -0.17 -0.13 - 0.16 -0.13 -
7 -0.17 0.17 0.03 0.05 0.17 0.04

2Compound 3 contains more than three oxygen atoms; they are listed in 3 lines of the table and references
with a/b/c; *atom 32; “atom 47; atom 48 (as listed in coordinates of the optimized compounds). Symbol

(T3]

indicates that no such atom is present in the molecule.

Table S3: Lowdin spin population analysis of 1, 3, 5, 6, and 7 Fe(II)/Fe(Ill) redox pairs, listed for

redox non-innocent atoms, in atomic units

Compound Fe N (0) Rest of the compound®
1 1.17 - 0.00 -0.17
3 1.18 0.00  0.00° -0.18
5 1.18 - -0.01 -0.18
6 1.17 0.00 - -0.17
7 1.18 0.00  0.00 -0.18

3Calculated as (signed) sum over all atoms; Fe, N, O subtracted; "sum over all O atoms. Symbol “-”
indicates that no such atom is present in the molecule.

Table S4. Calculated change of Gibbs free energy of Fe(Il)/Fe(Ill) single oxygen oxidation AG, first
oxidation potentials Eox, orbital energies of HOMO &iomo and SOMO &somo, 0f 1, 3, 5, 6, 7 Fe(I1)/Fe(I1I)
redox pairs in atomic units (au)

AG Ex gaomo” &omo”
Compound [V] [V] [au] [au]
1 5.03 0.25¢ -0.3443 -0.3518
3 4.95 0.17 -0.3395 -0.3519
6 4.90 0.12 -0.3413 -0.3436
7 4.95 0.17 -0.3442 -0.3510

“Parent Fe(Il) species; "oxidized Fe(IIl) species; °selected internal standard
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7.3 Results: Optimized geometries in dichloromethane

Compound 1 - reduced form - Fe(II)

Fe

T OO X T O IODI I IITIZDIOO0OO0OO0OO0TZD D T O0O00O0N

-0.05028766315935
0.10896415887957
1.39544709895607
1.58932318610113
0.42764606898856
-0.48336146886173
-0.34444780310547
2.45497454029029
0.25158284811116
-1.46989882185449
0.20647163182847
-0.98078065936448
-1.83538836606437
-1.17537318764411
0.08519781967128
1.06063228954982
-1.18159933744471
-2.79560657698083
-1.55046540591690
0.83522355311674
4.08831606205514
2.90841072659316
3.48666707884212
4.46388438134355
3.88572953413853
2.46257401994827
3.14382246225044
1.90036817228510
1.43236954181106
2.86505584767470
0.90756126796124

-0.02789331648786
-0.44583144344463
-0.20652722966764
-1.16745912077702
-1.98733616277794

-1.54233302822558

0.11222660883658
-1.23684856256233
-2.77971392580924

-1.93887308271432

0.81226147497361

0.02009999803841

0.54493700541192

1.66019124893427

1.82488968857221

0.65140321092354

-0.84649596473147

0.14546927642343

2.25301856557339

2.55916644377722
-1.00191610163422
-0.70979923114584
-0.07433409936021

0.71163439613755

1.81725344650892

0.74046699697260

1.27049998139549

1.92501634792027

1.54247876913524

2.84497827718816

2.55261553261548

Compound 1 - oxidized form - Fe(III)

Fe -0.04933383989702

OO ITZTITOO0O000

0.13954968867226
1.40199612495591
1.60199681669277
0.46197344436918
-0.43310398017197
-0.31876222831736
2.46835315262976
0.29424691304666
-1.40966409892100
0.21409200788562
-1.02727471330315
-1.85425983364001

-0.03631444306547
-0.54709876262911
-0.25330710714775
-1.18567972149890
-2.03701730398210

-1.63890108783625

-0.00895513991847
-1.22530691156295
-2.82762906389554

-2.05881627857871

0.77869426275882

0.07127438293232
0.69115359953956

-0.02802425256427
1.95719574023734
1.37150519809557
0.32415324931611
0.26612877627689
1.26894636406072
2.76058775064368
-0.31448773170160
-0.44497669415147
1.45315268341469
-1.86839391826927
-1.83822245671380
-0.82209558047982
-0.22309092477551
-0.87192608598366
-2.50825216705242
-2.44961196268431
-0.53296859635869
0.59686110661525
-0.62542698427028
1.93370401333022
3.72718717712048
2.69492446069962
3.19721446102274
1.03215590160587
1.83969259567046
0.72583171916965
2.67860206216094
3.88112504155814
2.89974810330966
2.03714895069708

-0.02830031081991
2.02547754177001
1.42755748446632
0.35552462813589
0.30417327734184
1.33154089291709
2.84048236695102
-0.28465044619083
-0.41131811697716
1.52112239185859
-1.89035399039537
-1.85359523033925
-0.87523879782968
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T OO QOTMTMIET T T I I OO

-1.13452110895843
0.14359848947737
1.05700084883762
-1.28868889650968
-2.84141009975697
-1.47400369055951
0.93653736744892
4.09245211041016
2.99690905361108
3.52610203728432
4.49242741084432
3.81548708646845
2.44531023848743
3.04156045934583
1.84313548795815
1.37863776511047
2.75852216320509
0.81414682329376

1.77210082642615
1.82991301469651
0.55532495688166
-0.78984582817662

0.36629749741361

2.40446607621909
2.51823077618075

-0.97201497919137
-0.66415228960955
-0.04609428358896
0.78376488410416
1.80539169361247
0.73903335874907
1.27772704599778
1.90292953180956
1.49461045996772
2.85466818878312
2.46879664460937

Compound 3 - reduced form - Fe(II)

ICIICZZINNQQQIIIIOQNNAQAQD

H
C
C
C
H
C
F
H
C
C
H
0

-3.12086992494919
-1.81990699352464
-1.82179063420696
-1.39530503966386
-1.14543781119337
-1.40837529388061
-2.09874911513746
-1.27663086162971
-0.84712556556674
-1.34920471951078
-4.76385398574183
-4.34241504070604
-4.42272691512217
-4.89814496086309
-5.10821999464852
-4.78947676094279
-3.98665007882402
-4.13824057969533
-5.03675480767677
-5.43659904463235
8.57531396919777
10.39930669903180
8.36499668387408
9.39002887074202
7.07059310704393
6.27441124088292
9.11574906228344
-1.63086714197649
9.91087082883444
6.78653678029477
7.81999992847138
3.46473899364899
4.71356125507889

-1.71368803824278
-0.98656147449244
-0.13723984290567
-0.93938881789715
-2.25126314267368
-2.28161402135584
-0.70812299416046
-0.60794578785241
-3.08866927952720
-3.14709479526665
-1.42708357369211
-2.78496497509111
-3.32614615826945
-2.30339557467920
-1.13120390370943
-0.73752669786046
-3.30235238983067
-4.32441565393374
-2.39105560972588
-0.17746879215191
-2.24746729044781
-0.99150808712758
-1.64522795078230
-0.94000633417078
-1.58269146478936
-2.13672242968752
-0.17303824572996
1.69183507755347
0.37306899695668
-0.81455512508864
-0.11179827770279
2.05460299188825
0.35499106892275

-0.30848331554060
-0.92742832587838
-2.52574525496606

-2.44953241505817

-0.58200896162240

0.49776450212119
-0.68274597916240

1.90695656474459

3.75276011229476

2.69387779175019
3.11080155295228

0.97611648985304

1.87400360232260

0.72116645488985

2.71933145952218
3.90599194468901
2.92018120458115
2.05295788161855

-0.09165070460353
1.33795950965031
0.18140161716552
-0.92973091107007
-0.45921873612957
0.93619716029724
2.33880018449487
-1.94533915235830
-1.06906384577970
1.57609972636432
-1.32093389678769
-1.37759280124000
-0.06374930338080
0.80482843244687
0.02916321257621
-2.14860397719488
-2.25434852835800
0.22815857618678
1.87051643730045
0.40528160591972
2.22494199271523
1.11491372198649
1.34994685396503
0.72593842994522
0.84609191075067
1.32941004030721
-0.40241549422233
2.51745572703031
-0.89456328012693
-0.28311772596117
-0.90282366324658
0.87968793736026
-0.13621129822897
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-3.66956347187719
-2.50071269875699
0.60166305041146
0.58849594736526
2.95041127546720
5.38968410033069
0.52851147709528
-2.69727080277415
3.48747002269621
7.60766541060640
-1.93012131393467
4.83703303035359
1.64776133289682
5.38808261241184
-0.69280047075318
2.95562570160163
1.52056875453209
1.60885191735668
-4.11118773811612
-2.80878396437210
-2.69639504050560
-2.43681928132747

1.35441321443513
1.91777044872848
0.38363352115063
1.43893725454006
1.69360995711609
-0.73271449241993
1.41549063538715
3.24546667743320
0.67463141570229
0.48220302401668
1.36868073924253
-1.65480167030569
2.24113291414593
-0.53208252375321
2.01600999874831
0.12057873755770
2.26152778063355
3.26505509215061
1.64235506159815
1.91165718808829
3.24282750070278
1.38039211862524

Compound 3 - oxidized form - Fe(III)

TTOTOQOOQITET T I T OO T T IO a:

-2.64552872131286
-1.35102958580100
-1.55260965351423
-1.07663117157870
-0.59299698745453
-0.76443255481001
-1.60535723573426
-1.09466169908683
-0.22664704132927
-0.54541726744002
-4.52234056256696
-3.83955871925777
-3.60998906596740
-4.15225081189135
-4.71415203836348
-4.79576800772375
-3.51692866892595
-3.09106484932467
-4.11044114868553
-5.15987369988282
7.93227731136689
9.85086811247744
7.75977425285796
8.83751247744662
6.45981731127881
5.62021340094488
8.61106914245155
-1.09197736569901
9.44746504915663

-1.63808901004169
-0.92478688077557
0.06254638762421
-0.51001809936876
-1.80823982212525
-2.06925050168111
-0.83488342170412
-0.03991018545169
-2.50557034702273
-2.99867057090408
-1.43378671049820
-2.60068679005183
-3.42751632654288
-2.75840457294728
-1.52980321163404
-0.59483425766260
-2.80543166136477
-4.37357473812344
-3.10417945295600
-0.77756900181890
-1.54684184444655
-1.17904003007260
-1.35505215172521
-1.14891002430588
-1.31982644409645
-1.48398436855105
-0.91012518544029
1.63714388382488
-0.75476838759662

1.86083074016040
1.51551207355141
0.05510234356944
1.48483758043292
0.09302111240495
-0.81914379184643
0.39537951625717
1.47279562797102
-0.61317610540369
-1.78394930478202
0.16659013681340
-0.63677338951169
-0.22252553139001
-1.88936596520083
-0.06084338754887
-1.55860018562989
-1.30488504201559
0.14726451090317
-0.82889541614780
-1.00649297896673
-1.13946123626324
-2.18104206513125

-0.21632699399730
1.21915833300470
0.19228100618420
-1.03620583991107
-0.76461337670039
0.61680949786027
2.26251209278874
-2.00543930096055
-1.50194001863147
1.11968905110076
-1.18244131542235
-1.61871730485106
-0.47691408185858
0.66246392868412
0.22013498886162
-1.80329574530689
-2.62797026547925
-0.47200805813715
1.68379627575115
0.85195737960062
2.86611967706367
1.33843891067226
1.81320931330580
0.95467114790370
1.31803834433360
1.98548316728925
-0.39899771893356
2.61087216713783
-1.07085677757398

S42



TTHOQHMIDTIZIOOIAQIIQOTOTOQAZIZIZOQOTMOITION

6.22439624125809
7.30983990248444
3.43101601106774
4.37192924617319
-3.18594723927656
-2.18385486947825
0.61463286033911
0.82430128730142
2.75786474312848
4.82242452221171
0.52933361081146
-2.51101336663999
3.08563710140110
7.13354689405150
-1.87972575174402
4.14837667516510
1.39723979664963
4.77209563031743
-0.83267391669663
2.32903825301968
0.99609091060626
1.41148986167054
-4.24706859050079
-3.07408324963259
-3.17536936690706
-2.91192539841190

-1.07842257998767
-0.87545345697421
2.50743101875858
0.35870811572568
1.12402380784428
1.87033048376212
0.97634630105232
2.64501914282178
1.87215805030693
-1.02306594786283
2.02835574800883
3.15772607330861
0.56342710922423
-0.69319393993991
1.53766482160305
-1.65023206341171
2.31389513513655
-1.32370048448877
2.35660844925003
-0.31592859897212
1.78216060666184
3.38052173264637
1.51680049567841
1.99972005482334
3.33164918797540
1.57257046450957

Compound 5 - reduced form - Fe(II)

Fe 0.04303286843321

TTHOQOTMOIID I TITZIOOOOOOD T DT ITIOOO00

-0.03203165384276
1.33267224595823
1.45596926728511
0.19904709798105
-0.71050745787430
-0.46066076270615
2.34751318629602
-0.04204165757139
-1.75304966044386
0.58799524892069
-0.67462542297968
-1.57180059702363
-0.86508294195004
0.46686053309068
1.48364497244453
-0.90107364642899
-2.59375601278138
-1.25809171319341
1.26045550639489
3.48627759906279
0.93723068121673
2.35952803912427
2.01609868744530
3.03829450763960
1.75281108550251

-0.00652165853149
-0.09867878637329
-0.14549647004764
-1.29224924269111
-1.94690927071855
-1.21778194993817
0.64570980486659
-1.58091531268649
-2.82459032397579
-1.45163319283408
0.52002563755777
-0.14666732941246
0.60241870992370
1.73133458834368
1.68018929896631
0.18841310906177
-1.07466925748674
0.33871330831896
2.47390849763052
2.37511152316170
0.79455152651737
2.77307813627825
0.85795780796967
2.10434754316361
2.96700392219844
1.73720638073746

-0.03694421534094
-0.89140828043168
-0.31419328816667
-0.45857356141424
2.35972090139326
1.85841594438752
0.54644672513369
1.12437602869142
-0.71568880344923
-0.56274416265401
0.27391425111280
2.02046191768786
-0.82291984271273
-1.94639623866937
0.36431290992482
0.02137635755739
-0.94540599734933
-1.61001501440448
-0.08925010547807
-1.20820965999014
-1.80866372817239
-1.16702932454022
-0.08140523659311
-0.52681375555703
-0.56847346854711
-1.79118983619666

0.04921546824370
2.07039990135512
1.59371158520841
0.72652933310240
0.70155169740750
1.52560159626082
2.72166728051459
0.19341802806379
0.12223810276560
1.67560477910613
-1.84716848365848
-1.85033834367625
-1.03121566034149
-0.51872448759600
-1.02772226944849
-2.34930088752015
-2.35240497324756
-0.80617406507302
0.15810723674347
-0.79770673636464
1.26941065560029
2.15176037614825
1.74107990418242
2.60758909873916
2.63821915318124
3.88171671030318
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Compound 5 - oxidized form - Fe(III)

Fe 0.01544305804483

TTHOOTWMOIT T T ITZTOOOOQQOD T T TZTOOO0O0

-0.01614921971686
1.32377838051057
1.48840954991303
0.26979195898314
-0.65039098632886
-0.46453868916096
2.38914792731097
0.06075029525435
-1.67733957726131
0.53840705098633
-0.75768260446303
-1.62427004196532
-0.87451191372350
0.46710023390354
1.41923482971927
-1.02716060775207
-2.66152204691797
-1.24391836755695
1.28325708261023
3.47228296316953
1.00666778447279
2.39322162004681
2.04903627950432
3.07031411863257
1.65535092178454

-0.02208585745307
-0.12937268021431
-0.10795211133535
-1.27565743267329
-1.99796285798753
-1.29556385157555
0.61506654430507
-1.53397104254306
-2.90616562697780
-1.57714476036463
0.49675194671596
-0.09377251439030
0.69274953738926
1.76912228860698
1.65516399998140
0.12935774687601
-1.00374731581184
0.47616402125974
2.52313511896699
2.32116113098388
0.80980248683888
2.79458602206590
0.90295865436120
2.11871144414634
2.94124606170096
1.70127504712814

Compound 6 - reduced form - Fe(II)

Fe -0.01506385620100

esfasBesfiacfesfiarNONONONONQRsRas Rl NONONORONQ!

