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Zwitterionic polymers are well known for their non-fouling properties due to their unique pendant side chain structures. In this
work, we incorporated temperature-responsive N-isopropylacrylamide (NiPAm) with zwitterionic monomers (Carboxybetaine
methacrylate (CBMA) and Sulfobetaine methacrylate (SBMA)), and synthesized statistical copolymers poly(NiPAm-co-CBMA)
and poly(NiPAm-co-SBMA). Above the low critical solution temperature (LCST), a clear sol-gel transition was observed, accom-
panied by an increase in turbidity and elastic modulus in the copolymer solution. The self assembly and thermoresponsive proper-
ties of these statistical copolymers under large strains and different temperatures were characterized by UV-visible spectroscopy,
dynamic light scattering, and rheological characterizations.We showed that poly(NiPAm-co-CBMA) copolymers consisted both
mechanically and thermally reversible networks, favoring them as reusable and biocompatible elastic materials. As a compar-
ison, incorporating SBMA with NiPAm inhibited the thermo-sensitive and viscoelastic features from the pure NiPAm based
polymer, causing a delayed LCST and weakened viscoelastic response in poly(NiPAm-co-SBMA) copolymers at both room and
body temperatures. Our work demonstrates that CBMA monomers in poly(NiPAm-co-CBMA) copolymer act as stronger ionic
bridges to form elastic networks when compared with poly(NiPAm-co-SBMA) copolymer. As a result, poly(NiPAm-co-CBMA)

possess both non-fouling and thermo-sensitive features, without compromising its mechanical properties.

1 Introduction

Zwitterionic polymers such as carboxybetaine methacrylate
(CBMA), sulfobetaine methacrylate (SBMA), and phospho-
rylcholine based polymers, have been used to synthesize su-
perhydrophilic and ultra low fouling biomaterials '*. Com-
mercially available low fouling nonionic polyethylene gly-
col (PEQG) resists nonspecific protein adsorption via hydration
forces, which are formed between hydrogen bonds and water
molecules. However, PEG has been shown to interact with hy-
drophobic surfaces that can lead to oxidation of a substrate.
Zwitterionic based materials, with their strong intramolecu-
lar and intermolecular electrostatic interactions, can bind wa-
ter molecules strongly and form electrostatically induced hy-
dration®8, which resists nonspecific protein adsorption over
the long run. In addition, some zwitterionic monomers can
be functionalized with different elements, enabling the coated
surface or bulk materials with ultra-nonfouling features. For
example, SBMA can be attached onto hydrophobic substrates
via sulfobetaine-hydrophobic bonds to exhibit fouling resis-
tances. CBMA coated surface showed small absorbance of
proteins (i.e., < 0.3 ng/cm? of proteins from 100% blood
plasma or serum)®~!!, and low cell adhesion (i.e. of COS-7
cells) 2. Compared with SBMA, CBMA has a similar molec-
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ular structure but contains a weakly acidic carboxyl group. As
aresult, CBMA can be functionalized more easily with higher
surface packing density '>. Furthermore, the structure of car-
boxyl groups in CBMA is similar to that of glycine betaine
(see Fig. 1), which is one of the compatible solutes vital to the
osmotic regulation of living organisms. More recently, CBMA
based hydrogels have exhibited good resistance to form cap-
sules for at least 3 months after subcutaneous implantation
in vivo!2. Therefore, synthesizing CBMA based biomateri-
als has been an active research area.

Thermoresponsive polymers have also attracted consider-
able interests owing to their reversible phase transition be-
havior at lower critical solution temperature (LCST). To ex-
tend the application of zwitterionic materials, thermorespon-
sive statistical copolymers containing zwitterionic monomers
have been synthesized*'°. Poly (N-isopropylacrylamide)
(PNiPAm) is a thermo-sensitive polymer that is synthesized
from N-isopropylacrylamide (NiPAm) monomers (see Fig. 1).
PNiPAm exhibits a miscible to immiscible phase transition
at lower critical solution temperature (LCST) #1020 around
32 °C. The thermoresponsive PNiPAm can repeatedly swell
and shrink when the temperature goes below and above
LCST 420, When the temperature exceeds its LCST, PNiPAm
becomes dehydrated with broken bonds between hydrogen-
polymer chains and coils of its hydrophobic tails, accompa-
nied by an abrupt phase transition due to globular structural
formation #2921 The hydrodynamic radius of the globu-
lar structure and the structure evolution under external con-
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ditions can be detected by static and dynamic light scatter-
ing measurements?%?>23. By varying the hydrophobic and
hydrophilic sequences in the diblock and triblock architec-
tures (i.e, ABA block or BAB block), morphologies with
core-shell?*, flower like, and interconnected micelles and net-
works 28 can be formed in thermoresponsive diblock and
triblock copolymers containing PNiPAm. The hydrophobic
and hydrophilic sequences are also switchable under differ-
ent thermal conditions. For example, PNiPAm becomes hy-
drophobic above LCST with coil-to-globule transition, but can
reverse back to be hydrophilic and soluble in water when the
temperature goes below its LCST.

