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Surface Modification of Silicone with Covalently
Immobilized and Crosslinked Agarose for Potential
Application in the Inhibition of Infection and Omental

Wrapping

Min Li, Koon-Gee Neoh,* En-Tang Kang, Titus Lau,and Edmund Chiong

In peritoneal dialysis (PD), the catheter, usually made of silicone, has been
considered the “lifeline” of the patient. However, the PD catheter also serves
as a nidus for bacterial infection. Furthermore, complications can result from
fibrin deposition and omental wrapping of the catheter, which obstructs

the dialysate flow. In this work, a crosslinked agarose (AG) polymer layer

is covalently grafted as a microscale coating on the silicone surface. This
coating reduces Staphylococcus aureus, Escherichia coli, and Pseudomonas
aeruginosa biofilm formation by more than two orders of magnitude. In
addition, cell and platelet adhesion and protein adsorption is also reduced

by 290%. Without compromising the antibacterial and antifouling property,
further improvement in hemocompatibility, as shown by the inhibition of
platelet adhesion and activation, prolonged plasma recalcification time and
lower hemolysis degree, is achieved by co-immobilization of 2.6 ug cm=2 of
heparin (HEP) in the agarose coating. The AG-HEP coatings are not cytotoxic
to mammalian cells, and are stable for extended periods in lysozyme aqueous

solution and under autoclaving at 121 °C for 20 min.

1. Introduction

Peritoneal dialysis (PD) is an effective home-based dialysis
treatment modality for patients with severe renal disease, and
it has been used in many countries as a significantly lower
cost alternative to hemodialysis.'”) However, the success of
PD may be compromised by complications related to the cath-
eter, which is usually made of silicone. Biofouling (in the form
of protein adsorption and cell adhesion) and bacterial attach-
ment on the highly hydrophobic silicone surface may result in
omental wrapping and infection, which is the leading cause
of PD outflow failure and the second most common cause of
death for PD patients, respectively.}®l In addition, when in
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contact with blood, platelet adhesion and
activation-induced thrombosis may lead
to intraluminal obstruction of PD cath-
eters.’] The PD catheter can be consid-
ered the “lifeline” of the PD patient, and
catheter-related complications are the pri-
mary obstacle to the widespread use of
PD. Since the introduction of Tenckhoff
catheter in mid-1960s, the development of
new PD catheter designs has not shown
convincing improvement in reducing
infection and increasing the survival rates
of PD patients.’l Thus, in recent years,
modification of the catheter surface to
improve its antifouling, antibacterial and
hemocompatible properties has attracted
increasing interest.*1l

Tethering of functional polymer coat-
ings via covalent bonding provides an
effective way to modify catheter surface
properties.'*71  The synthetic hydro-
philic polymer, poly(ethylene glycol)
(PEG), and its derivatives are the most widely used antifouling
and antibacterial materials.'®!?) However, PEG suffers from
some limitations: PEG-coated surfaces are unable to reduce
protein adsorption to very low levels due to their interac-
tions with proteins, and they are also susceptible to oxidative
degradation in the presence of oxygen and transitional metal
ions which limits its long-term antifouling and antibacterial
performance in vivo.?®2!l Other synthetic polymers such as
poly(acrylamide)s,?22%1 - poly(sulfobetaine methacrylate),2*2¢]
poly(carboxybetaine methacrylate)?”] and poly(peptoid)s!??’]
are extensively investigated for use as antifouling coatings.
Natural polymers, as compared with their synthetic counter-
parts derived from petrochemicals, provide an attractive alter-
native. Chitosan and its derivatives are the most widely used
natural polymers for antibacterial coatings,?*32 but their anti-
fouling properties are limited because of their strong interac-
tions with proteins.**** Heparin (HEP), a commonly-used
anticoagulant agent, has been reported to be an antibacterial
coating which can reduce infection both in vitro and in vivo.*!
However, the antibacterial effect of HEP is still debatable. Some
studies reported that HEP did not significantly reduce bio-
film formation by S. aureus and may even stimulate the pro-
cess.B%¥ Tmmobilization of protein-degrading enzymes, such
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as Subtilisin A, was found to reduce protein adsorption on
surfaces.383% At present, surface modification of silicone with
covalently immobilized natural polymer coatings for the long-
term improvement of its antifouling, antibacterial and hemo-
compatible properties is lacking.

Agarose (AG) is a neutral polysaccharide, which is derived
from agar. As a US Food and Drug Administration (FDA)-
approved ingredient, AG is widely used in many fields of bio-
medical applications, such as nerve regeneration, drug and gene
delivery, and dental impression due to its biocompatibility, sta-
bility and inertness.**#2 In earlier reports, AG, in the form of
film and hydrogel, was shown to resist Proteus mirabilis bacterial
adhesion*}! and marine fouling.**! In this study, modification
of AG by the introduction of acrylate groups was carried out to
facilitate a covalently immobilized and crosslinked AG layer on
medical grade silicone film and catheter surfaces to improve
their antibacterial and antifouling properties. A problem fre-
quently encountered in silicone surface modification is hydro-
phobic recovery, which is caused by the re-orientation and
migration of the hydrophobic silicone segments and the coating
polymer, due to the high flexibility and low glass transition
temperature of the silicone polymer.*’l The agarose coating
in this work was crosslinked to prevent hydrophobic recovery
and improve its stability. In addition, HEP modified with meth-
acrylate groups was covalently incorporated into the crosslinked
AG layer to further improve the silicone’s hemocompatibility.
Protein adsorption, bacterial colonization, and cell and platelet
adhesion on the AG and AG-HEP modified silicone were evalu-
ated in vitro.
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2. Results and Discussion