0.16123162727252
1.44932348317061
1.58394289546674
0.38947702960085
-0.49105256454806
-0.26217475078119
2.44066337548973
0.17432052626935
-1.49052679328522
0.26908800520825
-0.96419616006167
-1.77369142070190
-1.03972188709099
0.22253482971343
1.10364967737574
-1.22569414391485
-2.75496698861678
-1.36746034203433
1.01539729409510
4.11072021801354

-0.02298551273119
-0.28510422611981
-0.14241417628041
-1.18961892782643
-1.96724862265983

-1.40538580013564

0.35968019692136
-1.34458878164631
-2.80847485856059

-1.74550195140153

0.67486901593471

-0.03898833375452

0.60255580565349

1.71098117379436

1.75548455066466

0.42155136145863

-0.92687659411972

0.28548059470883
2.37720859328942

2.46257966831240

-0.51637933977323

0.02377705087255
2.10637440407036
1.58596355324158
0.76411355678223
0.79165348878444
1.61356316003104
2.74566126867511
0.22877086272583
0.24609320992213
1.79423429107813
-1.90449395597260
-1.93931641551383
-1.13648069848533
-0.59453230419368
-1.06998159030684
-2.40852785485742
-2.45443856965780
-0.92767356179570
0.08384401230327
-0.83448745033506
1.25375357266483
2.12353470681812
1.77659292142902
2.67960382707893
2.80424759204468
3.89521492259599

-0.00051229003919
2.01219852182652
1.40252563929633
0.43275738762927
0.44486055596439
1.41672944576959
2.76633075607187
-0.20629193844677
-0.19637422901961
1.64161099959172
-1.89438554789774
-1.80401838916409
-0.81820473444643
-0.29754739466817
-0.96378898002764
-2.53045957267528
-2.35954072608945
-0.49901938257068
0.48558890868497
-0.77515194739286
1.92800114274189
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H
N
C
H
F
C
F
F

3.21652817859900
3.64571814610696
2.57787098824388
3.02679574648633
1.71288882079755
2.13475045710398
3.14544812299876
1.12437448522364

-0.39486779901496
0.15363946347464
0.79210579420892
1.17265104607578
1.72094842319678
2.02512504777855
2.91183126267516
2.69117392587644

Compound 6 - oxidized form - Fe(III)

Fe

TTHOTMIDIOQOZIT T T T I IOOOQQT T T TIOOO0O00

-0.00399584429301
0.27336755598005
1.56355216142739
1.69327749692988
0.51101795916131
-0.37320488556757
-0.15002680869951
2.54754959611121
0.31680529051452
-1.36080737026497
0.04663917889661
-1.14359423734805
-1.83554070084873
-1.05919672465379
0.09507880609260
0.80266797348310
-1.45817365448094
-2.77482972024443
-1.29269633984521
0.89743907978011
4.08940696252448
2.97649917772505
3.51468714695952
2.68136812468785
3.31238764357774
1.48529637652605
2.19212162660902
3.20341806109908
1.36966106816063

-0.00972359943693
-0.37924917646096
-0.20279635228789
-1.16508259109297
-1.95860924360941

-1.46685290795895

0.22256345275338
-1.26783417467187
-2.77423354530053

-1.84133740022293

0.72799130640084

-0.00836265757347

0.63510428530803
1.76402914931309

1.81839956385018

0.47493852176622

-0.90325837788085

0.32252933522217
2.44712789121479

2.53474973749978

-0.65060160010870
-0.26204181568672

0.09310686632189

0.71465179224030

0.95767694932222

1.89662465199718

2.05794597462881

2.88159918342983

2.67037778102346

Compound 7 - reduced form - Fe(II)

Fe
C
C
C
C
C
H
H
H
H

-0.29004903030655
0.05773486332449
1.28277770206175
1.21544037378364
-0.04223895319677
-0.75824024509110
-0.21884517806063
1.98368672383030
-0.40439732462830
-1.75812647576685

-0.02176608985851
-0.21070299800391
-0.23402120998085
-1.33253439610079
-1.97820029525333
-1.28254291609956
0.50670452739378
-1.60631156435891
-2.82108457982642
-1.50534986323635

3.27634175046615
2.53405140437522
1.74965596245344
0.83140100282098
3.77797598705821

2.52401837449160
2.66668134548574
1.92711694771002

-0.04653102683607
2.00541193168974
1.42687831496233
0.38324655605143
0.34126396167453
1.34842766227916
2.79447296333375
-0.27019053444892
-0.33809746025482
1.57004619988231
-2.03918333936142
-1.78344382395118
-0.71240050695164
-0.30909613638357
-1.13688436446999
-2.76730370606620
-2.29831613208967
-0.28289095008393
0.49271228127631
-1.05164960837113
2.50954419156031
3.66951163714305
2.88646952891325
1.87390232986999
1.01666472498531
3.56301634693919
2.42304087745216
2.67151098859376
1.53241909266194

-0.06435191009430
1.93352880006718
1.19169004778783
0.27326969755035
0.44787270189782
1.46696350202758
2.68975657792811
-0.43399166883478
-0.12057714606716
1.80677314524196
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-0.12422770148377
-1.40645816166563
-2.05017332635252
-1.16490921994685
0.02462813937633
0.61644504814959
-1.80491656787647
-3.02120820495156
-1.34825625858052
0.89725004070470
1.27705378437007
1.94638706917084
2.26503615572907
3.37769645674880
2.50270531701637
2.87032218340064
3.37168535305218
3.58852427895501
4.84327511392921
5.16151699251688
5.39116108204807
5.82382554045490
6.18255126474674
6.67894916453787

0.55792151023731
-0.02140647903972
0.74286649688558
1.79300634546835
1.67849792525342
0.19154712037574
-0.90291652020168
0.54102280721800
2.52365111362842
2.30872560142006
2.67086708113937
1.67126029022412
1.91603315809067
2.68298558161645
0.63063798178693
0.94324904745078
-0.66367493944425
-0.10063744328271
-0.13408860688431
0.49687061912540
-1.45784847252585
-0.99604388624445
-1.77586448780665
-0.38272745916614

Compound 7 - oxidized form - Fe(III)

Fe -0.24119430373086

TTZTOQOTOQOOTTMIDTZ TN T T T OOOO000

0.12594954424229
1.37487361670341
1.38953757962765
0.15777032861053
-0.62935403803278
-0.20967926235398
2.20743715652881
-0.13169732986477
-1.62257026425056
-0.09871239451024
-1.30995448358258
-2.04482595402027
-1.27886023592180
-0.08677104846629
0.68939298663390
-1.61395695093508
-3.00481334277983
-1.53899988087416
0.71814424782566
1.16276371628620
1.84599637576577
2.20396304452666
3.23612794988727
2.54843739629247
2.92554499473255
3.67336069770165

0.01670790309728
-0.23749882214815
-0.18142427013523
-1.22479931037472
-1.93461365169354

-1.31704854368416

0.44432430117233

-1.41068361517051
-2.78038945680742
-1.60784240261870
0.71711321122480
-0.00358417962209

0.67882948375457

1.81241748531533

1.83413946550195

0.44140691132380

-0.90453919215536
0.38710209053251
2.51421272619751

2.54541853350980

2.66156129145528
1.73600980065951
2.01613130719613

2.85777048485713
0.74964397684566
1.05939783131653

-0.00302183479625

-2.01078055221659
-1.76825159828749
-0.74843007804008
-0.35894039252411
-1.14027029277852
-2.70523988274078
-2.24716033686338
-0.32224396534727
0.41370913902920
-1.06374105870159
1.61860546034890
3.42656264937401
2.13336159525792
2.15056042490426
1.34099073016475
0.36295651992802
2.78361262876254
1.97378293646504
1.46680421838258
0.45102175855694
3.09900749581232
2.21184898012770
1.53676513926910
2.50149473361191

-0.08698580892616
1.97457642433992
1.29652408416001
0.32428743771438
0.41145709413304
1.43214443910334
2.74059078892874
-0.35618121117353
-0.19296703638200
1.73811764508720
-2.06651138171459
-1.84655234435523
-0.82712044072906
-0.42460297762713
-1.19348686589726
-2.75093008953924
-2.35675800082946
-0.42999199921257
0.35304880858316
-1.08595746099851
1.70889149740413
3.55748968362613
2.28359562026846
2.32454316748178
1.50612881014665
0.52819330893457
3.15810212131308
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TTZamoaz

3.64476476021646
4.58630236108297
4.47283423035148
5.60352908417080
5.72874592282695
5.83642949229310
6.64608800301657

0.06259500950842
-0.57006479520003
-0.57604076148606
-1.21042712306351
-1.21749323598876
-2.24393824309270
-0.68325237543135

2.15145122489913
1.37103318427102
0.15458631570485
3.18901227426631
2.10597486308711
1.75463943178115
1.85061639215056

Figure S32. Optimized structure of compound 1 (reduced)
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Figure S33. Optimized structure of compound 3 (reduced)

Figure S34. Optimized structure of compound 5 (reduced)
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Figure S35. Optimized structure of compound 6 (reduced)

Figure S36. Optimized structure of compound 7 (reduced)
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8 Differential scanning calorimetry

All samples were amorphous materials with similar behavior showing one 7 (see Table S5).

Table S5. Glass transition temperatures of the starting and ferrocene-modified polymers prepared in this

study (standard deviation: =1 °C)

Sample T, [°C]
A 90
B 90
C 93
FcF6-A 79
FcFo6-B 79
FcF6-C 80
FcF3-C1 91
FcF3-C2 98
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Figure S37. Top: DSC thermograms of polymers with free carboxyl groups A-C; bottom: DSC
thermograms of polymers with fluorinated ferrocene moieties FcF6-A-C, FcF3-C1, and FeF3-C2.
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BLOCK VS. GRADIENT POLYOXAZOLINE FOR DRUG DELIVERY SYSTEMS
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ABSTRACT: Both gradient and block copolymers can be used as drug delivery systems, but their relative (dis)advantages remain
unknown. Thus, we directly compared analogous amphiphilic gradient and block polyoxazolines for their physicochemical properties
and potential as building components of nanodrugs. For this purpose, we prepared a library of 18 polymers with varying ratios of
monomeric units, using 2-methyl-2-oxazoline (MeOx) as a hydrophilic monomer and 2-phenyl-2-oxazoline (PhOx), 2-(4-
butylphenyl)-2-oxazoline (BuPhOx), or 2-(4-butoxyphenyl)-2-oxazoline (BuOPhOx) as a hydrophobic monomer, and determined
their homo/heteropolymerization kinetics. Our results showed that gradient copolymers had broader glass transition intervals and
formed nanoparticles several times smaller and more compact than the corresponding block analogs. In particular, PMeOx-grad-
PhOx;, and PMeOx;-grad-BuPhOx;, exhibited a significantly higher drug loading capacity and entrapment efficiency than their
corresponding block analogs. Notwithstanding these differences, all polymers were cyto- and hemocompatible in vitro. Therefore,
analogous gradient and block copolymers may be alternatively used for specific biomedical applications.

1. INTRODUCTION

Amphiphilic polymers are among the most commonly used
building components of nanodrugs because of their ability to
spontaneously self-assemble into various nanoscale architec-
tures. As such, they provide extremely variable pharmacoki-
netic properties' depending on their chemical composition,
concentration, and molecular weight and on the solvent used
for nanoparticle (NP) preparation.” Therefore, these NPs can
be applied to a wide range of biomedical purposes as
therapeutic or imaging agents to enhance active pharmaceut-
ical ingredient (API) efficiency and solubility, protect API in
biological environments, reduce API toxicity, and/or control
API release and biodistribution.’

Amphiphilic polymer micelles can be tailored for controlled
delivery systems of poorly water-soluble drugs. Moreover,
block copolymer micelles are much more thermodynamically
stable than classical micelle formulations derived from low-
molecular-weight surfactants.”” The only micellar formulation
approved by the Food and Drug Administration (FDA) thus

© 2021 American Chemical Society

7 ACS Publications 8182

far is Estrasorb, a topical treatment for vasomotor symptoms of
menopause, which stabilizes estrogen serum levels for 8—14
days.® Nevertheless, many micelle systems are currently under
clinical trials. For example, CriPec from Cristal Therapeutics is
now under evaluation in a phase II trial as a potential treatment
for ovarian cancer.” The predecessor platform of CriPec, based
on the block copolymer of monomethoxy poly(ethylene
glycol) (mPEG) and N-2-hydroxypropyl methacrylamide
monolactate/dilactate with conjugated docetaxel via a hydro-
lyzable ester linker, induced complete tumor remission after a
single intravenous injection in a xenograft breast cancer
model.® Similarly, Genexol-PM (Samyang Biopharm), a
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micellar formulation of paclitaxel based on mPEG-block-
poly(lactic acid) (PLA), is currently under investigation in
various clinical trials’~"* and has already been approved for the
treatment of advanced lung cancer and metastatic breast cancer
in South Korea."