Different from thermoresponsive PNiPAm with LCST, most
zwitterionic polymers exhibit an upper critical solution tem-
perature (UCST), with an enhanced solubility in aqueous solu-
tions with increasing temperatures '->>2°, For example, below
its UCST, PolySBMA synthesized from SBMA monomers
would precipitate in water due to the collapse of zwitteri-
onic coils 72329 However, the zwitterionic chains become
hydrophilic when the temperature increases above its UCST,
becoming soluble in an aqueous solution. Combining seg-
ments of the zwitterionic polymers and thermo-responsive
PNiPAm showed dual temperature sensitivity corresponding
to the UCST of zwitterionic monomers and the LCST of
PNiPAm 7272933 For example, Lowe et al.?? synthesized
diblock copolymer from NiPAm with ammoniopropane sul-
fonate (SPP) by atom transfer radical polymerization (ATRP)
method, while Arotana et al.3* synthesized diblock copoly-
mer from NiPAm with SBMA by reversible addition frag-
mentation chain transfer (RAFT) technique. Both research
groups observed that above the LCST of PNiPAm (~ 32 °C),
the copolymer formed colloidal aggregates with hydrophobic
coils from PNiPAm being surrounded by SBMA or SPP hy-
drophilic groups. Below the UCST of SBMA (27 °C) or SPP,
reversed aggregates were formed from collapsed SBMA or
SPP coils that were solubilized by PNiPAm groups.

These zwitterionic and NiPAm based copolymers have
shown great advantages for biological in-vivo applications
with their dual non-fouling and thermo-responsive features.
In more recent work, the biocompatible property of a
zwitterionic-based statistical copolymer was evaluated as an-
tifouling and bioinert coating for biomedical devices, by form-
ing a biomembrane-alike film to resist biological interactions
in-vivo*-37. Even though it is easier to control the mass dis-
tribution and segment architecture in block copolymers 38, the
block copolymers are easily micellized in aqueous solution,
which renders the contact between hydrophobic components
and the substrate and has an adverse effects on the coating
quality®’. As a comparison, statistical copolymer architec-
tures are superior when the solvent is suitable for both seg-
ments. Hence, the statistical copolymers are more likely to
form a stable and uniform coating on a large selection of sub-

strate in the context of biomaterials. For example, Chang
et al.!” studied copolymers synthesized from NiPAm and
SBMA monomers by random copolymerization and extended
the bioadhesive application of poly(NIPAAm-co - SBMA)%.
They showed how the UCST and LCST of the copolymer sys-
tems were affected by changing the molar percentage of the
two monomers, ionic environment, and their mass concentra-
tions. In addition, micelles formed below the UCST of zwitte-
rionic monomers and above the LCST of PNiPAm exhibit dif-
ferent aggregation behaviors and thermal responses with dif-
ferent ionic strength and the segment mobility in the copoly-
mer system 30!, Combing zwitterionic and thermoresponsive
features, Obiweluozor et al.*" recently investigated the veis-
coelastic behavior of a NiPAm-zwitterion copolymer solution
as a function of ionic strength in the presence of different ions.
They demonstrated that the inter-/intramolecular electrostatic
crosslinks among the sulfobetaine chain could be effectively
manipulated by the amount of low-molecular-weight ions.
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Carboxybetaine methacrylate (CBMA)

Fig. 1 Chemical structures of NiPAm, SBMA, and CBMA
monomers.

Motivated by the dual temperature responses for PNiPAm
and zwitterionic polymers, the goal of this work is to syn-
thesize self-assembled statistical copolymers that retain rel-
atively strong mechanical properties under large strains with
varying temperature conditions, while possessing both non-
fouling and thermoresponsive features. In particular, we focus
on two statistical copolymers of poly(NiPAm-co-CBMA) and
poly(NiPAm-co-SBMA), synthesized from NiPAm and zwit-
terionic monomers (CBMA and SBMA), with different weight
ratios of zwitterionic to NiPAm monomers. We performed de-
tailed material characterizations of copolymers by conducting
UV-visible spectroscopy, dynamic light scattering, and rheo-
logical measurements under different temperatures and large
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amplitude oscillatory shear, illustrating thermo-sensitive self-
assembly/disassembly of copolymer aggregates in an aque-
ous solution. The capacity of elastic recovery of the assem-
bled aggregates under alternating temperatures and strains was
also assessed and compared in poly(NiPAm-co-CBMA) and
poly(NiPAm-co-SBMA) systems.

2 Materials and Methods

2.1 Materials Preparation

2-Carboxy-N, N ,-dimethyl-N-(2'—(methacryloyloxy)  ethyl)
ethanaminium inner salt (carboxybetaine methacrylate,
CBMA) was synthesized using an existing protocol (> 99%
purity)?. Both [2-(Methacryloyloxy)ethyl]dimethyl(3-
sulfopropyl)-ammonium hydroxide (sulfobetaine methacry-
late, SBMA) and N-Isopropylacrylamide (NiPAm) (> 97%
purity) were purchased from Sigma-Aldrich (Saint Louis,
MO) and used as received. The chemical structure of these
monomers are shown in Fig. 1. Ammonium persulfate (APS),
N,N,N’,N'-Tetramethylethylenediamine (TEMED) from
Bio-Rad Laboratories (Hercules, CA) were used as received.

We dissolved CBMA (or SBMA) and NiPAm monomers
at different mass ratios in DI water, as shown in Table 1. The
copolymerization of poly(NiPAm-co-C(S)BMA) was initiated
by using 2 wt% of APS and 0.2 wt% of TEMED in total
monomers, in a nitrogen atmosphere. The solution was stirred
at room temperature for 24 h with the polymerization process
illustrated in Fig. 2.

After polymerization, the resulting solutions were stored in
a membrane tubing in DI water for at least 24 h to remove the
residual unpolymerized chemicals. Subsequently the mem-
brane tubing containing the solution was connected to a freeze
dryer (FreeZone 1 Liter, Labconco) for at least 48 h to yield
white powders. Finally, synthesized copolymers in powder
form were dissolved in deionized water at 8 wt% to prepare
for stock copolymer solutions at pH = 7.0. Serving as a con-
trol for comparison purposes, PNiPAm, polySBMA, and poly-
CBMA in powder form were also synthesized by following
the same protocol with individual NiPAm, SBMA, or CBMA
monomers as reacting components. The molecular weights
of polymers (PS3_1, PS5_1, PC3_1, PC3_1) were determined
by gel permeation chromatography (GPC) on a Waters Al-
liance 2695 system fitted with a Phenomenex BioSep-SEC-
$2000 column.

