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Abstract

A series of amphiphilic block copolymers containing hydrophobic polydimethylsiloxane (PDMS) segments and
hydrophilic poly(N,N-dimethylacrylamide) (PDMAAm) segments have been synthesized by reversible
addition-fragmentation chain transfer (RAFT) polymerization, which were then crosslinked into well-defined
amphiphilic conetworks (APCNs) via ultraviolet (UV) induced thiol-ene click chemistry. Briefly, PDMS-based RAFT
agent was synthesized from esterification between trithiocarbonate and bis(hydroxyethyloxypropyl) PDMS, which
was applied to control the RAFT polymerization of monomer DMAAm and allyl methyacrylate (AMA) to form
amphiphilic copolymers with well-defined molecular mass and narrow dispersity. The amphiphilic copolymers
were then crosslinking via UV induced thiol-ene click chemistry into APCNs, which showed unique amphiphilic
characters as well as good mechanical properties, making them potential candidates in biomaterials. Transmission
electron microscope (TEM) and atomic force microscope (AFM) inferred that the resultant APCN exhibited the
behavior of microphase separation with small channel size and uniform phase domain. Therefore, this kind of
APCN possessed excellent comprehensive properties, i.e. well-defined and co-continuous microstructure, high
water uptake property with homogeneous hydrophilic channel, low cytotoxicity, high mechanical strength
(2.1+0.7 MPa) and elongation ratio (173+17%), suggesting a promising biomaterial candidate in contact lenses,
drug controlled systems, biomedical scaffolds for tissue engineering and supports for biocatalysts.

Keywords: polydimethylsiloxane, amphiphilic conetworks, thiol-ene, reversible addition-fragmentation chain

transfer polymerization

Introduction

Amphiphilic polymer conetworks (APCNs)™, as a fairly class of emerging polymeric materials, consisting of
covalently interconnected hydrophiphilic and hydrophobic units with continuous morphology result in orthogonal
properties, such as amphiphilic structure, nano-phase separated morphology, and semi-permeability,>* which can
swell both in water and organic solvents and exhibit a large tendency for micro-phase separation due to thermally

incompatible hydrophilic and hydrophobic segments.®'° The diversely functional behavior of APCNs makes them
1
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good candidates for various applications, including contact lenses', drug controlled release'®®®, enzyme

immobilization*, separation membranes'®*, tissue engineering*’and other biomaterials.'8*°
Recently, polydimethylsiloxane (PDMS) has received great attention in APCN fabrication due to its unique
characteristics as low surface free energy, high elasticity, heat resistance, biological inertness, excellent

20-22

biocompatibility as well as the highest oxygen permeability among other polymers, which has been widely

associated with other units into block and graft copolymers.?22* A wide variety of hydrophilic units, such as

2224 nolyvinylpyrrolidone®, and (meth)acrylamides and functional (meth)acrylates®>! have

poly(ethylene glycol
been used. Poly(N,N-dimethylacrylamide) (PDMAAm), as one of the acrylamides, a commonly used hydrolytic
stable, physiologically inert and biocompatible polymer, is deemed to be suitable for the biomaterial
applications.*>** Kennedy’s group has prepared APCN containing PDMAAM segments and studied its insulin
permeability for semi-permeable artificial pancreas application,®® which draws great attention to fabricate APCN
containing PDMS and PDMAAmM. %3¢

Conventionally, most reported APCNs have been prepared via free radical polymerization between

macromonomer and monomer,333437:38

where macro phase separation will occur originated from thermodynamic
incompatibility of different segments and thermodynamic aggregative of same segments, which inevitably leads to
poor conformation regularity, structure defect or even loss of performance®*. Although another optional method is
to choose multifunctional polymers with defined molecular mass,®*%2*4%4! the random crosslinking between
hydrophilic polymers and hydrophobic polymers often leads to some structure defects in the resulting APCNs.
Besides, the limited types of polymers with multifunctional groups restrict its extensive application in APCN
fabrication. To minimize these defects, many efforts have been made to seek effective approaches for the
preparation of polymeric networks by cross-linking well-defined amphiphilic polymer chains via controlled
methods.>1*%¢ Reversible addition-fragmentation chain transfer (RAFT) polymerization as one of the most
powerful methods in the field of reversible deactivation radical polymerization,*** has been widely used for the
preparation of polymers with well-defined molecular mass and narrow dispersity. In addition, RAFT
polymerization has been proved to be a functional group tolerant method to control the polymerization process
without any heavy metal ion residual, which has been extensively applied for the synthesis of various kinds of
topological structure copolymers with functional groups.****® Meanwhile, the functional groups in well-defined
copolymer have explored their possible combination with click chemistry as a highly effective approach for the
preparation of well-defined polymer co-networks due to its reaction specificity, high efficiency and functional
group tolerance.*”*° The newly emerging thiol-ene click chemistry induced by thermal or photochemical process,
without any heavy ions residual as encountered by azide-alkyne click reaction, exhibits a more attractive
application for biomaterials fabrication, where low toxicity and high efficiency are required especially in oral
rehabilitation areas.*’”** Thus, the combination of RAFT polymerization and thiol-ene click chemistry has been
extensively used for the preparation of functional polymers materials with well-defined molecular structure and
high efficiency, which provides an convenient approach in the areas of new material fabrication.’** Therefore, it
is of great interest to fabricate an APCN containing PDMS/PDMAAmM segments via RAFT polymerization and
crosslinked by thiol-ene click chemistry.