Unlike block copolymers, whose monomer composition
changes abruptly, gradient copolymers exhibit a continuous
gradual change in monomer composition along their macro-
molecular chains due to differences in the polymerization
reactivity of the monomers.'* Because of their easier one-pot
synthesis, they have been considered as inexpensive alter-
natives of block copolymers in applications such as emulsion/
dispersion stabilization or compatibilization of immiscible
polymer blends."> Currently, research on gradient copolymers
also focuses on their applications in drug delivery systems. For
such purposes, one of the most convenient copolymers
forming polymeric NPs in aqueous solutions are poly(2-
alkyl-2-oxazoline)s (POXs), biocompatible pseudopepti-
des.'™"? Poly(2-methyl-2-oxazoline-grad-2-phenyl-2-oxazo-
line) (PMeOx-grad-PhOx) particles were successfully used
for the delivery of DNA chains’ and encapsulation of
indomethacin.”* Moreover, in aqueous environment, PMeOx-
grad-PhOx particles form a new type of micelles, “bitterball-
core micelles”, with a denser outer layer than the core.”
Notwithstanding these advances in research on gradient and
block copolymers, their relative advantages and disadvantages
in terms of applications as drug delivery systems remain
unknown.

Based on the above, in the present study, we directly
compare the physicochemical properties of analogous gradient
and block POXs and their potential applications as drug
delivery systems. We hypothesize that bitterball-core micelles
of PMeOx-grad-PhOx have higher drug loading (DL) than
classical micelles of analogous block copolymers because
gradient copolymers form micelles with a larger empty core
structure. Accordingly, three series of gradient and analogous
block POXs were prepared using 2-methyl-2-oxazoline
(MeOx) as a hydrophilic monomer and 2-phenyl-2-oxazoline
(PhOx), 2-(4-butylphenyl)-2-oxazoline (BuPhOx), or 2-(4-
butoxyphenyl)-2-oxazoline (BuOPhOx) as a hydrophobic
monomer, which also enabled us to assess the effect of
substituents on the benzene ring on the polymer properties. In
addition, we performed a copolymerization kinetic study of
two novel monomers, BuPhOx and BuOPhOx.

2. EXPERIMENTAL SECTION

2.1. Materials and Instrumentation. Dichloromethane
(CH,CL,), diethyl ether, dimethylformamide (DMF), ethyl acetate
(EtOAC), hexane, and methanol (MeOH) were purchased from Lach-
Ner Ltd. (Neratovice, Czech Republic) and were of analytical grade.
Chloroform-d, dimethyl sulfoxide-d;, and deuterated water were
purchased from Eurisotop (Cambridge, UK.). Dyomics-560 N-
hydroxysuccinimide (DyS60 NHS ester) was purchased from
Dyomics GmbH (Jena, Germany). Alexa Fluor 488 and Mowiol
were purchased from Thermo Fischer Scientific (Prague, Czech
Republic). Normal human dermal fibroblast was purchased from
Lonza (Prague, Czech Republic).

All other chemicals were purchased from Sigma Aldrich Ltd.
(Prague, Czech Republic). The chemicals were used without further
purification unless stated otherwise.

All polymerization mixtures were prepared under an argon
atmosphere in a glovebox, and the polymerization reactions were
performed using a Biotage Initiator" microwave synthesizer (Biotage,
Uppsala, Sweden).
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All NMR spectra were recorded on a Bruker Avance III HD 400
MHz spectrometer (Bruker Co., Billerica, MA) operating at a
frequency of 400.13 MHz equipped with a broadband probe.
Chemical shifts are reported relative to the residual solvent signals.
The following experiments were performed to determine interactions
in the drug-loaded NPs: polymer (1.0 mg) and rifampicin (1.0 mg)
were dissolved in acetonitrile (ACN, 0.20 mL), D,O (1.00 mL) was
added, ACN was evaporated, and nuclear Overhauser effect
(NOESY) spectra were recorded” (16 scans, mixing time of 300
ms, relaxation delay D, = 2.00 s, size of fid 2048 by 256) using 'H
NMR (128 scans, relaxation delay D, = 20.00 s) as an external
projection.

Elemental analysis was performed on a PerkinElmer 2400 Series II
CHNS/O elemental analyzer (PerkinElmer Systems Ltd., Czech
Republic).

The molecular weight of all polymers prepared in this study was
determined with size exclusion chromatography (SEC) using a HPLC
DeltaChrom P102 Pump SS system equipped with a SEC column
(Deltagel Mixed-B, 300 X 8 mm), an autosampler AS250, and
refractive index RI200 (all from Watrex, Prague, Czech Republic).
The mixture of chloroform/triethylamine/isopropanol 94:4:2
(volume ratio) was used as the mobile phase for all polymers, except
for PMeOx,, for which dimethylformamide was used as the mobile
phase. The molecular weights were calculated using poly(methyl
methacrylate) (PMMA) calibration (12 standards with M, values
ranging from 360 to 721 000 Da).

The remaining content of monomers in each kinetic sample was
determined by high-performance liquid chromatography (HPLC),
using a chromatograph with UV detection (Dionex Ultimate 3000,
Dionex, California). MeOx was determined using a ZIC-HILIC
column (100 X 2.1 mm) and an isocratic mobile phase A/B = 20/80
(phase A: 95% deionized water, 5% ACN + 0.1% trifluoroacetic acid
(TFA); phase B: 5% deionized water, 95% ACN + 0.1% TFA) with a
flow rate of 0.5 mL/min. BuPhOx and BuOPhOx were determined
using a reverse-phase column Chromolith Performance RP-18e (100
X 4.6 mm) with a mobile phase composition of 0.00—0.25 min: 15%
of phase B; 0.25—5.50 min: linear gradient 15—50% of phase B; 5.50—
6.50 min: linear gradient 50—100% of phase B; 7.00 min: 100% of
phase B; and a flow rate: 3.5 mL/min. The chromatograms were
obtained at 225 nm.

The size of the NPs was determined using dynamic light scattering
(DLS) on a Zetasizer Nano-ZS, Model ZEN3600 (Malvern
Instruments, UK.) at @ = 173° scattering angle and 25 °C. The
data were evaluated using the DTS software (version 6.20, Nano,
Malvern, UXK.). All samples were filtered through 0.45 ym PVDF
filters before the measurements.

The morphology of the NPs was visualized using transmission
electron microscopy (TEM). Copper grids (400 mesh) with a S nm
carbon film were freshly glow-discharged. The sample (4 uL) was
placed on top of the grid for 30 s, washed twice with 7 uL of the
staining solution (1% wt ammonium molybdate and 0.1% wt trehalose
in Milli-Q water), stained with another 7 uL of the staining solution
for 30 s, and dried with a piece of filter paper. Sample solutions were
used as prepared, only PMeOxg)-grad-PhOx,,was diluted twice with
Milli-Q water. The images were acquired using a Jeol JEM-1400
FLASH transmission electron microscope with a bottom-mounted
FLASH 2kx2k CMOS camera at 80 kV. The images of spherical
particles were analyzed in Image] (Fiji Is Just) software, using the
Trainable WEKA segmentation plugin for particle detection (at least
500 particles per sample), manual thresholding, and particle analysis
of binary images where the particle area and circularity were
evaluated. Equivalent circular area diameters were calculated from
the respective particle areas and sorted in histograms showing
number-weighted particle size distribution. Rodlike micelles were
characterized by measuring their lengths in the longest direction.

Thermogravimetric analysis (TGA) of the homopolymers and
copolymers was performed using a Pyris 1 TGA Thermogravimetric
Analyzer (PerkinElmer, Czech Republic). Prior to TGA, the samples
were purified by extensive drying under reduced pressure at an
increased temperature. Approximately 5 mg of the sample was placed
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in a ceramic crucible and heated from 30 to 500 °C at a heating rate
of 10 °C/min under a nitrogen flow of 25 mL/min. The temperature
of 5% weight loss (T4s4) and the temperature of maximum
decomposition (Tg,,.,) were evaluated for all samples. The standard
deviation of the TGA measurement was under 5%.

The thermal behavior of the homopolymers and copolymers was
evaluated by differential scanning calorimetry (DSC) using a Q 2000
calorimeter (TA Instruments), calibrated with an indium standard.
The samples (2—S5 mg) were encapsulated in aluminum hermetic
Tzero pans with a pinhole. All DSC measurements were performed
under a nitrogen atmosphere (at a flow rate of S0 mL/min) at a
temperature ranging from 0 to 250 °C. Glass transition temperature
(Tg) data were extracted from the second heat scan using a heat—
cool—heat cycle with a heating rate of 50 °C/min and a cooling rate
of 5 °C/min. The glass transition temperature T, values were
determined as the midpoint of heat flow change. The breadth of the
glass transition region (ATg) was determined from the derivatives of
heat curves as the difference between T, and T,,>* where T, was the
end point T, corresponding to the local minimum of the derivatives of
heat curves (as a consequence of the presence of a small enthalpy
relaxation/endothermic peak on the original DSC heat curves) and T,
was the onset point of the T, peak on the derivate heat curve.
Crystallization and melting of the selected samples were studied with
a heating/cooling rate of 5 °C/min. All DSC measurements were
repeated.

In all calculations performed in this article, the following statistical
processing was applied: the mean value ¥ was calculated as the
arithmetic mean, and the standard deviation s was calculated
according to eq 1

- [ Y (x—%)
- n—1 (1)

where n is the number of independent experiments. To study the
variation among and between groups, analysis of variance (ANOVA)
was applied using OriginPro 8.6 software.

2.2. Polymer Synthesis. 2.2.1. Kinetics. 2.2.1.1. Homopolymeri-
zation. A stock solution containing methyl 4-nitrobenzenesulfonate
(MeONs) as the initiator and the monomer BuPhOx (or BuOPhOx)
in the ratio [BuPhOx/BuOPhOx]/[MeONs] = 100:1 with a total
monomer concentration of 2 M in anhydrous ACN was prepared
under an argon atmosphere. The stock solution was then divided into
six microwave vials, sealed, and polymerized in a microwave
synthesizer at 140 °C for various periods. After cooling the
polymerization mixture to room temperature, the reaction was
quenched with a methanolic ammonia solution (3 mol equiv of
MeONs). The sample concentration was measured using HPLC and
compared to the concentration of a stock solution (t = 0 s). The
sample molecular weight was determined using SEC.

The monomer polymerization constant (k,) was determined using
eqs 2 and 3 assuming that k¢ corresponds to the slope of the linear fit
of In([M]y/[M],).**

InMy — InM, = kgt

@)
(3)

where M, is the initial monomer concentration and M, is the
monomer concentration at time t.

2.2.1.2. Copolymerization. Stock solutions containing methyl 4-
nitrobenzenesulfonate (MeONss) as the initiator ([M]/[I] = 100) and
the monomers MeOx and BuPhOx or BuOPhOx ([MeOx],/
[BuPhOx/BuOPhOx], = 90:10, 80:20, 70:30, 50:50, 30:70, and
15:85), with a total monomer concentration of 4 M in anhydrous
ACN, were prepared under an argon atmosphere. The stock solution
was then divided into six microwave vials inside a glovebox, sealed,
and polymerized in the microwave synthesizer at 140 °C for various
periods (absorption level: high). After cooling the mixture to room
temperature, polymerization was terminated by adding the methanolic
ammonia solution (3 mol equiv of MeONs). The sample
concentration was measured using HPLC and compared with the

keff = kp[I]O
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concentration of a stock solution (t = 0 s). The sample molecular
weight was determined using SEC.

The reaction time at 30% MeOx conversion (In(My/M,) = 0.357)
was determined. At this time, the PhOx conversion was calculated
from the kinetic plots. In turn, the monomer reactivity ratios were
determined by nonlinear least-squares fitting of the data plot F, versus
f, (Figure 3E,F) (Equation 4, OriginPro 8.6 software).”**”

_ (n = l)flz +f1
(rl +r,— 2)f12 +2(1 - rz)f1 +1, (4)

where F| is the instant mole fraction incorporated into the polymer
chain, f; is the fraction of BuPhOx/BuOPhOx in the monomer feed,
r) is the reactivity ratio of BuPhOx/BuOPhOx, and r, is the reactivity
ratio of MeOx.

2.2.2. Synthesis of Copolymers. The gradient polymers were
synthesized as follows: 2-methyl-2-oxazoline (MeOx), the hydro-
phobic 2-aryl-2-oxazoline (a total monomer concentration of 4 M; for
more detailed information, see Table 1), and the initiator MeONs

K

Table 1. Detailed Polymerization Data”

MeOx mass of hydrophobic reaction time
name (uL) monomer (mg) (min)

PMeOxyq-grad- 404 79 120
PhOx,

PMeOxg-block- 404 79 20 + 100
PhOx,,

PMeOxgy-grad- 359 158 120
PhOx,,

PMeOxg-block- 359 158 20 + 100
PhOx,,

PMeOxyy-grad- 314 316 120
PhOxy,

PMeOxy-block- 314 316 15 + 105
PhOxy,

PMeOx,q-grad- 404 108 120
BuPhOx,,

PMeOxq-block- 404 108 20 + 100
BuPhOx,,

PMeOxg-grad- 359 218 120
BuPhOx,,

PMeOxg(-block- 359 218 20 + 100
BuPhOx,,

PMeOx,-grad- 314 323 120
BuPhOxs,

PMeOxyg-block- 314 323 15 + 105
BuPhOx3,

PMeOxyq-grad- 404 116 120
BuOPhOx,,

PMeOxy-block- 404 116 20 + 100
BuOPhOx,,

PMeOxgy-grad- 359 235 120
BuOPhOx,,

PMeOxgg-block- 359 235 20 + 100
BuOPhOxy,

PMeOx;-grad- 314 348 120
BuOPhOx,,

PMeOxq-block- 314 348 15 + 105
BuOPhOx;,

“MeOx, 2-methyl-2-oxazoline; PhOx, 2-phenyl-2-oxazoline; BuPhOx,
2-(4-butylphenyl)-2-oxazoline; and BuOPhOx, 2-(4-butoxyphenyl)-2-

oxazoline.