2.2 Material composition characterizations

We first characterized the structure of all the PC and PS
copolymers by obtaining their proton nuclear magnetic res-
onance ('"H NMR) spectra by using a Bruker AV500 series
spectrometer with a 1H frequency at 499.956 MHz and D,0O
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N-Isopropylacrylamide (NiPAm) Carboxybetaine methacrylate (CBMA)

APS, TEMED, N,
DI water, 25 °C
Random copolymerization

CHs

{eron)on-t)—
O=0 O=0

CI‘-|3

CH; —CH—NH—
| [ z
N—"HO—'HO—0—

°HO
B
\

£HO

poly(NiPAm-co-CBMA)

—HO—*HD

i
0—0

Fig. 2 Illustration of copolymerization process to synthesize
statistical copolymer poly(NiPAm-co-CBMA). Similar
copolymerization process also applies to the statistical copolymer
poly(NiPAm-co-SBMA).

as the lock solvent. The composition of the PS copolymers
was estimated from the relative area of (CH3),N* proton res-
onance of the polySBMA side group at = 3.2 ppm. The com-
position of the PC copolymers was estimated from the relative
area of (CH3),N™ proton resonance of the polyCBMA side
group at & = 3.16 ppm. The composition of the polyNIPAAm
was estimated from the relative area of the methyl proton res-
onance of the polyNIPAAm isopropyl group at 6 = 1.1 ppm.
See more details in the supporting information. The molar
ratio for four copolymers is listed in Table 1.

Gel Permeation Chromatography (GPC) experiments were
then conducted on an Agilent 1260 system with refractive in-
dex (RI) and multiple-angle light scattering (MALS) detectors
from Wyatt Technology. The copolymers were dissolved in
Deionized water to a concentration of 5 mg/mL and separated
on an Agilent PL Aquagel-OH 20 column with a flow rate of
1 mL/min and DI water as the mobile phase. Polydispersity
index (PDI) values were calculated from the collected RI and
MALS data using the ASTRA software developed by Wyatt
Technology, and molecular weight (Mw) was calculated from
a polyethylene glycol (PEG) standard curve. Each polymer
was separated and analyzed three times under the same condi-
tions, the Weight-average molecular weights (Mw) and molec-
ular weight distributions (Mw/Mn) for 4 different copolymers
were listed in Table 1.

Based on NMR and GPC measurements, we detect slight
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Table 1 Chemical compositions and characteristic Data of Poly(NiPAm-co-C(S)BMA) Statistical Copolymers.

Reaction ratios (wt %)  Composition ratios (mol %)  Copolymers characterization  Critical temperature (°C)

Materials®  S(C)BMA  NiPAm  polyS(C)BMA  PNiPAm  Mw (g/mol)?  Mw/Mn® LCST?
PC3_1 166.7 500 11.7 88.3 42535 1.172 34
PC5_1 100 500 6.25 93.97 44835 1.298 34
PS3_1 166.7 500 13.3 86.7 42838 1.257 36
PS5_1 100 500 8.1 91.9 46018 1.316 34

% The copolymer labels in the first column are based on the reaction mass ratios of NiPAm and C(S)BMA monomers used, with
fixed NiPAm monomer mass amount of 500 mg and different mass of C(S)BMA monomers. For example, PC5_1 is synthesized
from NiPAm and CBMA monomers with a mass ratio of 5:1; PS3_1 is synthesized from NiPAm and SBMA monomers with
a mass ratio of 3:1. » Weight-average molecular weights (Mw) and ¢ molecular weight distributions (Mw/Mn). ¢ LCST were

determined by the absorbance data on a UV-visible spectrophotometer.

differences in the molecular compositions percentages of PC
and PS copolymers used. However, all samples exhibited a
similar average molecular weight of about 42~46 kDa and a
narrow molecular weight distribution (Mw/Mn = 1.1-1.3).

2.3 UV-Visible Spectroscopy

The phase transition behavior of the copolymer solutions
was characterized by using a Varian Cary 5000 UV-Vis-NIR
Spectrophotometer coupled with a temperature controller at
1 °C/min under temperature range of 25 °C to 40 °C. The sol-
uble to insoluble phase transition was recorded as a function
of absorbance intensity versus temperature. In order to obtain
the absorbance intensity at the instrument measurable range,
all the stock copolymer solutions were diluted 10 times to a
concentration of 0.8 wt%. A wave spectrum scan from 200 nm
to 800 nm was performed first to identify the peak absorbance
at each individual temperature in the range of 25 °C to 40 °C.
The peak absorbance intensity was then subtracted from the
spectrum scan under different temperatures and plotted as a
function of temperature. The LCST (or UCST) of the copoly-
mer (or polymer) were determined by referring to the tem-
perature where the maximum slope of the absorbance change
occurred and the LCST for 4 different copolymers were listed
in Table 1.

2.4 Dynamic Light Scattering

Dynamic light scattering (DLS) measurements were con-
ducted by a light scattering apparatus equipped with a He-
Ne laser (Zetasizer Nano ZS, Malvern). The copolymer so-
lutions were prepared by dissolving 0.8 wt% copolymers in
DI water with pH = 7.0, and placed in a reduced volume
polystyrene cuvette. The time correlation functions measured
by DLS were analyzed by a Laplace inversion program (CON-
TIN)* 43, Experiments were carried out in a temperature

range from 25 °C to 40 °C, at the scattering angle of 173°
and the wavelength at 633 nm under vacuum setting. At each
temperature the samples were equilibrated for 20 min before
each measurement.