In this work, a straightforward method has been investigated to fabricate PDMS based APCN by combining

RAFT polymerization with thiol-ene click chemistry in a clean way with high efficiency. Briefly, a new
2
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PDMS-based macro-RAFT agent was synthesized to control the polymerization of N,N-dimethylacrylamide to
obtain a triblock copolymer, which further controlled the polymerization of allyl methacrylate and was then
modified to remove bio-toxic thiocarbonylthio groups. The allyl groups in the resulting copolymer were
crosslinked with pentaerythritol tetra(3-mercaptopropionate) into APCN via thiol-ene click chemistry induced by
ultraviolet light. The resulting APCN with well-defined molecular structure exhibits distinguished properties, i.e.
unique swelling properties, low cytotoxicity, high mechanical properties as well as microphase-separated
morphology with small channel size and uniform phase domain, suggesting a promising biomaterial in contact
lenses, drug controlled systems, biomedical scaffolds for tissue engineering, supports for biocatalysts and

especially semi-permeability materials for bioartificial pancreas fabrication.

Experimental

Materials

Azobisisbutyronitrile (AIBN) was recrystallized from methanol before use. N,N-dimethylacrylamide (DMAAmM)
and allyl methacrylate (AMA) were purified by passing over a column of basic alumina to remove inhibitor. Tris
(2-carboxyethyl) phosphine (TCEP, 98%), phosphate buffer solution (PBS, pH=7.4), tert-butyl acrylate (t-BA, 99%)
and n-hexamine were supplied by Aladdin Industrial Inc.  without further purification.
N,N-Dicyclohexylcarbodiimide (DCC, 99%), 4-dimethylaminopyridine (DMAP, 99%), and
2,2-dimethoxy-2-phenylacetophenone  (DMPA, 98%) were purchased from J&K Scientific Ltd.
Bis(hydroxyethyloxypropyl) polydimethylsiloxane (HO-PDMS-OH, DMS-C21, M,=4000 g.mol™, D=1.12) was
purchased from Gelest. Pentaerythritol tetra(3-mercaptopropionate) (PETMP, 90%) was purchased from Tokyo
Chemical Industry Co., Ltd. BHK-21 cells were purchased from Shanghai Institute of Biochemistry Cell Biology.
Anhydrous dichloromethane and tetrahydrofuran were distilled over calcium hydride before use. All reagents
unless otherwise stated were purchased from Sinopharm Chemical Reagent Co., Ltd. and used as received without

further purification.

Characterization

Gel Permeation Chromatography. GPC was performed on a BI-MwA Gel Permeation Chromatography (Waters,
USA), equipped with a light scattering instrument (Brookhaven, USA) at room temperature, using THF as the
eluent at a flow rate of ImL/min with a polystyrene standard as the reference.

Proton Nuclear Magnetic Resonance. *H NMR spectroscopy was performed on a Bruker Avance 400 instrument
with CDClj; containing 1% TMS as internal reference.

Ultraviolet Irradiation. Intelli-Ray 400 (Uvitron, USA) was applied to induce the thiol-ene reaction in light
intensity of 50%-100% for 0.5 h (A=365 nm).

Atomic Force Microscopy. AFM (E-SWEEP, Seiko, Japan) was applied for imaging the micro-phase separation of
APCN surfaces in tapping mode. The surfaces of the dried samples were microtomed at room temperature with a

demand knife from Diatome and a Microtom ULTRACUTUCT (Leica), removing about 300 nm from the surface.
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Transmission Electron Microscope. TEM was performed on a JEOL JEM-2010 high-resolution transmission
electron microscope at an acceleration voltage of 120 kV. Sections of samples with 200-300 nm were trimmed
using an ultrathin microtome machine before testing.

Scanning Electron Microscopy. SEM was performed on a JEOL JSM5600 scanning electron microscope using an
accelerating voltage of 15 kV. The samples were then mounted on aluminium specimen stubs and sputter coated
with gold before being examined.