(11.4 mg; 0.053 mmol) were mixed in anhydrous ACN (1.50 mL)
under an argon atmosphere. Polymerization was performed in
microwave vials under an argon atmosphere at 140 °C for 2 h.
Then, the living polymerization chains were terminated by adding the
methanolic ammonia solution (0.200 mL; 4 M in MeOH; stirred for
the next 3 h). The resulting copolymers were precipitated in diethyl
ether and purified on a Sephadex LH-20 column.
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The analogous block copolymers were synthesized as described
above, except that MeOx was first polymerized for a specific time and
only then was the second monomer added (4 M total monomer
concentration), thereby continuing the living polymerization.

To measure the thermal properties of the copolymers, the
analogous homopolymers PMeOx, PPhOx, PBuPhOx, and PBuO-
PhOx were prepared, as described above, using only one monomer.

Polymers expected to be most and least hydrophobic were selected
for conjugation with DyS60 NHS ester as follows: each polymer (20
mg) was dissolved in anhydrous DMF (2.000 mL) with N,N-
diisopropylethylamine (DIPEA, 0.120 mL). Then, DyS60 NHS ester
was added, stirring the reaction mixture overnight. The product was
purified twice on a Sephadex LH-20 column using methanol as the
mobile phase. The amount of DyS60 was determined spectrophoto-
metrically (PMeOxy-grad-PhOx,,-Dy560, 1.8 wt %; PMeOxyq-block-
PhOx,,-Dy560, 2.5 wt %; PMeOx;y-block-BuPhOx;,-Dy560, 3.0 wt %;
PMeOx-block-BuOPhOx,,-DyS60, 3.4 wt %).

2.3. Preparation of Drug-Loaded NPs. The NPs loaded with
rifampicin were prepared by nanoprecipitation as follows. Each
polymer (10.0 mg) and rifampicin (10.0 mg) were dissolved in ACN
(1.5 mL). Milli-Q water (10 mL) was then quickly added to the
solution under vigorous stirring via a syringe, and ACN was
evaporated under reduced pressure at 45 °C. Then, the solution
volume was adjusted to 10.00 mL by adding Milli-Q water.

The mass of the drug incorporated into the NPs was determined as
the difference between the mass of the drug used to prepare the NPs
and the mass of the free drug. The solution of the prepared NPs was
ultracentrifuged through a 10 kDa membrane (Amicon Ultra-1S
Centrifugal Filters with Ultracel 10 kDa membrane, Millipore,
Ireland), and the filtrate (0.100 mL) was mixed with ACN (1.900
mL). The mass of the free drug (non-encapsulated in NPs) was
calculated using this sample absorbance at 4 = 477 nm measured
using an UV-—vis spectrometer, Thermo Scientific Evolution 220
(Waltham, Massachusetts).

The efficiency of drug incorporation was evaluated as the
entrapment efficiency (EE) and drug loading (DL), which were
calculated according to eqs 5 and 6, respectively.

mass of the drug incorporated into the NPs

EE =

mass of the drug used to prepare the NPs

()

mass of the drug incorporated into the NPs
total mass of the NPs

DL

(6)

The EE and DL data were collected from three independent
experiments (n = 3).

2.4. In Vitro Experiments. 2.4.1. Cytotoxicity. Normal human
dermal fibroblast (NHDF) cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum
and 1% penicillin streptomycin at 37 °C in a humidified incubator
containing 5% CO,.

NHDF cells were precultivated for 24 h in 96-well plates (clear, flat
bottom plates; density of 10* cells/cm?). The cells were incubated
with varying concentrations of the polymer solution for 48 h, and the
cell viability was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay.”® MTT is reduced to
formazan in the mitochondria of living cells, and thus cell viability can
be spectrophotometrically determined using absorbance at 570 nm
after cell lysis (sodium dodecyl sulfate lysis buffer).”® The cells were
observed and photographed before lysis under phase-contrast light
microscopy (Olympus IX71 with camera DP74). The MTT assay
results were compared with the control samples (adding phosphate-
buffered saline, PBS, instead of polymer solution), and the cell
viability of these samples was set to 100%. The results are expressed as
the average values of three independent experiments.

2.4.2. Hemolysis Test. The hemolysis test was performed according
to the protocol reported by Anand et al.*” The tail vein blood of
Wistar rats (purchased from Velaz, Prague, Czech Republic) was
collected via a cannula to ethylenediamine tetraacetic acid (EDTA)-

8185

coated vacuum test tubes containing the polymers (¢ = 0.5 mg/mL).
The blood was used within 1 h from collection.

The blood was diluted with saline (0.9% NaCl) in a 1:50 volume
ratio and then mixed with the polymer solutions (cg,, = 0.5 mg/mL).
An equivalent volume of PBS or Triton X-100 (cg,q = 17 mM) was
used as a negative or positive control, respectively. The samples were
incubated for 1 h and centrifuged for 5 min at 500g, subsequently
recording absorption spectra (460—600 nm) of the supernatants on a
Tecan Spark reader (Tecan Life Sciences, Mannedorf, Switzerland).

Polymers had substantial absorbance in the selected range, which
could alter the results. Therefore, the absorption spectra were
decomposed using the method of least-squares (Matlab, Natick,
Massachusetts) to separate the contribution to absorption of the
polymers from that of the released hemoglobin.

The results are expressed as a relative hemolysis index (PBS
control, 0%; Triton X-100 control, 100%). The tests were repeated
four times (using blood samples from different animals), and the data
are presented as average values + standard deviation.

2.4.3. Cellular Association Assay. NHDF cells were cultivated
overnight in six-well plates (density, 3 X 10* cells/cm®). Then, they
were incubated with a solution of each polymer conjugated with
DyS60 (c = 1 mg/mL) for 48 h. The cells were collected after
trypsinization and washed with the cultivation medium and PBS. Each
cell suspension was measured on a BD Aria ITu flow cytometer
(FACS) equipped with a laser of 561 nm (yellow detector 586/1S;
400 V). The results are expressed as the increase in the mean
fluorescence intensity (MFI) (in arbitrary units) from at least 1.5 X
10* cells for each polymer and each time point. Fluorescence was
correlated with the weight amount of DyS60 in the polymer samples.

2.4.4. Fluorescence Imaging. NHDF cells were cultivated
overnight at a concentration of 5 X 10% cells/cm? The selected
polymers labeled with DyS60 (¢ = 1 mg/mL) were mixed with cells
and incubated for 48 h. After incubation, the supernatant was
discarded, and the cells were washed three times with prewarmed PBS
and fixed in 4% paraformaldehyde in PBS for 15 min. The cells were
treated with 0.1% Triton X-100 in PBS for 20 min and then blocked
in 1% fetal bovine serum and 0.05% Tween in PBS for 30 min. The
actin cytoskeleton of the cells was stained with phalloidin conjugated
with Alexa Fluor 488 (Phall/AF488, Invitrogen) for 30 min.
Subsequently, the cell nuclei were stained with 4',6-diamidino-2-
phenylindole dihydrochloride (DAPI) in the dark at 37 °C. Both dyes
were diluted 1000X from the stock solution (c = 1 mg/mL). All
staining steps were separated by two washing steps (PBS). After
completing the staining procedure, the cells were washed three times
with PBS, mounted in Mowiol, and covered with a coverslip. The
samples were kept in the refrigerator for at least 48 h.

The samples were observed under a confocal laser scanning
microscope (Leica TCS SP8X, Leica Microsystems). The polymers
PMeOxy,-grad-PhOx,,-Dy560 and PMeOxqy-block-PhOx,,-DyS60
were excited using a light laser (40% laser intensity, 488 nm), and
the emission was collected on a hybrid detector from 580 to 600 nm.
Phall/AF488-stained actin filaments were also excited using a white
light laser (40% laser intensity), and the emission was collected from
510 to 530 nm. DAPI-stained cell nuclei were excited using a diode
laser (405 nm, 40% laser intensity), acquiring emission from 43S to
478 nm using a Leica DFC365 FX monochrome digital CCD camera
and an HC PL APO CS2 63x/1.40 OIL objective (both Leica
Microsystems). Image] software was used for contrast and smooth-
ness correction purposes.

3. RESULTS AND DISCUSSION

In this study, the novel monomers 2-(4-butyphenyl)-2-
oxazoline (BuPhOx) and 2-(4-butoxyphenyl)-2-oxazoline
(BuOPhOx) were first synthesized, and the monomer
synthesis is described in detail in the Supporting Information
(SI) (Monomer Synthesis).

3.1. Kinetics and Polymer Synthesis. All copolymers
were synthesized by cationic ring-opening polymerization
(CROP) (Figure 1). The mechanism starts with a nucleophilic
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Figure 1. General scheme of cationic ring-opening polymerization (CROP) of 2-aryl-2-oxazolines to produce block (A) and gradient (B) POX.
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Figure 2. (A) and (B) relationship between the fraction of BuPhOx/BuOPhOx in the monomer feed (f;) and the fraction of BuPhOx/BuOPhOx
incorporated into the copolymer (F;) at 30 mol % MeOx conversion. (C) Microstructure of the copolymers resulting from a feed containing
monomers at a 70:30 ratio (based on the Skeist model). The white squares correspond to the real data. For the microstructure of the PhOx
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attack of the lone electron pair of the nitrogen atom of 2-alkyl- undergoes a nucleophilic attack by the nitrogen atom of the
2-oxazoline on an electrophilic initiator species (in this case, next monomer molecule and ring opening, thereby forming
methyl nosylate). The carbon atom of the CH,—O bond poly(2-alkyl-2-oxazoline). Under ideal polymerization con-
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Figure 3. Size distributions by volume of the rifampicin-loaded NPs monitored by DLS.

ditions, the termination or chain-transfer reaction is almost
missing (living polymerization); therefore, the polymerization
reaction proceeds until a terminating agent is added or all
monomers are consumed. Generally, a block copolymer is
formed when only one type of monomer is present in the
starting polymerization mixture, and the second monomer is
added just after the first one is consumed (Figure 1A).
Conversely, when two types of monomers are present at
initiation (Figure 1B), both monomers participate in polymer-
ization and produce statistical copolymers. If the reactivities of
both monomers are extremely different, the resulting polymers
will have a varying composition along the polymer chain and
are hence known as gradient polymers.

To investigate the newly prepared monomers, their kinetics
of homopolymerization and copolymerization with 2-methyl-2-
oxazoline (MeOx) were studied. The first set of experiments
was performed to investigate the homopolymerization kinetics
of BuPhOx and BuOPhOx, and the results are clearly
summarized in the SI (Homopolymerization Kinetics). The
second set of kinetic experiments was performed to study the
copolymerization of the novel monomers with MeOx
([MeOx],/[BuPhOx/BuOPhOx], = 90:10, 80:20, 70:30,
50:50, 30:70, and 15:85) using the typical conditions of
polymerization, as described above. Here, all of the
copolymerization reactions displayed pseudo-first-order ki-
netics (Figures S4—S15 in the SI), which confirms the living
polymerization mechanism and also showed a linear increase in
the measured M, against the theoretical M,. The fast
consumption of MeOx and the slow incorporation of
BuPhOx/BuPhOx were monitored for both copolymerization
reactions. The reactivity ratios of CROP are usually
determined by measuring the incorporated monomer fractions
(F,) at low conversion (~30%), which are plotted against the
theoretical monomer fractions (f;). The r, and r, values are
then calculated by nonlinear least-squares fitting.”® When the
reactivity ratios differ significantly, the composition can be
difficult to determine because a negligible amount of one
monomer is incorporated, as described for the copolymeriza-
tion of MeOx and PhOx (ry.0, > 1 and rppo, << 1).°° Thus,
the approach developed by Schubert et al.”” was implemented
using kinetic plots (In([M],/[M],) versus time; see Figures
S4—S15, SI) for the copolymerization at different monomer
ratios, which were determined using HPLC. The reaction time
was calculated at 30% MeOx conversion (In(M,/M,) = 0.357),
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and the real PhOx conversion was detected at this time. The
reactivity ratios were determined by nonlinear least-squares
fitting of the data plot F, versus f; (Figure 2A,B). A slight delay
in MeOx incorporation was observed in the copolymerization
with BuPhOx (ryeox = 7-56, guphox = 0-13) in comparison with
BuOPhOx (rye0x = 891, 7pupnox = 0.12), which denotes a
steeper gradient for copolymers of MeOx and BuOPhOx. To
visualize the distribution of the monomeric units (MUs) along
the polymer chain, the microstructure composition was
predicted for a monomer feed ratio of MeOx/BuPhOx or
BuOPhOx = 70:30 using the Skeist model®’ (Figure 3D),
which revealed that the initial part of the copolymer is rich in
MeOx, whereas the final 10—20% of the chain consists of a
homopolymer of BuPhOx or BuOPhOx. Moreover, the
gradient of MeOx/BuPhOx was slightly less steep than that
of MeOx/BuOPhOx (the microstructure compositions of the
other monomer feed ratios are plotted in Figures S4—S15 in
the SI). The microstructure composition for a monomer feed
ratio of MeOx/PhOx = 70:30 was simulated based on the
reported data (ryeox = 10.02, rgpnox = 0.02),”” showing a
steeper gradient than in the case of substituted monomers.

To compare the properties of analogous block and gradient
copolymers, the three series of copolymers were synthesized.
In all cases, MeOx was used as the hydrophilic monomer,
whereas the hydrophobic monomer differs in each series: (a)
PhOx, (b) BuPhOx, and (c) BuOPhOx. Moreover, polymers
with varying monomer ratios were prepared to assess the effect
of different hydrophobic monomers on the polymer properties.
The characterization of all copolymers prepared in this study is
summarized in Table 2. All of them have monomer
compositions and molecular weights (M, 8260—12 980
Da) close to those of the desired copolymers, as well as
acceptable dispersity. Furthermore, the dispersity of the final
gradient polymers (D, = 1.03—1.21) was lower than that of the
block copolymers (P, = 1.09—1.28), with only a few
exceptions. This is most likely due to the addition of the
second monomer after polymerizing the first block, which
potentially introduces additional impurities to the living
polymerization process during the synthesis of these block
copolymers, thereby increasing the final dispersity.