2.5 Bulk Rheometry

The viscoelastic properties of the stock copolymer solutions
were characterized by using a stress controlled rheometer
(Malvern Kinexus Pro rheometer). All measurements were
performed by using a stainless steel cone and plate geometry
(40 mm in diameter and a cone angle of 2°) with a trunca-
tion gap of 59 um. A solvent trap was used to prevent drying
effects. Oscillatory strain sweeps were first performed to de-
termine the linear and nonlinear viscoelastic regime for each
sample. To investigate the thermo-sensitivity of the copoly-
mer solution, we performed oscillatory temperature sweep be-
tween 25 °C and 40 °C in the linear viscoelastic regime (with
strain ¥ = 1% and frequency f = 0.1 Hz), during which, the
elastic moduli G’ and viscous moduli G” were recorded and
the sol-gel-sol transition was characterized.

To investigate the mechanical properties of the copolymer
solution under thermal and mechanical stimulus, elastic mod-
uli G’ of the sample was measured as a function of time in the
linear viscoelastic region (Y = 1% and f = 0.1 Hz for 10 min)
before and after a large amplitude oscillation (y = 1000% and
f = 0.1 Hz for 4 min), under both room temperature (25 °C)
and body temperature (37 °C). The sample was initially held at
37 °C, cooled to 25 °C, heated to 37 °C again with a ramp rate
of 1 °C/min, with a 5 min isothermal hold between successive
steps in the temperature cycle. Large strain (Y= 1000%) and
small strain (Y= 1%) sweep were also carried out alternatively
to characterize the mechanical stability of two copolymer so-
lutions (PC3_1 and PS3_1) under body temperature 37 °C. All
the measurements were performed three times to ensure data
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Fig. 3 Absorbance intensity as a function of UV scanning spectrum of (a) 0.8 wt% PC3_1 copolymer solution; (b) 0.8 wt% PC5_1 copolymer
solution. The abrupt increase of the absorbance intensity corresponds to the phase transition in the copolymer solution, and the transition

temperature corresponds to the LCST of PC3_1 and PC5_1.

reproducibility.

3 Results and Discussion

3.1 UV-vis spectroscopy

The temperature-dependent phase transition behavior of the
copolymer solutions can be characterized by wavelength ab-
sorbance measurements by using UV-visible spectroscopy.
Four zwitterionic based copolymers with different mass ratios
of NiPAm monomers and CBMA (or SBMA) were prepared
following the experimental procedure described in Materials
and Methods (see Table 1). Stock copolymer solutions were
diluted 10 times to a concentration of 0.8 wt% to obtain a mea-
surable intensity range. A wave spectrum scan from 200 nm to
800 nm was performed first to identify the peak absorbance at
each individual temperature in the range of 25 °C to 40 °C, as
shown in Fig. 3 for PC copolymers and Fig. 4 for PS copoly-
mers.

The maximum absorbance of both PC and PS copolymers
occurred around 230 nm at 25 °C. Fig. 3 showed a noticeable
increase of peak absorbance intensity when the temperature
reaches beyond 35 °C for PC copolymers. The sharp increase
in the absorbance intensity usually implies the emergence of
broken hydrogen bonds and the collapse of hydrophobic poly-
mer chains, leading to colloidal aggregates formation above its
LCST, which is often accompanied by an increase of turbidity
and precipitations, that can be visualized as milky and insol-
uble in the solution'#17-233%  Similar phase transition tem-
perature (around 35 °C) also occurred for PS5_1 as shown
in Fig. 4(b), accompanied by an abrupt increase of the ab-
sorbance intensity around 35 °C. However, PS3_1 did not ex-
hibit an abrupt temperature transition, instead displaying a
gradual increase of absorbance intensity starting from 35 °C

(see Fig. 4(a)), implying the counter thermal effect caused by
increasing amount of SBMA in the copolymer.

In order to identify LCST for PC and PS copolymers, the
peak absorbance intensity value around 230 nm for each tem-
perature was identified from the spectrum scan in Fig. 3 and
Fig. 4, and plotted as a function of the temperature (see Fig. 5).
The LCST can then be determined by referring to the tem-
perature when the maximum slope of the absorbance change
occurs. Similar procedure was used to capture the LCST of
PNiPAm as a control study, shown as the dashed line in Fig. 5.
PNiPAm at 0.8 wt% exhibited a LCST around 33 °C, which
was consistent with existing reports!”. A delay of LCST
for both PC and PS copolymers compared with pure PNi-
PAm was observed. Similar phenomenon was reported for
the copolymer poly(NiPAm-co-SBMA) with different molar
ratios'”. Chang et al.!” proposed that when the molar ra-
tio of the zwitterionic monomers to NiPAm increased in the
copolymers, hydrophobic interactions between NiPAm chains
became weaker. As a result, the required critical temperature
had to increase to associate these chains before the formation
of an insoluble phase.

