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H I G H L I G H T S

• The PET-RAFT is first used in surface modification of PVA hydrogel membrane and it has a large industrial application potential.

• We use a low-cost organic dyes Eosin Y as photoredox catalyst and investigated some PET-RAFT reaction factors to research the reaction mechanism.

• We obtained the relationship of grafting ratio and the weight of elements.

• We synthesized a kind of zwitterionic— Carboxybetaine Methacrylate(CBMA).

• We further enhanced the anti-fouling capacity of PVA hydrogel membrane via pCBMA grafting.

A R T I C L E I N F O

Keywords:
polyvinyl alcohol (PVA)
Carboxybetaine methacrylate (CBMA)
Photoinduced electron transfer-reversible
addition-fragmentation chain transfer
polymerization (PET-RAFT)
Anti-adhesion
Cytotoxicity

A B S T R A C T

In this study, we grafted brush-like CBMA copolymer brushes onto the surface of PVA hydrogel membrane
through photo-induced electron transfer–reversible addition fragmentation chain transfer (PET-RAFT) poly-
merization. ATR-FTIR, XPS, AFM, UV–Vis absorption spectra and elemental analysis were adopted to char-
acterize the hydrogels, and equilibrium swelling, water contact angle, vitro cytotoxicity assay, protein adsorp-
tion and cells adhesion experiments were used to evaluate the related property of hydrogels. The results of ATR-
FTIR and XPS showed that pCBMA was successfully grafted onto the surface of PVA hydrogel membrane. The Ra
roughness of hydrogel surface in AFM increased slightly from 5.44 nm to 6.12 nm. Transmittance of the PVA-g-
pCBMA hydrogel in the visible range (380 nm-780 nm) was remaining at 91.2%–97.0%. The optimal reaction
conditions (CPADB: 1.20mmol/L, Eosin Y: 0.03mmol/L and CBMA: 358mmol/L) were confirmed through
control experiments. The equilibrium swelling and water contact angle showed that the swelling ratio increased
from 2.06 cm3 g−1 to 3.65 cm3 g−1, while the water contact angle decreased from 45.94° to 18.06° with the
increase of grafting ratio (23.92%–55.18%). In vitro cytotoxicity assay by CCK-8 showed that the cells relative
viability remained at least 90.55%. Anti-protein adsorption experiment illustrated approximately 57.2% im-
provement of anti-protein capacity at 37 °C, while cells adhesion experiment also showed about 64.57% im-
provement of anti-cells capacity. These results revealed the applicability of the oxygen tolerant PET-RAFT
mechanism on the PVA modification and it was effective, feasible and non-cytotoxic method to prepare the other
functional PVA hydrogel membrane.

1. Introduction

Polyvinyl alcohol (PVA) has excellent biocompatibility, significant
stability and similarity moisture content to human tissues [1–7].

Hydrogels are considered as promising scaffolds for cell encapsulation
and tissue regeneration [7–9]. And PVA based hydrogel has promising
applications in biomedical material, such as drug delivery system, bio-
sensor, artificial cartilage, anti-coagulation materials, biomedical
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sponge, artificial cornea [3,7,10]. Nevertheless, the formation of bio-
film caused by the cells specific adsorption and the proteins nonspecific
adsorption onto the implanted biomaterials, is one of the common
complications for these biomedical devices and limits its application
[11–14]. From bionics, surface modification with antifouling self-as-
sembled monolayers (SAMs) or polymers is efficacious to resist non-
specific protein adsorption [15–17].

In recent years, anti-fouling mechanism of zwitterionic material has
been investigated deeply through experiment and molecular simula-
tions. And researchers hold that, the hydration layer is a barrier to
protein adsorption which attached by electrostatic interaction of op-
posite charge in the zwitterionic material [18–21].

Zwitterionic polymer based on phospholipid bilayer structure can
restrain bio-fouling of protein and bacteria [22]. Many grafting stra-
tegies have been investigated. Pingsheng Liu et al. [23] grafted three
kinds of zwitterionic polymers onto cellulose via SI-ATRP. Dangsheng
Xiong et al. [24] grafted brush-like structure of MPC onto polyethylene
via UV radiation, in order to acquire ultra-low friction coefficients
which close to the natural joints. Shaoyi Jiang et al. [25–27] has re-
ported the application of zwitterionic in improving anti-fouling per-
formance. Therefore, zwitterionic polymer modification is the most
effective method for anti-fouling.

Since 1998, Rizzardo [28] first reported a new method of free ra-
dical polymerization called reversible addition-fragmentation chain
transfer (RAFT), RAFT polymerization has been widely used to prepare
of high polymers and specific structural polymers, and surface mod-
ification [29,30]. Cyrille Boyer researched the RAFT polymerization
deeply and found a highly efficient photo-induced electron transfer-
RAFT (PET-RAFT) polymerization using metallo- and organo-photo-
catalysts [31–34]. PET-RAFT polymerization process can react under
mild conditions, such as visible light-mediated, low temperature, con-
trollable and oxygen tolerable. Also, it has been verified that organo-
photocatalysts with different absorption is efficient in PET-RAFT.

