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Nonionic Star Polymers with Upper Critical Solution Temperature in Aqueous Solutions
Aliaksei Aliakseyeu!, Raman Hlushko! and Svetlana A. Sukhishvili'*
'Department of Materials Science & Engineering, Texas A&M University,
College Station, Texas 77843, USA

Abstract
We report synthesis of temperature-responsive linear and star poly(2-ureido aminoethyl
methacrylates) (PUEMs) of matched molecular weights, their phase transitions in aqueous
solutions and interactions with hydrogen bonding and hydrophobic small molecules. PUEMs with
number of arms up to 8 were synthesized via the activator regenerated by electron transfer atom
transfer radical polymerization (ARGET ATRP) technique using the core-first approach. The
degrees of branching were determined using gel permeation chromatography (GPC) equipped with
the multi-angle laser light scattering and viscometry detectors. The polymer molecular architecture
had a neglectable effect on the upper critical solution temperature (UCST) behavior in aqueous
solutions, while the presence of a strong hydrogen-bonded acceptor — dimethyl sulfoxide (DMSO)
— suppressed the transition temperature for both linear and star UCST polymers. Importantly, star
PUEMs showed an enhanced ability of trapping model drug molecules — proflavine and pyrene.
In particular, an increase in polymer branching led to 4.5-fold more efficient proflavine trapping
and stronger binding of pyrene molecules within the hydrophobic domains of star polymers below
their UCST. The trapped molecules could be then fully released from the star polymers upon

temperature increase, demonstrating a potential for controlled delivery applications.
Introduction

Upper critical solution temperature (UCST) behavior is not readily achieved with aqueous
polymer solutions because these transitions are controlled enthalpically and involve interpolymer
interactions which are often suppressed in water.!* However, UCST are observed for some
polymers which are able to solubilize at higher temperatures in aqueous solutions as a result of
breaking interpolymer electrostatic (in the case of polyzwitterions) or hydrogen bonding
interactions.? 4 Previous studies showed that UCST transition temperature of linear polymers can
be tuned by varying polymer concentration,>® molecular weight,”® composition (for
copolymers),® %12 solution pH® 1% 12 or salt concentration.® 1214 The use of UCST responsive

blocks in linear copolymers enables temperature-triggerable block copolymer micelles (UCST
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BCMs) useful for on-demand drug delivery systems!> and temperature responsive smart layer-by-
layer (LbL) coatings.!®!” While LbL coatings provide a perfect environment for the micelles
supporting their reversible temperature-triggered drug release,!”!® individual UCST BCMs
disintegrate above the transition temperature when not in the coating, limiting their use for drug

delivery in solutions.

Polymers with non-linear topologies can be used as an alternative to UCST block
copolymers micelles. Linked through covalent bonds, non-linear polymers (e.g. star polymers) do
not disintegrate in solution and show promising drug delivery features due to high compactness
and enhanced local concentration of polymer units.?-2! For example, in nonpolar solvents, non-
temperature-responsive amphiphilic 6- and 12-arm star poly(oligo (ethylene glycol)methacrylate-
b-lauryl methacrylate)s showed increased encapsulation of polar molecules such as rhodamine and
bovine serum albumin as compared to their linear counterparts.?? Similarly, dendritic star
polyacrylamide exhibited enhanced drug loading capacity of doxorubicin and sodium diclofenac
in aqueous solution.?? Star block copolymers with pH responsive cores and LCST poly(isopropyl
acrylamide) (PNIPAM) corona were also used for delivery of antimicrobial agents to plant leaves
and roots.?* Interestingly, an increase in PNIPAM block length in these star polymers constrained
release of a model drug from the poly(acrylic acid) core. In another example, pH rather than
temperature was used to control drug release from star polymers. Specifically, cyclodextrin-core
poly(2-(diisopropylamino)ethyl =~ methacrylate)-b-poly[(ethylene = glycol)  methyl  ether
methacrylate] (CPO) star polymers were able to efficiently encapsulate doxorubicin (DOX) and
showed its pH-triggered release.?’ Additionally, DOX-loaded CPO showed highly selective

cytotoxicity to cancer cells, demonstrating relevance of this system to biomedical applications.

However, studies of UCST behavior of star polymers and its use for controlling dye (or
drug) trapping and release are rare. Theoretical and experimental studies of polystyrene stars in
different organic solvents found a decrease in the UCST transition temperature with an increase in
number of arms for polymers with matched molecular weights.?6-3° This was related to fewer
unfavorable polymer-solvent contacts®! and a stronger contribution of entropy to the Flory-
Huggins interaction parameter y for more branched polymers.’> Yet the above studies were

performed for non-aqueous solutions of non-polar polymers.
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In aqueous solutions of polar polymers, a different set of interactions plays a role, such as
hydrogen bonding, dipole-dipole interactions between the polymer units, and competition for
binding/hydration with water molecules. Previous studies of UCST star polymers explored the
effect of branching on their temperature-responsive behavior. In one of such studies, Zhou et.al.
synthesized linear and 32-arm star polypeptides and converted them to UCST responsive polymers
via partial ureido modification.?3 For polymers with matched molecular weights and degrees of
ureido modification, it was shown that star polymers had higher UCST than their linear
counterparts, and the transition temperature could be additionally tuned by the degree of ureido
modification. In another study, Li et.al. reported polyzwitterionic linear and star polymers
synthesized using the arm-first approach and showed that an increase in number of arms at a fixed
arm length led to higher UCST.3* Interestingly, a differently designed experiment in which the
overall molecular weight rather arm length was fixed, resulted in the opposite conclusion of a
higher UCST for linear polyzwitterionic polymers.3* Finally, with random UCST copolymers of
poly(acrylamide-co-acrylonitrile) whose transition temperatures could be tuned via percentage of
acrylonitrile units and the overall polymer concentration, an increase in arm length was found to
lower the transition temperature.®> Thus, studies of the effect of branching on UCST transitions in
aqueous solution were controversial, and the use of these transition for trapping of small molecules

remained unexplored.