2.1. Surface Characterization

The procedures for the covalent grafting and crosslinking of AG
and AG-HEP polymers on the silicone surfaces are illustrated
schematically in Figure 1. The peroxides and hydroxyl peroxides
on the silicone surface generated by oxygen plasma or ozone
treatment served as anchor sites for the subsequent immobili-
zation of the polymer chains.*®l The X-ray photoelectron spec-
troscopy (XPS) widescan, S 2p core-level and N 1s core-level
spectra of the AG, HEP, and AG-HEP grafted silicone films are
shown in Figure 2. The intensity of the Si 2p and Si 2s signals
in the widescan spectrum of the crosslinked AG grafted silicone
film, Silicone-g-AG4, (Figure 2(a)) is significantly decreased as
compared to that of the pristine silicone film (Figure S1(a), Sup-
porting Information), indicating the successful grafting of AG
on the silicone film. As expected, no sulfur and nitrogen sig-
nals are discernible in the S 2p core-level and N 1s core-level
spectra of the Silicone-g-AG4 film (Figure 2(a’) and its inset,
respectively) since these elements are not present in silicone
or acrylated AG polymer. The surface elemental compositions
of the pristine and polymer-modified silicone as determined by
XPS are shown in Table 1. The [Si]/[C] ratio of the Silicone-g-AG4
film is about 0.08:1 and is much lower than that of the pristine
silicone (0.52:1). The extent of AG grafting can be qualitatively
estimated from the [Si]/[C] ratio since Si is present only in sili-
cone and not in the acrylated AG. As shown in Table 1, the [Si]/
[C] ratios of Silicone-g-AG1, Silicone-g-AG2, Silicone-g-AG3 and
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Figure 1. Schematic illustration of the modification of silicone surface via oxygen plasma or ozone treatment (Step (1)), and UV or heat-induced
immobilization and crosslinking of acrylated AG and methacrylated HEP (Step (2)).
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Figure 2. XPS widescan and S 2p core-level spectra of the a,a’) Silicone-
g-AG4, b,b") Silicone-g-HEP, and c,c’) Silicone-g-AG-HEP1 films. The
insets show the N Ts core-level spectrum of respective film.

Silicone-g-AG4 films decrease with increasing UV irradiation
time from 15 min to 120 min, indicating an increase in the
grafting density of the immobilized AG.

For the HEP modified silicone film, Silicone-g-HEP, sulfur
and nitrogen signals are present in the S 2p core-level and N
1s core-level spectra (Figure 2(b') and its inset, respectively)
after 120 min of UV-induced grafting of methacrylated HEP. In
addition, the [Si]/[C] ratio of the Silicone-g-HEP film decreased
to 0.14:1, which also confirms the successful grafting of HEP
on the silicone film. The surface concentration of immobi-
lized HEP, as determined by the toluidine blue method, was
12.1 ug cm™? of the Silicone-g-HEP film.
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For the silicone film modified with both AG and HEP, Sili-
cone-g-AG-HEP1, the sulfur and nitrogen signals are discernible
in the S 2p core-level and N 1s core-level spectra (Figure 2(c’)
and its inset, respectively). The [Si]/[C] ratio of the Silicone-
g-AG-HEP1 film decreased to 0.10:1. Figure 3 shows the field
emission scanning electron microscopy (FESEM) images of
the cross-section of the AG and AG-HEP modified films. It can
be clearly observed that the thickness of the grafted AG layer
(upper layer in Figure 3(a)) on Silicone-g-AG4 (120 min of UV
irradiation), and the AG-HEP layer (upper layer in Figure 3(b))
on Silicone-g-AG-HEP1 (120 min of UV irradiation) is ~2 um,
confirming the successful grafting of AG and AG-HEP on the
silicone surface. The thickness of the grafted AG layer can be
varied by changing the the UV irradiation time. When the UV
irradiation time was decreased to 60 min and 15 min, the thick-
ness of the grafted AG layer decreased to 0.8 pm and 0.3 pum,
respectively. The surface concentration of the immobilized
HEP increased with increasing feed ratio of methacrylated HEP
in the reaction solution (compare the immobilized HEP con-
centration of Silicone-g-AG-HEP1 and Silicone-g-AG-HEP2 in
Table 1), which is also confirmed by the increase in [S]/[C] and
[N]/[C] ratios of these films in Table 1.

The change in water contact angle of the pristine and pol-
ymer-modified silicone also provides supporting evidence that
the silicone film surface has been successfully modified. As
shown in Table 1, the pristine silicone film is hydrophobic with
a water contact angle of 107°. The modified silicone films after
grafting with AG, HEP, and AG-HEP became more hydro-
philic with a much lower water contact angle. In addition, it can
be observed that the contact angle of the AG-modified silicone
films decreases with increasing UV reaction time, indicating an
increase in the grafting density of the immobilized AG, which
is consistent with the results revealed by the surface [Si]/[C]
ratios of these films (Table 1).

2.2. Bacterial Adhesion and Biofilm Formation Assay

Development of surface resistance to bacterial adhesion is a
crucial step to prevent bacterial infection. After adhesion on a
surface, bacteria will multiply and form biofilm in the presence
of a growth medium. The biofilm in turn protects the bacte-
rial cells from the host's natural defense systems as well as
antibiotics.*”! For an implanted device, such as a PD catheter,
the first few hours after insertion is considered an important
period where the introduced pathogen is still in the quiescent
stage and the host immune system can actively neutralize the
invading pathogen. The efficacy of the polymer-modified sili-
cone film in reducing bacterial adhesion was evaluated using
the model bacteria, Gram-positive S. aureus and Gram-neg-
ative E. coli, because they are among the most common spe-
cies responsible for PD-related infections.! Figure 4 shows
the scanning electron microscopy (SEM) images of adherent
S. aureus cells on pristine and modified silicone films. A large
number of S. aureus was observed on pristine silicone after 4 h
of incubation in phosphate buffer saline (PBS) (Figure 4(a)).
The number of adherent S. aureus was significant reduced after
surface modification of the silicone film with AG, AG-HEP,
and HEP (Figure 4(b—d)). It is well-known that microbes prefer
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Table 1. Surface composition and water contact angle of the polymer-modified silicone films.

Sample Acrylated AG/ methacrylated Reaction time [CL:ISI[S):INT Water contact angle Heparin concentration
HEP feed ratio [w/w%] [min] [£39] [ug cm?P)
Pristine silicone - - 1:0.52:-:- 107 -
Silicone-g-AG19 100/0 15 1:0.31:-:- 42 -
Silicone-g-AG2°) 100/0 30 1:0.22:-:- 35 -
Silicone-g-AG3°) 100/0 60 1:0.15:-:- 34 -
Silicone-g-AG4°) 100/0 120 1:0.08:-:- 30 -
Silicone-g-AG-HEP19 90/10 120 1:0.10:0.0081:0.0036 29 2.6+0.9
Silicone-g-AG-HEP29) 80/20 120 1:0.12:0.0090:0.0040 33 4.7+0.6
Silicone-g-HEP®) 0/100 120 1:0.14:0.015:0.0090 40 121+£1.9

A[CJ:[SiJ:[SJ:[N] molar ratio calculated from the sensitivity factor-corrected XPS C 1s, Si 2p, S 2p and N 1s core-level spectral area ratio; Y Surface concentration of immo-
bilized HEP on the AG-HEP modified silicone films as determined by the toluidine blue method; 9AG-grafted silicone prepared by UV-induced immobilization and
crosslinking of acrylated AG; YAG-HEP-grafted silicone prepared by UV-induced immobilization and crosslinking of acrylated AG and methacrylated HEP; 9 HEP-grafted
silicone prepared by UV-induced immobilization and crosslinking of methacrylated HEP.