In addition, the phase transition behavior was slightly dif-
ferent between the PC and PS copolymer solutions. Fig. 5 il-
lustrated that higher weight percentage of SBMA synthesized
in PS3_1 copolymer (green squares) apparently delayed the
critical phase transition temperature in comparison to that of
PS5_1 copolymer (purple squares). Increasing amount of sul-
fobetaine groups in SBMA (i.e., PS3_1 copolymer solution)
contributed to an enhanced hydration capacity in the poly-
mer chains, therefore, higher thermal energy was needed to
overcome the repulsive forces between the hydration layers
to collapse the NiPAm coils. However, the phase transition
in PC5_1 and PC3_1 occurred around the same temperature

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Absorbance intensity as a function of UV scanning spectrum of (a) 0.8 wt% PS3_1 copolymer solution; (b) 0.8 wt% PS5_1 copolymer
solution. The abrupt increase of the absorbance intensity corresponds to the phase transition in the copolymer solution, and the transition
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Fig. 5 Absorbance intensity as a function of temperature for

0.8 wt% PS and PC copolymer solutions, compared with 0.8 wt%
PNiPAm solution. The LCST of the PS and PC copolymer was
determined by referring to the temperature where the maximum
slope of the absorbance change occurs.

at 34 °C. Since CBMA are only weakly affected by tempera-
tures, incorporating CBMA with NiPAm did not counter affect
the thermal sensitivities of NiPAm as much as SBMA did.

To investigate whether individual polyC(S)BMA is sen-
sitive to the temperature effect, we synthesized polySBMA
and polyCBMA with similar polymerization process. Again
we dissolved 0.8 wt% of polyC(S)BMA in DI water and
conducted absorbance measurements using UV-visible spec-
troscopy. Fig. 6 showed the intensity absorbance of polyS-
BMA and polyCBMA from 5 °C to 40 °C. Similar to the

T T T T T T T T T T T T T T T T
1.6 | —a&— polyCBMA| -
—e— polySBMA| |
1417 polySBMA transparent state
in dotted area
S 12+ : .
s L
3
S 10 b
2 L
<]
3 o8 .
< : BRI
[ polySBMA turbid state
0.6 indotted area B
04 r b
1 1 n 1 n 1 n 1 n 1 n 1 n 1 n
0 5 10 15 20 25 30 35 40 45

Temperature ( °C)

Fig. 6 Absorbance intensity of polyCBMA and polySBMA
solutions as a function of temperature at the polymer concentration
of 0.8 wt%. The inset images show turbid polySBMA below its
UCST and transparent state above its UCST, while polyCBMA
maintains its transparent state during the entire temperature range.
The gray area is the background of the cuvette.

phase transition of PNiPAm above LCST, polySBMA (in red
circles) showed a temperature dependent UCST behavior that
had been commonly reported for zwitterionic polymers !’. Be-
low 15 °C, a typical coil-globule transition occurred initially,
followed by chain aggregations due to the intermolecular in-
teractions between the hydrophobic group exhibiting a sharp
transition in the absorbance intensity. Hence, UCST of polyS-
BMA can be considered around 15 °C for 0.8 wt% polyS-
BMA solutions, at which temperature, polySBMA solutions
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Fig. 7 Schematic illustration of the collapse of NiPAm coils in
poly(NiPAm-co-CBMA) copolymer above the LCST of the
copolymer.
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showed turbidity as shown in the inset image. Interestingly,
polyCBMA did not exhibit any sharp transition in its ab-
sorbance intensity between 5 °C to 40 °C (black symbols).
This is consistent with our argument that the sulfobetaine
group present in SBMA and its strong response to temperature
is responsible for the different phase transition behaviors be-
tween poly(NiPAm-co-S(C)BMA) copolymers. Finally, since
the weight percentage of C(S)BMA in our samples were rel-
atively small in comparison to the NiPAm concentration, the
UCST of copolymers were not observed even around 5 °C.
As the main focus of this work is to distinguish the mechani-
cal property difference between poly(NiPAm-co-CBMA) and
poly(NiPAm-co-SBMA) copolymers, the subsequent studies
mainly focused on the material characterizations at tempera-
tures ranging from 25 to 40 °C.

3.2 Dynamic Light Scattering (DLS)

The copolymer solutions were prepared by dissolving
0.8 wt% copolymers in DI water and placed in a reduced vol-
ume polystyrene cuvette. Dynamic light scattering measure-
ments were carried out in a temperature range from 25 °C to
40 °C, at the scattering angle of 173° and the wavelength at
633 nm under vacuum setting. Hydrodynamic radius R, was
plotted against temperature from DLS measurements for PC
and PS copolymers, along with pure PNiPAm polymer as the
control study.

The self-assembly of the thermoresponsive copolymers can
also be identified by changes in the hydrodynamic radius R, of
the aggregates by using dynamic light scattering (DLS), when
the thermally induced phase transition occurs in an aqueous
solution (LCST, UCST, or both) 7272933 see schematics in
Fig. 7. Below the LCST, both PNiPAm and C(S)BMA chains
would extend in the aqueous solution. The hydrodynamic ra-
dius R, of PNiPAm blobs would increase abruptly to the max-
imum value, reaching the LCST, corresponding to the for-
mation of PNiPAm blobs. With further increasing tempera-
tures, PNiPAm blobs would start to shrink and form smaller
but dense globule, characterized by a gradual decrease in the
hydrodynamic radius, see Fig. 8. A hysteresis between cool-
ing (dashed curves with hollow symbols) and heating (solid

curves with filled symbols) processes was observed for the
copolymers, see Fig. 8. Wu and Wang observed similar hys-
teresis behavior in the average radius of gyration and average
hydrodynamic radius during the heating and cooling process
in aqueous PNiPAm solutions?’. They proposed that the coil-
to-globule (heating) cycle led to “crumpled coil” state, while
the globule-to-coil (cooling) transition led to “molten globule”
state, with two states being thermodynamically stable. Similar
arguments can be possibly applied to our copolymer system,
originated from the polymerized zwitterionic chains.