Differential Scan Calorimeter. DSC thermographs were performed on a DSC 204 F1 (Phoenix, Germany)
instrument. The samples were quickly heated to 150<C to eliminate theirs heat history and then quickly cooled to
-150 <C with liquid nitrogen. After preparation process, DCS curves were recorded during the reheating process
from -150<C - 150 T at a heating rate of 10 < min"* under nitrogen flow.

Tensile Strength and Elongation at Break. Tensile strength and elongation at break were measured by Universal
Testing Machine (KEXIN, WDW3020, P. R. China). Samples were made into rectangle (6>2 cm?) and tensile
speed was set at 10 mm/min. Each sample was measured three times and the average value was obtained. The error
was less than 5%.

Cell Culture. BHK-21 cells were cultured in a culture flask in RPMI-1640 medium filled with 1% L-glutamine, 1%
penicillin/streptomycin and 10% fetal bovine serum, which then grew at 37 <C with 5% CO, for 3 days. Prior to

cell culture, all samples (15x15>2 mm?®) were placed in a 12-well plate and washed with PBS.

Synthesis of PDMS-based Macro-RAFT

Chain transfer agent (CTA) S-1-Dodecyl-S’-(a, o’-dimethyl-a”-dimethyl-a’-acetic acid) trithiocarbonate was
synthesized according to the literature*® with some modification. PDMS based macro-RAFT was prepared by the
esterification of CTA and HO-PDMS-OH in the presence of DCC/DMAP.% Procedures were performed as follows:
CTA (2.2 g, 6.0 mmol) and DMAP (0.18 g, 1.5 mmol) were dissolved in 30 mL of anhydrous methylene chloride,
then the mixture was stirred for 5 min before 4.0 g of HO-PDMS-OH (1 mmol) and 0.45 g of DCC (2.2 mmol)
were added. The solution was stirred at room temperature for over 24 h, filtered through a Buchner funnel and
passed through a silica gel column. The solution was concentrated on a rotary evaporator, re-filtered and washed
several times to remove the 1, 3-dicyclohexylurea (DCU) and unreacted CTA, and then dried under vacuum
overnight to yield transparent yellow oil. Yield: 3.91 g (63%). '"H NMR (400 MHz, CDCly): & 4.27 (t, 4H,
CH,CH,0C=0), 3.64 (t, 4H, CH,CH,0), 3.43 (m, 4H, OCH,CH,), 3.29 (t, 4H, SCH,(CH,)s), 1.73 (s, 12H,
C(CHs),), 1.57 (m, SiCH,CH,), 1.28 (m, CH,(CH,)sCHs), 0.9 (t, 6H, CHyCH,), 0.55 (m, 4H, SiCH,CH,), 0.1 (s,
6H, Si(CH3),). My, cpc=6800 g mol™, M, nwr=4700 g mol™?, D=1.18.

Synthesis of Triblock Copolymer Polydimethylacrylamide-polydimethylsiloxane-polydimethylacrylamide
(PDMAAmM-PDMS-PDMAAm)

A mixure of the macro-RAFT (1.46 g, 0.31 mmol), AIBN (6 mg, 0.037 mmol), and DMAAmM (3.22 g, 25 mmol) in
THF (20 mL) was placed in a round-bottom flask, deoxygenated by bubbling nitrogen for 30 min at room
temperature and then immerged in a preheated oil bath. The polymerization proceeded at 65 <C for 6 h under
constant magnetic stirring. The reaction mixture was quenched after being exposed to air. The polymer was
precipitated into n-hexane three times to get a bright yellow solid, which was then removed to a vacuum oven and

4
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dried at 65 <C overnight. Yield: 3.83 g (82%). *H NMR (400 MHz, CDCl,):8 3.64 (t, 4H, CH,CH,0), 3.43 (m,
OCH,CH,), 3.16 (t, 2H, CH,CH(CON)S), 3.08 (s, 1H, SCH,CH,), 3.05-2.80 (m, 6H, N(CHs),), 2.66 (s, 2H,
CH,CH(CON)S), 1.73 (s, 6H, C(CHj),), 1.62 (m, 2H, SCH,CH,CHj,), 1.28 (m, CH,(CH,)sCHj), 0.92-0.86 (t, 5H,
CH4CH,), 0.1 (s, 6H, Si(CH3)5). My, gpc =2.88%10% g mol™, M, nvr=3.08x10* g mol™, D=1.30.