to attach to hydrophobic surfaces due to hydrophobic interac-
tions.2! Thus, the ability of the AG, AG-HEP, and HEP modi-
fied silicone to inhibit S. aureus adherence can be attributed
to the improved surface hydrophilicity which results from the
grafting of the hydrophilic polymers. Since it has been reported
that some adhered bacteria may be washed off the surface
during washing procedures due to forces at the air-liquid inter-
face, the number of bacteria on the films (as shown in Figure 4)
may reflect bacterial retention rather than bacterial adhesion
per se.[*8]

The anti-adhesive property of the AG, AG-HEP, and HEP
modified silicone can be further illustrated by the fluores-
cence microscopy images of adherent S. aureus cells on pris-
tine and modified silicone films (Figure S2). Large number of
viable S. aureus (stained green with SYTO 9) can be observed
on pristine silicone film (Figure S2(a)). On the AG, AG-HEP,
and HEP modified silicone surfaces, the number of viable bac-
teria was significantly reduced (Figure S2(b—d)). Very few dead
or membrane-compromised bacteria (stained red with pro-
pidium iodide (PI)) can be observed on all the silicone surfaces
(Figure S2(a’-d’)). Thus, the AG and HEP polymers are anti-
adhesive, but not bactericidal. The anti-adhesive property of the
AG-modified silicone strongly depends on the grafting density
of the immobilized AG layer, which is associated with the UV-
induced grafting time (Figure S3). The efficacy in inhibiting
S. aureus and E. coli adhesion increases with the increasing
UV irradiation time. After 120 min of UV induced grafting, the
resulting Silicone-g-AG4 reduced S. aureus and E. coli adhesion
by ~98% and ~99%, respectively.

HEP is less effective in reducing S. aureus adhesion than AG
(comparing Figure 4(d) with 4(b)). Thus, the grafting of a large
amount of HEP on AG-HEP-modified silicone will result in
an increase in the number of adherent bacteria. If the surface
concentration of immobilized HEP is restricted to 2.6 pug cm™
or less, the antibacterial efficacy of Silicone-g-AG-HEP will not
be significantly different from that of Silicone-g-AG4 (com-
paring the number of adherent bacteria on the Silicone-g-
AG-HEP films with different surface concentrations of HEP in
Figure S4).

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Bacterial biofilms are the major cause of peritonitis and other
PD catheter-related infections in PD.*)! In this work, the effi-
cacy of the polymer-modified silicone films in inhibiting biofilm
formation was assessed after incubation in growth medium
containing 107 bacterial cells mL™ for 48 h. Figure 5 shows the
SEM images of bacterial biofilm on pristine and modified sili-
cone surfaces. It can be seen from Figure 5(a) and (d) that both
S. aureus and E. coli readily form a thick biofilm on the pris-
tine silicone film. After surface grafting of AG on the silicone
surface, significant reduction in bacterial biofilm was observed.
There is no obvious S. aureus biofilm but some bacterial clus-
ters are present on the Silicone-g-AG4 and Silicone-g-AG-HEP1
films (Figure 5(b) and (c), respectively). The Silicone-g-AG4
and Silicone-g-AG-HEP1 films are even more effective in pre-
venting E. coli biofilm formation, and only a few individual bac-
terial cells can be observed (Figure 5(e) and (f), respectively).
These results suggest that S. aureus biofilm formation on sili-
cone surface is more difficult to prevent than E. coli biofilm,
which is consistent with a previous report.’% Nevertheless,
quantification of the number of adherent bacteria on pristine
and modified silicone films showed that the modified silicone
(Silicone-g-AG4 and Silicone-g-AG-HEP1) reduced the number
of adherent S. aureus and E. coli by ~2.4 and ~3.3 orders of
magnitude, respectively (Figure 6(a) and (b)), compared to the
pristine film. In addition to E. coli and S. aureus, P. aeruginosa
(Gram-negative) biofilm formation on the AG and AG-HEP
modified silicone films was also assessed since P. aeruginosa is
another major cause of infection in PD dialysis.®! The number
of adherent P. aeruginosa cells on the AG and AG-HEP modi-
fied films was reduced by more than 2 orders of magnitude
compared to pristine silicone (Figure S5). Thus, the bacterial
adhesion and biofilm formation assays indicate that the AG and
AG-HEP graft layers are effective against E. coli, S. aureus and
P. aeruginosa bacterial species.

In addition to the flat silicone film surface, the AG and
AG-HEP polymer were grafted onto tubular PD catheter sur-
face via ozone treatment followed by heat-induced immobi-
lization and crosslinking of the polymer layer. By changing
the heating period, the thickness of the AG graft layer can be

Adv. Funct. Mater. 2014, 24, 1631-1643
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Figure 3. FESEM images of the cross-section of a) Silicone-g-AG4 and b) Silicone-g-AG-HEP1

films. Scale bar is T um.

varied. This is illustrated in Figure S6(a) and S6(b), which show
the cross-section of AG-modified PD catheter prepared using
a heating period of 8 h and 18 h, respectively. These heating
periods resulted in an AG graft layer of ~2 and ~5 um thick-
ness, respectively. Figure S6(c) shows the number of adherent
E. coli cells on the pristine and modified catheter surfaces after
48 h of incubation in culture medium. The AG and AG-HEP
modified PD catheters reduced the number of adherent bacte-
rial cells by more than 3 orders of magnitude, similar to the
results obtained with the Silicone-g-AG4 film. In addition, no
significant difference in the number of adherent bacterial cells
was found on the modified catheters with 2 um and 5 pm of

Adv. Funct. Mater. 2014, 24, 1631-1643
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polymer graft layer, indicating that there is
no substantial improvement in the antibacte-
rial efficacy of the AG and AG-HEP coatings
of thickness beyond 2 pm.

2.3. Stability

The stability of coatings applied on PD cath-
eters is a crucial requirement since PD cath-
eters need to be placed in the abdomen for a
long time. The stability of the AG and AG-
HEP modified silicone films was assessed by
conducting the bacterial biofilm assay and
the contact angle measurement on the films
after they were aged in lysozyme solution at
37 °C for 30 days. As shown in Figure 6(a),
the number of adherent S. aureus after the
biofilm assay increased slightly but not sig-
nificantly (P>0.05) on the aged AG and AG-
HEP modified films. Simﬂar results were
also obtained for E. coli (Figure 6(b)). The
contact angles of the aged Silicone-g-AG4
and Silicone-g-AG-HEP1 films were 32° and
30°, respectively, which are not significantly
different from the values before aging (30°
and 29°, respectively). In addition, the bio-
film formation assay also shows that the Sil-
icone-g-AG4 and Silicone-g-AG-HEP1 films
maintain their antibacterial property after
autoclaving at 121 °C for 20 min (Figure 6(a)
and (b)). These results suggest that the
crosslinked AG and AG-HEP layers on sili-
cone are stable. The stability of the graft layer
after aging for 30 days also indicates that the
crosslinked AG and AG-HEP layers are able
to prevent the hydrophobic recovery of sili-
cone and retain their antibacterial efficacy.