Researchers have utilized RAFT polymerization on surface mod-
ification [35–39], but only a little research has been reported about
PET-RAFT. In this paper, we demonstrated the applicability of the
oxygen tolerant PET-RAFT mechanism on the PVA modification.
Scheme 1 shows the proposed reaction mechanism of PVA hydrogel
membrane modification via PET-RAFT polymerization system. Zwit-
terionic monomer CBMA was directly grafted onto PVA hydrogel
membrane surface via PET-RAFT polymerization, using eosin Y as
photo redox catalyst. The ATR-FTIR and XPS were used to analyze the
surface chemical compositions of modified PVA hydrogel membrane.
The elemental analyzer was used to measure the whole chemical
compositions of modified PVA hydrogel membrane to evaluate the re-
action factors. And the hydrophilicity of PVA hydrogel membrane was
characterized by the swelling equilibrium test and water contact angle.
Subsequently, the biocompatibility of sample was evaluated by CCK-8
assay. Finally, the adhesion resistance properties were evaluated by
anti-cell adhesion and anti-protein adsorption in vitro.

2. Experiment

2.1. Materials

Polyvinyl Alcohol (PVA, 1750 ± 50, China National
Pharmaceutical Group); Dimethyl-aminoethyl methacrylate (DMAEMA,
99%, Aladdin); 4-Cyano-4-(phenyl-carbonothioylthio) pentanoic acid
(CPADB, ≥97%, Sigma-Aldrich); Phosphate Buffered Saline (PBS,
Hyclone); N, N-dimethyl formamide (DMF, 99.5%, Macklin); acrylic
acid (99%, Macklin); 4-methoxyphenol (GC, ≥99.8%, Macklin); Eosin
Y water solution (EY, Biological stain, Macklin); Triethylamine (TEA,
99%, Macklin); Bovine Serum Albumin BSA-V (biological stain,
Macklin); Sodium dodecyl sulphate (SDS, 98%, Macklin).

2.2. Preparation of hydrogel membrane and CBMA

2.2.1. Preparation of carboxybetaine methacrylate (CBMA)
The carboxybetaine methacrylate (CBMA) was prepared mainly

according to a patent invented by Yuting Li [40]. Acrylic acid (14ml)
was added slowly into a three-necked flask with DMAEMA (17ml) and
4-methoxy phenol (0.02 g) at 0 °C, stirred with agitator blade and react
for 4 h in room-temperature until solution thickens; next, 10ml acetone
was added for dilution and stirred for 24 h. After reaction, CBMA was
precipitated with 50ml triethylamine and purified with acetone for
three times, white powder production was dried in vacuum and car-
boxybetaine methacrylate (CBMA) was prepared (productivity≈ 75%).
1H NMR was detected on Bruker spectrometer (400MHz) and shown in
supplementary information. For CBMA (in D2O): δ6.01 ppm (s, 1H, cis,
=CH), δ5.63 ppm (s, 1H, trans, =CH), δ4.50 ppm (s, 2H, eCH2eO),
δ3.67 ppm (t, 2H, eCH2e), δ3.54 ppm (t, 2H, eCH2e), δ3.06 ppm (s,
6H, NeCH3), δ2.61, ppm (t, 2H, eCH2e), δ1.80 ppm (s, 3H, eCH3).

2.2.2. Preparation of PVA hydrogel membrane
Firstly, PVA-1750 ± 50 (4 g) was swelled in a mixed solvent (16ml

DMSO and 4ml H2O) at 65 °C for 1 h, 75 °C for 4 h and 95 °C for 10 h
until PVA dissolved as a viscous fluid. Then, the viscous PVA fluid was
poured into a mold (80mm×80mm×2mm) and then frozen at
−20 °C. After six freeze-thaw cycles, PVA hydrogel membrane was
soaked in distilled water. Finally, PVA hydrogel membranes were pre-
pared.

2.2.3. Surface grafting of PVA hydrogel membrane with pCBMA via PET-
RAFT

CPADB and eosin Y water solution (EY) were dissolved in DMF to
prepare 0.01mol/L and 0.005mol/L solutions, respectively. PVA hy-
drogel membranes were cut into a circle shape (d≈ 10mm) and a strip
shape (10mm×40mm) via CO2 laser cutter.

CBMA (0.5 g-3.5 g) were dissolved in 63% DMF aqueous solution
and mixed with CPADB solution (0.05–4.85ml), Eosin Y solution
(0.1–1.9ml) and triethylamine (TEA, 5ml) as a modifying solution.
TEA can reduce oxygen in PET-RAFT polymerization [31].