By comparing Fig. 8(a) and Fig. 8(b), a noticeable differ-
ence in the Rj versus temperature trend was observed. For
both PC5_1 and PC3_1 solutions, Ry, peaked at LCST of the
solution, followed by a decrease in R;, with further temper-
ature increase. Similar trend in R, of PNiPAm versus tem-
perature (black dashed line) is observed in Fig. 8(a), but the
magnitude of R, in PNiPAm is higher than that of the PC
copolymers. For both PC copolymer and PNiPAm solutions,
at temperatures higher than LCST, PNiPAm globule kept on
shrinking, leading to a decrease in Rj,. In Fig. 8(b), the hy-
drodynamic radius Rj in PS5_1 were comparable with R, of
PNiPAm, but larger than R;, in PC5_1, possibly caused by
stronger hydration layers formed around SBMA chains with
increasing temperatures. For the PS copolymer solutions, the
hydration layers formed by sulfobetaine chains in SBMA in-
creased with increasing temperature and were also accompa-
nied by stronger repulsive forces between the hydration lay-
ers, prompting elevated intramolecular forces to separate the
hydrophilic coils on the surface. As a result, the hydrophobic
PNiPAm blobs shrunk more significantly when being exposed
to water in the PS copolymer solution, leading to a substan-
tial decrease of R, in PS5_1 (~ 33%) solution when compared
with that of PC5_1 (~ 20%) solution. Moreover, our DLS
measurements also revealed that weak intramolecular interac-
tions between carboxyl groups in CBMA had less influence
on the thermo-sensitivity of PNiPAm.

Finally, we observed that R;, of PS3_1 copolymer solution
increased first but reached a plateau with further tempera-
ture increase, showing very different behavior from the PC
and PS5_1 copolymer solutions. Compared with carboxybe-
taine groups present in PC3_1, which are weakly affected by
temperatures, the thermal sensitivity of sulfobetaine chains in
PS3_1 played an important role in the hydrodynamic radius
transition and the balance of hydrophobic and hydrophilic in-
teractions. This effect becomes more substantial with increas-
ing amount of SBMA in the PS3_1 copolymer solution, where
the globule and hydrophilic chain structures undergo a bal-
ance of intramolecular forces between PNiPAm and polyS-
BMA chains. The PNiPAm chains with increasing hydropho-
bicity tried to collapse while the SBMA chains with increas-
ing hydrophilicity tried to extend, leading to limited collapses
of PNiPAm coils in PS3_1 solutions at higher temperatures.

This journal is © The Royal Society of Chemistry [year]
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These shrunk globule cores corresponded to a constant R, at
high temperatures, yielding the plateau behavior for PS3_1
during both heating (solid curve) and cooling process (dash
curve). As a comparison, there were no increasing strong hy-
dration layers formed in PC3_1, the transition trend of R, is
thus very similar to PC5_1 and PNiPAm.

3.3 Rheological characterizations

3.3.1 Oscillatory frequency sweep Oscillatory fre-
quency sweep was performed under linear viscoelastic regime
(Y = 1%) and nonlinear viscoelastic regime (y = 1000%) for
PS3_1 and PC3_1 at 25 °C and 37 °C, respectively (see Fig. 9).
PC3_1 at 37 °C exhibited typical gel response at ¥ = 1%,
with G’ being close to a constant and G” curve was consis-
tently lower than the G’ curve throughout the entire frequency
range (red symbols in Fig. 9(a)). However, at larger strain y
= 1000%, PC3_1 showed viscoelastic response (blue symbols
in Fig. 9(a)). At 25 °C shown in Fig. 9(c), PC3_1 solution
displayed viscous dominated response at all frequency range,
at both small and large strains. This observation is consistent
with our speculation that PC3_1 solution does not contain self
assembled aggregates at room temperature. The PS3_1 solu-
tion followed similar trend at different temperature and fre-
quency ranges to those of PC3_1, but with a much lower value
of both G’ and G” modulus (see Fig. 9(b) and (d)). In partic-

ular, the elastic modulus for the PS3_1 solution was too weak
to be detected at 25 °C at large strain (Y = 1000%).

3.3.2 Temperature sweep The sol gel transition behav-
ior for all four copolymer solutions (PS3_1, PS5_1, PC3_1 and
PC5_1) was characterized by a temperature sweep under small
amplitude oscillations (Y = 1% and f = 0.1 Hz), with temper-

ature varying from 25 to 40 °C, followed by cooling back to
25 °C, with a temperature ramp rate of 1 °C/min, as shown in
Fig. 10.

For PC3_1 and PC5_1 solutions, viscous modulus G” (in
dashed curves) was more dominant than plateau modulus G’
(in solid curves) at temperatures below 33 °C, see Fig. 10.
After reaching the phase transition temperature around 34 °C
(close to the LCST of the copolymer), G’ (solid curves) be-
came more dominant, which is consistent with our DLS char-
acterizations (Fig. 8), showing gel-like network formation at
temperatures above LCST.

