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TecoflexTM functionalization by curdlan and its effect
on protein adsorption and bacterial and tissue cell adhesion
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Abstract Curdlan modified polyurethane was created by
physically entrapping the former on TecoflexTM surface.
ATR-FT-IR, SEM-EDAX and AFM analysis revealed the
formation of stable thin curdlan layer on the film. Contact-
angle measurements showed that the modified film was
highly hydrophilic. Confocal laser scanning microscopy
showed the existence of entrapped layer of approximately
20-25 pm in depth. Surface entrapment of curdlan mini-
mized both protein adsorption and mouse 1929 fibroblast
cell adhesion relative to the control. Surface induced cel-
lular inflammatory response was determined from the
expression levels of proinflammatory cytokine TNF-o, by
measuring their mRNA profiles in the cells using real time
polymerase chain reaction (RT-PCR) normalized to the
housekeeping gene GAPDH. The inflammatory response
was suppressed on the modified substrate as expression of
TNF-« mRNA was found to be up regulated on
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TecoflexTM, while it was significantly lower on curdlan
substrate. The adhesion of S. aureus decreased by 62% on
curdlan modified surface. Using such simple surface
entrapment process, it will be possible to develop well-
defined surface modifications that promote specific cell
interactions and perhaps better performance in the long-
term as implant.

1 Introduction

In recent years, researchers have focused on the develop-
ment of bioinert and biocompatible coatings which can be
used to minimize non-specific adhesion and inflammatory
events but at the same time maintain the physicochemical
properties of the material. The attachment of proteins and
cells to materials is biologically significant as it can cause
postoperative complications in medical implants, subse-
quently leading to failure. It is well recognized that protein
adsorption on neutral hydrophilic surfaces tends to be rel-
atively weak and therefore, to increase their hydrophilicity,
hydrogels or polymer brushes have been widely used to
modify biomaterial surfaces. Such modified surfaces,
which exhibit minimal cell-adhesion, are believed to mimic
the natural non-adhesive characteristics of the endothelial
cell glycocalyx. The endothelial glycocalyx, a hydrated
structure rich in proteoglycans, glycosaminoglycans, and
proteins plays a significant role in maintaining the normal
non-adhesive and biocompatible properties of the native
intravascular luminal wall [1-4]. A significant challenge in
engineering a biomimetic surface on biomaterials is to
achieve a high surface density of biomolecules. Typical
biomaterials are hydrophobic, with no labile chemical
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groups that might be used with conventional immobiliza-
tion strategies [5]. The current limitation in utilizing
biomolecules as surface coatings is that some of the
reagents used for surface coupling are highly toxic,
expensive, and require stringent anhydrous reaction con-
ditions [6, 7]. The unique mechanical and biological
properties make polyurethanes (PUs) as ideal materials for
many implantable devices. However, uncertain long-term
biostability in the human physiological environment limits
their extensive clinical applications. Chronic inflammatory
response associated with cellular activation has been sug-
gested as one of the prime factors for their failure, although
the mechanism of this response to the surfaces is still
unknown [8]. Medical grade TecoflexTM has been chosen
as a model substrate in this study since it has extensive
applications in a variety of biomedical devices [9, 10].

Curdlan is a member of the family of bacterial poly-
saccharides approved as food additives by the USFDA [11—
14]. It is a linear hydrophilic polysaccharide produced by
Alcaligenes faecalis with no branching and because of its
non-ionic gel-forming properties it is considered as a
potentially important matrix for life science applications
[11, 12]. Curdlan potentially has an inhibitory effect
against AIDS virus infection and blood anti-coagulant
activity, as well as low toxicity in vitro and in vivo [13—
15]. In this work, TecoflexTM surface was engineered with
curdlan by entrapping it during the reversible swelling of
the polymer surface region. A critical design feature of this
surface is to use the protruding curdlan oligosaccharides to
mimic the non-adhesive properties of a glycocalyx. With
such a protein and cell-resistant biomaterial surface as a
foundation, the multivalent nature of curdlan could also be
exploited for high density surface immobilization of
extracellular matrix-based peptides for precisely control-
ling, specific cell interactions. Bovine serum albumin does
not contain the peptide sequences necessary for cells to
adhere and is often used to passivate blood contacting
materials [16, 17]. Hence, in the present study the perfor-
mance of the curdlan modified surface was compared with
that of BSA modified surface.