Our research aims to explore the effect of polymer topology on UCST behavior and drug
trapping properties of star polymers. We used the activators regenerated by the electron transfer
atom transfer radical polymerization (ARGET ATRP) technique for synthesis of linear and star
poly(2-ureido aminoethyl methacrylate) (PUEM) UCST polymers using the core-first approach.
In prior studies, the UCST behavior of PUEMs was demonstrated for linear homopolymers3®
revealing a strong effect of molecular weight and polymer concentration on the transition
temperature. Linear PUEM polymers were also incorporated within diblock copolymers to form
UCST micelles for controlled drug delivery applications.?’3® However, temperature-responsive
star PUEM polymers remained unexplored. Using polymers with varied number of arms and
matched molecular weight, we have studied the dependence of UCST transitions on the polymer
branching and the presence of a small hydrogen bonding competitor — dimethyl sulfoxide

(DMSO). Moreover, we explored the efficiency of UCST polymers of different molecular
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architectures in capturing and releasing model drug molecules — proflavine and pyrene — in

response to a temperature trigger.
Materials and methods

Pentaerythritol (PTOL, synthesis grade), dipentaerythritol (DPTOL, synthesis grade) used
for synthesis of tetra-functional, hexa-functional initiators were received from Merck.
Tripentaerythritol (TPTOL, technical grade) used for synthesis of an octa-functional initiator was
purchased from Sigma-Aldrich. Ethyl a-bromoisobutyrate (EtBiB) (98%), a-bromo isobutyril
bromide (BIBB) (98%), isopropanol (ACS grade), imidazole (99%), potassium isocyanate (96%),
di-tert-butyl dicarbonate (BOC anhydride, 99%), tetrahydrofurane (THF, ACS grade),
dimethylformamide (DMF, ACS grade) copper (II) bromide (99%), tris(2-pyridylmethyl)amine
(TPMA), tin (II) hexanoate (92.5-100%), hexanes (mixture of isomers, ACS grade), CDCl;, D,O
and ds-DMSO were purchased from Sigma-Aldrich. 2-aminoethyl methacrylate (min 95%) was
purchased from Polysciences and used as received. Aluminum oxide acidic for chromatography
(50-200 pM, 60 A) and aluminum oxide basic for chromatography (40-300 uM, 60 A) were
obtained from Acros Organics. Chloroform (ACS grade), hydrochloric acid (36.5%, ACS grade),
sodium bicarbonate (ACS grade), dichloromethane (ACS grade), dimethyl sulfoxide (ACS) and
cetyltrimethyl ammonium bromide (CTAB, high purity) were purchased from VWR. Anisole
(99%), trifluoroacetic acid (99%), pyrene and pyridine (99%) purchased from Alfa Aesar, and
proflavine hydrochloride purchased from MP Biomedicals were used as received. Dialysis tubing
(cutoff 3.5kDa) was purchased from Thermo Scientific. Water used in this study was purified with
a Millipore Milli-Q system.

Synthesis of a tetra-functional initiator pentaerythritol tetrakis(2-bromoisobutyrate), 41-
BiB: 25 ml of dry dichloromethane, 10 ml (0.129 mol) of dry pyridine and 1 gram (0.029 mol of
OH groups) of pentaerythritol were mixed in a flask containing a magnetic bar. The solution was
cooled to 0 °C in an iced bath. After cooling, a solution of 7.3 ml (0.06 mol) of BIBB in 25 ml of
dichloromethane was added dropwise through a syringe within 30 minutes under vigorous stirring.
The reaction mixture was incubated for 24 hours at room temperature, and chloroform was added
while the solution was stirred for additional 30 minutes. The resulting solution was triple washed
with each of 10% HCI, 5% solution of NaHCOj; and distilled water until pH of the distilled water

after washing remained neutral. The resulting solution was sequentially passed through basic and
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acidic SiO, columns and dried over sodium sulfate overnight. After that, dichloromethane and
chloroform were removed by rotary evaporation and the residual liquid containing 4f-BiB was
recrystallized in isopropanol. The product was a white solid (3.5 grams, yield 65%). 'H NMR
(CDCl3): & 1.88 (8xs, 24H), 6 4.27 (4xs, 8H) (Fig. 1A and S1).

Synthesis of a hexafunctional initiator dipentaerythritol hexakis(2-bromoisobutyrate, 6f-
BiB: 6f-BiB was synthesized in the same manner as described for 4f-BIB keeping the 2:1 molar
ratio of OH-groups in dipentaerythritol to BIBB. The product was a white solid (2.5 grams, yield
58%). 'H NMR (CDCl;): 6 1.88 (12xs, 36H), 8 3.53 (2xs, 4H), & 4.27 (6xs, 12H) (Fig. 1A and
S2).