PVA hydrogel membranes were put into the modifying solution in
35ml vials. The modification process performed at 30 °C and blue LED
light (450–460 nm) for 10 h in a gas bath the rmostatic shaker. After
modification, the modified PVA (PVA-g-pCBMA) hydrogel membranes
were removed from the vials. PVA-g-pCBMA hydrogel membrane was
cleaned by ultrasonic and soaked in deionized water for 5 days
(changed the deionized water three times per day).

2.3. Characterization of hydrogel membranes

ATR-FTIR spectra was detected by an FTIR instrument with Quest
ATR accessory (IR Affinity-1, Perkin Elmer) in the 4000–400 cm−1

frequency range in steps of 4 cm−1. The surface atomic compositions of
membranes were detected by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific Escalab 250Xi, tube voltage= 15 kV, tube
current= 12mA, diameter beam spot= 500 μm) with Al Kα excitation
radiation (hν=1486.6 eV). Surface microstructure (3×3 μm and
1×1 μm) was detected by atomic force microscope (MultiMode 8). The
transmittances of the hydrogel membranes were measured by using a
Shimadzu UV–visible light absorption spectroscope (UV-2550) pro-
duced by Shimadzu. Thermogravimetric analysis (TGA) of hydrogel
membrane samples were performed on a Hot Sync Analyzer
(STA409PC, NETZSCH-Geratebau GmbH), nitrogen atmosphere,
10 °C·min−1.

2.4. Reaction factors

Several control experiments were carried out to investigate the re-
action, including monomers content, catalyst content and chain transfer
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agent content. The elemental contents of nitrogen of samples were
examined by elemental analyzer to evaluate the effect of a single con-
dition (Elementar, vario EL cube).

In order to reflect the extent of grafting visually and to evaluate the
relationship between nitrogen element content and grafting level, per-
centage of grafting was calculated through quality change, and the
nitrogen element content of corresponding sample was test through
element analysis. The percentage of grafting (Gp) is determined by the
formula

=

−

×Gp
m m

m
100%g 0

0 (1)

Where mg and m0 are the weights of the PVA-g-pCBMA and PVA hy-
drogel membranes in a dry state, respectively.2.5 Hydrophilicity mea-
surements.

In swelling equilibrium tests, samples (size around 10mm×40mm
and thickness around 2mm) were frozen and dried to constant weight
(m0), then immersed into distilled water and swelled until equilibrium

at 25 °C.
After designated periods of time, the samples were taken out of

water, removed the excess water, weighted and recorded as mt, and
then returned to water. The average degree of swelling Qt is determined
by the formula

= =
−

Q V
m

m m ρ
m

( )/
t

t0

0

0
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Where mt and m0 are the weights of the swollen and dried hydrogels,
respectively. V0 is the value of water absorbed in hydrogel. ρ is the
Solvent density (g·cm−3).

The water content W∞ is determined by the formula

=
−

×∞

∞

∞

W m m
m

100%0

(3)

Where m∞ is the final weight of swollen hydrogels, m0 is the weight of
dried hydrogels.

The water contact angle of hydrogel membrane (remain hydrous)

Scheme 1. Proposed mechanism of oxygen tolerant PET-RAFT on the PVA modification.
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was measured by the contact angle measuring instrument (JC2000C1)
produced by POWEREACH.

2.5. Cytotoxicity and anti-fouling experiments

2.5.1. Protein adsorption experiment
BSA (5mg/ml) were selected to conduct protein adsorption ex-

periments. The PVA hydrogel membranes were incubated in 99.5%
ethanol for 2 h, then equilibrated in phosphate buffer (pH=7.4, 25 °C
and 37 °C) for 4 h. Finally, samples immersed in BSA protein solutions
at 25 °C and 37 °C for 4 h.

Afterward, samples were gently washed for three times with PBS,
soaked and oscillated in SDS (1 wt%, water solution, 37 °C) for 4 h. The
protein concentrations in the solutions were quantified by Micro BCA™
protein assay reagent kits using an Ultra-micro Microplate
Spectrophotometer (Epoch) at a wavelength of 562 nm. 5 parallel holes
in 96-well plate.

2.5.2. Cytotoxicity
To evaluate the biocompatibility of materials, we test the cyto-

toxicity though CCK-8 assay which is a method for cell viability de-
tective with significant sensitivity and reproducibility.

Before the experiment, the samples (circle shape, d≈ 10mm) were
treated with gamma ray (60Co as a radioactive source) sterilization and
immersed in 2ml serum-free DMEM medium for 24 h. After pre-treat-
ment, the samples were immersed in 1ml of 8% FBS DMEM medium,
respectively. The cells (Eyelid fibroblasts) were seeded in 12-well plates
(1× 105 cells/ml) and incubated for 24 h. After that, the supernatant
and materials were discarded, and 0.5 ml/well CCK-8 reagent (DMEM:
CCK-8 reagent= 10:1) was added and incubated for 1 h. 100 μl/well
supernatant (4 in parallel, 400 μl in total) added in 96-well plate.
Optical density (O.D.) values were detected by micro-plate reader at
450 nm. The cells relative viability (CRV) was calculated by the equa-
tion.

