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ABSTRACT: During the process of transplant operation,
pathogens can inevitably come in contact with the implants to
cause bacterial infections. Biofilms can then form on the implants,
which can enhance the chance of inducing peri-implantitis to
result in the failure of implantation. Grafting of anti-biofouling
polymer brushes on the implants is a promising method to
prevent the above issues. However, degrafting problems of
polymer brushes might inhibit durable applications. Herein, we
present the fabrication of poly(3-sulfopropyl methacrylate
potassium) (PSPMAK) brushes on silicon substrates through
multiple single bonds, abbreviated as (M-PSPMAK). These
brushes display an enhanced stability, and can remain attached in
aqueosus solutions for at least 32 days with less than 10% chain
degrafting. The brush-coated surfaces exhibit excellent anti-biofouling behavior against bacteria, while mammalian cells can
attach on the surface freely to promote implant interaction with healthy tissues. The stable brushes can also effectively inhibit
the formation of a bacterial biofilm. As a proof of principle, we mimicked the implantation process by implanting M-PSPMAK
brushes coated silicon in rats. The animal experiments indicate that the brush displays a good anti-biofouling behavior by
resisting bacterial attachment. The above results indicate that M-PSPMAK brushes with enhanced stability have great potential
to be applied as long-term anti-biofouling coating on artificial implants to reduce the chance of bacterial infection in clinic.

1. INTRODUCTION

Nowadays, thanks to the development of advanced medical
devices and progress in healthcare procedures, people’s health
can be improved and their expected lifetime is significantly
elongated.1 Even organ/tissue defects or necrosis in bodies can
be effectively repaired by implanting artificial objects.2,3 For
example, patients with rheumatoid arthritis can be treated by
artificial joint implantation to replace the defective part in the
body and to recover normal joint activity.4−6 During the
operation process, however, the implants may become infected
by pathogens, i.e., bacterial biofilms can quickly form on the
implant substrates and cause peri-implantitis.7,8 This condition
is one of the main reasons of implant failure. Once a biofilm
has developed on the implants, peri-implantitis becomes
difficult to be cured as the antibiotics lose pharmacodynamics
to the biofilm.9,10 The current treatments focus mainly on
mechanical debridement and on high-dose antibiotic ther-
apy.11,12 However, the suffering caused by debridement
seriously endangers the patients’ secondary traumatization
both in physical and mental senses, while abuse of antibiotics
(e.g., 1000 times of regular dose) can induce severe drug-

resistant pathogenesis.13,14 Therefore, avoiding the formation
of biofilm on implants is critical in preventing peri-implantitis;
by achieving this, the success rate of implantation would be
significantly increased.
Prophylaxis is a much more effective way to prevent the

formation of a bacterial biofilm on the implant compared to
the subsequent therapy.15 In the last decades, anti-biofouling
coatings on substrate surfaces have been substantially
developed to provide properties like resisting contamination
by proteins, pathogens, cells, etc.16,17 These coating
technologies include physical bonding of active anti-biofouling
layers, plasma treatment, surface chemical modifications,
etc.18,19 Among them, polymer brush coatings have aroused
researchers’ interest for their tunability, adaptive physicochem-
ical properties, and structural flexibility as compared with
physical modification.20 Till now, numerous anti-biofouling
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polymer brushes, such as poly(ethylene glycol), poly(N-(3-
sulfopropyl)-N-(methacryloxyethyl)-N,N-dimethylammonium
betaine), poly(2-methacryloyloxyethyl phosphorylcholine)
(PMPC), etc., have been grafted on various substrates (glass,
gold, titanium, and stainless steel) to prevent both micro-
fouling (protein, bacteria, and cells) and macrofouling
(cyprids).20−23

A critical disadvantage, which has prevented the long-term
application of polymer brushes, is that hydrophilic brushes can
be cleaved off the surface when immersed in aqueous
solutions.24,25 Though degrafting has been observed and
characterized by many groups,24−29 the origin of this process
is still under debate. Some researchers consider hydrolysis at
the anchor points to be the cause of degrafting,28 while others
attribute it to tension at the anchor points or a combination of
both.25,26 Moreover, poor connectivity can also enhance
degrafting.29 Yet, it is clear that strong and reliable surface
anchors are necessary to prepare long-term stable polymer
brushes. The current solution strategies against degrafting
include using dense bottle brushes with backbone attachment
to surfaces and the employment of hydrophobic block chains
to reduce the probability of water reaching the surface
bonds.25,30−32 Poly(glycidyl methacrylate) (PGMA) macro-
initiators can also work as an efficient strategy to strengthen
the brushes’ connection on the substrates by multiple bonds,
which may improve the brush stability in aqueous solution.33,34