Synthesis of octa-functional initiator tripentaerythritol octakis(2-bromoisobutyrate), 8f-
BiB: 8f-BiB was synthesized in the same manner as described for 4f-BIB keeping the 2:1 molar
ratio of OH-groups in tripentaerythritol to BIBB. The product was a white solid (3.5 grams, yield
57%). '"H NMR (CDCl5): & 1.88 (16xs, 48H), & 3.48 (4xs, 8H), & 4.27 (8xs, 16H) (Fig. 1A and
S3).

Synthesis of 2-(tert-butoxycarbonylamino)ethyl methacrylate (BOC AMA): Protection of 2-
aminoethyl methacrylate with the tert-butoxycarbonyl (BOC) group was performed as described
elsewhere.*’ Briefly, 8.4 g of sodium bicarbonate (0.1 mol) and 4.14 g (0.025 mol) of 2-aminoethyl
methacrylate hydrochloride were dissolved in 100 ml of a THF/water mixture (1:1 by volume) in
a 200 ml Schlenk flask. After complete dissolution of the components, the mixture was freeze-
thawed to avoid polymerization of the monomer. Then 6.54 g (0.03 mol) of BOC anhydride was
added to the frozen solution and the mixture was freeze-thawed again. The flask was immersed in
a water bath at 25 °C and left to stir overnight. The solution was then extracted with diethyl ether
(3x100 ml) and dichloromethane (3x100 ml). The organic phase was combined, dried under
sodium sulfate overnight, and concentrated under vacuum. The concentrate was diluted with
dichloromethane and precipitated in cold hexane to remove the polymerized material. After
filtration of the polymerized material, the solution was again evaporated under reduced pressure
to yield BOC AMA as white crystals (4.3 g, yield 75%). '"H NMR (CDCl;): & 1.38 (3xs, 9H), &
1.88 (s, 9H), 8 3.37 (q, 2H), 6 4.15 (t, 2H), 8 4.70 (bs, 1H), 8 5.51 (s, 1H), 8 6.06 (s, 1H) (Fig. 1B).
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Fig. 1. (A) Chemical structures and the synthetic pathway to 4, 6 and 8-arm ATRP initiators.
(B) Synthesis of BOC-protected AMA monomer used for linear and star polymers, and 'H
NMR spectra of AMA solution in D,O and BOC AMA solution in CDCl;.

Synthesis of linear and star poly(2-(tert-butoxycarbonylamino)ethyl methacrylate) (BOC
PAMA): Linear and star BOC PAMA were synthesized using ARGET ATRP technique which
was previously developed for linear methacrylates.*! In particular, linear functional, tetra-
functional, hexa-functional or octa-functional initiator (EtBiB, 4f-BiB, 6f-BiB, or 8f-BiB), copper
(IT) bromide, TPMA and BOC AMA were dissolved in dry anisole in a Schlenk flask equipped
with a magnetic bar. The concentration of the monomer in anisole was constant for all systems

(1.7 M). The solutions were freeze-thawed three times. After that, solution of tin (II) hexanoate in
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dry anisole was added to the frozen mixtures. The initiator-to-monomer molar ratio shown in Table
1 was maintained at 1:400, while the ratio of Cu(II): TPMA:tin (II) hexanoate was 1:5:10. The ratio
of initiator to Cu(II) was adjusted for each system to achieve control of the polymerization rate.
The mixture was freeze-thawed two more times to completely remove oxygen, immersed into an
oil bath and heated to 40 °C. Polymerization kinetics was monitored by taking aliquots of the
solution mixture, followed by gel permeation chromatography (GPC, Tosoh EcoSec) analysis
using DMF as an eluent (Fig. 3 and Figs. S4-6). The polymerization was quenched by immersing
the flask in liquid nitrogen. The polymer was then precipitated into cold hexane and filtered under

reduced pressure. The GPC traces of the final product are shown in Fig. STA.

Table 1. The molar ratio of initiating sites, copper (II) bromide, the ligand, the reducing agent and

the monomer to the initiator in the polymerization mixtures.

o Initiating
Initiator ) CuBr; TPMA Sn(OHex), Monomer
sites
EtBiB 1 1 0.14 0.7 1.4 400
41f-BiB 1 4 0.2 1 2 400
6f-BiB 1 6 0.3 1.5 3 400
8f-BiB 1 8 0.26 1.3 2.6 400

Determination of dn/dc of linear and star BOC PAMA: Response of a GPC refractive index

dn
i de

detector RI (mV) is described by the following equation: Rl = K5 ¢;* V where K, is an

: . .. dn
instrumental constant, mV/ pl, ¢; — polymer concentration, g/ml, V; — injected volume, pl, and

— refractive index increment, ml/g. The instrumental constant K;,; was determined using

polystyrene (PS) with M;,= 30 kDA and D=1.06 (provided by Wyatt Inc.) and the known value of

dn

2c for PS in DMF of 0.159 ml/g. The calibration curve was constructed by injecting 5 - 35 ul

volumes of 3.8%10-3 g/ml solution of PS in DMF (total of 7 injections with 5-pl increments in

volume increase). Fig. S8 shows the plot of RI vs. concentration. Fitting this dependence with the

d
linear equation Rl =a + V;- b, where b = K5 c;* d*:,l yielded K ;s = 5.74*10 mV/ul.
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Solutions of linear and 4-, 6- and 8-arm BOC PAMAs at concentrations 4.5, 4.9, 5.1 and 5.1*10-3
g/ml, respectively, were then used to determine dn/dc of these polymers. These solutions were
injected at the same volumes as used for the construction of the calibration curve. Figs. S9&S10
A,B show plots of RI vs. concentration for linear and 4-, 6- and 8-arm PUEMs, respectively. The
linear fits to these dependences shown in Figs. S9&S10 C,D and the knowledge of K5 (5.74*10°
mV/ul) allowed to determine dn/dc for linear and star polymers, which were 0.051, 0.049, 0.05
and 0.048 ml/g for linear, 4-, 6- and 8-arm BOC PAMAs, respectively.