Both PC3_1 and PC5_1 solutions showed a clear sol-gel
transition with a maximum G’ of 100 Pa and 200 Pa respec-
tively, see purple solid curve and red solid curve in Fig. 10.
The higher weight ratio of PNiPAm in PC5_1 favored more
PNiPAm blobs to form associated aggregates, leading to a
higher elastic modulus than that of PC3_1 copolymer solution.
As a comparison, with the same amount of PNiPAm weight ra-
tio, PS5_1 solution displayed similar rheological trend as that

of PC5_1 solution but with a much lower G’ around 8 Pa (solid
green curve in Fig. 10 (a)), indicating less copolymer aggrega-
tions and weaker viscoelastic networks are present in the solu-
tion. In Fig. 10 (b), PS3_1 showed a maximum G’ around 1 Pa
(solid gold curve) and illustrated a subtle sol-gel transition in
the temperature range of interest, where there was minimum
difference between G’ and G” at 40 °C. Despite different flow
procedures, the magnitude of G’ and G” and rheological be-
haviors of PC3_1 and PS3_1 solutions display the same trend
in plots shown in Fig. 9 and Fig. 10.
We propose that different rheological responses in PC and
PS based copolymer solution are originated from different
thermo-responsive features between sulfobetaine groups in
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SBMA and carboxyl groups in CBMA. The hydration lay-
ers formed by sulfobetaine coils in SBMA increased with el-
evating temperature and inhibited the formation of associated
micellar network, while carboxyl coils in CBMA were less af-
fected. As aresult, the blob-coil structures were separated fur-
ther due to strong hydration layers surrounding SBMA coils at
higher temperatures, leading to weakly connected networks.
Since CBMA coils were inert to thermal effects, the increas-
ing temperature did not hinder associated micellar aggregates
to form stronger elastic networks, see schematics in Fig. 11.

Regarding the chemical structure, there are only 2 carbon
chains separating the positively charged group (N(CH3)3+) and
negative group (COO™) in CBMA monomers (see Fig. 1).
The shorter chains in CBMA allow closely packed ionic
pairings between polymer chains, yielding more uniformly
packed hydration layers and stronger intermolecular forces
compared with SBMA copolymers>, which has 3 carbons
linking the ammonium (N(CH3)§F) and the sulfonate group
(SO3). For the PC based copolymer, the increasing tempera-
ture mainly shrunk the water molecules in PNiPAm chains but
exerted minor influence on the binding affinity within CBMA
chains, giving rise to a stable associated micellar network.
Hence incorporating CBMA with NiPAm provides a tractable
and facile way to combine non-fouling feature with thermo-
responsiveness, without compromising its mechanical proper-

ties.

3.3.3 Recoverability under alternating amplitude os-
cillatory shear We examined the elastic behavior of the
copolymer gel (PS3_1 and PC3_1) under both mechanical and
thermal stimulus, with the emphasis on the recovery response
at body temperature 37 °C.

We first alternated small (y=1%, f= 0.1 Hz, 10 min) and
large strain amplitude oscillations (y=1000%, f= 0.1 Hz,
4 min) to both 8 wt% PC3_1 and PS3_1 copolymer solutions
at 37 °C. The elastic modulus G’ of the solution was plotted
as a function of time, see Fig. 12. The G’ obtained at small
amplitude oscillatory shear measurement (y=1%, f= 0.1 Hz)
was consistent with the temperature sweep measurement pre-
sented in Fig. 10(b): the G’ for PC3_1 at 37 °C was 2 orders
magnitude higher than that of PS3_1.

The copolymer network generally consists of two types of
interactions: covalent bonds between polymer chains, and
non-covalent bonds including ionic interactions from zwitteri-
onic groups and hydrogen bonds from hydrophilic chains with
water. The dynamics of ionic interactions formed interchain
bonds between CBMA ions across the interface and repaired
the damage subsequently at smaller strains. At 37 °C, the
PC3_1 solution was viscous and it became difficult to rebuild
ionic bridges after large strain deformations. The noncovalent
bonds in the solution thus cannot be fully recovered at this

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-12 |9



Polymer Chemistry

1000 T T T T T T T T T T T T ]
(@) 50l gel—-s0l [ G, PC5_1 —— G, PC3_1|]
SO - g | 50| eeee G”, PC3_1|]
100 ', PS3 1
" PS3_1]
’a -
L 10f ]
b ""'-uu T
2
© 3
\
01F E 3
25°c featng  goec  cooling 25°C 25°C heating  4¢°¢ cooling 250C
0.01 — 0.01 .
0 500 1000 1500 2000 "7 500 1000 1500 2000
Time (S) Time (S)

Fig. 10 Elastic modulus G’ (solid curves) and viscous modulus G” (dash curves) for 8 wt% (a) PC5_1 and PS5_1 copolymer solutions (b)
PC3_1 and PS3_1 copolymer solutions under small amplitude oscillation (¥ = 1% and f = 0.1 Hz) from 25 to 40 °C.

CBMA~——~ NiPAM —~~

weak and sharp layer, strong ionic interactions  4o°c

25°C " LosT

soL N strong hydration layer, weak ionic interactions ~ GEL

SBMA NiPAM —~— >

Tin en hel2e éj’?"?
N 'y @-@i :®¢r®
/§, o <O I & ®}'®

Fig. 11 Strong associated self assembly structures for
poly(NiPAm-co-CBMA) and weakly associated structures for
poly(NiPAm-co-SBMA) copolymers with elevating temperature.
The temperature axis is not to scale.

stage, showing a decrease of G’ at ¥ = 1% after large ampli-
tude Y = 1000%, with ~ 40% recovery, which, however, is still
higher than that of PS3_1 solution under the same condition.

Despite the initial drop of G’ under y = 1000%, elastic
modulus G’ of PC3_1 remained stable and gradually recov-
ered back partially at subsequent strain amplitude cycles (see
Fig.12(a)). From the first to the second cycle, the 40% drop of
G’ originates from the broken non-covalent bonds and decon-
structed gel network under large amplitude oscillatory shear,
which is similar to “yield-like” behavior observed in colloidal
polymer gels: solid to fluid like transtion can occur by varying
strains *47

In our system, we also observed similar gel to viscoelas-
tic fluid transition in PC3_1 at 37 °C (see Fig. 9). PC3_1 at
37 °C exhibited typical gel response at ¥ = 1%, with G’ being

close to a constant and G” curve was consistently lower than
the G’ curve spanning the entire frequency range (red sym-
bols in Fig. 9(a)). At larger strain y = 1000%, PC3_1 showed
viscoelastic fluidic response (blue symbols in Fig. 9(a).)