This technique is easy to implement with excellent versatility
and is economically practical.
Herein, we present the synthesis of poly(3-sulfopropyl

methacrylate potassium) (PSPMAK) polymer brushes on
silicon substrates based on PGMA macroinitiators. The
stability in aqueous solutions was evaluated for at least 32
days. Anti-biofouling properties against bacteria and biofilm
was also estimated compared to nonfunctionalized silicon
surfaces. Moreover, animal experiments were carried out to
assess the anti-biofouling properties of the anionic polymer
brushes. To the best of our knowledge, no in vivo experiments
have been reported to prove the anti-biofouling activities of
polymer brushes so far. Our results show that the stable
brushes described here have great potential to be applied as
implant coatings to prevent peri-implantitis derived from
bacterial infections. These coatings, when used, would
effectively reduce the suffering of patients after implantations.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Silane-Based PSPMAK Brushes (Si-
PSPMAK).34 First, silicon substrates (1 × 1 cm2) were cleaned
by Piranha solution (sulfuric acid/hydrogen peroxide = 3:1, v/
v) and then extensively rinsed with water and ethanol and
dried with nitrogen. Vapor deposition of (3-aminopropyl)
triethoxysilane (0.1 mL) on the substrates was conducted in a
desiccator under vacuum for one night. Afterward the initiator
was grafted on the substrates by reaction with triethylamine
(0.1 mL) and 2-bromo-2-methylpropionly bromide (0.1 mL)
in toluene (30 mL) for 1 h. (The substrates were placed
perpendicular standing position on a sample holder to prevent
precipitated salt from adhering on the substrates.) After the
reaction, the substrates were sonicated in toluene for 1 min to
remove the physically attached salt. Then, ethanol and water
were used to wash the residual salt and dried with nitrogen gas.
Atom transfer radical polymerization (ATRP) was applied to

graft the brushes from the surface. In a round-bottom flask,
SPMAK (1.5 g, 6 mmol) and 2,2′-bipyridyl (62.8 mg, 0.3
mmol) were dissolved in a mixture of MilliQ water (3 mL) and
methanol (6 mL) and purged with argon for 15 min.
Meanwhile, copper bromide (28.7 mg, 0.2 mmol) was also
flushed with argon in another flask for 15 min. After that, the
monomer solution was combined with the catalyst and
bubbled with argon for another 15 min. Prior to the
polymerization, the initiator-modified silicon substrates were
flushed with argon in Erlenmeyer flask for at least 20 min.
Later, the mixture combining monomer, ligand, and catalyst
was transferred into the flask with the substrates. The
polymerization was allowed to proceed for various times at
room temperature under an argon atmosphere. The reaction
was terminated by injecting 30 mL of MilliQ water into the
flask. Finally, the substrates were rinsed in water and ethanol
solution to remove the physically adsorbed polymer to obtain
Si-PSPMAK brushes. To evaluate the molecular weight of the
brush, free initiator ethyl α-bromoisobutyrate was also added
during the ATRP process.

2.2. Synthesis of Multiple Single-Bond-Based
PSPMAK Brushes (M-PSPMAK).33 As the above-mentioned
step, the silicon substrates were first activated by Piranha
solution. Then, the substrates were dipped in a solution of
PGMA (0.1%) dissolved in methyl ethyl ketone and dried in
air to form the PGMA thin film. All the samples were kept in a
Petri dish with an aging time of 48 h and then annealed for 30
min at 110 °C. The physically attached macromolecular film

Scheme 1. Schematic of the Synthesis of Si-PSPMAK and M-PSPMAK Brushes on Silicon Substrates
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was removed by multiple washings with chloroform and
sonication to obtain the covalently bonded PGMA layer. To
graft initiator on the substrates, one-step reaction was
conducted as follows. The PGMA-coated substrates were
immersed in a cold dimethylformamide solution (30 mL) and
triethylamine (0.1 mL) and 2-bromo-2-methylpropionyl bro-
mide (0.1 mL) were added dropwise. Then, the reaction was
allowed to react for 4 h with violent stirring. Lastly, ATRP was
applied to graft brush on the substrates to obtain M-PSPMAK
brushes, and the reaction details are mentioned above. Details
of the materials and characterization methods could be found
in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Prepared Two Brushes.
Two synthetic strategies are conducted to prepare PSPMAK
polymer brushes, namely, (a) silane-based (Si-PSPMAK) and
(b) PGMA macroinitiator-based (M-PSPMAK) strategies,
which are schematically shown in Scheme 1. The contact
angle of water on the surface was measured for each reaction
step to confirm successful modification (Table S1). The
change of surface wettability indirectly demonstrates that the
corresponding component was grafted on the surface. The
chemical composition of Si-PSPMAK brush was analyzed by
Fourier transform infrared (FTIR) spectroscopy (see Figure
S1). The characteristic SO3