= ×CRV O D
O D

. .
. .

100%test

control (4)

2.5.3. Anti-cell adhesion
In order to obtain the statistical data for the cell adhesion, cell count

standard curve was made. Cell suspension with different concentrations
were prepared, and then 0.5 ml/well CCK-8 reagent (DMEM: CCK-8
reagent= 10:1) was added and incubated for 1 h. Finally, optical
density (O.D.) values were detected by micro-plate reader at 450 nm
and the cell count standard curve completed.

CCK-8 assay was also used to assess the anti-cell adhesion proper-
ties. The cell (eyelid fibroblasts) and samples were treated as above
process. After incubated for 1, 3, 5, 7 days, the materials were gently
rinsed 3 times with PBS and fixed with 4% paraformaldehyde. Cells
adhered to the membrane surface were inspected via SEM (HITACHI,
Se3400N(II)) after freeze-dried.

3. Results and discussion

3.1. Proposed reaction mechanism

The proposed mechanism of PET-RAFT polymerization is outlined in
Scheme 1. It can be divided into two parts, photo-induced electron/
energy transfer (PET) and traditional RAFT process.

Organo-photocatalyst such as eosin Y has high redox potentials with
a long lifetime of excited states [31,41]. The triplet state of eosin Y has
strong reducing (E*red (PC*/PC•−) = +1.18 V vs. SCE (standard ca-
lomel electrode)) and oxidizing (E*red (PC•+/PC*) = −1.60 V vs. SCE)
potentials [31]. In PET process (Scheme 1(A)), firstly, eosin Y trans-
formed from ground state to a triplet excited state (EY*) under the
visible light. Then, with the present of an electron donor (Et3N), an

electron is transferred from Et3N to EY*, meanwhile, Et3N generate
Et3N•+ and EY* generate an EY radical anion (EY•−) [42]. Finally, one
part of EY radical anion (EY•−) reduced O2 to generate superoxide
(O2

•−) while another fraction of EY•− transferred an electron to CPADB
to generate a propagating radical (Pn•) for chain growth [33,34,41,43].

Alcohols are ideal precursors of alkoxy radicals [44,45]. However,
the formation of alkoxy radicals by homogenization of alcohols requires
high energy. Alcohol is usually oxidized to produce alkoxy radicals
under the activation of transition metals and strong oxidation condi-
tions [46–48]. PET process is actually a redox process, PVA chain is
oxidized to produce alkoxy radicals and generate PVA•.

RAFT process includes five period shown as Scheme 1(B), the tra-
ditional initiation stage is instead by PET process mentioned above
[49]; And in the pre-equilibrium stage, a propagating radical (Pn•) react
with CPADB (2) to form a radical intermediate (3), then divide into
another thiocarbonylthio group (4) and a new radical (R•) (5); And
radical (R•) may react with monomer to form a new propagating radical
(Pm•), called re-initiation [41,43]; Next, after the initial CPADB is
consumed, ‘main equilibrium’ of activation-deactivation is established,
and in this stage, monomer will keep initiating and molecular weight of
Pn• keep increasing [43,50]. It is similar to chain growth stage in tra-
ditional radical polymerization; Termination is inescapable, it includes
two parts and the combination between radical (Pn•) and PVA• is the
ultimate aim.

3.2. Reaction factors

Elemental analysis is an effective method to evaluate the amount of
grafted and investigate the reaction mechanism. The nitrogen contents
were used. Fig. 1(a) shows that the nitrogen content of PVA-g-pCBMA
hydrogel membrane increased and then became steady with the in-
creased concentration of grafting CBMA (up to 358mmol/L). As shown
in Scheme 1, the grafting reaction is largely affected by the termination
stage. We hope termination reacts between radical (Pn•) and PVA• but
another route is unavoidable [50].

Herein, a non-negligible phenomenon of reaction is the formation of
transparent gels. As shown in Scheme 1(B), termination reactions are
inescapable when molecular weight increases gradually and CPADB
does not adequately control the polymerization of a given monomer
[50]. With the increasing content of CBMA, termination between pro-
pagating radicals (Pm• or Pn•) becomes more probable. It leads an
evident phenomenon that formation of transparent gels. Therefore, we
can see the nitrogen content becomes steady.

The content of photocatalyst (EY) (Fig. 1(b)) and CPADB (Fig. 1(c))
are significant to the reaction process. In PET process, the initiation of
monomer in solution phase goes easier than solid-liquid interface of
PVA hydrogel, besides, the amount of free radical sites at the solid-
liquid interface are limited.