Synthesis of Pentablock Copolymer Polyallylmethacrylate-polydimethylacrylamide-polydimethylsiloxane-
polydimethylacrylamide-polyallylmethacrylate (PAMA-PDMAAmM- PDMS-PDMAAmM-PAMA)

A mixture of triblock copolymer PDMAAM-PDMS-PDMAAmM (6.16 g, 0.2 mmol), AMA (0.256 g, 2 mmol),
AIBN (4 mg, 0.022 mmol), and THF (20 mL) was placed in a 100 mL round-bottom flask, deoxygenated by
bubbling nitrogen for 30 min at room temperature and then immerged in a preheated oil bath. The polymerization
proceeded at 65 <C for 11 h under constant magnetic stirring. The reaction mixture was quenched after being
exposing to air. The polymer was precipitated into n-hexane three times to obtain a light yellow solid, which was
dried under vacuum at 65 <C overnight. Yield: 5.61 g (87%). *H NMR (400 MHz, CDCl,):5 5.98 (s, 1H,
CH,CH=CH,), 5.34 (d, 2H, CH=CH,) 4.49 (s, 2H, CH,CH=CH,), 4.14 (m, CH,CH,0C=0), 3.16 (t, 2H,
CH,CH(CO0)S), 3.08 (s, 1H, SCH,CH,), 3.05-2.80 (m, 6H, N(CHjs),), 2.66 (s, 2H, CH,CH(CON)S), 1.80 (s, 3H,
CH,C(COO)(CH3)S), 1.73 (s, 6H, C(CH3),), 1.62 (m, 2H, SCH,CH,CH,), 1.28 (m,CH,(CH,)sCHs), 1.07 (s, 3H,
CH,CH(CH,)), 0.92-0.86 (t, 6H, CH3CH,), 0.49-0.58 (m, SiCH,CH,), 0.1 (s, 6H, Si(CHs),). M, gpc =3.16x10"
g mol™, My awr= 3.1910* g mol™?, D=1.33.

Post Modification of PAMA-PDMAAmM-PDMS-PDMAAmM-PAMA

Pentablock copolymer PAMA-PDMAAM-PDMS-PDMAAM-PAMA (6.90 g, 0.2 mmol), n-butylamine (0.07 g, 1
mmol), and trace amount of the reducing agent, TCEP, were dissolved in THF (20 mL). The solution was stirred
for 1 h at room temperature under a nitrogen atmosphere, which was changed from originally yellow to colorless.
An access of tert-butyl acrylate (0.256 g, 2 mmol) was added and the reaction was left to proceed at room
temperature for another 10 h. Afterwards, the solution was precipitated into n-hexane 3 times to get a colorless
solid, which was then removed to a vacuum oven and dried at 65 <C overnight. Yield: 6.58 g (91%). *H NMR (400
MHz, CDCl,):5 5.98 (s, 1H, CH,CH=CH,), 5.34 (d, 2H, CH=CH,) 4.49 (s, 2H, CH,CH=CH,), 4.14 (m,
CH,CH,0C=0), 3.16 (t, 2H, SCH,CH,), 3.05-2.8 (m, 6H, N(CHy),), 2.66 (s, 2H, CH,CH(CON)S), 1.80 (s, 3H,
CH,C(CO0)(CHy)S), 1.73 (s, 6H, C(CHs),), 1.37 (s, 9H, COO(CHs)3), 1.28 (m,CH,(CH,)sCH3), 1.07 (s, 3H,
CH,CH(CH3)), 0.49-0.58 (m, SiCH,CH,), 0.1 (s, 6H, Si (CH3),). Myepc =3.08x10* g-mol™, M, nwr=3.40x<10"
gmol™, D=1.35.

Preparation of APCNs via Thiol-Ene Click Chemistry crosslinking

Post modified PAMA-PDMAAmM-PDMS-PDMAAM-PAMA (1.0 g, 0.1 mmol), pentaerythritol tetra
(3-mercaptopropionate) (0.326 g, 0.67 mmol) and DMPA (6 mg, 0.022 mmol) were dissolved in 2 mL
dichloromethane. The solution was moved into Intelli-Ray 400 machine and kept in 90% light intensity at the light

wavelength of 365 nm for 10 min. A colorless APCN membrane was obtained until the solvent evaporated.

Swelling Measurement
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The soluble content (Sol) in APCN was recorded at room temperature when the weight of APCN membranes
remained unchanged after extracting with CHCI; for several times. The following equation was used to express the

data;®

Sol = T4 Tex 4 1009 1)

Mary
where me, is the mass of dry APCN membranes after extracting in CHCl; and mgy is the original mass of the dry
APCN membranes.

Swelling measurements were performed at room temperature by immersing preweighed samples in excessive
distilled water (or hexane). The swelling extent was measured by periodically moving samples from water (or
hexane), removing the water (or hexane) absorbed to the surface by blotting with tissue paper and weighing. When
the weight of the swollen samples remained unchanged for 40 h, the equilibrium swelling of APCNs (S,,) was

recorded. Following equation was used:

_ Mgyw—Mgry
SW N Mary (2)
where mg, is the mass of swollen APCN membranes and mg,, is the mass of dry APCN membranes after

extraction.