Determination of absolute molecular weight and polymer branching

With the known values of dn/dc for linear and star polymers, absolute molecular weight and
polymer branching were determined by performing GPC equipped with a 3-angle laser light
scattering (MALLS) detector (Wyatt uDawn TREOS) and a viscometry detector (Wyatt viscostar
III). Branching of star polymers was quantified via measurements of intrinsic viscosity enabled
by the viscostar III detector. Because of their more compact structure, branched polymers had
lower viscosity than linear polymers.*? This was quantified by the branching ratio g' defined as

follows:

, ([n]branched)
g=—-

[77] linear M

where [1]pranchea and [N]iineqr are intrinsic viscosities for polymers with the same molecular

weights. The viscosity-based branching ratio g'is related to the radius-of-gyration-based branching
ratio g as g' = g°, where e is a draining parameter (e = 0.7 was chosen following recommendations
of Wyatt provider). The branching degrees (number of branching points per molecule) determined
from these data using Wyatt software were 4.1, 6 and 8 for 4-, 6- and 8-arm BOC PAMA polymers
(Fig. S7TB). We used linear BOC PAMA as a standard to identify the branching points of star
polymers. All data processing was performed using ASTRA 7.1.4 software. The number- and
weight-average molecular weights, dispersity and number of branching points for linear and star

BOC PAMASs are summarized in Table 2 in the Results and Discussion section.

Deprotection of linear and star BOC PAMA: 0.2 gram (0.9 mmol of polymer units) of linear or
star BOC PAMA were dissolved in 2 ml of dichloromethane in a 20 ml glass flask containing a

magnetic bar. 0.5 ml (6.5 mmol) of trifluoroacetic acid was then added to each solution under
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vigorous stirring, and all solutions were stirred for 2 hours. The precipitated polymers were filtered
and dissolved in water. Aqueous solutions of the deprotected polymers were placed in the dialysis
tubes with a 3.5 kDa molecular weight cutoff and dialyzed against 0.001M HCl solution for 2 days.
The dialyzing 0.001M HCI solution was renewed every 12 hours. Upon completion of the dialysis
all solutions were freeze-dried to yield white powders of linear and star PAMA. '"H NMR analysis
confirmed complete disappearance of the BOC protective groups for the polymers of all molecular
architectures (Fig. 4B and Fig. S11).'"H NMR of PAMA (D,0): § 0.85-1.1 (bs 3H), 6 1.6-2.0 (bs,
2H), 6 3.25-3.35 (bs, 2H), 6 4.15-4.3 (bs, 2H).

Ureido-modification of linear and star PAMA: 0.1 gram (0.6 mmol of polymer units) of linear
or star PAMA were dissolved in a 3% solution of potassium cyanate in 1 M imidazole (pH of the
imidazole buffer was 7) in a 20 ml glass flask containing a magnetic bar. All solutions were placed
into an oil bath heated to 55 °C and stirred overnight. The solutions were then diluted with 5 ml of
water (all solutions remained clear), placed in the dialysis tubes with a 3.5 kDa molecular weight
cutoff, and dialyzed against water for 2 days. The dialyzing water was changed every 12 hours.
All solutions were freeze-dried to yield white powders of linear or star PUEM. '"H NMR analysis
confirmed the formation of ureido-groups for the polymers of all molecular architectures (Fig. 4B
and Fig. S11). '"H NMR of PUEM (ds-DMSO): & 0.75-1.0 (bs 3H), & 1.5-1.9 (bs, 2H), & 3.24 (bs,
2H), 6 3.88 (bs, 2H). 6 5.68 (bs, 2H), 6 6.2 (bs, 1H).

UV-VIS measurements: Turbidity measurements were performed to explore UCST behavior of
linear and star PUEMs in aqueous solutions. Turbidity was measured at a wavelength 620 nm
using a Shimadzu UV 2600 spectrophotometer equipped with a temperature-controlled cell
connected to a Julabo CORIO CD heating immersion circulator. For studies of UCST behavior
0.1, 0.25, 0.5, 1, 1.5 and 2 mg ml™! solutions of PUEMs in water were adjusted to pH 6. Studies
of the effect of dimethyl sulfoxide (DMSO) on the UCST transition temperature were performed
with 0.5 mg ml™! solutions of linear and star PUEMs in 0, 0.2, 0.4. 0.6, 0.8 and 1 M DMSO using

a cooling rate of 0.5 °C min!.