On one hand, with increasing content of photocatalyst, PET process
accelerated, more monomers were initiated and the ‘main equilibrium’
comes earlier [33,51]. The concentrations of propagating radicals in-
creased but PVA• did not. On the other hand, with increasing content of
CPADB, ‘pre-equilibrium’ stage prolong [33,34,51], we can see an im-
provement of nitrogen content at low concentration range of CPADB
(0–1.20mmol/L). However, the further increasing concentration of
CPADB (1.20–7.00mmol/L) also leads the increasing of propagating
radicals while PVA• did not. And termination between propagating ra-
dicals (Pm• or Pn•) becomes more probable at high radical concentra-
tions [50]. Therefore, the results are both showed a downward trend
with the increasing content of EY and CPADB.

According to the results, we obtained efficient concentrations of
CTA and photocatalyst. And the ratio of them is around 40:1, which is
consistent with some report [31]. Photo-catalyst concentration could be
reduced to 0.03mmol/L even in the presence of oxygen.

The appearance of element nitrogen indicates the zwitterionic
pCBMA has been grafted on the surface of PVA hydrogel membrane
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successfully, and we can get the optimal reaction conditions (CPADB:
1.20mmol/L, eosin Y: 0.03mmol/L and CBMA: 358mmol/L) through
control experiments.

The relationship curve between percentage of grafting and the ni-
trogen element content is shown in Fig. 1(d), and we can calculate the
actual extent of grafting via the curve formula. While the percentage of
grafting reached as high as 46.43%, it became difficult to measure the
actual weight in a dry state due to its significant water absorption
property of samples. Therefore, two data (percentages of grafting are
46.43% and 55.18%) upward shifted.

3.3. FTIR-ATR analysis

To investigate the chemically modification of CBMA monomer, PVA
and PVA-g-pCBMA hydrogel membrane were evaluated by ATR-FTIR,
as shown in Fig. 2.

Obviously, the new adsorption bands appeared at 1722 cm−1 and
1589 cm−1 are associated to the ester group (OeC=O) stretching vi-
brations and the carboxylate group (O=CeO-) stretching vibrations of
pCBMA polymer chains on the PVA-g-PCBMA hydrogel membranes,
respectively [52–57].

A stronger adsorption bands at 1373 cm−1 is attributed to the
wagging vibration of the methylene in CBMA, while another new ad-
sorption bands at 1171 cm−1 attributed to methacryloyl. Besides, the
weaken of the wide peak at 3280 cm−1 and the hypochromic shift of
the peak at 918 cm−1are attributed to the decrease of hydroxyl group
(eOH) and the formation of the ether bond (CeOeC), respectively.

The ATR-FTIR results confirm that the CBMA have grafted onto the
surface of PVA hydrogel membrane successfully. And it can be further
confirmed by X-ray photoelectron spectroscopy (XPS).

3.4. X-ray photoelectron spectroscopy (XPS)

The survey and narrow spectrum of PVA and PVA-g-pCBMA hy-
drogel membrane were shown in Fig. 3. All binding energy values were
determined by calibration and fixing the C-1s to 285.0 eV [58]. The

major signals of C and O were observed in the survey spectrum
(Fig. 3(a)) [54,55,57,59,60].

An obvious increase of nitrogen element (N-1s) can be found in the
survey spectrum. Two binding energy of nitrogen can be seen in the N-
1s narrow spectrum of PVA-g-pCBMA hydrogel membrane (Fig. 3(b)),
CeN+ bond in pCBMA brush with a binding energy at 402.1 eV [49]
and C≡N bond in R group of CPADB with a binding energy at 399.5 eV.

The C-1s narrow spectrum (Fig. 3(d)) of PVA can be divided into
two parts, 285 eV (CeC/CeH2) and 286.5 eV (CeO/CeH) [60]. The
area ratio of peak [CeC/CeH2] and peak [CeO/CeH] is 1.29, which
approached the ideal structure of PVA; while increased to 1.64 after
modification. Afterward, we found it need three extra peaks to imitate
the full C-1s narrow spectrum of PVA-g-pCBMA hydrogel membrane.
An obvious new peak of them at 289.1 eV is stand for the OeC=O bond
[57,59,60]. And according to the chemical structure of CBMA,

Fig. 1. Reaction factors trends of PET-RAFT process (a: CBMA; b: Eosin Y; c: CPADB) and Graft ratio conversion curve(d).

Fig. 2. FT-IR spectra of CBMA(a), ATR-FTIR of PVA(b) and PVA-g-pCBMA(c)
hydrogel membrane.
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additional two peaks at 287.7 eV and 285.9 eV are stand for the
O=CeO- bonds and C≡N/CeN+ bonds, respectively.