Results and discussion

The synthesis strategy for the target APCN has been shown in Figure 1. Commercially available
bis(hydroxyethyloxypropyl) polydimethylsiloxane is end-functionalized with
S-1-Dodecyl-S’-(0,0’-dimethyl-o”’-dimethyl-o-acetic acid) trithiocarbonate to form a PDMS-based macro-RAFT
agent, which initiates the RAFT polymerization of N,N-dimethylacrylamide. The resulting triblock copolymer
polydimethylacrylamide-polydimethylsiloxane- polydimethylacrylamide (PDMAAM-PDMS-PDMAAmM) induces
the RAFT polymerization of several AMA units to form the pentablock copolymer
polyallylmethacrylate-polydimethylacrylamide-polydimethylsiloxane-polydimethylacrylamide-polyallylmethacryl
ate (PAMA-PDMAAmM-PDMS-PDMAAM-PAMA). The bio-toxic trithiocarbonate groups in the resulting
pentablock copolymer have been removed by reductive elimination in the presence of excessive n-butylamine,
while the existing pendant AMA units provide the crosslinking points, where the terminal allyl groups can further
react with tetra-mercapto compounds to ensure fully crosslinking of the resulting APCN. RAFT polymerization
guarantees the well-defined structure of the copolymers, which provide the prerequisite of well-defined APCN.
Therefore, the difference between the present work and the conetworks synthesized by free radical
copolymerzation of functional macromolecular is the narrow molecular mass distribution and specific crosslinking
points in comparison with the broad distribution and random crosslinking points in the conetworks synthesized by
conventional free radical copolymerization.

In contrast to previous work by Kennedy, who crosslinks allyl-telechelic amphiphilic pentablock copolymer
(PAMA-b-PDMAAM-b-PDMS-b-PDMAAM-b-PAMA) via hydrosilation with pentamethylcyclopentasiloxane
(DsH) in the presence of Karstedt’ catalyst, we adopt the UV light induced thiol-ene click reaction between the
pentablock copolymer and pentaerythritol tetra(3-mercaptopropionate) under mild conditions, which also proves to

be a rapid and efficient crosslinking method.*®
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Polymer Synthesis

PDMS-based macro-RAFT agent is synthesized by coupling the commercially available precursor HO-PDMS-OH
with trithiocarbonate CTA in the presence of DCC/DMAP. The *H NMR spectrum of macro-RAFT agent in Figure
2(B) shows a new chemical shift at 4.26 ppm assigned to the -CH,-O-C=0- newly formed during the esterification
reaction and the absence of resonance at 3.74 ppm associating with -CH,-OH group in HO-PDMS-OH, indicating
the successful conversion of HO-PDMS-OH to macro-RAFT agent. Besides, the remaining shift at 0.90 ppm
assigned to trithiocarbonate groups suggests no loss of trithiocarbonate groups after the esterification reaction. The
obtained macro-RAFT agent is brightly yellow oil after post purification, indicating the trithiocarbonate groups

were successfully transferred to the end of PDMS chain.
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Figure 1. Synthesis strategy of APCN.
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Figure 2. "4 NMR spectra of intermediates: (A) HO-PDMS-OH, (B) PDMS-based macro-RAFT, (C) triblock
copolymer PDMAAmM-PDMS-PDMAAm, (D) pentablock copolymer PAMA-PDMAAM-PDMS-PDMAAmM-PAMA and (E)
modified PAMA-PDMAAmM-PDMS-PDMAAmM-PAMA.

'H NMR spectroscopy in Figure 2(C) gives further proof of the successful synthesis of triblock copolymer
PDMAAM-PDMS-PDMAAmM, where the resonances at 6 3.2-2.8, 3.16 and 2.66 ppm are assigned to the methyl
protons of the amide function -N(CHj),, copolymer backbone methane protons and methylene protons,
respectively. Additional resonance can be found at 8 0.1 and 0.49-0.58 ppm respectively, assigned to the methylene
protons and siloxnae methyl groups in the PDMS segments. The polymerizations of DMAAmM in the presence of
PDMS-based macro-RAFT are performed at variable temperature to get an optimal polymerization condition for
PDMAAM-PDMS-PDMAAmM synthesis. As shown in Table 1, the molar mass and D of the copolymer go up with
increasing temperature from 60 <C to 75 <C due to the increase of propagation radical concentration, leading to a
faster polymerization rate and higher probability of bimolecular termination. The temperature is eventually set at
65 T to obtain copolymer with narrow molecular mass distribution (D<1.3) as well as high average molar mass
(M,~30 kDa). The typical GPC trace of the copolymer is symmetrically monomodal (Figure 3) and the D is less
than 1.5 (Table 1), indicating that the polymerizations of DMA proceeds in a controlled manner. As RAFT
polymerization occurs at a rate balance between activation (K,) and transfer (K.ns), the rate of the polymerization
is not as high as conventional radical polymerization, which intensively relies on the transfer activity of chain
transfer agents. When the conversion reaches a high level, the rate of transfer reaction slows down and the rate of
any side reaction increases, leading to a higher D of the product. The M, and D of triblock copolymers go up
accordingly with prolonged reaction time as more DMA units coupling into the polymer chains lower the chain
transfer activity, increase prolonging chain termination and broaden the molecular mass distribution.