Proflavine capture and release studied by fluorescence: For the proflavine capture studies, a
0.8 mg/L solution of proflavine in water was prepared by dissolving 0.2 mg of proflavine
hydrochloride in 250 ml of water at pH 6. The mixture was left overnight in a flask wrapped with

aluminum foil to fully dissolve proflavine, and then used to prepare 0.5, 1 and 2 mg/ml solution
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of linear and star PUEMs in the 5-ml centrifuge tubes. Polymer-free proflavine solutions were
used as a control. The solutions were heated at 75 °C for 2 hours to dissolve the polymers, and
placed in the fridge (5°C) overnight to precipitate PUEMs below their UCST transitions. The
mixtures with the precipitates were centrifuged for 30 min at 5°C and 15,000 rpm using a Hermle
7216K centrifuge, and 2-ml solutions of supernatants carefully collected, placed in plastic cuvettes
and analyzed by measuring fluorescence intensity. Fluorescence emission spectra were recorded
for each solution at the fixed excitation wavelength A.,=445 nm. After fluorescence analysis, the
supernatant solutions were placed back to the centrifuge tubes and all solutions were heated above
their UCST (i.e. to ~65 °C for 0.5 mg/ml solutions and to ~75 °C for 1 and 2 mg/ml solutions).
Fluorescence measurements were performed using a Shimadzu RF-6000 fluorometer equipped
with a temperature-controlled cell connected to a Julabo CORIO CD heating immersion circulator.
All experiments were done in triplicate.

For a calibration curve of proflavine fluorescence intensities, 1 mg of proflavine was
dissolved in a 10 ml volumetric flask (100 mg/L) to prepare a parent solution that was diluted to
obtain 1, 0.5, 0.313, 0.25. 0.156 and 0.1 mg/L solutions for measurements at 5 °C using the
excitation wavelength of 445 nm. Fig. S12 shows that fluorescence intensity changed linearly with
concentration of proflavine.

Pyrene capture and release studied by fluorescence: For pyrene capture studies, a saturated
solution of pyrene in water was prepared as follows: 5 mg of pyrene and 20 ml of water at pH 6
were mixed in a flask (pyrene solubility in water at 25 °C is ~ 0.14 mg/L (0.7 uM)). The mixture
was sonicated for 30 min and used to prepare 1 mg ml-!' solutions of PUEMs or CTAB. All pyrene-
containing polymer solutions were first heated to ~75 °C (above UCST) to dissolve the polymers,
and then cooled to 5 °C (below UCST) to trigger collapse of PUEMs and trapping of pyrene. All
solutions were slightly opalescent but did not form precipitates when stored for 12 h at 5°C degree

prior to measurements.

Capture and release of pyrene by PUEMs of different molecular architectures were monitored by
measuring the pyrene fluorescence excitation spectra at the emission wavelength A, of 392 nm.
The measurements were performed using a Shimadzu RF-6000 fluorometer equipped with a
temperature-controlled cell connected to a Julabo CORIO CD heating immersion circulator.
Temperature of the pyrene-PUEM aqueous solutions was changed between 5 °C and 75 °C in these

measurements.

10
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Fig. 2. Schematic representation of synthesis of temperature responsive linear and star
PUEMs. LPUEM, 4PUEM, 6PUEM and 8PUEM represent linear, 4-arm, 6-arm and 8-arm
star PUEMSs, respectively.

RESULTS AND DISCUSSION

We first aimed to synthesize a well-defined series of temperature-responsive PUEMs with
matched molecular weights and different number of arms. Linear PUEM polymers synthesized via
RAFT were earlier reported to exhibit UCST behavior with a negligible effect of salt on its
transition temperature (Ty),3¢-37 but star PUEMs remained unexplored. Our choice for synthesis of
star polymers was the core-first approach, which yields well-defined number of arms, in contrast
to a broad distribution of number of arms resulting from the arm-first approach.? Furthermore,
because star RAFT initiators do not provide good control over polymerization due to the prevailing

chain termination reactions,*> we used ARGET ATRP technique to synthesize star polymers with

11
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low dispersity of arm lengths (Fig. 2). In comparison to traditional ATRP, ARGET ATRP is
associated with fewer undesirable side reactions***> and requires smaller amounts of organic
solvents at the step of polymer purification.*® The synthesis started from the preparation of a series
of mono- and multifunctional ATRP initiators (EtBiB, 4f-BiB, 6f-BiB and 8f-BiB, see Materials
and Methods) using the procedures similar to those previously used for synthesis of 4f-BiB from
pentaerythritol.4” "H NMR confirmed successful synthesis of 4-, 6, and 8-arm initiators (Figs. 1A
in Materials and Methods and Figs. S1-S3). Note that all initiators except for EtBiB were
hydrophobic. This prevented us from using water or water-alcohol mixtures previously broadly
applied as solvents in RAFT*#-4 or ATRP>%3! polymerization of 2-aminomethyl methacrylate
(AMA) for synthesis of UCST-responsive linear polymers.>6-37 Therefore, in our case, AMA
monomer was modified with BOC groups using established procedures.*® This resulted in
improved solubility of the monomer in a variety of organic solvents and allowed for a selective
control of solubility of the monomer and hydrophobic multifunctional core ATRP initiators. 'H
NMR spectra of AMA and BOC AMA shown in Fig. 1B in Materials and Methods confirm

successful modification of the monomer.
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Fig. 3. ARGET ATRP polymerization of 2-BOC AMA using a 4-arm ATRP initiator: (A) GPC
traces at different polymerization times; and (B) time evolution of In[M]y/[M]; during synthesis