3.2. Thermal Properties of the Copolymers. The
thermal bulk properties of the gradient and block copolymers,
as well as homopolymers (see Table S3 in the SI), were
investigated using TGA and DSC. All gradient and block
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Table 2. Characterization of the Block and Gradient
Copolymers

real ratio of

M. T, AT.
w D 7] 0, (= (e} g
(g/mo)’ b, (O (M

name MUs”

PMeOxgy-grad- 90/10 8540 1.03 85 39
PhOx,,

PMeOxy-block- 91/9 10120 1.09 87 23
PhOx,

PMeOxqo-grad- 80/20 10820 109 88 29
PhOx,,

PMeOxg(-block- 80/20 8070 1.25 86 24
PhOx,,

PMeOxy-grad- 70/30 11 580 1.14 89 32
PhOxy

PMeOx-block- 67/33 7970 1.13 89 28
PhOxs,

PMeOxqg-grad- 89/11 9280 1.21 79 32
BuPhOx,,

PMeOxq-block- 89/11 8520 1.28 80 19
BuPhOx,,

PMeOxg-grad- 80/20 10740 1.11 78 32
BuPhOxy

PMeOxg,-block- 79/21 8170 119 79 26
BuPhOx,,

PMeOx;-grad- 67/33 11100 1.18 72 28
BuPhOxs,

PMeOxoy-block- 68/32 8260 121 78 29
BuPhOx3,

PMeOxgy-grad- 87/13 11 050 1.08 79 25
BuOPhOx,,

PMeOxy-block- 91/9 9680 1.21 81 20
BuOPhOx,,

PMeOxgy-grad- 76/24 12800 113 80 23
BuOPhOxy,

PMeOxg-block- 80/20 9690 1.20 86 29
BuOPhOxy,

PMeOxy-grad- 69/31 12 980 1.11 79 30
BuOPhOx3,

PMeOx-block- 72/28 11 500 1.19 82 22
BuOPhOx;,

“Determined using "H NMR. Values measured and calculated using
SEC. “Determined using DSC. MeOx, 2-methyl-2-oxazoline; PhOx, 2-
phenyl-2-oxazoline; BuPhOx, 2-(4-butylphenyl)-2-oxazoline; BuO-
PhOx, 2-(4-butoxyphenyl)-2-oxazoline; and MU, monomeric unit.
Glass transition temperature. “Breadth of the glass transition region.

copolymers were thermally stable up to 300 °C, exhibiting 5%
weight loss in the temperature range of 301—375 °C (Table S3
in the SI). In general, the thermal stability of the gradient
copolymers was slightly higher than that of the analogous block
copolymers, which may be convenient for their potential
applications in areas beyond biomedicine, for example, as
compatibilizers for immiscible polymer blends.”> With the
increase in the content of hydrophobic (aromatic) units, the
main degradation step (the DTG peak, Figures S17—S19 in the
SI) began to either broaden (the case of gradient copolymers)
or split into two steps, two DTG peaks (block copolymers),
and shifted to higher temperatures because all aromatic POX
homopolymers are more thermally stable than the aliphatic
PMeOx homopolymer (Figure S16 in the SI).

The DSC analysis revealed only one T, for all copolymers,
with no significant differences in the Tis between gradient and
block copolymers (Figures S17—S19 in the SI), which is a
typical feature of copolymers composed of monomers whose
homopolymers have T,s close to each other.”> Moreover, the
copolymer PMeOxyy-block-PhOxg,, which has a longer
aromatic chain than our copolymers (10—30 aromatic MUs
along the block chain), also showed only one Tg.34 One glass
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transition was also observed in the gradient copolymers, which
generally show a single, albeit distinctly broad, glass
transition.”> Therefore, the breadth of the T, transition (ATg
values, Table S3 in the SI) was evaluated from the derivative
DSC curves. In contrast to the block copolymers, the breadth
of the T, transition (ATg values, derivative DSC curves) was
higher for the gradient copolymers than for the block
copolymers. In contrast, the gradient copolymers exhibited
significantly higher AT, values of approximately 30 °C, further
demonstrating the gradient microstructure.

3.3. Comparison of Gradient and Block Copolymers:
Drug Loading Experiments. Because the samples of
gradient and analogous block copolymers exhibited similar
molecular weights and ratios of hydrophilic and hydrophobic
monomeric units (MUs) incorporated into the chain, we were
able to investigate how their properties depend on the
structure of the hydrophobic monomer and the ratios of
specific MUs in each macromolecule. In general, the advantage
of gradient polymers is that their one-pot one-step synthesis is
easier than the two-step preparation of block copolymers.
Another known advantage of gradient polymers is their higher
solubility," as observed in our study (Table S1 in the SI).

Nanoparticles of PMeOx-grad-PhOx form a specific type of
micelles, bitterball-core micelles, with an outer layer denser
than the core”” Thus, we tested a possibility of incorporating a
drug inside the looser core of such NPs in comparison with the
incorporation of the same drug into traditional micelles of
analogous block polymers. For such purposes, antibiotic drug
rifampicin (logD = 1.3)*° was chosen as the model drug to
compare the drug encapsulation into the micelles. The
rifampicin-loaded polymeric micelles were prepared by nano-
precipitation (mpolymer/mrifampicin = 11)

The size of the rifampicin-loaded NPs was measured by
dynamic light scattering (DLS, Table 3). In general, the
gradient polymers (D}, = 27—225 nm) were much smaller than
the block analogs (D}, = 66—302 nm), and all polymers showed
a relatively narrow size distribution (Figure 3 and Table 3).
Moreover, we observed that the more hydrophobic MUs
present in a polymer, the larger the nanoparticle. The BuPhOx
copolymers were significantly larger (Dy, = 24—283 nm) than
the analogous PhOx copolymers (D, = 32—163 nm), which
denotes the higher level of hydrophobicity of BuPhOx caused
by the butyl substituent on the phenyl ring. This effect was
strongest on the gradient copolymers with the highest amount
of the hydrophobic monomer: D}, (PMeOx;(-grad-PhOxs,) =
72 nm and D, (PMeOx,y-grad-BuPhOx;,) = 225 nm.
Interestingly, in polymers with a ratio of hydrophilic/
hydrophobic MUs = 90/10, the structure of the hydrophobic
monomer had almost no effect on the final nanoparticle size of
the gradient polymers (Dy, = 20—32 nm) but strongly affected
the size of the block analogs (Dy, = 66—187 nm, Figure 3A).
Furthermore, all formulations displayed the same value of
hydrodynamic diameter Dy, after 14 days of storage at room
temperature as that observed at day 0, which demonstrates that
the formulations were colloidally stable (Figure 3B). In
addition, the polymeric NPs without rifampicin were
consistently up to 5 nm in size when prepared from polymers
soluble in an aqueous environment (Table S1 in the SI),
whereas the NPs prepared from insoluble polymers varied
more in size and were consequently much less reproducible.

The morphology of NPs was visualized using transmission
electron microscopy (TEM). The samples were negatively
stained in the presence of trehalose to stabilize the structure of
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Table 3. Characterization of the Rifampicin-Loaded NPs
Prepared from Gradient and Analogous Block Copolymers

entrapment drug loading
name D, (nm)*® efficiency (%)" (%)°

PMeOxyy-grad-PhOx;y 32 + 2 348 + 1.0 258 + 0.6

PMeOxq-block- 135 £ 10 393 £ 16 282 £ 038
PhOx,,

PMeOxgy-grad-PhOxy, 27 £2 39.9 £ 2.7 285 + 14

PMeOxg,-block- 126 + 15 37.8 £ 32 274+ 17
PhOx,,

PMeOx,g-grad-PhOx;y 72 + 4 47.8 £ 3.5 323+ 16

PMeOx,q-block- 163 + 20 33.0 29 248 £ 1.7
PhOxy

PMeOxg-grad- 24 +1 37.1 £ 0.6 27.1 £03
BuPhOx,,

PMeOxq-block- 187 + 16 341+ 1.6 254 £ 09
BuPhOx,,

PMeOxgy-grad- 132 + 26 397 + 24 284 + 13
BuPhOx,,

PMeOxgy-block- 184 + 29 357 +32 263 + 17
BuPhOx,,

PMeOx;-grad- 225 + 20 433 + 3.1 302 + 1.5
BuPhOx;,

PMeOxy-block- 283 + 28 354 £128 26.1 + 1.5
BuPhOx3,

PMeOxgy-grad- 20£1 509 + 4.5 334 +£25
BuOPhOx,,

PMeOxy-block- 66 + 2 432 + 0.5 302 + 04
BuOPhOx,,

PMeOxqg-grad- 79 + 4 519 £ 06 342 + 0.1
BuOPhOx,,

PMeOxg-block- 152 + 17 46.7 + 3.1 31.8 + 1.4
BuOPhOx,,

PMeOxyo-grad- 93 +7 504 + 2.7 33.5+12
BuOPhOx;,

PMeOxyq-block- 302 + 40 497 + 2.0 332+ 09
BuOPhOx,,

“Hydrodynamic diameter determined by DLS (volume mean).
bAverage value from three independent experiments. MeOx, 2-
methyl-2-oxazoline; PhOx, 2-phenyl-2-oxazoline; BuPhOx, 2-(4-
butylphenyl)-2-oxazoline; and BuOPhOx, 2-(4-butoxyphenyl)-2-ox-
azoline. All data are presented as a mean value + standard deviation

(n =3).

NPs and mitigate material shrinkage caused by sample
drying.”” The PhOx copolymers formed spherical micelles
with diameters similar to those obtained by DLS (Figures 4,
$22, and S23 and Table S4 in the SI). However, the diameters
detected using TEM were smaller than the diameters obtained
by DLS, which is caused by polymer shrinkage in its dry state
(trehalose does not completely prevent deformation of the
NPs upon dehydration). Furthermore, DLS systematically
overestimates the NP diameter because of the hydration layer.
Despite having the same monomer ratios (MeOx/PhOx or
BuPhOx or BuOPhOx = 80:20) and the same polymer
architecture, the BuPhOx and BuOPhOx copolymers formed
rodlike micelles with the lengths in line with the diameters
detected by DLS (Figures 4, S22, and S23 and Table S5 in the
SI). In the BuPhOx and BuOPhOx copolymers, the number of
spherical particles ranged from minor to undetectable (except
for the sub-10 nm fraction, which was present in all samples).
The monomeric unit of BuPhOx and BuOPhOx has a 50%
higher volume than the PhOx monomeric unit, and, thus, the
hydrophobic parts of PMeOxgy-BuPhOx,, and PMeOxqy-
BuOPhOx,, have a significantly higher volume compared to
PMeOxg)-PhOx,,. This results in the formation of rodlike
micelles because the shape of NPs containing a single

Figure 4. TEM images of rifampicin-loaded NPs. Scale bar represents
200 nm.

amphiphile is controlled by the packing factor p proportional
to the volume of the hydrophobic part (0 < p < 1/3 —
spherical micelles, 0.406 < p < 1/2 — rodlike micelless®>*").

We have also studied the entrapment efficiency (EE, %) of
rifampicin and the drug loading capacity (DL, %) of the
copolymers. We determined the micelle content of rifampicin
using UV—vis spectroscopy, and we assessed the effect of
various substituents on the phenyl ring of hydrophobic
monomeric units and the effect of the ratio of hydrophilic/
hydrophobic MUs on EE and DL (Table 3 and Figure 5).

EE increased with the content of hydrophobic MUs in
PMeOx-grad-PhOx but remained relatively constant in
PMeOx-block-PhOx. Consequently, PMeOx;y-grad-PhOx;
showed a significantly higher EE (47.8%) than PMeOx;,
block-PhOx3, (33.0%), most likely because gradient copoly-
mers have a less dense core structure than block polymers, as
mentioned above. The results were similar for copolymers of
MeOx and BuPhOx, with PMeOx;y-grad-BuPhOx;, also
showing a significantly higher EE (43.3%) than PMeOx;,-
block-BuPhOx;, (35.4%). In contrast, both gradient and block
copolymers of MeOx and BuOPhOx had similar EEs, albeit
with slightly higher absolute values (43.2—51.9%) than
PMeOx-PhOx and PMeOx-BuPhOx possibly due to rifampicin
interactions with BuOPhOx monomeric units (Table 3).

In general, DL reproduces the trends of EE. DL increased
with the content of hydrophobic MUs in the chains of the
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Figure S. Comparison of the entrapment efficiency between gradient and analogous block copolymers: the effect of substituents and the ratios of
monomeric units incorporated into the polymer chain. All data are presented as mean + standard deviation (n = 3).

gradient copolymers. The effect was stronger on PMeOx-
grad-PhOx;, (32.3%) and PMeOx-grad-BuPhOx;, (30.2%)
than on their block analogs (24.8 and 26.1%, respectively).
Similarly, the BuOPhOx copolymers had the highest absolute
values of DL (30.2—34.2%), most likely due to rifampicin
interactions with BuOPhOx monomeric units. To provide
further evidence, these interactions were analyzed using NMR
(Figure 6).

NMR was used to investigate the behavior of rifampicin-
loaded polymer nanoparticles in D,O in comparison with their
CDCl; solution as a control (no particles are formed in
chloroform) (Figure 6B,C). The recorded spectra in D,O
showed weaker signals than those recorded in CDCl;. Such a
decrease in signal intensity in an aqueous environment can be

explained by the nature of the polymeric nanoparticles, which
consist of a lipophilic core of hydrophobic MUs with limited
mobility (aggregation may decrease the T, relaxation below the
NMR detection limit) surrounded by a much more mobile
corona of hydrophilic MeOx MUs. To quantify the decrease in
signal intensity, the «x, ratio was calculated for all polymer
moieties according to eq 7

L. p,0 v cpa
X, = — . X 100%
L, cocy, v p,0 (7)

where I, o and I, cpc, are the absolute integrals of a given
signal in D,0 and CDCl,, respectively, and Iy p o and Iy cpcy,

are the absolute integrals of signal M (methyl moieties of
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Figure 6. (A) NOESY spectra of PMeOx;-grad-PhOx;, (left) and PMeOx-block-PhOxy, (right) loaded with rifampicin in D,0 and (B) '"H NMR
spectra of PMeOx-grad-PhOx;, samples in CDCl; (blue) and rifampicin-loaded particles in D,O (gray) (residual solvent peaks are not shown in
their original amplitude). (C) %y, %p .p,p, and %y4p correspond to ratios of the integral values measured in CDCl;/D,0 (M was used as a reference,

by definition set to 100%; * indicates a detectable signal below the limit of quantification).

MeOx) in D,0O and CDCI,, respectively. The value of xy was
arbitrarily set to 100%, assuming that M groups were the least
restricted in their mobility among all polymer moieties. Thus,
the reduction in the signal intensity of the other groups can be
compared with the decrease in the mobility of M groups
(Figure 6C). The Xpgignaly corresponding to the phenyl rings of
hydrophobic MUs, were lower than 2% in all nanoparticles.
Therefore, the moieties of the hydrophobic MUs must be
significantly restricted in their mobility in both gradient and
block copolymers.