Table 1. Effect of different temperature and time on RAFT polymerization: [M],/[macro-RAFT]/AIBN=320:1:0.2.

NO. Temperature Reaction Mo, NvR M, Gpcb D Polymer structure °
T Time (h) =10 =10
1 60 8 1.25 1.06 1.19 PDMAAM 4-PDMSs,- PDMAAM 49
2 65 8 3.08 2.88 1.30 PDMAAM ;3,-PDMSg,- PDMAAM 13,
3 70 8 3.52 3.06 1.39 PDMAAM 54-PDMS5,- PDMAAM 154
4 75 8 3.67 3.29 1.50 PDMAAM j55-PDMSs,- PDMAAM 163
5 65 4 1.75 2.18 117 PDMAAM ¢-PDMSs,- PDMAAM ¢
6 65 6 2.52 2.32 1.25 PDMAAM 103-PDMSs,- PDMAAM 105
7 65 8 3.08 2.88 1.30 PDMAAM 13,-PDMS5,- PDMAAM 43,
8 65 10 3.35 3.09 1.38  PDMAAM 145-PDMSs,- PDMAAM 145

?Calculated from "H NMR based PDMS unit (6H at 0.1 ppm) and DMAAm unit (6H at 3.0 ppm).
® Determined by GPC measurement using polystyrene standards.

“ For triblock copolymer PDMAAm,-PDMS,-PDMAAm,, the subscript means the number of the unit, calculated

9
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from the "H NMR.

a PDMA-PDMS-PDMA

b=+ = PAMA-PDMA-PDMS-PDMA-PAMA
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d——PDMS-based Macro-RAFT
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Figure 3. GPC traces of block polymers: (a) PDMAAmM;3,-PDMSs,-PDMAAmM;3, (D=1.30), (b)
PAMA,-PDMAAM3,-PDMSs,-PDMAAM; 3,-PAMA, (D=1.33), (c) modified PAMA,-PDMAAM; 3,-PDMSs,-PDMAAM; 3,
-PAMA, (D=1.35) and (d) PDMS-based macro-RAFT agent (D=1.18).

Allyl methacrylate (AMA), an asymmetrical divinyl monomer, has been copolymerized with triblock
copolymer via RAFT polymerization to obtain the amphiphilic pentablock copolymer with multiple reactive
pendant allyl groups along the copolymer, which are readily crosslinked by thiol-ene click chemistry.

Successful synthesis of the key pentablock copolymer PAMA-PDMAAM-PDMS-PDMAAM-PAMA has been
identified by 'H NMR spectroscopy. (Figure 2(D)), where the resonance at & 5.98, 5.34, and 4.49 ppm is
originating from pendant ally ester group (CH,=CH-CH,-O-C=0-). The spectrum also shows signals of the
DMAAmM units and PDMS segment at 2.96 and 0.1 ppm, which are ascribed to the proton resonance of the
-N(CHg), groups and -Si(CHjs),-O- groups, respectively.

Moreover, the GPC traces of the intermediates have been characterized and symmetrical monomodal GPC
traces have been obtained as shown in Figure 3. The narrow peak of PDMS-based macro-RAFT agent indicates its
narrow molecular mass dispersity (D=1.18) as shown in Figure 3(d). The molecular mass distribution of
PAMA,-PDMAAM;3,-PDMSs5,-PDMAAM;3,-PAMA,, (D=1.33) also shows a narrow peak almost the same as that
of PDMAAM;3,-PDMS;,-PDMAAM; 3, (D=1.30) in GPC traces as shown Figure 3(b) and 3(a), respectively,
indicating the polymerization of both DMAAm and AMA in a controlled manner.

Apart from GPC traces, DSC traces has also been employed to confirm the block structure of the resulting
copolymers. The triblock and pentablock copolymers were treated at the heating rates of 10 <C min* from -150 T
to 150 °C after quickly cooling down from 150 °C to eliminate the effect of samples’ heat history during the
characterization, then the samples were reheated and the heating curves were collected to identify the glass
transition temperature (Tg). As shown in Figure 4, both triblock copolymer PDMAAM;, 3,-PDMSs,-PDMAAM; 3,
and pentablock copolymer PAMA,-PDMAAM,3,-PDMSs,-PDMAAM;3,-PAMA, show two T, indicating the
existence of two phases in triblock and pentablock polymer chains, respectively,. Glass transition temperature of