Due to the binding energy of O-1s in different chemical bonding are
very close, few researchers have further analyzed and divided the O-1s
peaks. Here, compared with O-1s narrow spectrum of PVA hydrogel
membrane, the O-1s narrow spectrum (Fig. 3(e)) of PVA-g-pCBMA
hydrogel membrane significantly broadened and could be divided two
extra split peaks, with the binding energies at 531.1 eV and 533.3 eV,
respectively. Therefore, we classified it as the [OeC=O] and
[OeC=O−] bond in CBMA (531.1 eV for CeO bond and 533.3 eV for
C=O).

In summary, the XPS analysis has further confirmed that CBMA has
been grafted onto the surface of PVA hydrogel membrane successfully.

3.5. Surface microstructure

Surface morphology of PVA and PVA-g-pCBMA hydrogel in drying
state were characterized by AFM. Fig. 4 shows the AFM images of PVA
and PVA-g-pCBMA hydrogel and the corresponding Ra roughness.

As shown in Fig. 4. The surface micro-topography of hydrogel in

drying state has a slight change after surface grafting. The Ra roughness
of hydrogel surface (3 μm×3 μm) increased from 5.44 nm to 6.12 nm,
it remained at a low level while the percentage of grafting reached at
55.18%. This result indicated that surface micro-topography of hy-
drogel in drying state has no striking changes after surface grafting, and
the chemical composition is the main variable parameter across PVA
hydrogel surface after grafting.

3.6. Ultraviolet–visible spectroscopy analysis

PVA hydrogel has a significant transmittance and we focus on
whether modification process will affect its transmittance property.
And Fig. 5 shows the transmittance of hydrogel membranes in different
percentage of grafting.

The transmittances of samples were measured at 200–800 nm using
an ultraviolet–visible spectrometer. As shown in Fig. 5, it increased
ssswith the wavelength. The pristine PVA hydrogel membrane has an
excellent transmittance in the range of visible light. But due to poly-
vinyl acetate (PVAc) is the precursors of PVA, the ester group
(OeC=O) residual in PVA is unavoidable [61]. Therefore,

Fig. 3. XPS survey spectrum (a), C-1s narrow spectrum (d, f), N-1s narrow spectrum (b) and O-1s narrow spectrum (c, e) of the PVA and PVA-g-pCBMA hydrogel
membrane surface.
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transmittance of pristine PVA hydrogel also decreased in the range of
ultraviolet light. With the increasing of percentage of grafting, trans-
mittances of PVA-g-pCBMA hydrogel membranes remain excellent
(91.2%–97.0%) in the range of visible light, while decreased regularly
in the range of ultraviolet light between 200 nm–250 nm, because of
C=O bond in CBMA. It also indicated that the modification process
does not influence the transmittance of Hydrogel membrane in visible
light range.

3.7. Thermogravimetric analysis

The thermal properties of PVA and PVA-g-pCBMA hydrogel mem-
branes were detected by thermogravimetric analysis (TGA, 35°C-750 °C,
10 Kmin−1).

The thermal decomposition behavior of PVA can be divided into
three stages [62]. In Fig. 6, the first region (35–170 °C) has a weight loss
of around 9%, cause by the evaporation of weakly bound water and
non-freezing bound water. And it remains consistency between the two
samples. The second transition region for pristine PVA membrane is
around 170–330 °C with a weight loss of around 18%, cause by the
decomposition of the hydroxyl group. PVA chain gradually changed
into a kind of polymer with conjugated double bonds [63].And the third
region (330–550 °C) is cause by the degradation of the polymer main
chain.

Transition regions of PVA-g-PCBMA hydrogel membrane were

distinguished base on the thermal curve of PVA hydrogel membrane.
The first transition region remains consistency to the PVA hydrogel
membrane. The second transition region is between 170 and 300 °C,
with a weight loss of around 15%. And the thermal curve in this tran-
sition region higher than PVA hydrogel membrane, because the grafting
sites of PVA is alkoxyl radicals. The third transition region between 300
and 366 °C is associated with the structural degradation of pCBMA
brush, resulting in the apparent decrease of the thermal curve. The
fourth transition region (366–550 °C, about 40% weight loss) is asso-
ciated with the structural degradation of PVA and pCBMA. And the
weight loss (3%) in last region slows down, may cause by the de-
gradation of the small residual molecule in pCBMA. The residual weight
percentage in 750 °C of PVA hydrogel membrane decreased to 1.27%
while remaining 6.09% to the PVA-g-PCBMA hydrogel membrane. And
the thermal stability of PVA-g-PCBMA hydrogel membrane below
170 °C is the same as PVA hydrogel membrane. Thus, the modification
progress would not influence the application of hydrogel membrane as
a biomedical material.