A similar aging experiment in the
lysozyme solution for 30 days was carried out
with crosslinked AG and AG-HEP hydro-
gels and uncrosslinked AG hydrogel. For
the crosslinked AG and AG-HEP hydrogels,
a weight loss of 13.5% and 11.8%, respec-
tively, was observed. The uncrosslinked AG
hydrogel showed a higher weight loss of
22.7%, which corresponds well to the deg-
radation of uncrosslinked AG hydrogel in vivo in a previous
study.®! Biofilm assay carried out with aged Silicone-c-AG film
(uncrosslinked AG coated silicone film) (Figure 6) also con-
firmed that the uncrosslinked AG coating is not as stable in
lysozyme solution as the crosslinked one. In addition, the Sili-
cone-c-AG film after autoclaving at 121 °C for 20 min does not
possess antibacterial property since the uncrosslinked AG layer
was only physically adsorbed on the film and it melted away
during autoclaving.

When a PD catheter is inserted into the body, it will
encounter frictional and bending forces. The stability of the
crosslinked AG and AG-HEP layer on catheter after being

Tum
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Figure 4. SEM images of a) pristine silicone, b) Silicone-g-AG4, c) Silicone-g-AG-HEP1, and d) Silicone-g-HEP film surfaces after exposure to a PBS
suspension of S. aureus (108 cells mL™") for 4 h. Scale bar is 10 um.

Figure 5. SEM images of a—c) S. aureus and d—f) E. coli biofilm on a,d) pristine, b,e) Silicone-g-AG4 and c,f) Silicone-g-AG-HEP1 films after incubation
in growth medium containing 107 bacterial cells mL™' for 48 h. Scale bar is 10 um.

1636 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2014, 24, 1631-1643
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Figure 6. Quantitative count of adherent a) S. aureus and b) E. coli cells
per cm? of the pristine and modified film surfaces after incubation in
growth medium containing 107 bacterial cells mL™" for 48 h as determined
by the spread plate method. * Significant differences (P < 0.05) compared
with pristine silicone. # Significant differences (P < 0.05) compared with
respective as-prepared film.

A

subjected to such forces was evaluated using the bacterial bio-
film formation assay and the results are shown in Figure S7.
The AG and AG-HEP modified catheters showed good stability
since there is no significant change in the number of adherent
bacteria on the modified catheter after the friction and bending
tests.

2.4. Protein Adsorption and Cell Adhesion

Omental wrapping is the leading cause of outflow failure
in PD treatment. The omentum is the primary peritoneal
defense organ, and in response to inflammation or foreign
matter, it will adhere to and wall off the affected area. Protein
adsorption on the surface of PD catheter is a crucial factor for
omental wrapping since the mechanism for omental adhe-
sion is believed to involve the formation of fibrin exudates at
the site of insult, which attracts active migration of fibroblasts
and leukocytes and finally leads to encapsulation of the affected
area.’?l In this work, the adsorption of two kinds of proteins,
FBG and BSA, on the modified silicone films was investigated.

Adv. Funct. Mater. 2014, 24, 1631-1643
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Figure 7. BSA and FBG adsorption on pristine silicone, Silicone-g-AG4,
Silicone-g-AG-HEPT and Silicone-g-HEP films after the films were treated
with 1.0 mg mL™" of pure protein solutions for 4 h. *Significant differ-
ences (P<0.05) compared with pristine silicone.

As shown in Figure 7, the amount of adsorbed FBG and BSA
on pristine silicone film is ~2.9 and ~1.9 g cm™, respectively.
After grafting with AG, the protein adsorption was very signifi-
cantly reduced. The Silicone-g-AG4 film reduced BSA and FBG
adsorption by ~98%, and the Silicone-g-AG-HEP1 film showed
a similar reduction of protein adsorption. Non-specific adsorp-
tion of proteins on the hydrophilic AG polymer is known to
be very low, and AG and its derivatives are often used as the
supporting materials for protein separation to minimize the
non-specific adsorption.*3l Thus, the observed reduction in pro-
tein adsorption on the Silicone-g-AG4 and Silicone-g-AG-HEP1
films can be attributed to the AG layer. On the other hand, the
Silicone-g-HEP film is less effective in reducing protein adsorp-
tion (adsorbed BSA and FBG was reduced by ~51% and ~80%,
respectively). This is because HEP is able to interact with some
kinds of proteins, including BSA and FBG.P*>*l Nevertheless,
if the immobilized HEP is low (2.6 pug cm™), such as on the
Silicone-g-AG-HEP1 film, the protein-repellent property of AG
is preserved (compared with the Silicone-g-AG4, Figure 7).

The effect of protein adsorption on pristine silicone and
Silicone-g-AG4 films on subsequent bacterial adhesion and
biofilm formation was investigated using FBG and S. aureus.
Figure S8(a) and S8(b) show the SEM images of adherent
S. aureus on these films after pretreatment with FBG. Increased
clustering of the bacterial cells can be observed in Figure S8(a)
as compared with Figure 4(a), which is consistent with results
reported earlier that showed pre-adsorbed FBG on polypyr-
role surface enhances S. aureus adhesion on the surface and
clumping.P® This is attributed to the FBG binding protein
(clumping factor) expressed by the S. aureus cells.’’”] The
number of adherent bacterial cells increased slightly on the
Silicone-g-AG4 film after pretreatment with FBG (comparing
Figure S8(b) with 4(b)) but these cells remained as single units
rather than clusters. Figure S8(c) and S8(d) show the SEM
images of S. aureus biofilm on the pristine silicone and Sili-
cone-g-AG4 films pre-treated with FBG. A thick biofilm formed
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be seen from Figure 8(d) that HEP is not as
effective in preventing 3T3 fibroblast adhe-
sion as AG and AG-HEP. The AG and AG-
HEP modified silicone reduced 3T3 fibro-
blast adhesion by ~92% and ~93%, respec-
tively, as compared to pristine silicone, while
the reduction on the HEP modified silicone
is ~83% (Figure 8(e)). The difference in the
extent of fibroblast cell adhesion on the AG,
AG-HEP, and HEP modified silicone films is
likely related to their protein-repellent prop-
erties, as it has been reported that reduction
of non-specific protein adsorption is critical
in the inhibition of cellular interaction with
material surface.l*!