The entrapment technique followed in the present work
is based on the method reported by Desai and Hubbell,
which does not involve any toxic reagents but uses only
aqueous solutions and also follows mild reaction condi-
tions. This method is also named as surface physical
interpenetrating network (SPIN) [18-20]. Surface changes
after the modification process was extensively probed with
several spectroscopic and microscopic analytical tools. The
in vitro biocompatibility of the modified polymers was
ascertained by evaluating their resistance to protein
adsorption, cell attachment, and bacterial adhesion.
The cellular inflammatory response was investigated using
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real-time reverse transcription polymerase chain reaction
(RT-PCR).

2 Materials and methods
2.1 Surface entrapment process

TecoflexTM (EG-93A-B40) was obtained in the form of
granules as a gift from Devon Innovations, Bengaluru
(India). A 50 mg/ml solution in tetrahydrofuran (Merck)
was used to cast films of 1.5 mm wet thickness using a
casting knife. These films were cured for 6 h in an oven at
60°C to evaporate the solvent. The surface modifying
solution was then prepared by first dissolving curdlan
(Sigma, M.W of 1 x 10° Da) in 0.25 M NaOH, and then
adding tetrahydrofuran to it. The resultant mixture con-
sisted of 20% w/v of curdlan and 45% v/v of THF and 40%
v/v of deionized filtered water (DIFW). In the case of
bovine serum albumin (Himedia, M.W. 66,000 Da), it was
dissolved in a miscible mixture of water—acetone (70:30 v/
v), followed by the addition of THF to arrive at a solution
of 20% w/v of BSA and 45% v/v of THF and 40% v/v of
DIFW. Rhodamine-labeled dextran (Sigma, MW
40,000 Da) was dissolved in a DIFW, followed by the
addition of THF to arrive at a solution of 20% w/v of
rhodamine-labeled dextran, 45% v/v of THF and 40% v/v
of DIFW. TecoflexTM films were immersed in 10 ml of
this solvent/nonsolvent mixture for 24 h, and were then
quenched with an excess of nonsolvent (~20 ml DIFW).
The films were removed from this solution, washed with
water, and then dried overnight in a desiccator. Exposure of
the polymer to THF in the absence of these molecules
resulted in much faster polymer—solvent interaction, and
therefore an estimation of the equivalent treatment time (as
determined visually) that created the same degree of sur-
face swelling was used as a control to account for possible
residual solvent effects on the cell behaviour.

2.2 Physical adsorption

The TecoflexTM films were incubated with 20% w/v
curdlan in 0.25 M NaOH or 20% w/v BSA in PBS, at 37°C
for 24 h. Following the treatment the samples were gently
washed once in PBS.

2.3 Surface characterization

The modified surfaces were extensively probed with vari-
ous spectroscopic and microscopic techniques which are
described below. Hereby, for convenience TecoflexTM,
Curdlan modified TecoflexTM and BSA modified
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TecoflexTM will be abbreviated as PU, PU-Curdlan and
PU-BSA respectively.

2.3.1 Attenuated total reflection-fourier transform
infrared spectroscopy (ATR)-FT-IR

ATR-FTIR spectra of the base and modified TecoflexTM
samples were obtained using FT/IR-4200 (Jasco, Nether-
lands) spectrometer having a baseline horizontal ATR
accessory. Films were pressed against Zn—Se crystal and
the spectra were collected at a resolution of 4 cm™".
2.3.2 Dynamic contact-angle measurements, surface
free energy and in vitro stability of surface films

The surface hydrophobicity and heterogeneity of the bio-
materials were determined by measuring the advancing and
receding contact angles (64 and 60g; respectively) using a
Kriiss Easy drop goniometer (KRUSS, DSA II GmbH,
Germany). Ultrapure water was used as the contact angle
liquid, and mean values were determined by averaging the
measurements on at least five independent specimens. The
surface free energy of the samples were calculated using
Fowkes’s method, based on measurements using three
probe liquids, namely Diiodomethane (Sigma), Formamide
(Sigma) and water (Ultrapure).

The stability of the entrapped molecules on PU was
assessed by placing the samples in 5 ml of 0.9% NaCl
solution at 37°C for various time periods. After 5, 10, 20,
and 30 days, the samples were retrieved and rinsed with
copious amount of distilled water and their static contact
angles were measured. The measurements were performed
at three different spots on the surface and the average
readings were reported.