The NOESY spectra of PMeOxyy-grad-PhOx;, PMeOxy,-
block-PhOx;, (Figure 6A), PMeOx,o-grad-BuPhOx;,,
PMeOxy-block-BuPhOx;;, PMeOx;y-grad-BuOPhOx;,, and
PMeOxy-block-BuOPhOxy, (Figure S24 in the SI) loaded
with rifampicin in D,O showed that the main polymer
backbone (signals m + p) strongly interacts with the methyl
groups (signal M) contained in MeOx and the phenyl moiety
(signal P, + P, + P;) from PhOx, as expected, due to their
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adjacency. Moreover, cross-interactions between hydrophilic
MUs (MeOx, signal M) and hydrophobic MUs (PhOx,
BuOPhOx, signals in the aromatic area) were detected in all
gradient copolymers (except for PMeOx;-grad-BuPhOx,),
thus indicating that these moieties are close to each other in
agreement with the gradual change in monomer composition
of the polymer chain. Conversely, less intense cross-peak
interactions between these moieties were observed in block
copolymers, as expected, because of the abrupt change in
monomer composition of the polymer chain in block
copolymers as well as due to a more strictly separated core
area than in the case of analogous gradient copolymers.

As mentioned above, unlike all other copolymers, PMeOxy,-
grad-BuPhOx;, and PMeOx;4-block-BuPhOx;, exhibited negli-
gible cross-interaction NMR signals between their hydro-
phobic and hydrophilic MUs, which suggests that the high
hydrophobicity of BuPhOx enabled the formation of a low-
mobility core in both gradient and block copolymers.
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Figure 7. Representative fluorescence microscopy images of NHDF cells incubated with PMeOxyq-block-PhOx,, (left) and PMeOxyy-grad-PhOx,,
(right). (A) Cell nucleus, (B) actin cytoskeleton, (C) PMeOxgg-block-PhOx,,, white arrows mark sandlike clusters of the polymer, (D) composite
of A+ B + C, (E) cell nucleus, (F) actin cytoskeleton, (G) PMeOxy-grad-PhOx,o, and (H) composite of E + F + G. Scale bar represents 20 ym.

Furthermore, all block copolymer samples (except for
PMeOx;-block-BuPhOx;,) showed intense rifampicin signals,
but their cross-peak interactions with any part of the polymer
were negligible, thus indicating that predominantly the
“mobile” free aqueous rifampicin (with no interaction with
the polymer) NMR signals were observed in these samples.
The strongest signals of rifampicin were seen in the polymers
with the lowest drug loading capacity, further supporting the
assumption that the detected signal corresponds to the
rifampicin molecules located outside the nanoparticles. More-
over, the lack of rifampicin signals in the polymers with high
drug loading suggests that rifampicin may be primarily loaded
into the hydrophobic low-mobility core of the particles, where
the NMR signal of rifampicin decreases due to significantly
shortened relaxation times. Accordingly, gradient polymers
have a noticeably higher loading capacity and a larger, albeit
less defined, core than their block counterparts.

Notwithstanding their similarity in the restricted mobility of
their hydrophobic MUs, gradient and block copolymer
micelles differ in their architecture. For example, the x,,,,
values of the main chain moieties of the block copolymers are
lower than those of their gradient analogs, which suggests
further solidification of the main chain groups and their
incorporation into the nanoparticle core in block copolymers.
Moreover, all BuPhOx and BuOPhOx copolymers display low
%,p values, most likely because they are more hydrophobic
than their corresponding monomer (PhOx). In contrast, the
main chain groups (signals m + p) of gradient copolymers are
more mobile, forming a less compact core than those of their
block analogs, in line with the enhanced solubility of gradient
copolymers.

3.4. Comparison of Gradient and Block Copolymers:
In Vitro Experiments. Polymer cytotoxicity was studied in
normal human dermal fibroblast (NHDF) cells using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. The cytotoxicity of all polymers was negligible
up to a concentration of 1 mg/mL (which is equivalent to a
concentration of 5 g of polymer dissolved in the blood of an
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average human) for both gradient and block copolymers (see
Figure S25 in the SI). Only PMeOx;y-block-BuPhOxy, and
BuOPhOx copolymers showed cell viability slightly lower than
75% at ¢ = 1 mg/mL, which may be unsuitable for some
biological applications.

The hemolytic potential of the polymers (¢ = 0.5 mg/mL)
was determined in diluted blood after 1 h of incubation. The
data revealed that neither the block nor the gradient polymers
have significant hemolytic activity (Figure S26 in the SI).

Furthermore, the cellular association of polymers (labeled
with DyS60) was confirmed by flow cytometry (Figure S27 in
the SI). As the time of cell cultivation with the polymers
increases, the normalized polymer signal of Dy560 becomes
stronger, suggesting cumulative polymer internalization/bind-
ing into/to cells/cell membranes.

The cellular association of two polymers (PMeOxqq-grad-
PhOx,, and its block analog) tested in NHDF cell cultures was
further studied using confocal microscopy. PMeOxqyy-grad-
PhOx,, clusters with sizes of 1.71 + 0.78 ym were observed
(Figures 7 and S26 in the SI) and likely did not enter the cells.
On the other hand, PMeOxgyy-block-PhOx;, formed two types
of clusters: big (2.45 + 1.29 ym) and small (0.58 + 0.16 ym)
ones with sandlike structures (marked by gray arrows in
Figures 7 and S27 in the SI). These structures followed well
cell (and nuclei) contours, which might indicate intracellular
localization.

The in vitro results confirmed the suitability of the prepared
polymers for further biological and biomedical research.

4. CONCLUSIONS

We directly compared amphiphilic gradient and analogous
block polyoxazolines based on their physicochemical behavior
and potential as drug delivery systems. More specifically, we
synthesized three series of gradient and block copolymers of 2-
methyl-2-oxazoline (MeOx) with various hydrophobic mono-
mers, 2-phenyl-2-oxazoline (PhOx), 2-(4-butylphenyl)-2-ox-
azoline (BuPhOx), or 2-(4-butoxyphenyl)-2-oxazoline (BuO-
PhOx), to assess the effect of the substituent on the benzene
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ring of the hydrophobic monomer on the final polymer
properties. In addition, BuPhOx and BuOPhOX were
synthesized as novel monomers to investigate their homo-
polymerization and copolymerization kinetics with MeOx,
displaying pseudo-first-order kinetics with a slightly steeper
gradient microstructure in both monomers than in PhOx.
Furthermore, the gradient copolymers revealed a slightly
higher thermal stability and a broader glass transition region
than the analogous blocks, which could also be useful for
applications in areas other than biomedicine, for example, as
compatibilizers for immiscible polymer blends. The diameter
of all gradient nanoparticles loaded with rifampicin was
significantly smaller than that of their block analogs. In
addition, gradient copolymers PMeOx,y-grad-PhOx;, and
PMeOx;-grad-BuPhOx; exhibited significantly higher entrap-
ment efficiency and drug loading capacity than their block
analogs, most likely because their core structure is less dense.
This difference in core density was further confirmed by NMR
experiments, which suggested that the gradient-polymer-
derived nanoparticles form a less compact core than their
block analogs. Lastly, all polymers showed negligible hemolytic
activity, low toxicity, and cellular association in our in vitro
experiments. Thus, gradient copolymers may be a valuable and
easy-to-prepare alternative to the more commonly used block
copolymers as drug delivery systems. Ultimately, our findings
may help synthetic chemists select the most appropriate type
of polymer for a target application considering the different
properties and relative advantages of block and gradient

copolymers.
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1. Monomer synthesis

1.1 Optimal synthesis of monomers
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Figure S1. A) Scheme of synthesis of BuPhOx and BuOPhOx. B) and C) *H-NMR spectra of the

intermediate products (1), (2), and BuPhOx and BuOPhOX. The spectra were recorded in CDCls.

1.1.1 Synthesis of 4-butyl-N-(2-chloroethyl)benzamide (1)
4-Butylbenzoyl chloride (15.00g, 0.076 mol) and 2-chloroethylamine hydrochloride (8.85 g,

0.076 mol) were suspended in dry dichloromethane (100 mL) under an argon atmosphere, and the
reaction mixture was cooled to 0 °C. N,N-Diisopropylethylamine (DIPEA, 29.00 mL, 0.168 mol) was
added dropwise under vigorous stirring over the course of 3 h. After the full addition of DIPEA, the
reaction was allowed to warm to room temperature and left overnight. The mixture was washed with
deionized water (2 x 50 mL) and with brine (1 x 50 mL). The organic layer was dried over anhydrous
magnesium sulfate and evaporated. The crude product was purified by flash chromatography (linear
gradient 20 — 50% EtOAc in hexane, Rs in 20% EtOAc = 0.14, Rs in 50% EtOAc = 0.59) yielding the

product (1) as a colorless oil (14.05 g, 0.059 mol, 78%).



IH-NMR (400 MHz, CDCl3), d (ppm): 0.93 (t, 3H, J=7.3Hz, CHsCH,), 1.28-1.45 (m, 2H,
CH3CH,CHy), 1.55-1.67 (m, 2H, CH3CH>CHy), 2.61-2.70 (m, 2H, CH3sCH>CH,CHy), 3.70-3.77 (m, 2H,
NHCH,CHCl), 3.77-3.85 (m, 2H, NHCH,CH,CI), 6.54 (brs, 1H, NH), 7.21-7.29 (m, 2H, phenyl), 7.66-
7.74 (m, 2H, phenyl).

1.1.2 Synthesis of 2-(4-butylphenyl)-2-oxazoline — BuPhOx
The product (1) (13.00 g, 0.055 mol) was treated with sodium hydride (1.87 g, 0.078 mol) in dry

tetrahydrofuran (75 mL) at 60 °C for 1 h. The suspension was then filtered, and the filtrate was dried
over anhydrous magnesium sulfate and evaporated to yield BuPhOx as a pale-yellow oil (8.13 g,
0.040 mol, 73%).

Prior to polymerization, the product was stirred overnight with calcium hydride and distilled at reduced
pressure (145 °C, 1.0 mbar).

IH-NMR (400 MHz, CDCls), & (ppm): 0.91 (t, 3H, J=7.3Hz, CHsCHy), 1.29-1.39 (m, 2H,
CH3sCH2CH,), 1.55-1.63 (m, 2H, CHsCH,CH>), 2.60-2.67 (m, 2H, CHsCH.CH,CH>), 4.04 (t, 2H, J =
9.5 Hz, OCH,CH2N), 4.42 (t, 2H, J = 9.4 Hz, OCH,CH;N), 7.18-7.25 (m, 2H, phenyl), 7.83-7.89 (m,
2H, phenyl).2C-NMR (101 MHz, CDCls), § (ppm): 14.01, 22.38, 33.42, 35.63, 54.82, 67.66, 125.11,
128.28, 128.53, 146.81, 164.97. Elemental analysis: found C 76.48%, H 8.45%, N 6.88%; calculated C
76.81%, H 8.43%, N 6.89%.

1.1.3 Synthesis of 4-butoxy-N-(2-chloroethyl)benzamide (2)
4-Butoxybenzoyl chloride (15.00 g, 0.071 mol) and 2-chloroethylamine hydrochloride (8.18 g,

0.071 mol) were suspended in dry dichloromethane (100 mL) under an argon atmosphere, and the
reaction mixture was cooled to 0 °C. N,N-Diisopropylethylamine (DIPEA, 30.00 mL, 0.175 mol) was
added dropwise under vigorous stirring over the course of 3 h. After the full addition of DIPEA, the
reaction was allowed to warm to room temperature and left overnight. The mixture was washed with
deionized water (2 x 50 mL) and with brine (1 x 50 mL). The organic layer was dried over anhydrous
magnesium sulfate and evaporated. The crude product was purified by flash chromatography (linear
gradient 20 — 50% EtOAc in hexane, Rs in 20% EtOAc = 0.22, Rs in 50% EtOAc = 0.66) yielding the

product (2) as a pale-yellow oil (12.94 g, 0.051 mol, 72%).



IH-NMR (400 MHz, CDCls), & (ppm): 0.92 (t, 3H, J=7.3Hz, CHsCHp), 1.28-1.42 (m, 2H,

CH3CH2CH2), 1.55-1.67 (m, 2H, CH3CH2CH2), 2.61-2.71 (m, 2H, CH3CH2CH2CH20), 4.04-4.13 (m,

2H, NHCH,CH,Cl), 4.41-4.54 (m, 2H, NHCH,CH.ClI), 7.20-7.28 (m, 2H, phenyl), 7.89-7.93 (m, 2H,

phenyl).

1.1.4 Synthesis of 2-(4-butoxyphenyl)-2-oxazoline — BUOPhOx
The product (2) (12.00 g, 0.047 mol) was treated with sodium hydride (1.80 g, 0.075 mol) in dry

tetrahydrofuran (75 mL) at 60 °C for 1 h. At the end of this time, the suspension was filtered, and the

filtrate was dried over anhydrous magnesium sulfate and evaporated. The crude product was further

purified by sublimation (0.2 mbar, 120 °C) to give BuOPhOx as a white powder (8.92 g, 0.041 mol,

87%).

IH-NMR (400 MHz, CDCls), 6 (ppm): 0.98 (t, 3H, J=7.4Hz, CHsCH,), 1.44-156 (m, 2H,

CH3CH2CHy), 1.73-1.82 (m, 2H, CH3CH.CHy), 3.96-4.07 (m, 4H, CH3CH,CH,CH>0, OCH.CH:N),

4.38-4.45 (m, 2H, OCH,CH:N), 6.88-6.93 (m, 2H, phenyl), 7.86-7.92 (m, 2H, phenyl). C-NMR

(101 MHz, CDClg), ¢ (ppm): 13.91, 19.29, 31.29, 54.74, 67.63, 67.88, 114.28, 119.92, 129.99, 161.83,

164.69. Elemental analysis: found C 71.37%, H 7.84%, N 6.41%; calculated C 71.21%, H 7.81%,

N 6.39%.

1.2 An alternative synthesis of monomers
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Figure S2. Scheme of the alternative syntheses of BuPhOx (A) and BuOPhOx (B).