Although AG and HEP are known to be
nontoxic, the cytotoxicity of the modified sili-
cone films need to be tested since the as-pre-
pared AG and AG-HEP coatings are meant
for implantable devices. The cytotoxicity of
the pristine and modified silicone films was
evaluated with 3T3 fibroblasts using the MTT
assay. The viability of 3T3 fibroblasts placed

3T3 fibroblast

A: Pristine silicone

4 B: Silicone-g-AG4

10°¢ C: Silicone-g-AG-HEP1
i D: Silicone-g-HEP

Cells cm™®

* *

in contact with the pristine and modified
films for 24 h was higher than 95% in all
cases (Figure S10). No significant difference
in the cell viabilities was found as compared
to that in the control experiment (without
any film present), indicating that these films
possess no or very low cytotoxicity. These cell
viability results also confirm that the reduc-
tion of cell adhesion on the modified silicone
surfaces (Figure 8) is due to the anti-adhesive
property of the polymer coatings and not
because of their cytotoxicity.

2.5. Hemocompatibility Assays

103- @ @

A B C D

Figure 8. Optical microscopy images of a) pristine silicone, b) Silicone-g-AG4, c) Silicone-
g-AG-HEP1, and d) Silicone-g-HEP film surfaces after incubation with 3T3 fibroblasts (2 x10°
cells mL™") for 24 h. Scale bar is 100 um. e) Quantitative analysis of adherent 3T3 fibroblast
cells per cm? of film surface using MTT assay. * Significant differences (P<0.05) compared

with pristine silicone.

on pristine silicone film regardless of whether FBG is present
or not. However, the Silicone-g-AG4 film after FBG pretreat-
ment is still able to resist biofilm formation because the extent
of FBG adsorption is low (Figure 7).

In the cell adhesion assay, 3T3 mouse fibroblasts were
selected as model mammalian cells to study their interaction
with the modified silicone films. Figure 8(a—c) show the optical
microscopy images of the adherent 3T3 fibroblast cells on the
pristine and modified silicone surfaces. A large number of
3T3 fibroblasts readily adhered, spread and grew very well on
the pristine silicone surface (Figure 8(a) and S9), while fibro-
blast adhesion was almost completely inhibited on the AG and
AG-HEP modified surfaces (Figure 8(b) and 8(c)). It can also

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Hemocompatibility is an important prop-
erty for biomedical devices in contact with
blood in human body. In PD, blood clotting
and thrombosis induced by platelet adhe-
sion and activation can result in intraluminal
obstruction and eventual outflow failure of
PD catheters.”l The blood compatibility of
the AG and AG-HEP modified silicone films was evaluated
from platelet adhesion and activation, hemolysis and plasma
recalcification time (PRT) tests. The SEM images of platelet
adhesion on pristine and modified silicone films are shown in
Figure 9(a—d). Platelets adhered readily on pristine silicone sur-
face (Figure 9(a)) and the adherent platelets were highly acti-
vated with the characteristics of pseudopodia and spreading.
After the grafting of AG and AG-HEP on silicone, the number
of adherent platelets significantly decreased (Figure 9(b) and
(¢)). The quantitative comparison of the number of adherent
platelets on various films (Figure 9(e)) shows that platelet adhe-
sion on the modified silicone surface was reduced by more
than 1 order of magnitude as compared to the pristine surface.

Adv. Funct. Mater. 2014, 24, 1631-1643
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Figure 10(a) shows the PRT results
obtained from the blood clotting tests on
the pristine and modified silicone films.
Grafting of AG on silicone resulted in a sig-
nificant increase in PRT from ~13 to ~16 min
(P<0.05), and with the presence of HEP in
the AG graft layer, the PRT increased fur-
ther to ~19 min. HEP is known to bind to
antithrombin III (ATIII) with high affinity,
resulting in a conformational change of
ATTII. With this conformational change,
ATIII's reactive sites are more exposed,
which greatly accelerates ATIII's inhibition
of the activity of blood coagulation proteases,
and consequently delays the conversion of
fibrinogen to fibrin and inhibits blood coagu-
lation "] Hemolysis is another issue related
to the hemocompatibility of biomaterials in
contact with blood. Figure 10(b) shows the
degree of hemolysis obtained with the pris-

tine and modified silicone films. The degree
of hemolysis of pristine silicone was ~1%.
After the grafting of AG, AG-HEP and HEP,
the modified silicone films showed signifi-
cantly lower hemolysis degrees (P < 0.05),
ranging from 0.77% for the Silicone-g-AG4 to
0.56% for the Silicone-g-HEP film. Although
according to the American Society for Testing
and Materials (ASTM) F 756-00 standard,®?
a hemolysis degree of 2% is considered
nonhemolytic for biomaterials and the pris-
tine silicone meets this requirement, the
modified films further reduced the degree
of hemolysis and subsequently improved the

Platelet

10°F
0 A: Pristine silicone
o B: Silicone-g-AG4
S C: Silicone-g-AG-HEP1
g D: Silicone-g-HEP
% *
< 1
— 10 F
319 T
2
8
Q.

10°

B

silicone’s hemocompatibility.

Figure 9. SEM images of a) pristine silicone, b) Silicone-g-AG4, c) Silicone-g-AG-HEP1, and

d) Silicone-g-HEP film surfaces after incubation with platelet-rich plasma for 1 h. Scale bar in
(a—d) and their insets is 10 and 5 um, respectively. e) Platelet adhesion on the modified silicone
surfaces relative to that on the pristine surface. * Significant differences (P < 0.05) compared

with pristine silicone.

The resistance to platelet adhesion on the AG and AG-HEP
modified silicone films is again attributed to their protein-repel-
lent property as discussed above since plasma protein adsorp-
tion, in particular the adsorption of platelet adhesion promoting
protein, FBG, plays an important role in platelet adhesion on
biomaterial surfaces.’”) However, it should be noted that the
platelets on the Silicone-g-AG4 film are still activated (inset of
Figure 9(b)), indicating that the AG coating is not effective in
inhibiting the activation of platelets. On the other hand, the
AG-HEP coating is effective in preventing activation of the
platelets (inset of Figure 9(c)), and this can be ascribed to
the presence of HEP in the AG-HEP layer. HEP is commonly
used as an anticoagulant agent and has been reported to be
able to inhibit platelet adhesion and activation,®® which is con-
firmed by the low degree of platelet adhesion and activation on
the Silicone-g-HEP film (Figure 9(d)).