of 4-arm BOC PAMA.
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Fig. 3 shows kinetics of BOC AMA polymerization using 4-arm polymer as an example,
while Figs. S4, S5 and S6 illustrate synthesis of linear, 6- and 8-arm polymers, respectively. In all
cases, polymerization of BOC-protected AMA was fast, with ~70% conversion reached in less
than 3 hours. The linearity of the plot in Fig. 3B shown for synthesis of 4-arm BOC PAMAs
confirms the controlled nature of ATRP polymerization. The GPC traces of BOC PAMA polymers
after completion of polymerization are summarized in Fig. S7. The use of MALLS and viscometer
detectors during GPC analysis enabled determination of the absolute molecular weights and the
branching ratios of the BOC-protected PAMAs. Because star polymers were more compact and
had lower intrinsic viscosities in comparison to linear polymers of the same molecular weight,*
the branching ratios could be determined by comparing the absolute molecular masses and intrinsic
viscosities of the polymers. Details of the branching analysis are described in the Materials and
Methods section and shown in Fig. S7TB. Fig. S13 shows that BOC PAMA polymers of the star
architecture exhibited lower intrinsic viscosities in comparison to linear BOC PAMA and had
branching ratios that matched functionality of the initiators. The molecular characteristics of the

synthesized polymers are shown in Table 2.

Table 2. Molecular characteristics of the linear and star BOC PAMAs as determined by GPC in

conjunction with light scattering and viscometry analysis.

Branching per Degree of DP per
Polymer M,, kDa | M,, kDa b o
molecule [ polymerization (DP) [ arm

linear 72.1 75.3 <1.1 - 310 -
4 arm 70.3 72.9 <1.1 4.1+0.1 304 76
6 arm 77.7 81.8 <1.1 6.1£0.1 336 56
8 arm 74.5 79.0 <1.1 8.1+0.1 320 40

BOC PAMAs with different molecular architectures were then converted to UCST-
responsive polymers (Fig. 4A). Figs. 4 B&C and Fig. S11 show changes in 'H NMR and FTIR
spectra of polymers during conversion. The first step of modification involved removal of BOC
protecting groups in the acidic conditions to yield PAMAs. '"H NMR spectra confirmed full
removal of the tert-butyl group through the disappearance of the BOC methyl group signal (f) in
'"H NMR traces (Fig.4B and Fig. S11). Similarly, the removal of the protective BOC group was
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Fig. 4. Conversion of BOC PAMAs to temperature-responsive PUEM polymers: (A) schematic
representation of the modification; (B) '"H NMR spectra of 4-arm BOC PAMA (ds-DMSO), 4-
arm PAMA (D,0) and 4PUEM (de-DMSO); (C) FTIR spectra of BOC-protected 4-arm BOC
PAMA, PAMA and 4PUEM.

also evident in the FTIR spectra of PAMA which indicated the disappearance of the amide I and
amide II peaks’? in the spectra of 4-arm BOC PAMA and the emergence of a new peak at 1605
cm' which is associated with the deformation vibrations of the primary amino groups>? (Fig. 4C).
The deprotected linear and star polymers were then used for ureido-modification to obtain a family
of linear and star UCST-responsive polymers (LPUEM, 4PUEM, 6PUEM and SPUEM for linear,

4-arm, 6-arm and 8-arm PUEMSs, respectively). The ureido modification was performed in excess

14



Page 15 of 28

Polymer Chemistry

of potassium isocyanate to achieve complete conversion and eliminate the effect of incompleteness
of the ureido modification on UCST transition temperature.’® After ureido modification, two new
signals at 5.7 ppm (f — bs, 2H) and 6.2 ppm (e — bs, 1H) characteristic of the ureido group of
PUEMs emerged in the 'H NMR spectra (Fig. 4B and Fig. S11). The equal areas of peaks f and c
related to the ureido groups and CH, groups in the ethyl spacer, respectively, suggest complete
conversion of PAMAs to PUEMs. The FTIR spectra also revealed significant changes in the 1400-
1800 cm™! region after ureido modification. In particular, amide I and amide II bands at 1655 and
1550 cm!' characteristic of urea’’ emerged and the band associated with N-H deformation

vibrations of the primary amino group>? shifted from 1600 to 1610 cm™! as a result of ureido

modification.
A 25 B
80+
2.0 70
3 v
o
% 15 O 60k .
2 & z .
O 1 = i e (o]
o g o LPUEM
< .8 O 4PUEM
0.5 40r A 6PUEM
v 8PUEM
30+
00 1 1 1 1 1 1 1 ! | ! |
10 20 30 40 50 60 70 80 0.0 0.5 1.0 1.5 2.0
T,°C Concentration, mg/ml

Fig. 5. UCST temperature response of PUEM polymers of different molecular architectures
in aqueous solutions at pH 6: (A) Absorbance in 1.0 mg/mL aqueous solutions of 2, 4-, 6- and
8- arm PUEMSs measured at 620 nm upon cooling at a rate of 0.5 °C/min. (B) UCST transition
temperature as a function of polymer concentration for LPUEM (squares), 4PUEM (circles),
6PUEM (up-pointing triangles) and 8PUEM (down-pointing triangles). pH of all solutions
was adjusted to pH 6.