3.8. Hydrophilicity measurements

Swelling equilibrium, water contact angle and water content are
important indexes to evaluate the hydrophilicity of materials. The
swelling ratio (Qt) and water contact angle of PVA and PVA-g-PCBMA
hydrogel membrane were showed in Fig. 7(a). The hydrogel membrane
is close to swelling equilibrium after immersing in ultra-pure water for
265min. Fig. 8(b) shows the moisture content of PVA-g-pCBMA hy-
drogel membrane in different percentage of grafting.

In Fig. 7(a), the swelling kinetics curve is similar to the lower
branch of the hyperbola, according to the present hyperbola described
by the formula

=

+ ×

Q t
b a tt sample, (5)

Where a and b are the empirical constants that determine the co-
ordinates of the center and the asymptotes of the hyperbola. Obviously,
the asymptote 1/a is the equilibrium degree of swelling (Q∞) in phy-
sical meaning, and two regressions coefficient can be expressed as fol-
lowing formula [64,65].

= =

∞

∞

∞

a
Q

b
t

Q
1 ,

Q
2

(6)

where Q∞ is the equilibrium degree of swelling and
∞

tQ /2 is the time in
semi-saturation. According to the formula above, after the mathematic
calculation, the related parameters of equilibrium swelling curve are
shown in Table 1.

The degree of equilibrium swelling (Q∞) is an index to evaluate the

Fig. 4. Surface micro-topography in AFM (3D view).

Fig. 5. Transmittance of the PVA and PVA-g-pCBMA (different percentage of
grafting) hydrogel membrane.
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ability of water adsorption, and it increases from 2.064 cm3 g−1 to
3.653 cm3 g−1, the time in semi-saturations (

∞
tQ /2) is to evaluate the

water absorption speed of samples, and it becomes faster (from
34.20min to 5.04min) after grafting. Besides, water contact angle de-
creased from 45.94° to 18.06°.

The average water content of PVA hydrogel membrane is 67.31%,
and water content of PVA-g-pCBMA hydrogel membrane increase with
the increasing of percentage of grafting (Fig. 7(b)). When it reached as
high as 55.18%, water content of PVA-g-pCBMA hydrogel membrane
reached 78.23%.

In general, these results indicated a significant improvement of
hydrophilicity of hydrogel after grafting.

3.9. Properties of anti-protein adsorption

The protein adsorption on hydrogel membrane surface will lead bio-
fouling. The protein adsorption was assessed at λ=562 nm using an
Ultra-micro Microplate Spectrophotometer (Epoch) from a concentra-
tion standard curve ranging from 0 to 40 μg/ml.

= + =y x R0.0047 0.0381( 0.9953)O D c. .
2 (7)

Fig. 6. The thermogravimetric of the pristine PVA and PVAge pCBMA hydrogel membrane.

Fig. 7. Hydrophilic analysis of the PVA and PVA-g-pCBMA (different percentage of grafting) hydrogel membranes.

Fig. 8. Adsorption capacity of PVA and PVA-g-pCBMA hydrogel membrane.
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Where yO.D. is the detect value of optical density and xc is the con-
centration of BSA.

The quantity of BSA protein that adsorbed on the membrane sur-
faces were measured, calculated and shown in Fig. 8. The amount of
adsorbed protein on the surface of PVA hydrogel membrane at 25 °C
was 0.0894 ± 0.00732 μg/mm2, while reduced to
0.0287 ± 0.00191 μg/mm2 on PVA-g-pCBMA hydrogel membrane,
reduced by about 67.9%. Protein adsorption capacity of hydrogel
membranes were both increased slightly at 37 °C. PVA hydrogel mem-
brane was 0.0963 ± 0.0107 μg/mm2, while reduced to
0.0412 ± 0.00313 μg/mm2 after grafting, reduced by 57.2%.

Jian-hua Li et al. [66] reported a silver nanoparticle-poly (carbox-
ybetaine methacrylate) (AgNPs-PCBMA) nanocomposite was prepared
on poly (vinylidene fluoride) (PVDF) membrane surface to improve its
hydrophilicity and antifouling properties. And the BSA static adsorption
on the original PVDF membrane was about 752 μg/cm2, while de-
creased to around 440 μg/cm2 after grafting with pCBMA, around 41%
decrease. And Shi Suqing et al. [67] grafted a hydrolysable cationic
polycarboxybetaine ester polymer brush (PCBMA-1C2) onto the glass
surface. And the BSA static adsorption on the original glass surface was
about 0.2 μg/cm2, while decreased by 96% on the surface of Glass-
PCBMA.

Comparing the above results, we can confirm two points. First, the
substrate is an important factor affecting protein adsorption, the protein
adsorption of compact hard glass is as low as 0.2 μg/cm2, while the
PVDF membrane is as high as 752 μg/cm2. As a hydrophilic polymer
hydrogel membrane, the original PVA has a low protein adsorption
(8.94 ± 0.732 μg/cm2). Second, the pCBMA grafting onto surface of
materials can reduce protein adsorption further, and it is an effective
method to structure anti-fouling surface via pCBMA grafting.