1.2.1 Synthesis of 4-butylbenzonitrile (3)

The mixture of 4-butylaniline (97.00 g; 0.65 mol), deionized water (600 mL) and 35% hydrochloric acid
(143 mL, 1.62 mol) was cooled with ice-salt-bath —1 °C and stirred. The solution of sodium nitrite
(44.37 g; 0.65 mol in 200 mL of deionized water) was added dropwise for 1 h. Meanwhile, an aqueous
suspension of copper(l) cyanide was prepared by mixing copper(Il) sulfate pentahydrate (154 g;
0.62 mol) with potassium cyanide (189 g; 2.90 mol) in deionized water (400 mL). The resulting
diazonium salt solution was added dropwise to the freshly prepared aqueous suspension of copper(l)
cyanide. After 30 min, the reaction mixture was extracted twice with diethyl ether, and the organic layer
was further washed with deionized water. The organic layer was dried over anhydrous magnesium
sulfate and evaporated. The crude product was purified by flash chromatography
(EtOAc/CHxCly/hexane = 3/10/87) to give 4-butylbenzonitrile as a colorless oil (25.84 g; 25%).
'"H-NMR (400 MHz, DMSO), & (ppm): 0.87 (t, 3H, J=7.3 Hz, CH3CH,), 1.21-1.33 (m, 2H,
CH;CH,CHy), 1.49-1.59 (m, 2H, CH3;CH,CH,), 2.60-2.68 (m, 2H, CH;CH,CH>CH3), 7.36-7.42 (m, 2H,
phenyl), 7.68-7.75 (m, 2H, phenyl). 3*C-NMR (101 MHz, CDCl5), J (ppm): 12.19, 20.26, 31.16, 33.63,
107.28, 117.31, 127.72, 130.40, 146.79.

1.2.2 Synthesis of 2-(4-butylphenyl)-2-oxazoline — BuPhOx

4-Butylbenzonitrile (22.92 g; 0.14 mol) was mixed with cadmium acetate dihydrate (1.91 g;
7.20 mmol), and 2-aminoethanol (8.80 g; 0.14 mol) was added dropwise. The reaction mixture was
stirred for 48 h at 130 °C. The crude product was purified by flash chromatography (EtOAc/hexane =
10/90) to give 2-(4-butylphenyl)-2-oxazoline (BuPhOx) as a pale-yellow oil (13.74 g, 47%).

Prior to polymerization, the product was stirred overnight with calcium hydride and distilled at reduced
pressure (145 °C, 1.0 mbar)

'"H-NMR (400 MHz, CDCls), é (ppm): 0.89 (t, 3H, J=7.3 Hz, CH3;CH,), 1.26-1.37 (m, 2H,
CH;CH;CHy), 1.52-1.63 (m, 2H, CH3CH:CH3), 2.57-2.64 (m, 2H, CH3;CH,CH,CH>»), 4.01 (t, 2H, J=
9.4 Hz, OCH,CH:N), 4.37 (t, 2H, J=9.3 Hz, OCH2CH:N), 7.16-7.22 (m, 2H, phenyl), 7.79-7.85 (m,
2H, phenyl).">*C-NMR (101 MHz, CDCls), 6 (ppm): 14.09, 22.49, 33.51, 35.80, 55.08, 67.65, 125.33,
128.29, 128.57, 146.73, 164.88. Elemental analysis: found C 76.13%, H 8.44%, N 6.82%; calculated C
76.81%, H 8.43%, N 6.89%.

1.2.3 Synthesis of 4-butoxybenzonitrile (4)

4-Cyanophenol (25.00 g; 0.21 mol) and potassium carbonate (66.80 g; 0.63 mol) were mixed in DMF
(75 mL) and stirred at room temperature for 20 min. 1-Bromobutane (25.00 mL; 0.23 mol) was added
dropwise, and the reaction mixture was stirred overnight. Subsequently, the reaction mixture was

extracted twice with diethyl ether and deionized water. The organic layer was dried over anhydrous



magnesium sulfate and evaporated. The crude product was purified by flash chromatography
(EtOAc/hexane = 10/90) to give 4-butoxybenzonitrile (36.76 g, 99%).

'"H-NMR (400 MHz, CDCl3), d (ppm): 0.93 (t, 3H, J=7.4Hz, CH3CH,), 1.39-1.51 (m, 2H,
CH3;CH:CH>), 1.69-1.78 (m, 2H, CH3;CH>CH2), 3.95 (t, 2H, J= 6.5 Hz, CH;CH.CH>CH2), 6.85-6.91
(m, 2H, phenyl), 7.48-7.54 (m, 2H, phenyl). *C-NMR (101 MHz, CDCls), § (ppm): 13.85, 19.92, 31.07,
68.18, 103.65, 115.27, 119.39, 133.98, 162.55.

1.2.4 Synthesis of 2-(4-butoxyphenyl)-2-oxazoline — BUOPhOXx

4-Butoxybenzonitrile (36.60 g; 0.21 mol) was mixed with cadmium acetate dihydrate (2.78 g;
10.50 mmol) and 2-aminoethanol (15.95 g; 0.26 mol) was added dropwise. The reaction mixture was
stirred for 48 h at 130 °C. Then, deionized water was added, and the solution was washed twice with
CH,Cl,. The organic layer was collected and purified by flash chromatography (CH,Cl,/MeOH = 98/2).
The crude product was further purified by sublimation (0.2 mbar, 120 °C) to give 2-(4-butoxyphenyl)-
2-oxazoline (BuOPhOx) as a white powder (17.95 g, 42%).

'"H-NMR (400 MHz, CDCls), 6 (ppm): 0.95 (t, 3H, J=7.4Hz, CH3;CH,), 1.42-1.52 (m, 2H,
CH3;CH,CH,), 1.70-1.79 (m, 2H, CH3CH,CH,), 3.93-4.04 (m, 4H, CH3;CH,CH,CH,0, OCH,CH;N),
4.39 (t, 2H, J = 9.4 Hz, OCH,CH:N), 6.85-6.90 (m, 2H, phenyl), 7.82-7.87 (m, 2H, phenyl). *C-NMR
(101 MHz, CDCl3), ¢ (ppm): 14.04, 19.42, 31.42, 55.07, 67.67, 67.98, 114.36, 120.27, 130.01, 161.83,
164.67. Elemental analysis: found C 71.58%, H 7.83%, N 6.63%; calculated C 71.21%, H 7.81%,
N 6.39%.

1.3 Monomer synthesis — result and discussion part

The novel monomers 2-(4-butyphenyl)-2-oxazoline (BuPhOx) and 2-(4-butoxyphenyl)-2-oxazoline
(BuOPhOXx) were designed to increase the mobility of the alkyl chains of the relatively rigid poly(2-
phenyl-2-oxazoline) (PPhOx). They were synthesized via 3 different approaches. In the first approach
(Fig. S1 in ESI), 4-butyl/butoxybenzonitrile was formed in a Sandmeyer reaction® albeit in low yields
(25% for 4-butylbenzonitrile and 4% for 4-butoxybenzonitrile), starting from commercially available 4-
butyl/butoxyaniline. The Sandmeyer reaction is an exothermic process, but cyanation of unstable
diazonium salts must be performed at 0 °C to prevent side reactions through thermal decomposition.? In
this case, insufficient reaction heat removal capacity for the 50 g-scale reaction mixture (~ 900 mL)
under laboratory conditions probably caused the formation of side products and the aforementioned low
yields. Thus, 4-butoxybenzonitrile was synthesized by alkylation of commercially available 4-

cyanophenol in very high yield (99%, Fig. S2). The resulting nitriles were mixed with ethanolamine in



the presence of a Lewis-acid catalyst (cadmium acetate) according to Witte and Seeliger®, producing
BuPhOx and BuOPhOXx in mediocre yields (47% and 42%, respectively). To overcome the insufficient
overall monomer yields (11% for BuPhOx and 42% for BuOPhOX) and to further avoid the use of toxic
cadmium acetate, the monomer synthesis was optimized (Fig. S1). For this purpose, acid chlorides were
transformed with 2-chloroethylamine into the corresponding chloroethylamide derivatives, and the
intramolecular ring-closure initiated with sodium hydride produced the desired 2-oxazoline by hydrogen
chloride elimination.* This method provided significantly higher overall yields (57% for BuPhOx and
63% for BuOPhOx). The intermediate amide structures were confirmed in *H-NMR spectra
(Fig. S1B,C) by the presence of multiplet signals at 3.70-3.85 ppm for (1) and at 4.00-4.55 ppm for (2),
corresponding to the ethylene protons of the chloroethyl group. The final oxazoline monomers displayed
the characteristic triplet signals present at 4.0 and 4.4 ppm, which correspond to the two methylene

protons in the oxazoline ring, next to the nitrogen and oxygen atoms, respectively.

2. Additional polymerization data
2.1 Homopolymerization kinetics

The kinetics of homopolymerization of BuPhOx and BuOPhOx was investigated to assess
whether it followed the first-order kinetics of monomer consumption, as suggested by the living
polymerization mechanism of CROP. For this purpose, the homopolymerization reactions were
terminated in six different time points, and the conversion was assessed using HPLC and SEC
(Fig. S3). Because of the lower solubility of PBuPhOx and PBuOPhOx in ACN, the
homopolymerization was performed at an initial monomer concentration lower than that used
typical polymerization conditions (2 M for BuPhOx and 1.25 M for BuOPhOx instead of 4 M).
The polymerization rate constant &, was calculated according to Equations 1 and 2 (see the main
text). Both monomers showed first-order kinetics; however, the homopolymerization rate
constants kp (kp Buphox = (1.47 £ 0.02)- 1072 L/mol - s, kp Buophox = (1.03 £ 0.14)- 1072 L/mol - s)
were lower than the polymerization rate of PhOx>, which could be caused by the presence of

the electron donating substituents (butyl and butoxy) in the p-position on the phenyl ring.
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2.2 Copolymerization kinetics
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Figure S5. Copolymerization study of BuPhOx with MeOx — [MeOxo]/[BUPhOxq] = 80/20. A) Time-
dependent kinetics (monomer conversion obtained by HPLC); B) SEC traces; C) measured M, versus
calculated My; D) copolymer microstructure (based on the Skeist model), the white squares correspond
to the real data; E) increase in molar mass and the stability of P plotted versus monomer conversion.
All polymerizations were performed in ACN at 140 °C initiated by MeONs, [Mo] = 4 M, [Mo]/[MeONsy]

=100.
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Figure S6. Copolymerization study of BuPhOx with MeOx — [MeOxo]/[BuPhOxq] = 70/30. A) Time-
dependent kinetics (monomer conversion obtained by HPLC); B) SEC traces; C) measured M, versus
calculated My; D) increase in molar mass and the stability of D plotted versus monomer conversion. All
polymerizations were performed in ACN at 140 °C initiated by MeONs, [Mo] = 4 M, [Mo]/[MeONso] =

100.
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Figure S7. Copolymerization study of BuPhOx with MeOx — [MeOxo]/[BuPhOXx,] = 50/50. A) Time-
dependent kinetics (monomer conversion obtained by HPLC); B) SEC traces; C) measured M, versus
calculated M,; D) copolymer microstructure (based on the Skeist model), the white squares correspond
to the real data; E) increase in molar mass and the stability of P plotted versus monomer conversion.

All polymerizations were performed in ACN at 140 °C initiated by MeONs, [Mo] = 4 M, [Mo]/[MeONSsy]
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Figure S8. Copolymerization study of BuPhOx with MeOx — [MeOxo]/[BuPhOx,] = 30/70. A) Time-
dependent kinetics (monomer conversion obtained by HPLC); B) SEC traces; C) measured M, versus
calculated My; D) copolymer microstructure (based on the Skeist model), the white squares correspond
to the real unfitted data; E) increase in molar mass and the stability of P plotted versus monomer
conversion. All polymerizations were performed in ACN at 140 °C initiated by MeONs, [Mo] =4 M,

[Mo]/[MeONsg] = 100.
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Figure S9. Copolymerization study of BuPhOx with MeOx — [MeOxo]/[BuPhOx,] = 15/85. A) Time-
dependent kinetics (monomer conversion obtained by HPLC); B) SEC traces; C) measured M, versus
calculated My; D) copolymer microstructure (based on the Skeist model), the white squares correspond
to the real data; E) increase in molar mass and the stability of D plotted versus monomer conversion.

All polymerizations were performed in ACN at 140 °C initiated by MeONs, [Mo] = 4 M, [Mo]/[MeONSsy]

=100.
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Figure S10. Copolymerization study of BuOPhOx with MeOx — [MeOxo]/[BUuOPhOXxg] = 90/10.
A) Time-dependent kinetics (monomer conversion obtained by HPLC); B) SEC traces; C) measured M
versus calculated My; D) copolymer microstructure (based on the Skeist model), the white squares
correspond to the real data; E) increase in molar mass and the stability of  plotted versus monomer
conversion. All polymerizations were performed in ACN at 140 °C initiated by MeONs, [Mo] =4 M,

[Mo]/[MeONso] = 100.
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Figure S11. Copolymerization study of BuOPhOx with MeOx — [MeOxo]/[BuOPhOXxq] = 80/20.

A) Time-dependent kinetics (monomer conversion obtained by HPLC); B) SEC traces; C) measured M,

versus calculated My; D) copolymer microstructure (based on the Skeist model), the white squares

correspond to the real data; E) increase in molar mass and the stability of D plotted versus monomer

conversion. All polymerizations were performed in ACN at 140 °C initiated by MeONs, [Mo] =4 M,

[Mo]/[MeONsg] = 100.
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Figure S12. Copolymerization study of BuOPhOx with MeOx — [MeOxo]/[BuOPhOXxg] = 70/30.
A) Time-dependent kinetics (monomer conversion obtained by HPLC); B) SEC traces; C) measured M,
versus calculated My; D) increase in molar mass and the stability of D plotted versus monomer
conversion. All polymerizations were performed in ACN at 140 °C initiated by MeONs, [Mo] =4 M,

[Mo]/[MeONso] = 100.
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Figure S13. Copolymerization study of BuOPhOx with MeOx — [MeOxo]/[BUuOPhOXxg] = 50/50.
A) Time-dependent kinetics (monomer conversion obtained by HPLC); B) SEC traces; C) measured M
versus calculated My; D) copolymer microstructure (based on the Skeist model), the white squares
correspond to the real data; E) increase in molar mass and the stability of D plotted versus monomer
conversion. All polymerizations were performed in ACN at 140 °C initiated by MeONs, [Mo] =4 M,

[Mo]/[MeONso] = 100.
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Figure S14. Copolymerization study of BuOPhOx with MeOx — [MeOxo]/[BuOPhOXxq] = 30/70.
A) Time-dependent kinetics (monomer conversion obtained by HPLC); B) SEC traces; C) measured M,
versus calculated M,; D) copolymer microstructure (based on the Skeist model), the white squares
correspond to the real data; E) increase in molar mass and the stability of D plotted versus monomer
conversion. All polymerizations were performed in ACN at 140 °C initiated by MeONs, [Mo] = 4 M,

[Mo]/[MeONsg] = 100.