Fig. SA shows that the resultant linear and star PUEMs were temperature-responsive in
aqueous solutions, as evidenced by changes in turbidity of solutions that were initially heated at
75 °C and then slowly cooled at a rate of 0.5 °C/min. The transition temperature (Ty) was
determined from the cross-section of the slope of the increasing absorbance with the temperature

scale as shown in Fig. S14. Additionally, the width of the transition, which was earlier defined as
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the phase transition window (AT), can be also considered.’* Fig. S15A shows that AT (determined
as shown in Fig. S15B) decreased with polymer concentration, in agreement with an earlier report
for hydrogen-bonded linear UCST polymers,® and that the trend was similar for the polymers with
different molecular architectures. Fig. 5B illustrates the effect of polymer concentration and
branching on the UCST behavior of linear and star PUEMs. In all cases, the transition temperature
gradually increased with polymer concentration. Note that for linear PUEM, the transition
temperature (59 °C at a polymer concentration of 1 mg/ml) was higher than that reported in the
literature (43 °C at the same concentration).3® This difference is due to the strong dependence of
the transition temperature on the polymer molecular weight. Specifically, while linear PUEMs in
the earlier reports were composed of 49 and 100 units and had transition temperatures 21 and 43
°C, respectively,*¢ linear PUEM synthesized in this work had a higher molecular weight (DP 310)
and therefore showed a higher UCST temperature. In contrast to the strong effect of concentration,
the impact of branching was weak, and all polymers except for the 4-arm PUEM showed similar
UCST transition temperatures. The lower transition temperature of the 4-arm polymer is probably
due to its slightly lower molecular weight (Table 2). A negligible effect of the molecular
architecture on UCST transition is possibly a result of compensation of the enthalpic and entropic

contributions to the free energy of mixing.

A  DMSO concentration, vol % B
01 2 3 4 5 6 7
55 @ ‘

LPUEM

[=]
50l 8 2 UM
5 o g & 8PUEM
£ 40} o &
 35) 8 %
30} 3
25t
20

00 02 04 06 08 1.0

DMSO concentration, M
Fig. 6. The effect of DMSO on UCST behavior in 0.5 mg/ml solutions of PUEMs of different
molecular architectures: (A) PUEM transition temperatures as a function of DMSO
concentration; (B) Schematic representation of disruption of hydrogen bonding between PUEM

units by the competing DMSO molecules. Acidity in all solutions was adjusted to pH 6.
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We further aimed to explore the ability to control UCST behavior of linear and star PUEMs
using a strong hydrogen-bonded acceptor — dimethyl sulfoxide, DMSO. Recently, our group
showed that DMSO can serve as an efficient hydrogen bonding competitor and impact the binding
between hydrogen-bonding polymers in solutions and at surfaces.’*> Similarly to the effect of
inorganic salts on electrostatic interpolymer complexes, DMSO weakened hydrogen-bonded
interpolymer interactions resulting in enhanced polymer diffusion and stronger intermixing within
layer-by-layer films.>> Fig. 6A shows that the addition of DMSO to aqueous solutions of linear
and star PUEMs led to a gradual decrease of UCST transitions for polymers of all architectures.
Note that this trend is opposite to what was observed upon addition of small salts to another type
of water-soluble UCST polymers, i.e. polyzwitterions that demonstrate improved solubility due to
the anti-polyelectrolyte effect.? We believe that lowering the transition temperature occurs as
DMSO disrupts inter- and intermolecular hydrogen bonds between ureido units of PUEMs which
are involved in UCST response (Fig. 6B). A similar competition of DMSO with hydrogen bonding
in polymer systems was previously observed by us for poly(vinyl pyrrolidone/poly(methacrylic
acid) interpolymer complexes.>> These data show that the UCST transition temperature in PUEM
solutions can be precisely controlled by the addition of DMSO. However, the data in Figs. 5&6
suggest that PUEM molecular architecture did not impact the temperature transition of these

polymers in water and water/DMSO mixtures.

We then hypothesized that despite its negligible effect on the transition temperature,
molecular architecture can be important for trapping molecular payloads by the PUEM molecules
as they experience a temperature-triggered collapse. Enhanced drug trapping by star polymers was
earlier demonstrated for non-temperature responsive polymers.2% 3657 UCST polymer systems
bring an additional advantage of using temperature as a trigger to control capture and release of
small molecules and drugs.’3-6° Many of such systems, however, include block copolymer micelles
(BCMs) which require additional crosslinking to suppress their disintegration above UCST in
solutions.’® In contrast, UCST star polymers are unimolecular nanocontainers which do not
disintegrate at an increased temperature. To explore the ability of UCST linear and star PUEMs to
trap and release drug molecules, we used proflavine hydrochloride (Fig. 7A) — a chemical that
possesses antibacterial and antiviral properties,®'-%2 and emits fluorescence with a maximum at 509
nm (Ax=445 nm).% Fig. 7A summarizes the procedure used to assess capacity of trapping. Linear

and star PUEMs were first dissolved in proflavine solutions heated above the polymers’ transition
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Fig. 7. (A) Schematic representation of trapping of proflavine within PUEMs. Fluorescence
emission spectra (A,=445 nm) of proflavine supernatant solutions after centrifugation of 1
mg/ml solution of linear, 4, 6 and 8-arm PUEM at 5 C (B) and 75 °C (C) at pH 6. (D)
Percentage of fluorescence intensity of proflavine remaining in water or 1 mg/ml PUEM
polymer solutions after centrifugation below UCST (5 °C, squares) or above UCST (75°C,
circles). (E) Percentage of captured proflavine as a function of polymer concentration for
linear (squares), 4-arm (circles), 6-arm (up-pointing triangles) and 8-arm (down-pointing
triangles) PUEMs at 5°C. (F) Trapping capacity of proflavine hydrochloride per gram of linear
and star PUEMs. All solutions were adjusted to pH 6.