2− vibration peaks at 1178 and 1036
cm−1 prove the formation of PSPMAK brushes on the
substrate. X-ray photoelectron spectroscopy (XPS) was applied
to characterize the elemental composition of M-PSPMAK
brushes. As shown in Figure S2 and Table S2, the 200−240 eV
peak indicates the presence of sulphur and the 300−350 eV
peak that of potassium. The polymerization kinetics of both
systems are depicted in Figure S3. Upon increase of the
polymerization time, the thickness of both PSPMAK brushes
increases linearly in the first few hours as a result of the
controlled reversible deactivation radical polymerization
employed. Following the initial linear growth, the brush height
reaches a plateau with further increase of the polymerization
time due to unavoidable termination reactions.
3.2. Stability Test in Aqueous Solution. As reported,

the Si-PSPMAK brush is bonded ideally by one or two
covalent bonds to the surface. It is well-known that these
silanes can be easily degrafted from the surface.25,26 In contrast,
our synthetic M-PSPMAK brush forms a hydrophobic
protection layer between the water-filled brush and the
bonds formed between the epoxy groups on the PGMA

chains and the substrate, which can improve the stability of the
brush. To prove the above hypothesis, the stability of the two
brush systems studied here was evaluated by immersing them
in water and PBS separately for various days. The Si-PSPMAK
brush layers with two different thickness values (45 and 150
nm) were chosen for these degrafting measurements, and the
results are shown in Figure 1a. After one day, both brushes
studied degrafted significantly during the contact with water.
There are several reasons for the strong degrafting after
immersion in water. First, the presence of water near the
anchor points enables hydrolysis.26 Moreover, due to the
strong swelling by water, the polymers stretch, which increases
the tension at the anchor points. This tension reduces the
activation barrier for hydrolysis, which might enhance
degrafting. Especially for the thick brush layer of 150 nm,
the degrafting is above 50% after one day of immersion in
aqueous solution, which is about twice faster than that of the
thinner brushes of 45 nm. This is consistent with the higher
surface pressure and thereby tension at the anchor points that
is predicted for brushes of longer polymers.35 In addition, the
brush degrafts faster in PBS than in water, which is caused by
salt-induced ionization of the undissociated repeating units
near the anchor points.36,37 With further increase of the
immersion time, the brushes keep degrafting for all the tested
groups. We observe that most of the brushes degraft from the
substrate between 8 and 16 days. After 16 days, no brushes
could be measured on the substrates by atomic force
microscopy (AFM) for the thick brushes (initial height 150
nm) both in water and PBS. We confirm this with FTIR, which
shows that there is indeed no characteristic SO3

2− group on the
substrate observed. In contrast, the thin brushes (initial height
45 nm) have not been completely degrafted after 16 days. Still
32% and 10% are left on the substrate after immersion in water
and PBS solution, respectively. We observe that only after 32
days’ immersion, the height of the thin brushes reduces to an
immeasurable thickness (<1 nm), indicating the instability of
the Si-PSPMAK brushes in aqueous solution. In contrast, the
M-PSPMAK brushes maintain excellent stability under the
same conditions, and only 10% degrafting is observed after
incubating in water and PBS for 32 days (see Figure 1b). The
epoxy groups work as protection to inhibit the hydrolysis of
water molecules on the grafting point bonds, thus less
polymers could be degrafted from the substrate. Moreover,
potentially, many covalent bonds are formed between PGMA
and substrate, all of which would have to be broken at the same
time for degrafting to occur. The results above indicate that the