Adv. Funct. Mater. 2014, 24, 1631-1643
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3. Conclusion

AG and HEP polymers were covalently
immobilized on medical grade silicone film
and silicone PD catheter surfaces to improve
their antibacterial, antifouling and hemocompatible proper-
ties. The adhesion and biofilm formation of E. coli, P. aer-
uginosa (both Gram-negative) and S. aureus (Gram-positive)
bacteria were reduced by > 2 orders of magnitude on the AG-
modified surface as compared to that on pristine silicone. The
crosslinked AG coating of ~2 um thickness is stable and main-
tains its antibacterial efficacy after 30 days aging in lysozyme
solution and also after autoclaving. In addition, the AG coating
can effectively resist non-specific protein adsorption and fibro-
blast and platelet adhesion. Co-immobilization of 2.6 pug cm™
of HEP in the AG coating further improves hemocompatibility
by inhibiting platelet activation, prolonging PRT and reducing
the degree of hemolysis. Concomitantly, the antibacterial and
antifouling efficacy of AG is retained. The favorable antibacte-
rial, antifouling and improved hemocompatible properties as
well as non-cytotoxicity of the modified silicone offer promising
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Figure 10. a) PRT and b) degree of hemolysis on pristine silicone, Sili-
cone-g-AG4, Silicone-g-AG-HEPT and Silicone-g-HEP film surfaces. * Sig-
nificant differences (P < 0.05) compared with pristine silicone.

opportunities for combating infection and omental wrapping of
PD catheters.

4. Experimental Section

Materials: Medical grade silicone films were purchased from
Bioplexus Inc. (Ventura, CA, USA). Quinton silicone peritoneal dialysis
(PD) catheters were purchased from Tyco International Ltd. (Princeton,
NJ, USA). Agarose (AG) was purchased from Bio-Rad Laboratories
(Hercules, CA, USA). Sodium heparin (HEP) and 3-[4,5-dimethyl-thiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT) were purchased from Alfa
Aesar Co. (Ward Hill, MA, USA). Acryloyl chloride (97%), methacrylic
anhydride (94%), bovine serum albumin (BSA), bovine plasma
fibrinogen (FBG) and all solvents used (analytical grade) were purchased
from Sigma—Aldrich (St. Louis, MO, USA). Escherichia coli (E. coli, ATCC
DH5a), Staphylococcus aureus (S. aureus, ATCC 25923) and 3T3 mouse
fibroblast cells were purchased from American Type Culture Collection
(Manassas, VA, USA). Pseudomonas aeruginosa (P. aeruginosa, PAO1)
was purchased from National Collection of Industrial Food and Marine
Bacteria (NCIMB, Bucksburn, Aberdeen, Scotland). The acrylated AG
was prepared using similar procedures described in the literature.?l
Briefly, AG (1.0 g) was dissolved in N,N-dimethylacetamide (DMAC,
25 mL) at 100 °C. After AG was dissolved completely, the solution was
cooled to 0 °C in an ice-water bath. Then, acryloyl chloride (0.125 mL) in
DMAC (2.5 mL) was added dropwise into the AG solution with stirring.
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The reaction was allowed to proceed for 1 h at 0 °C and for another 4 h
at 25 °C. The acrylated AG product was precipitated in an excess volume
of acetone and washed thoroughly with acetone followed by drying
under reduced pressure. The methacrylated HEP was prepared using a
procedure similar to that described in the literature.®l HEP (200 mg)
were dissolved in doubly distilled water (10 mL). Then, methacrylic
anhydride (10 pL) was added in the solution, and the pH of the solution
was adjusted to 8.5 using 4 M NaOH solution. The solution was left
to react overnight at 0 °C with stirring. The methacrylated HEP product
was precipitated in an excess volume of cold ethanol followed by dialysis
against water for 72 h using a dialysis tubing (molecular weight cut-off
of 1000, Spectrum Laboratories Inc., Rancho Dominguez, CA, USA). The
methacrylated HEP solution was freeze-dried after dialysis.

Preparation of AG, HEP, and AG-HEP Grafted Silicone Films and
Catheters: For the preparation of crosslinked AG grafted silicone films
(Silicone-g-AG), medical grade silicone film was cut into 2 x 2 cm?
pieces and ultrasonically cleaned in isopropanol, ethanol and doubly
distilled water for 10 min in each step. The clean silicone films were
subjected to oxygen plasma for 5 min in an Anatech SP100 plasma
system. The oxygen plasma treated films were then exposed to the
atmosphere for another 10 min to promote the formation of peroxide
groups on the plasma-treated surfaces. These peroxide groups served
as active sites to initiate the subsequent UV-induced immobilization
and crosslinking reaction for grafting acrylated AG onto the oxidized
surfaces. Acrylated AG aqueous solution (5 wt%, 200 uL) were dropped
onto the surface of the plasma-treated silicone film which was placed
on a SCS P6206 spincoater. Spin-coating was carried out at a speed
of 1000 rpm for 60 s. The procedure was then repeated for the other
surface of the film. The silicone film with spin-coated acrylated AG was
then placed in a Pyrex glass tube and degassed with argon for 30 min.
The glass tube was sealed and irradiated with UV light in a Riko rotary
photochemical reactor (Model RH400-10W) for 15, 30, 60 and 120 min
to obtain the Silicone-g-AG1, Silicone-g-AG2, Silicone-g-AG3 and
Silicone-g-AG4 films (Table 1), respectively. After irradiation, the Silicone-
g-AG films were washed thoroughly with doubly distilled water at 60 °C
for 24 h to remove the physically adsorbed acrylated AG. After washing,
the modified silicone film was stored in doubly distilled water prior
to use (usually ~24-48 h). The HEP modified silicone films (Silicone-
g-HEP) and AG-HEP modified silicone films (Silicone-g-AG-HEP) were
similarly prepared using the methacrylated HEP solution, and a mixture
of acrylated AG and methacrylated HEP solutions with different ratios as
indicated in Table 1, respectively. The uncrosslinked AG coated silicone
films (Silicone-c-AG) were similarly prepared using the unmodified AG
solution. The concentration of acrylated AG, methacrylated HEP and
unmodified AG in the solutions used was fixed at 5 wt%.

For the preparation of AG and AG-HEP grafted silicone catheter,
the catheter was cut into 6 cm segments and washed with isopropanol,
ethanol and water as described above. The oxygen plasma pretreatment
and spin coating method employed for grafting AG or AG-HEP
on silicone films are not appropriate for catheters since both the
extraluminal and intraluminal surfaces of the catheter have to be
modified. In order to activate both the extraluminal and intraluminal
surfaces of the catheter segments, ozone was used instead. After
pretreatment with an oxygen-ozone gas mixture (generated from an
Azcozon ozone generator (Model VMUS-4PSE) at an oxygen inlet flow
rate of 60 L h™', and ozone production rate of about 3.6 g h™'.) for
20 min, the ozone-treated catheter segment was introduced into a Pyrex
glass tube containing the respective reagent (5 wt.%) as described
above and degassed with argon for 30 min. The glass tube was sealed
and heated to and then maintained at 70 °C in an oil bath for 8 h. After
the reaction, the AG or AG-HEP modified catheter segment was washed
with doubly distilled water at 60 °C for 24 h. After washing, the modified
silicone catheter segment was stored in doubly distilled water prior to
use (usually ~24-48 h).