20



A) Copolymerization [MeOx]o/[BUuOPhOx],=15/85 B)

64 A
A MeOx 2.5 min
© BuOPhOx 09 5 min
——10 min
—_ —— 20 min
= = .
53 3 —— 40 min
% |_J 0.6
s £
S =
£ 2
= 03
('3
0ol NP
T T T T T T T T T 1
16 17 18 19 20 21 22
time (min) time (min)
) | D) Copolymer microstructure [MeOx]J/[BuOPhOx]o=15/85
15000 °
0.8
100 . u.g BuOPhOXx
g'. 0.4
=
®
5000 -
® 0.0 J z 0
0.0 0.2 0.4 0.6 0.8 1.0
ol ¢ conversion
6 50‘00 10600 150‘300
Mn,thnnr
E)
1.4x10* 7 - T - T - - - - - T 2.0
1.2x10° @
1.8
1.0x10° o L]
—_— o)
8 80x10' B
- @
(= o
= 5ox0° [ ] 14 3]
L1s B
4.0x10° °
v v v v F1.2
2.0x10° 4
3
0.0 T T T T T T T T T 1.0
0.0 0.2 04 06 0.8 1.0

monomer conversion

Figure S15. Copolymerization study of BuOPhOx with MeOx — [MeOxo]/[BUOPhOXxg] = 15/85.
A) Time-dependent kinetics (monomer conversion obtained by HPLC); B) SEC traces; C) measured M
versus calculated My; D) copolymer microstructure (based on the Skeist model), the white squares
correspond to the real data; E) increase in molar mass and the stability of D plotted versus monomer

conversion. All polymerizations were performed in ACN at 140 °C initiated by MeONs, [Mo] =4 M,

[Mo]/[MeONso] = 100.
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2.2 Polymer characterization data

Table S1. Solubility chart of the prepared polymers (¢ =5 mg /mL).

o soluble (transparent solution, no formation of nanoparticles by DLS at 20 °C)

* partly soluble (transparent to cloudy solution, formation of nanoparticles by DLS at 20 °C)
X insoluble

Name Water Methanol Chloroform
PMeOxoo-grad-PhOxyy o o *
PMeOxgo-block-PhOx;o * * #
PMeOxsgo-grad-PhOx» * * o)
PMeOxsgo-block-PhOx3 * * *
PMeOx7o-grad-PhOxas * * o
PMeOx7-block-PhOx3 X X o

PMeOxg-grad-BuPhOxq o o *
PMeOxgo-block-BuPhOx; * * *
PMeOxszo-grad-BuPhOx; * * o)
PMeOxs-block-BuPhOx; X X *
PMeOx7o-grad-BuPhOx3 * * o
PMeOx7-block-BuPhOx3 X X o
PMeOxyo-grad-BuOPhOx;, * o *
PMeOxqo-block~-BuOPhOx; * X *
PMeOxso-grad-BuOPhOx; * * o
PMeOxg-block-BuOPhOx3 X X o
PMeOx7-grad-BuOPhOx3 * * o
PMeOx7¢-block~-BuOPhOx3 X X o
MeOx — 2-methyl-2-oxazoline, PhOx — 2-phenyl-2-oxazoline, BuPhOx —2-(4-
butylphenyl)-2-oxazoline, BuOPhOx — 2-(4-butoxyphenyl)-2-oxazoline

2.2.1 Additional results of thermal properties of the copolymers
The results from TGA revealed that PMeOx, PPhOx and PBuPhOx homopolymers were

thermally stable up to 300 °C (Table S3) and that they degraded in one step (Fig. S16 in ESI,
Table S3). The main degradation step of the fully aliphatic PMeOx shifted to a lower
temperature (74 max1 = 384 °C) than that of the aromatic PPhOx and PBuPhOX (74 max1 =440°C).
Conversely, PBuOPhOx was thermally stable up to ca 260 °C (Table S3) and exhibited a two-
step degradation process (Fig. S16 in ESI); the first weight loss with Ty max1 =311 °C was likely
connected to thermal decomposition of the butoxy side group, whereas the polymer backbone

degraded during the second (main) degradation step (74 max2 = 429 °C).
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The thermal transitions of the homopolymers and copolymers in bulk were further investigated
by DSC. PMeOx and PPhOx homopolymers were fully amorphous exhibiting no melting point
and only one glass transition temperature (7) of 83 °C and 105 °C, respectively (Table S3,
Fig. S18), in line with the literature data.>” DSC analysis of the novel PBuPhOx and
PBuOPhOx homopolymers showed no glass transition temperature (Table S3 and Fig. S18).
The DSC runs performed at lower heating/cooling rates (5 °C/min) further revealed a melting
endotherm of approximately 240 °C and a crystallization exotherm of approximately 160 °C
for the PBuPhOx homopolymer (Table S2 and Fig. S21). The incorporation of the butyl side
chain on the benzene ring thus changed the thermal behaviour from amorphous to semi-
crystalline, and the PBuPhOx homopolymer exhibited butyl side-chain crystallization.® In turn,
the butoxy substitution in the benzene ring did not induce crystallization due to the increased
side chain mobility of the flexible ether linkages.” Consequently, the PBuOPhOx homopolymer
remained amorphous.

Similar to the PBuPhOx homopolymerization, the formation of longer BuPhOx sequences in
the block PMeOx-block-BuPhOx copolymers induced the crystallization of the butyl side chain.
For this reason, the block copolymers containing 20% and 30% BuPhOx comonomer units
exhibited a semi-crystalline behaviour, as shown by the DSC melting endotherm at slightly
lower temperature than that of the PBuPhOx homopolymer (Table S2 and Fig. S18 in ESI). The
melting enthalpy of these two copolymers correlated well with the content of BuPhOx
comonomer units, showing a similar crystallization potential of the butyl side chain in the block
copolymers and in the PBuPhOx homopolymer. In contrast to the block copolymers, the
PMeOx-grad-BuPhOx copolymers were 100% amorphous in the whole range (10 to 30%) of
BuPhOx comonomer units, thus proving their gradient microstructure, without the formation

of longer BuPhOx sequences.
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Table S2. Summary of crystallization characteristics of PBuPhOx homopolymer and

PMeOxsgo-block-BuPhOx2¢ and PMeOx7o-block-BuPhOx30 copolymers.

Name T.peak | Tconset | AH. | Tm onset Twm peak | AHyn

(°C) (°C) (J/g) | (°C) (°C) (J/g)

PBuPhOx 187 198 26 234 247 31
PMeOxsgo-block-BuPhOx3 113 121 1 219 223 6
PMeOx7-block-BuPhOx3, 160 170 13 229 236 10

Table S3. TGA and DSC results of the homopolymers and block and gradient copolymers.

Name Td 5% Td max1 Td max2 Tg TO Te ATg

(O | (O | (°C)Y | (O | (°C) (°O)' | (°C)
PMeOx 354 384 - 83 73 95 21
PMeOxgo-grad-PhOxio 370 422 - 85 59 99 39
PMeOxgo-block-PhOx1o 368 410 - 87 78 101 23
PMeOxgo-grad-PhOxzo 357 429 - 88 74 103 29
PMeOxgo-block-PhOx2o 358 413 - 86 77 101 24
PMeOxzo-grad-PhOxzo 374 410 441 89 73 105 32
PMeOxzo-block-PhOxso 361 406 443 89 75 103 28
PMeOxgo-grad-BuPhOx1o 324 433 - 79 62 94 32
PMeOxgo-block-BuPhOx1o 366 424 - 80 74 93 19
PMeOxgo-grad-BuPhOxzo 364 439 - 78 60 91 32
PMeOxgo-block-BuPhOx2o 364 422 445 79 67 93 26
PMeOxzo-grad-BuPhOxzo 340 446 - 72 60 88 28
PMeOxzo-block-BuPhOxzo 368 411 448 78 65 94 29
PMeOxgo-grad-BuOPhOXx1o 301 421 - 79 66 91 25
PMeOxgo-block-BuOPhOx1o 336 422 - 81 72 92 20
PMeOxgo-grad-BuOPhOx2o 348 429 - 80 70 92 23
PMeOxgo-block-BuOPhOx2o 360 413 - 86 74 103 29
PMeOx7o-grad-BuOPhOxzo 370 419 - 79 64 94 30
PMeOxzo-block-BuOPhOxso 375 425 - 82 71 94 22

a Temperature of 5% weight loss; ®¢ temperature of maximum decomposition; ¢ glass transition temperature;
¢ onset point of the T, peak on the derivate heat curve; fend point of the Ty peak on the derivate heat curve;
9 breadth of the glass transition region
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Figure S20. DSC traces (2nd heating run, 50 °C/min) of the homopolymers and of the block
and gradient copolymers
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Figure S21. DSC traces (cooling and 2nd heating run, 5 °C/min) of: A) PBuPhOx;
B) PMeOx70-block-BuPhOx30 and C) PMeOxgo-block-BuPhOx2o.

2.2.2 Additional results of NPs morphology

In order to visualize the nanoparticle morphology, TEM imaging technique was employed. This
approach involved negative staining with the addition of trehalose, stabilizing the structure of NPs and
mitigating a material shrinkage caused by sample drying. For spherical micelles, the size difference
between TEM and DSL is caused by a polymer shrinkage in its dry state (which cannot be completely
prevented by trehalose) and by overestimating the particle sizes by DLS due to their hydration layer.
Further inaccuracy in particle size determination by image analysis can be brought in by improper
thresholding. For this reason, instead of simple thresholding, which caused significant systematic error
leading to further lowering of the measured particle diameters (data not showed), the trainable WEKA

segmentation (TWS) plugin was used. Compared to simple thresholding, TWS detected the particles
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with higher precision. The analyzed data are shown in the Table S4 and the number-weighted particle
size distribution in Figure S22A.

The NPs of PMeOx-BuPhOx and PMeOx-BuOPhOx contained particles of irregular or even rod-like
shape, often in aggregates. The proper image analysis of such heterogeneous samples would be
significantly more challenging so within the scope of this paper we decided for only rough analysis by
measuring the particle lengths in their longest direction, including particle aggregates as one
particle/fiber (Table S5). In the histograms (200 particles per sample) can be seen a peak of shorter
particles correlating with the DLS data and much larger particle aggregates located in the distribution
right tail (Fig. S22B).

Table S4. TEM image analysis of the spherical nanoparticles.

Name Number of the Average equivalent Average Dy (nm)
analyzed NPs | circular diameter (nm) | circularity (-) | from DLS
PMeOxso-grad-PhOx» 673 18.4+3.2 0.82 £0.07 27£2
PMeOxgo-block-PhOx3 500 50.3+19.6 0.81 £0.11 126 + 15

Table S5. TEM image analysis of the rod-like particles.

Name Number of the Average particle/aggregate Dy (nm)
analyzed NPs length (nm) from DLS
PMeOxs-grad-BuPhOx3 201 248 + 189 132 + 26
PMeOxso-block-BuPhOx3 198 355+ 234 184 + 29
PMeOxsgo-grad-BuOPhOX; 237 89+44 79+4
PMeOxg-block-BuOPhOx3 200 135+ 73 152 + 17
A) B)
0081 PMeOxgg-grad-PhOxq PMeOxgg-grad-BuPhOxy,
0.07 - PMeOxg,-block-PhOx,, 0.16 PMeOxgy-block-BuPhOx,q
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Figure S22. Particle size distributions from TEM image analysis. A) number-weighted particle
size distribution of PMeOxsgo-grad-PhOx20 and PMeOxso-block-PhOx20; B) particle length
distribution of PMeOxgo-grad-BuPhOx2, PMeOxso-block-BuPhOx20, PMeOxgo-grad-
BuOPhOx29 and PMeOxgo-block~-BuOPhOx2o.
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2. In vitro data
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Figure S27. Cellular association assay of the polymers labeled with Dy560 (¢ = 1 mg/mL).
A) Normalized signal correlated with the weight amount of Dy560 in the polymers, B) content
of Dy560-positive cells

33



Figure S28. Representative fluorescent image of NHDF cells incubated with PMeOxoo-grad-
PhOxi0 (A — cell nuclei; B — actin cytoskeleton; C — derivate; D — composite. Scale bar
represents 50 um).

Figure S29. Representative fluorescent image of NHDF cells incubated with PMeOxoo-block-
PhOxi10 (A — cell nuclei; B — actin cytoskeleton; C — derivate; D — composite. Scale bar
represents 50 um).
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3. NMR spectra
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Figure S30. 'H-NMR spectrum of BuPhOx.
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Figure S31. 3*C-NMR spectrum of BuPhOx.
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Figure S38. '"H-'H COSY spectrum of PMeOx7o-grad-PhOx3o.

Figure S39. 'H-'H COSY spectrum of PMeOx7o-block-PhOxs.
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Figure S41. '"H-'H COSY spectrum of PMeOx7o-block-BuPhOx3o.

40



Figure S42. '"H-'H COSY spectrum of PMeOx7o-grad-BuOPhOx3o.
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Figure S43. '"H-'H COSY spectrum of PMeOx7-block-BuOPhOx 3.

41



4. SEC traces

PMeOxi00 PPhOx100
1.0 1.0+
0.8 4 0.8 4
@ @
S 5
w084 5 08
x 4
) o
> >
£ 044 £ 044
Ko} o
o J o
0.2 0.2
0.0 0.0
T T T T T 1 T T T T T 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Retention time (min) Retention time (min)
PBuPhOx100 PBuOPhOx100
1.0
104
0.8 084
@ @
S 5
‘@ 0.6 ® 064
x 4
2 2
E 0.4 § 0.4
7] [}
o 4
0.2 0.2
0.0-I 0.0 “
T T T T T T 1 T T T T T T T T 1
] 5 10 15 20 25 30 0 5 10 15 20 25 30
Retention time (min) Retention time (min)

Figure S44. SEC traces of the homopolymers PMeOx 00, PPhOx190, PBuPhOx100, and PBuOPhOX 0.
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Figure S45. SEC traces of the copolymers PMeOx-PhOx.
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Figure S47. SEC traces of the copolymers PMeOx-BuOPhOx.
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