2.3.3 Scanning electron microscopy and energy
dispersive X-ray analysis (SEM-EDAX)

Energy dispersive X-ray analysis was performed to identify
and quantify the elemental composition on the surfaces
with the help of a Jeol Scanning electron microscope
(Model JSM 6380, Japan). The surfaces were coated with a
thin layer of platinum and the micrographs were taken at a
secondary electron imaging mode. The excitation energy
for these measurements was 15 keV, with analysis time of
100 s. The ZAF program, which does not require the
presence of any internal standard, was used to calculate the
elemental composition of the surface [21, 22].

2.3.4 Atomic force microscopy (AFM)

AFM studies were performed using a scanning probe
microscope (SPM-Solver P47, NT-MDT, Russia) in

contact mode. Rectangular cantilever of silicon nitride
(Iength 200 pm and width 40 um) having a force constant
of 3 N/m was employed for the measurement. The various
roughness parameters were obtained using the software
provided with the AFM. Maximum roughness (R,.x) is the
difference between the maximum and minimum values of z
coordinate on the surface within the analysis area. Ryean 1S
calculated using the following formula:

1 N, Ny
Riean = Zmean = — Zij
N 2 2

where, Z; is the z-coordinate value, and the average

roughness is given by the (R,) following formula:

1 N, Ny
|Z(i7j) - Zmean|
LY

Y oi=1 Jj=

R, =

N, and N, are the number of measurements in the x and y
direction.

2.3.5 Confocal laser scanning microscopy (CLSM)

To characterize the entrapment of the biomacromolecules
on the surface of the TecoflexTM film, rhodamine-
labeled dextran was immobilized on it following the
same procedure and it was investigated using a confocal
laser scanning microscopy (Nikon Al confocal laser
scanning microscope). The laser wavelength of 543 nm
was applied to excite the dye and images were collected
as a stack of 2-dimensional optical sections by digitizing
sequential series of images while focusing down through
the specimen using a computer-controlled stepping
motor.

2.4 Protein adsorption

Bovine fibrinogen (Himedia, India) in the form of a
lyophilized powder was dissolved in PBS and maintained
at a pH of 7.4. The amount of adsorbed protein on the
polymer surfaces was estimated using 125I-labelled pro-
tein. This protein was added to unlabelled protein solution
to obtain a final activity of approximately 10’ cpm/mg. The
polymer samples were immersed in 1 ml buffer solution at
37°C, and then 1 ml fibrinogen solution (0.2 mg/ml) was
added and mixed. After 1 h, samples were rinsed three
times with 2 ml of PBS. The gamma activities were
counted with the samples placed in radio-immunoassay
tubes by a Gamma counter (Perkin Elmer, USA). Three
parallel replicates were used. The counts from each sample
were averaged and the surface concentration was calcu-
lated from the following equation
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BFG (pug/cm?®) = Counts (cpm) Cyopution (Hg/ml)/
[Asolulion(cpm/ml) X Ssample(cmz)]

where the count is the radioactivity of the samples, the
Ssample 1S the surface area of the samples, Cgouion and
Asolution are the concentration and the specific activity of
the protein solution, respectively.

2.5 Short-term bacterial adhesion assays

The two key organisms that are associated with implant
related infections are gram-positive Staphylococcus aur-
eus (NCIM 5021) and gram-negative Pseudomonas
aeruginosa (NCIM 5029), so adhesion of these two bac-
terial species was assessed. Hundred millilitres of nutrient
broth (Himedia, India) was inoculated with a single col-
ony of bacteria from a tryptone soya agar (Himedia,
India) stock plate. The broth was incubated at 37°C
overnight in a shaking incubator and was split between 2
falcon tubes and centrifuged at 3,500 rpm for 20 min.
Cells were resuspended in phosphate buffered saline. This
was repeated twice more and the cells were finally
resuspended at a concentration of 1 x 10® cells/ml. Three
discs of each polymer were placed in a 24 well plate and
were incubated in 1 ml of the cell suspension for 4 h at
37°C in a shaking incubator and rinsed twice with PBS.
The bacterial cells were eluted from the surfaces into
2 ml sterile PBS using an ultrasonic cleaner (Cole-
Parmer, 8891EDTH, USA). The procedure involved
4 min sonication followed by 1 min mild vortexing
(repeated three times). A known volume of the sample
was inoculated into Tryptone Soya agar and incubated at
37°C for 24 h. The colony forming units were counted,
which was an indication of the total number of bacteria
retained on the surface. Statistical significance was
ascertained by Student’s ¢ test.