the PDMAAmM segment in triblock copolymer PDMAAM,3,-PDMSs,-PDMAAmM 3, is around 102.10 <C, which is
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less than that of DMAAmM homopolymer (113.00 <C) due to the plasticization effect of the PDMS segment
(-118.26 ). Compared with the triblock copolymer PDMAAM;3-PDMSs,-PDMAAM 3, the T, of
PAMA,-PDMAAM;3,-PDMSs5,-PDMAAM; 3,-PAMA,, is shifted from -118.26 <C to -112.35 <T for PDMS segment
and from 102.10 <C to 108.50 <€ for PDMAAmM segment respectively, since the introduction of several AMA units
leads to the thermal de-reactive movement by slight elongation of PAMA segment. Additionally, the exothermic
peaks at around -80 < and -90 <T in the DSC curves are cold crystallization effects originated from the PDMS
chains moving from disordered state to ordered state, resulting in energy release and exhibiting exothermic peaks

in DSC curves.

\
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Figure 4. DSC traces of PDMAAM,3,-PDMSs,-PDMAAM; 3, and PAMA,-PDMAAM;3,-PDMSs,-PDMAAM, 3,-PAMA,
pentablock copolymers.

As the thiocarbonylthio group has been deemed to be bio-poisonous in the field of biomaterials applications®,
the thiocarbonylthio end group in pentablock copolymer PAMA-PDMAAM-PDMS-PDMAAM-PAMA has been
removed by reductive elimination with n-butylamine. The successful modification has been confirmed by the *H
NMR spectrum in Figure 2(E), which shows resonances at 4.49, 5.34 and 5.98 ppm ascribed to the pendant ally
groups, while the resonance at 0.9 ppm associated with thiolcarbonylthio group disappears. Besides, the absence of
yellow color of the final product indicates the successful removal of thiocarbonylthio group. Therefore, the
pentablock copolymer shows no resonances associated with thiocarbonylthio groups after butylamine aminolysis,
suggesting the successful modification of pentablock copolymer.

GPC traces of the modified pentablock copolymer in Figure 3(c) shows little D difference with original

pentablock copolymer, illustrating the successful conversion.

UV Light Induced Crosslinking

The remaining pendant allyl groups are crosslinked with proper amount of PETMP (mercapto groups 1.2-fold
stoichiometric equal to allyl groups) by thiol-ene click chemistry under the UV light irradiation. After solvent
evaporation and being extracted with DMF at room temperature for 24 h, an optically clear APCN membrane has
been obtained. The low Sol content (<5%) indicates the efficient crosslinking, which demonstrates that the

UV-induced thiol-ene crosslinking goes through a thorough conversion.

11
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Figure 5. Appearance of optically clear APCN membrane (PAMA,;-PDMAAM;3,-PDMSs,-PDMAAM3,-PAMA,) in dry

state.

Swelling

The swelling data is good predictor to evaluate the permeability of APCN since nutrients diffusion and swelling
ratio of the APCN (S,,) are proportional to the volume fraction of the hydrophilic domain in the conetworks.5-2 As
shown in Figure 6, the overall water S,, of APCN membranes goes up with increasing PDMAAmM content due to
the excellent hydrophilicity of PDMAAmM segments, which even goes up to 700% with increasing PDMAAmM unit.
For even APCN membrane consisted of PDMAAmMgs-PDMSs,-PDMAAmMgs, the water swelling even reaches 150%
after 40 h, while the corresponding hexane swelling reaches a balance of 50%. This swelling behavior was also
consistent with previous works by Patrickios and Tiller.*?” Therefore, the swelling behavior of APCN varies with
its composition and swelling medium, which confirms the amphiphilicility and co-continuous characteristic of

resulting APCN membranes.
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Figure 6. Effect of hydrophilic segment length on the degre of swelling of conetworks in water (a) and hexane (b).

Mechanical Properties

As human body is a water environment, the excellent mechanical strength for swollen membranes will guarantee
their application in the area of bio-supporting and bio-filtration areas.®? In order to investigate the mechanical
properties, a series of APCN membranes with different PDMAAmM amount (wt.%) have been synthesized, whose

tensile strength and elongation ratio have been tested. As shown in Figure 7, with the increasing PDMAAmM
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content from 50% to 65%, the corresponding tensile strength of swollen APCN membranes is decreased sharply
from 2.80 MPa to 1.39 Mpa and the corresponding elongation ratio gets a slight decrease from 190% to 156%.
Considering the relatively fine mechanical properties among other swollen APCN membranes reported by J. Kang

and coworkers (1.30-1.80 MPa, 45-60% elongation, 30-60% hydrophilic PDMAAMm weight percentage)®, the

prepared PCN is a good candidate material in biomaterial areas.
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Figure 7. Mechanical properties of APCN membranes with different PDMAAm content. Membrane properties:

thickness, 150 £ 10 um; swollen state.