Figure 1. Stability of (a) Si-PSPMAK brush (45 and 150 nm) and (b) M-PSPMAK brush (50 nm) immersing in water and PBS for various days.
The variation of the dry thickness of the PSPMAK layer was measured by AFM as a function of immersion time in water and PBS solutions. The
height is normalized by the initial height.
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M-PSPMAK brushes are rigidly anchored to the substrate and
can resist degrafting for extended periods of time.
3.3. Bacterial Adhesion Assays. After obtaining the

stable M-PSPMAK brushes, their anti-biofouling properties
were evaluated by incubating the brush-grafted silicon
substrate in both Gram-positive bacteria (Staphylococcus
aureus) and Gram-negative bacteria (Escherichia coli) suspen-
sions for 4 h, and nonfunctionalized silicon substrates were
employed as control. As shown in Figure 2, there are numerous

bacteria adhering to the silicon substrate for both S. aureus and
E. coli, while almost no bacteria can be found on the Si-
PSPMAK and M-PSPMAK brush-coated substrates. PSPMAK
is highly hydrophilic, and the brush is strongly hydrated, which
promotes the resistance against bacterial attachment.20 More-
over, the negative charges on PSPMAK and the negatively
charged bacteria cell membrane repel each other,38−40 thus
bacteria attachment is seriously hampered on the brush-
modified surfaces. Next, the long-term anti-biofouling proper-

Figure 2. (a) Fluorescent images of S. aureus and E. coli attachment on silicon, Si-PSPMAK (45 nm), and M-PSPMAK brushes (50 nm) coated
substrates before and after immersion in PBS for 32 days. Scale bar: 100 μm. (b) Biofilm morphology on silicon, Si-PSPMAK brush (45 nm), and
M-PSPMAK brush (50 nm) coated substrates after 24 h incubation with S. aureus. Scale bar: 10 and 2 μm.

Figure 3. (a) Cell attachment on silicon and M-PSPMAK (20 and 50 nm) coated substrates after incubation with L929 for 24 h. (b) Cell number
counted from images (a). (c) Cell biocompatibility of silicon and M-PSPMAK brushes coated substrates.
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ties of Si-PSPMAK (45 nm) and M-PSPMAK brushes (50
nm) were also tested after immersion in PBS for 32 days. As
shown in Figure 2a, there are numerous bacteria attached on
the Si-PSPMAK brush-coated substrate, which is due to the
degrafting of brushes resulting in a loss of the anti-biofouling
activity. In contrast to the silicon substrates and the Si-
PSPMAK brushes, nearly no bacteria could be observed on the
M-PSPMAK-coated material, indicating long-term anti-bio-
fouling properties due to the enhanced stability in aqueous
solution. The values of the bacterial numbers were counted
and are shown quantitatively in Figure S4.
The bacterial biofilm resistance of the brushes was

characterized by incubation with a high concentration of S.
aureus for 24 h, while silicon substrates were applied as a
control. As shown in Figure 2b, a thick biofilm was formed on
the silicon surface through layer-by-layer stacking. For the M-
PSPMAK brushes grafted surfaces, there were only a few
bacteria distributed on the substrate without forming thick
biofilms. As the M-PSPMAK brushes exhibit long-term anti-
biofouling activity against the bacteria, attachment is strongly
hindered and no biofilm is formed. For the Si-PSPMAK
brushes, thick bundles of biofilms are formed on the substrate,
which might be created by the entanglement with the
degrafted polymers.
3.4. Cell Adhesion and Cytotoxicity Assay. For

biomedical applications, the cytotoxicity and interaction of
the implant need to be tested, as a good biocompatibility can
avoid immune system response.41 The interaction between
implants (especially for artificial joints) and healthy tissue is
very essential, as cell attachment on the implants can accelerate
their interactions.42,43 Here, we characterized the cell and
brush interaction by observing the L929 cell attachment on the
M-PSPMAK brush-modified substrates. The fluorescence
images are shown in Figure 3a. As expected, L929 cells attach
and spread well on the silicon substrates. As previously
reported, the effect of the anti-biofouling surface is nonspecific,

which can resist the attachment of both micro- and macroscale
substances.19 We anticipated that the brush length would affect
the anti-biofouling property. Therefore, M-PSPMAK brushes
with two different lengths (20 and 50 nm) were tested. As
shown in Figure 3a, numerous L929 cells can be observed on
the thin M-PSPMAK brush (20 nm) modified surface.
However, less cells grow on the surface of the thicker brush
(50 nm), indicating that the cell attachment is influenced by
the brush height, though the cell amount is less than that on
pure silicon surfaces (Figure 3b). The earlier reported brushes
are normally thicker than 100 nm, which displayed higher anti-
biofouling properties for both bacteria and cells.19 In our
system, the relatively short brush shows good cell attachment,
still with a high anti-biofouling activity to bacteria (Figure S5),
which can be due to the dimension mismatch between bacteria
and cells. The biocompatibility of the M-PSPMAK brush
coated substrate was also evaluated by incubation with L929
fibroblast cells. As shown in Figure 3c, the M-PSPMAK group
shows no toxicity toward the fibroblast cells compared to the
control and pure silicon group, which indicates that the
modified substrates have good biocompatibility and can be
applied on the implants.