3.10. Cytotoxicity

In order to assess the utility of PVA and PVA-g-pCBMA hydrogel
membranes as biomaterials, we studied the cytotoxicity of hydrogel
membrane.

As shown in Fig. 9, the relative cell viability of PVA hydrogel
membrane in day1, day3 and day7 are around 95.91% ± 0.87%,
105.1% ± 2.44% and 99.93% ± 2.38%, respectively. And, relative
cell viability of samples remains 90.55% ± 2.48%, 91.62% ± 2.54%
and 92.81% ± 2.56% after grafted with pCBMA. According to ISO
10993-5-2016, cell viability of samples larger than 80% can be con-
sidered non-cytotoxic. Thus, both PVA and PVA-g-pCBMA hydrogel
membranes can be considered as non-cytotoxic, which indicated that
both of them could be used as artificial cornea material and other
biomedical applications.

3.11. Anti-cell adhesion

We used eyelid fibroblasts to evaluate anti cell adhesion capacity,
and the statistics data for the cell adhesion was calculated through cell
count standard curve ranging from 0 to 1×105 cells/ml

= =y x R0.1415 , 0.9979O D. .
2 (8)

Where yO.D. is the detect value of optical density and x is the con-
centration of cell suspension.

Fig. 10 shows the statistics data for the cell adhesion in day 1, 3, 5,
7. Due to the cell's proliferation, the quantity of cell-adhesion increases
with the increasing of nurturing days. In day 7, the quantity of cell
adhesion on PVA hydrogel is about 218.09 ± 9.15 cells·cm−2 while
only 77.26 ± 7.25 cells·cm−2 adhered onto the surface of PVA-g-
pCBMA hydrogel, which decreased by 64.57%. Therefore, it shows a
great improvement in cell anti-adhesion after modification, and it is
close to the anti-protein adhesion results.

Fig. 11 shows the SEM images of PVA and PVA-g-pCBMA hydrogel
membrane after incubated cells. SEM images of 2000 magnification
clearly showed that a significant amount of eyelid fibroblasts attached
on PVA hydrogel membrane whereas only little eyelid fibroblasts on
PVA-g-pCBMA hydrogel membrane.

Table 1
The related parameters of equilibrium swelling curve.

samples Percentage of grafting a b ∞Q / =Qt 265 min (cm3·g−1)
∞

tQ /2 (min) Water contact angles

PVA 0 0.429 14.67 2.331/2.064 34.20 45.94°
PVA-g-pCBMA 23.92% 0.377 4.284 2.653/2.500 11.36 31.02°

38.4% 0.317 3.705 3.155/2.980 11.69 24.22°
46.43% 0.259 3.643 3.861/3.611 14.07 19.11°
55.18% 0.267 1.346 3.745/3.653 5.04 18.06°

Fig. 9. Relative cell viability of PVA hydrogel and PVA-gpCBMA hydrogel
membrane.

Fig. 10. Eyelid fibroblasts adhesion counts of PVA and PVA-g-pCBMA hydrogel
membranes.
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4. Conclusions

In this study, we immobilized the zwitterionic CBMA onto the sur-
face of PVA hydrogel membrane via PET-RAFT to fabricate an anti-
adhesion and biocompatible surface. According to ATR-FTIR spectro-
scopy and XPS analysis, pCBMA has been immobilized successfully onto
the surface of PVA hydrogel membrane. AFM analysis showed a slight
increase of Ra roughness from 5.44 nm to 6.12 nm, and it indicated the
chemical composition is the main variable parameter across PVA hy-
drogel surface after grafting. The transmittance of PVA-g-pCBMA hy-
drogel membrane between visible light range (380 nm-780 nm) is
91.2%–97.0% after modification. The thermal stability below 150 °C
remains consistency. Thus, the modification does not affect the basic
performance of hydrogel.

On the other hand, according to hydrophilicity analysis, with the
increasing of grafting from 4.58% to 55.18%, the degree of equilibrium
swelling (Q∞) increases from 2.064 cm3 g−1 to 3.653 cm3 g−1, water
contact angle decreased from 45.94° to 18.06°, moisture content of
hydrogel increased from 67.49% to 78.23%. Biological performance
experiment results show the minimum relative cell viability is
90.55% ± 2.48%, which can be regarded as non-cytotoxic, the anti-
protein adsorption capacity of PVA-g-pCBMA hydrogel increased by
67.9% at 25 °C and 57.2% at 37 °C, the anti-adhesion capacity of eyelid
fibroblasts increased by 64.57%.

In summary, PET-RAFT has merits of low costs, easy realizable and
low toxicity, and has a great potential to be used in introducing func-
tional polymer brushes onto the surface of PVA hydrogel membrane
and constructing functional membrane surfaces.
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