Crosslinked AG hydrogel (without silicone film) was prepared
by adding 4,4’-azobis(4-cyanovaleric acid) (5 mg) to a Pyrex tube
containing acrylated AG aqueous solution (5 wt%, 10 mL). After purging
with argon for 30 min, the flask was sealed and irradiated with UV light
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in a Riko rotary photochemical reactor for 120 min. After irradiation, the
crosslinked AG hydrogel was washed with ethanol and doubly distilled
water at 60 °C for 24 h followed by freeze-drying. Crosslinked AG-HEP
hydrogel was similarly prepared using a mixture of acrylated AG and
methacrylated HEP solution (acrylated AG: methacrylated HEP = 9:1
(w/w)). Uncrosslinked AG gel was prepared by heating the unmodified
AG solution to 120 °C and cooled to 25 °C followed by freeze-drying.

Bacterial Adhesion and Biofilm Formation Assay: Bacteria were cultured
overnight in growth medium (tryptic soy broth for S. aureus, nutrient
broth for E. coli and lysogeny broth for P. aeruginosa). The bacteria-
containing growth broth was then centrifuged at 2700 rpm for 10 min
to remove the supernatant. The bacterial cells were washed with PBS
(pH 7.4) and resuspended in PBS at a concentration of 10% cells mL™,
as estimated from optical density (OD) at 540 nm (OD of 0.1 at 540 nm
is equivalent to ~10% cells mL™" based on spread plate counting). The
pristine and modified silicone films of size 1x1 cm? were placed in a
24-well plate and covered with bacterial suspension (1 mL) at 37 °C for
4 h. After the bacterial adhesion process, the films were washed thrice
with PBS to remove the non-adherent bacteria. For the quantification of
adherent bacteria, the spread plate method was carried out as described
in the literature.®>¢l Briefly, the films with adherent bacteria were put
into PBS (2 mL) and ultrasonicated for 7 min (using a 100 W sonicator)
followed by vortexing for 30 s to release the bacterial cells into the
PBS.1 The bacterial suspension was serially diluted and spread on an
agar plate. After culturing overnight, the number of viable bacterial cells
was quantified by counting the number of colonies on the agar plate.
For SEM observation, the adherent bacteria on the films were fixed with
3 vol% glutaraldehyde in PBS overnight at 4 °C. After serial dehydration
with 25%, 50%, 75%, and 100% ethanol for 10 min each, the films were
dried under reduced pressure, coated with platinum, and observed
under SEM. For the assessment of the viability of adherent bacteria on
pristine and modified silicone, the films were stained by a combination
dye (LIVE/DEAD BacLight Bacterial Viability Kit) and observed under a
Leica DMLM microscope equipped with a 100 W Hg lamp.

For the assessment of biofilm formation by S. aureus, E. coli,
and P. aeruginosa, overnight bacterial culture broth was diluted to a
concentration of 107 cells mL™ with their respective growth medium.
The pristine and modified silicone substrates (1x1 cm? films or 1 cm
catheter segments) were placed in a 24-well plate and covered by bacterial
suspension (1 mL) at 37 °C for 48 h to allow biofilm growth. The growth
medium was replaced with a fresh one after 24 h. After the biofilm growth
period, the substrates were washed thrice with PBS. The films were
observed under SEM, and the number of biofilm bacterial cells on the
films and catheter segments (both intraluminal and extraluminal surfaces)
was quantified using the spread plate method as described above.

Stability Tests: The stability of the AG and AG-HEP graft layer on the
silicone films was assessed by aging the films in lysozyme aqueous
solution (10 pg mL™") for 30 days at 37 °C. The lysozyme concentration
was selected to simulate its concentration in human serum.[®l After the
aging period, assessment of bacterial biofilm formation on the films was
carried out as described above to test the stability of the coating. For
comparison purposes, the degradation of as-prepared AG and AG-HEP
hydrogels (without silicone film) in lysozyme solution was also carried
out. The dry AG and AG-HEP hydrogels (100 mg for each) were aged
in lysozyme solution (10 ug mL™", 10 mL) for 30 days at 37 °C. After the
aging period, the hydrogel was dialyzed against water for 72 h using a
dialysis tubing (molecular weight cut-off of 3500, Spectrum Laboratories
Inc., Rancho Dominguez, CA, USA) followed by freeze-drying. The
degree of weight loss (WL) was calculated as follows:

WL = (WB— WA)/WB x 100% (1)

where WB and WA are the weight of hydrogel before and after aging,
respectively.

The stability of the modified PD catheter under frictional forces was
carried out by pulling the catheter segments between two pieces of raw
meat (pork). The meat was fixed between two poly(methyl methacrylate)
plates of length of 5 cm. A modified catheter segment of 6 cm length
was inserted between the two pieces of meat from one side and pulled
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out from the other side. This procedure was repeated 5 times. After the
friction test, the catheter segment was cut into 1 cm length and assay
of bacterial biofilm formation on the catheter segment was carried
out as described above to test the stability of the grafted layer. The
6 cm modified catheter segments were also subjected to bending tests
whereby the segment was bent into a circle upwards and downwards
15 times. After the bending test, the middle 3 cm of the catheter,
which was subjected to the highest bending stress, was cut into three
segments of T cm length, and assay of bacterial biofilm formation on the
these segments was then carried out.

Protein Adsorption: Pristine and modified silicone films of size 2 x
2 cm? were first equilibrated for 1 h in CPBS (citrate-phosphate buffer
saline, PBS and 0.01 M sodium citrate, pH 7.4), and then immersed in
pure BSA or FBG protein solution (1.0 mg mL™" in CPBS) for 4 h at 37 °C.
After this protein adsorption period, the films were washed with CPBS
and doubly distilled water twice, respectively. The modified dye-interaction
method using Bio-Rad protein dye reagent (Catalog No. 500-0006) was
employed to determine the amount of adsorbed protein on the films.
The procedure used was similar to that described in the literature.[*’]
Briefly, protein solutions (0.4 mL) of different known concentrations
were added to the 5-time diluted stock dye solution (10 mL). After
10 min, centrifugation was carried out at 5000 rpm for 15 min, and the
absorbance of the supernatant of the protein-dye solutions at 465 nm
was used to obtain a standard calibration curve. For the quantification
of adsorbed protein on the film, the film was put in the dye solution
(10 mL). After 3 h of immersion, the film was removed. The remaining
solution was centrifuged and the absorbance of the supernatant was
measured at 465 nm. The amount of adsorbed protein on the films was
calculated from the standard calibration curve. A control experiment was
carried out to confirm that heparin would not interact with the dye.