Beyond the second cycle, even though large scale recov-
ery of the gel structure is difficult because non-covalent bonds
cannot be fully recovered, dynamic heterogeneities and inter-
actions among small colloidal clusters may occur at smaller
length scales and allow a rebound in elasticity. In particular,
zwitterions are able to attract each other and bond to smaller
clusters**_ Therefore, an overall strengthening of the gel
was observed due to bond dominated kinetic arrest® subse-
quent to the second strain cycle. This “in-cage” or inner clus-
ter bonds remained stable as long as thie “cage” remained un-
broken. In our case, the G’ in the 3rd and 4th cycles were very
close but they are smaller than the initial G'.

The recovery argument applied in the PC3_1 was not ap-
plicable to PS3_1 with a weak gel network. Once the gel
was deconstructed from the first large amplitude oscillatory
shear, there wasn’t enough attracted colloidal aggregates to
induce structure inhomogeneities. Hence, no recovery of G/
was observed and the elastic modulus G’ for PS3_1 solution
decreased an order of magnitude after 4 cycles of alternating
strains in the oscillatory shear flows.

In Fig. 13, we measured the elastic modulus of PC3_1 and
PS3_1 copolymer solutions by alternating both temperature
and oscillatory strain amplitudes. The elastic modulus G’ of
the solution was plotted as a function of time in the linear vis-
coelastic regime (Y = 1%, f= 0.1 Hz, 10 min) before and after
a large amplitude oscillation (Y = 1000%, f = 0.1 Hz, 4 min),
under both room temperature (25 °C) and body temperature
(37 °C). The sample was initially held at 37 °C, cooled down
to 25 °C, then heated back to 37 °C with a temperature ramp
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Fig. 12 Elastic moduli G’ for 8 wt% (a) PC3_1; (b) PS3_1
copolymer solutions under alternating large and small strain
amplitude oscillations at body temperature 37 °C.

rate of 1 °C/min. Similar to the partial structure recovery
observed in Fig. 12, a decreasing trend of G’ was observed
for the first two cycles of oscillatory shear flow with different
strain amplitudes, which was caused by the temporal disasso-
ciation of micellar aggregates after large strain deformations.
When the temperature was lowed to 25 °C (below LCST), the
polymer chains were able to rehydrate to reconstruct with hy-
drogen bonds. We observed full recovery of G' ~100 Pa for
PC3_1 solution after we raised the temperature back to 37 °C.
As a comparison, PS3_1 solution showed weaker G’ around
1 Pa at 37 °C and 0.03 Pa at 25 °C (see Fig. 13(b)), indicat-
ing that ionic interactions in the PS copolymer were too weak
to serve as bridges to form elastic networks. The micelles in
PS3_1 were sparsely dispersed due to the strong hydration lay-
ers formed around SBMA coils. Therefore, the elastic modu-
lus G’ of PS3_1 solution at the second cycle of Y= 1% was very
close to the initial G’ in PS3_1 solution at room temperature
25 °C, which was likely due to the breakup and recombination
of hydrogen bonds in the co-polymer solution, not related to
the elastic recovery.

In summary, systematic rheological characterizations were

conducted to evaluate the sol-gel transition behavior for both
PC3_.1 and PS3_1 copolymer solutions with temperatures

varying from 25 to 40 °C. In addition, alternating small and
large strain amplitudes were applied during oscillatory shear
flow to probe the recoverability of the elastic network in
copolymer solutions, at both room and body temperatures.
Followed by an initial decrease of G’ at large strain 1000%, the
elastic modulus G’ maintained partial recovery in the subse-
quent cycles at 37 °C for PC3_1 copolymer solution. Once the
temperature was dropped to room temperature (below LCST),
a complete recovery of the elastic network was observed, with
G’ exhibiting the original value, indicating that noncovalent
bonds could be rebuilt reversibly with respect to temperature
for the PC based copolymer solution. In comparison, PS3_1
copolymer solution showed much weaker viscoelasticity and
displayed strong influence under thermal stimulus. In short,
the PCBMA chains incorporated with PNiPAm copolymer
preserved its viscoelasticity with both thermal and mechani-
cal stimulus.
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Fig. 13 Elastic moduli G’ for 8 wt% (a) PC3_1; (b) PS3_1
copolymer solutions under alternating large and small amplitude
oscillations at both room and body temperatures.
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4 Conclusions

We compared both thermoresponsive and elastic recovery
properties of two different statistical copolymer (poly(NiPAm-
co-CBMA) and poly(NiPAm-co-SBMA)) solutions.  We
showed that hydrophilic sulfobetaine group present in the
PSBMA was strongly influenced by elevating temperatures,
which counter affected the thermal properties in the pure PNi-
PAm based polymer at temperatures higher than its LCST.
While carboxybetaine group in PCBMA is weakly affected
by temperatures, poly(NiPAm-co-CBMA) solution is able to
preserve its thermoresponsive nature. In addition, CBMA
acted as stronger ionic bridges in poly(NiPAm-co-CBMA)
to form reinforced elastic networks with superior recovery
features when compared with poly(NiPAm-co-SBMA). Our
work demonstrates that incorporating CBMA in the thermo-
responsive PNiPAm provides a tractable and facile way to in-
tegrate non-fouling with thermo-responsive features, without
compromising its mechanical properties.
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