AFM Morphology

The APCN is designed to be the semi-permeability membrane in bioartificial pancreas fabrication. As we know,
hydrophilic segments in APCN provide channels,%® where nutrients diffuse to reach the pancreas cell, while the
wastes can be sent out. On the other hand, hydrophobic PDMS segments provide channels for gas exchanging
channels, where oxygen can be taken in while the waste gases can be taken out. Therefore, a uniform channel size

is important to guarantee permeation of the nutrients and oxygen for each transplanting cell to grow well.
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0.00

|
17.09 -208.409
]

|
-213.726

[des]

Figure 8. AFM images of APCN consisted of PAMA,-PDMAAM3,-PDMS;,-PDMAAmM; 3,-PAMA, copolymer. Left,

Height; Right, Phase. Scan rate 1 nm/s; Scan box, 500x500 nm?>.
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Mirco-phase separation morphology of APCN membranes has been characterized by atomic force microscope
(AFM). According to the report of Bryan B. Sauer,® phase topology is intensively correlated with the segments
properties, which can be sorted as hydrophilic and hydrophobic. As shown in Figure 8, there appear obvious dark
areas and bright areas in APCN membrane during the AFM phase-mode scanning, which is related to the
hydrophobic PDMS segments and hydrophilic segments, respectively. The dark areas assigned to the PDMS
segments (around 10 nm) are much smaller than the bright ones (around 60 nm) assigned to the PDMAAmM
segments. This phase separated phenomenon was in accordance with the previous reports by Tiller and
Patrickios.2"3%%%% A reasonable explanation is that the prolonged hydrophilic segment lengths is six times longer
than the hydrophobic segments in designed molecular (PDMAAM3,-PDMSs,-PDMAAM;3,), which further
confirms the well-defined triblock copolymer. The obviously phase separated morphology and well controlled
hydrophilic segments indicate that the resulting APCN may provide well biocompatibility and uniform channels

for substances exchange in the bioartificial pancreas fabrications.

TEM Morphology

Apart from the AFM scanning, the uniform micro-structure of the APCN has also been characterized by
transmission electron microscope (TEM) as shown in Figure 9. The dark areas assigned to PDMS segments are
surrounded by the light areas assigned to PDMAAM segments, forming a uniform “sea-island” structure with
relatively uniform size of dark “island”, which is originated from the well-defined structure of the block
copolymers The significant difference between the AFM and TEM images is the much smaller light domain sizes
in the TEM images than that in the AFM images, which is originating from the scanning methods.*” Both AFM and
TEM methods confirm the uniform structure in the present APCN, which provides uniform channels in

semi-permeability membranes fabrication. Therefore the combination of RAFT polymerization with thiol-ene is an

effective method to fabricate APCN membranes with almost precisely controlled microstructure.

Figure 9. TEM image of swollen APCN consisted of PAMA,;,-PDMAAM;3,-PDMSs,-PDMAAmM3,-PAMA, copolymer.

Cell Culture
As this APCN has been designed to be applied in biomaterial areas, its cell toxicity is necessary for its biomedical
safety. As shown in Figure 10, BHK-21 cells reproduce well on the APCN materials and the survival rate of cells

on APCN sample is over 95% after two weeks as compared with the controlled one, which infers its relatively low
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toxicity to the cultured cells. The well biocompatibility of these materials indicates the accessibility to fabricate

biomedical materials by this method.

Figure 10. Left, cell colony morphology after immersing APCN membranes in cell-culture medium. (x1000,

Sample); Right, cells colony morphology in cell-culture medium (x1000, Control). APCN consisted of

PAMA,;-PDMAAmM 3,-PDMS;,-PDMAAmM,3,-PAMA, copolymer, cell colony morphologies were taken by SEM.

Conclusions

Novel amphiphilic conetworks contained PDMAAmM and PDMS segments are fabricated through thiol-ene click
end-crosslinking with well-defined allyl terminated amphiphilic pentablock copolymers via RAFT polymerizations.
The resulting APCN exhibits unique amphiphilic characters, i.e. controllable swelling behavior, microphase
separated morphology and excellent mechanical properties. Moreover, cell culture test indicates the target APCN
possesses low cytotoxicity and well biocompatibility. Therefore, this work provides an accessible method to
fabricate a series of APCNs with controlled structure and low cytotoxicity by the combination of RAFT
polymerization with non-Cu®" click chemistry, whose diverse excellent properties are suitable for potential

biomaterial applications.
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GRAPHICAL ABSTRACT

A series of APCNs from the amphiphilic clickable pentablock copolymers with
narrow polydispersity synthesized via RAFT polymerization. The resulting APCN
exhibits unique amphiphilic characters, i.e. controllable swelling behavior,
microphase separated morphology and excellent mechanical properties as well as low
cytotoxicity, which can be potentially employed in the desirable range for some

biomaterial applications.
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