To determine the effect of pre-adsorbed protein on bacterial adhesion
and biofilm formation, S. aureus adhesion and biofilm formation on the
pristine and AG-modified silicone films after these films were pre-treated
with FBG protein for 4 h at 37 °C were investigated using the procedures
described above.

Cytotoxicity Assay: The cytotoxicity of the modified silicone films was
investigated using the standard MTT assay. DMEM supplemented with
10% fetal bovine serum, 1 mM L-glutamine, 100 IU mL™" penicillin was
used to culture 3T3 fibroblast cells. One mL medium containing the
DMEM 3T3 fibroblasts at a density of 10* cells mL™" were placed in each
well of a 24-well plate. The plate was then incubated in a humidified
atmosphere of 95% air and 5% CO, at 37 °C for 24 h. After replacing
the medium with a fresh one, the films of size 1 x 1 cm? were gently
placed on top of the cell layer in the well. The control experiment was
carried out using the complete growth culture medium without the film
(nontoxic control). After incubation for another 24 h at 37 °C, the culture
medium and film in each well was removed. Culture medium (900 pL)
and MTT solution (5 mg mL™ in PBS, 100 uL) were then added to
each well. After 4 h of incubation, the MTT solution and medium was
removed and dimethyl sulfoxide (DMSO, 1 mL) was added to dissolve
the formazan crystals. The optical absorbance at 570 nm was then
measured on a Bio-Tek microplate reader (Model Powerwave XS). The
results were expressed as percentages relative to the optical absorbance
obtained in the control experiment.

Cell Adhesion: Pristine and modified silicone films of size 1 x 1 cm?
were placed in a 24-well plate. Culture medium (1 mL) containing 3T3
fibroblasts at a density of 2 x 10° cells mL™' was added and incubated
for 24 h. After the incubation period, the films were rinsed thrice with
medium to remove non-adherent cells. The film surfaces with adherent
cells were viewed using a Leica DMLM microscope. For quantification of
adherent 3T3 fibroblast cells, the films with adherent cells were placed
in a 24-well plate and MTT assay was carried out. A standard calibration
curve was generated by seeding a known number of 3T3 fibroblast cells
in a 24-well plate and incubating for 4 h at 37 °C followed by MTT assay.
The number of 3T3 fibroblasts adhered on the films was calculated from
the standard calibration curve.

Platelet Adhesion: Fresh blood collected from a healthy rabbit was
immediately mixed with 3.8 wt% sodium citrate solution in a ratio of
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9:1 (v/v). Platelet-rich plasma (PRP) was obtained by centrifuging the
blood at 700 rpm and 8 °C for 10 min. The PRP was diluted with PBS
in a ratio of 1:1 (v/v), and the diluted PRP (0.1 mL) was introduced on
the surface of a 1 x 1 cm? silicone film. After incubation at 37 °C for
1 h, the film was washed thrice with PBS. The adherent platelets were then
fixed with 3 vol% glutaraldehyde in PBS solution overnight at 4 °C. After
serial dehydration with 10%, 25%, 50%, 75%, 90%, and 100% ethanol for
10 min each, the films were dried under reduced pressure, coated with
platinum, and observed under SEM. The number of platelets on the films
was quantified by counting the total number of adherent platelets from
representative SEM images at the same magnification (x2000)."% The
results obtained from the modified films were normalized by that from
pristine silicone.

Plasma Recalcification Time (PRT): Fresh blood from a healthy rabbit
mixed with 3.8 wt% sodium citrate solution was prepared as described
above. The platelet poor plasma (PPP) was obtained by centrifuging
the blood at 3000 rpm and 8 °C for 20 min, and the PPP (0.1 mL) was
introduced on the surface of a 2 x 2 cm? silicone film. After the film was
incubated at 37 °C for 10 min, 0.025 M CaCl, aqueous solution (0.1 mL)
at 37 °C was then added to the PPP on the silicone film. The PPP
solution was monitored for clotting by manually dipping a stainless-steel
wire hook coated with silicone into the solution to detect fibrin threads.
The PRT was recorded at the first appearance of silky fibrin.

Hemolysis Test: Silicone film of size 1 x 1 cm? and PBS (10 mL) was
introduced into a Biologix® centrifuge tube. After the tube was incubated
at 37 °Cfor 1 h, diluted rabbit blood (8 mL of blood mixed with 10 mL of
PBS, 0.2 mL) was added and the tube was incubated at 37 °C for another
1 h. PBS and doubly distilled water were used for negative and positive
controls, respectively. The tube was then centrifuged at 1500 rpm for
10 min and the optical absorbance of the supernatant was measured at
545 nm on a Hitachi spectrophotometer (Model U-2800). The hemolysis
rate (HR) was calculated as follows:

HR = (AS— AN)/(AP — AN) (2)

where AS, AN, and AP are the optical absorbance of the supernatant
of the solution containing film, the negative control and the positive
control, respectively.

Characterization: Due to the curved surface of the catheter,
characterization methods such as XPS and contact angle measurement
as well as SEM observation of adherent bacterial cells could not be
easily carried out on its surface. Thus, flat medical grade silicone sheet
was selected as a model surface, and after modification, investigation
of the coating characteristics was carried out. The surface chemical
composition of the silicone films was analyzed by XPS on an Axis
UltraPLP spectrometer (Kratos Analytical Ltd., UK) with a monochromatic
Al Ko X-ray source (1486.71 eV photons). The silicone film surfaces were
observed by SEM (JEOL, Model 5600 LV), and the cross-sections of films
and catheters were observed by FESEM (JEOL, Model JSM-6700) and
SEM, respectively. The samples were fixed on the SEM metal stubs using
double-sided carbon tapes and sputter-coated with a thin platinum layer
to enhance the contrast and quality of the images prior to SEM and
FESEM observation. The concentration of the immobilized heparin on
the modified films was quantified using the toluidine blue method as
described previously.’! Static contact angles of the different surfaces
were measured at room temperature by the sessile drop method using
a 3 uL water droplet in a Ramé-Hart telescopic goniometer (Model 100
00-(230)). For each sample, three measurements from different regions
of a surface were taken, and at least three independent tests were carried
out with triplicate samples each time.

Statistical Analysis: The results were reported as mean + standard
deviation (SD) and were assessed statistically using one-way analysis of
variance (ANOVA) with Tukey post hoc test. Statistical significance was
accepted at P < 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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