3.5. In Vivo Anti-Biofouling Evaluation. As is well-
known, once the implants and implantation devices are
infected by bacteria, serious peri-implantitis can occur to
cause implant failure.15 If the devices are coated with anti-
biofouling materials, one only would need to dip the device in
PBS for a few seconds to release the contamination before the
operation to avoid bacterial infection. To evaluate the anti-
biofouling properties of M-PSPMAK brushes in vivo, animal
tests of implantation were conducted. Clean silicon, Si-
PSPMAK brush and M-PSPMAK brush modified silicon
substrates were applied as an implantation model for the
following experiments following 32 days’ immersion in PBS.
We simulated the bacterial infection process by immersing all
substrates in E. coli suspension (108 CFU/mL) for 1 h. After

Figure 4. (a) Schematic of placing subcutaneous implants of the brush-coated substrates. (b) Photographic images of the wound after implantation
for various days. (c) H&E staining of the sutured wound after 7 days for Si, Si-PSPMAK, and M-PSPMAK, separately. The dashed box stands for
the unrepaired tissue area. Scale bar: 1 mm and 50 μm.
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exposure, the substrates were separately dipped in PBS for 10
seconds to release the physically attached bacteria. Following
this step, Sprague−Dawley (SD) male rats were used as the
implantation models. The process is schematically shown in
Figure 4a. First, the back skin of a SD rat was cut over 1 cm in
length using scissors. Then, the contaminated substrates were
implanted and embedded under subcutaneous tissue, and the
wounds were sutured. Next, the rats were kept under normal
conditions, and three parallel groups were employed for
comparison.
The photographs of surgical sites of the SD rats are shown in

Figure 4b. After 4 days, the sutured skin starts to heal for all
three groups. Especially for the M-PSPMAK group, the wound
area is greatly reduced. However, the Si group shows a large
pustule on the wound, which might be due to bacterial
infection. As mentioned in Figure 2, the pure silicon could not
resist bacterial attachment, thus the implanted contaminated
silicon substrate causes bacterial infection. After 7 days, there
are still large unrecovered scars left on the silicon and Si-
PSPMAK groups, while the M-PSPMAK group is almost fully
recovered. Hematoxylin and eosin (H&E) staining was applied
to characterize the tissue healing and inflammatory reactions in
the wounds. As indicated in Figure 4c, there are severe
epidermis and dermis damages on the tissues of rats of the
silicon and Si-PSPMAK groups, which also shows numerous
inflammatory cells. In contrast, the M-PSPMAK group displays
less damaged tissue and inflammation, indicating less bacterial
infection on the wound. These results prove that the M-
PSPMAK brushes exhibit excellent long-term anti-biofouling
activities toward microorganism. In contrast, the Si-PSPMAK
brushes could not bear the long-term hydrolysis of aqueous
solution, and were thus degrafted from the surface and lost the
anti-biofouling performance.

4. CONCLUSIONS
In summary, Si-PSPMAK and M-PSPMAK brushes were
prepared on silicon substrates through silane-based coupling
chemistry and by employing PGMA macroinitiators as
anchors, respectively. Compared to Si-PSPMAK brushes, the
M-PSPMAK brushes show enhanced stability against degraft-
ing in water and PBS for at least 32 days. The M-PSPMAK
brushes exhibit long-term anti-biofouling activity against
bacteria and also can effectively inhibit the formation of
biofilms. The attachment of cells is dependent on the height of
the M-PSPMAK brushes. Implantation experiments of brush-
decorated surfaces in vivo prove that the M-PSPMAK brushes
can effectively reduce bacterial attachment and avoid bacterial
infection during implanting operations. Thereby, we have
shown that utilizing PGMA macroinitiators as anchors
provides a reliable route for the preparation of long-term
stable anti-biofouling brushes for biomedical applications,
which is employed to avoid bacterial infection.
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