temperature; the solutions were then cooled to 5 °C and centrifuged to separate the precipitated
polymers with trapped proflavine. Fig. 7B shows that fluorescence intensity of proflavine
remaining in the supernatant decreased with number of arms in PUEMs, suggesting that higher
amounts of the dye were trapped by more branched polymers. At the same time, all proflavine
remained in solution at 75 °C (Fig. 7C). This result, obtained with 1 mg/ml PUEM solutions, is
further illustrated by Fig. 7D. Similar trends were also observed with higher and lower PUEM
concentrations (Fig. S16). Fig. 7E and Fig. S17 illustrate that the percentage of proflavine trapped
within the phase separated PUEMs was higher for more branched PUEMs and increased with
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PUEM concentration. Fig. 7F summarizes the trapping capacity of proflavine (calculated as mg
of proflavine per g of PUEM) for polymers with different molecular architectures, showing that 8-
arm PUEM was able to trap ~4.5-fold more proflavine than its linear counterpart, LPUEM. This
result further confirms the importance of the higher local concentration provided by the star
architecture for proflavine trapping. Importantly, interactions of the dye with the phase-separated
PUEMs could be revealed via a ~4 nm blue shift of the emission peak of proflavine as compared
to its fluorescence in water (Fig. S18). A similar blue shift in proflavine fluorescence was observed
upon its binding with cucurbiturils via hydrophobic and hydrogen bonding interactions.®463 It is
likely that similar interactions occur between proflavine and PUEMs, which dehydrate, form
polymer-polymer hydrogen bonds and provide hydrophobic environment for inclusion of the
dye.’® At the same time, the higher density of polymer units in star polymers supports stronger

binding and higher trapping capacity of proflavine.

The existence of hydrophobic domains in collapsed PUEMs was more directly confirmed
in the experiments with pyrene — a dye whose fluorescence is highly sensitive to
hydrophobicity/hydrophilicity of the environment.’® In particular, fluorescence of pyrene
experiences a bathochromic shift in less polar environments, and this shift can be observed in the
excitation spectra.®® Fig. 8 shows the excitation spectra of pyrene in solutions of linear and star
PUEMs. In these experiments, solutions of CTAB micelles, whose excitation spectra demonstrate
a characteristic red shift after inclusion of pyrene within hydrophobic micellar cores, were used as
control.3% 7 Below UCST transition, the fluorescence peaks in the excitation spectra of pyrene in
contact with all PUEMs shifted to longer wavelengths in comparison to water, suggesting that the
polymers contained domains for entrapped pyrene molecules via hydrophobic interactions.
Similarly to experiments with proflavine, trapping of pyrene was fully reversible and the red shift
in the fluorescent spectra of pyrene emission inverted to those observed in polymer-free pyrene
solutions when temperature was raised above the UCST transition of PEUM polymers (Figs. 8A
and S19). Importantly, below UCST the magnitude of the red shift in fluorescence was larger for
the star polymers and increased with number of arms, confirming more efficient inclusion of
pyrene within the hydrophobic domains of collapsed PUEMs. The data suggests that the more
compact structure of star polymers was favorable for the formation of such hydrophobic domains

and dye inclusion.
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Fig. 8. (A) Excitation wavelength of pyrene fluorescence below and above UCST transition

temperature in 1 mg/ml solutions of linear and star PUEMs. (B) Schematic representation of

capture and release of pyrene by a UCST star polymer. (C) Fluorescence excitation spectra of

pyrene (Aem = 392 nm) detected in water and 1 mg/ml aqueous solutions of CTAB, linear or

star PUEMs at 5 °C. All solutions were adjusted to pH 6.

Conclusion

In summary, we implemented the ARGET ATRP technique to synthesize star-shaped

UCST polymers of the matched molecular weight using core-first approach and demonstrated that
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the procedure yields polymers with well controlled branching. Our experiments revealed that
polymer architecture of PUEMs with relatively low branching (up to 8 arms) did not significantly
affect the polymer UCST behavior. At the same time, the addition of DMSO — a competitive
hydrogen bonding molecule — significantly affected the transition temperature in both linear and
star PUEMs, enabling to precisely control UCST behavior in PUEM aqueous solutions via DMSO
concentration. While the transition temperatures of PUEMs with all molecular architectures were
similar in mixed DMSO/water solvents, a dramatic effect of molecular architecture was observed
in trapping of fluorescent model molecules — proflavine and pyrene — by the phase-separating
PUEM molecules. Our experiments revealed more efficient trapping of the dyes by star PUEMs
due to their high local density of the polymer units. Moreover, experiments with inclusion of
pyrene indicated that PUEMs with larger number of arms created more hydrophobic environments
within UCST-collapsed molecules and that these environments favored inclusion of hydrophobic
dyes. The fully reversible nature of such trapping can be exploited for designing novel

temperature-responsive drug delivery systems.
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