2.6 Cell culture studies

L1929 fibroblast cells were obtained from NCCS, Pune
(India) and were maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco Inc. USA) supplemented
with 10% v/v fetal bovine serum (FBS, Gibco), 2 mM
glutamine (Himedia, India) and the antibiotics namely
penicillin and streptomycin (Himedia) at recommended
concentrations in a humidified atmosphere of 5% CO, at
37°C. As per the requirement for different experiments,
confluent flasks were trypsinized and before seeding the
cells were counted on a hemocytometer chamber.

@ Springer

2.6.1 Cell viability and adhesion assays

The viability of the cell was evaluated under two different
conditions namely, on polymer surface and in the presence
of medium exposed to them. In the first assay, the polymer
samples each of size 1 cm® were placed in 24-well plates
and exposed to UV light for 15 min. Cells were seeded at a
density of approximately 10* cells/ml and were incubated
at 37°C, in 5% CO, atmosphere for 4 h. Following this, the
medium was decanted and the polymer films were gently
rinsed once with PBS. In the second assay, the cell viability
was assessed on glass substrates in the presence of the
medium exposed to various polymer surfaces. Glass cover
slips of size 1 cm® were placed in 24-well plates and
exposed to UV light for 15 min. Cells were seeded on
different cover slips at a density of approximately
10* cells/ml and incubated at 37°C, in 5% CO, atmosphere
for 24 h to reach confluency. The confluent cells on glass
were incubated for 4 h with the polymer films of 1 cm?
size which were placed by the sides of the wells.

Following both the experiments, the cell viability was
determined using a dual staining kit consisting of the
membrane-permeant dye Carboxyfluorescein diacetate
succinimidyl ester (CFDA SE, Molecular Probes, Invitro-
gen) and the relatively membrane impermeant nuclear stain
propidium iodide (Molecular Probes, Invitrogen) [23-28].
The cells were stained with 5 uM CFDA SE and 500 nM
of propidium iodide (PI) in PBS and were incubated at
37°C for 15 min. After incubation the staining solution was
decanted and the cells were subjected to further incubation
for 30 min at 37°C in PBS containing 100 pg/ml of DNase-
free RNase (Fermentas). Cells were then washed with ice
cold PBS and fixed with 4% paraformaldehyde. After
mounting in Dako cytomation fluorescent mounting media
(Dako, USA), the stained cells were examined under a
confocal laser scanning microscope (Zeiss LSM 510,
Germany) at 60 x magnification. Three random fields were
selected for each surface to count the live and the dead
cells on the cover slips. The percentage of viable cells
(without PI staining) per field was determined by multi-
plying the ratio of viable cells to total cells (live cells plus
dead cells) in the field by 100. An average percentage for
each polymer was determined from three different fields. A
average percentage viability was determined for each
sample group from three independent experiments. Statis-
tical comparisons of the mean values between sample
groups were made using ANOVA. The number of adherent
cells was defined as the number of viable cells in a 60x
field. The percentage adhesion was calculated by multi-
plying the ratio of the % of viable cells on treated substrate
to the % of viable cells on glass substrate by 100.
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2.7 Real-time PCR (RT-PCR) analysis of TNF-o gene
expression

The cytokine TNF-« is one of the most important signaling
molecules involved in conducting the response to foreign
materials, and its upregulation is considered to be a accu-
rate measure of inflammation [29]. The cytokine TNF-o on
different surfaces were quantified at various time points
using real-time reverse transcription polymerase chain
reaction (RT-PCR) [30]. The UV sterilized polymer films
of size 1 cm? were placed in a 24-well plate and were
incubated with L929 fibroblasts with a cell density of
10* cells/ml for 0.5, 1, 1.5, 2 and 4 h. Lipopolysaccharide
(LPS) which was a known inducer of TNF-o gene
expression was used as positive control along with glass as
negative control.

2.7.1 Total RNA extraction

The RNA of the samples taken from each time point was
extracted from the cells with TRIzol®-reagent (Invitrogen,
USA), as per the instructions of the manufacturer under
RNase free conditions. The aqueous portion was extracted
with chloroform and the subsequent RNA was precipitated
with 70% ethanol in diethylpyrocarbonate treated water
and then was purified with RNeasy column (Cat No. 74204,
Qiagen). The concentrations of RNA were determined by
UV spectrometry using Nanodrop ND-1000 (Thermo Sci-
entific, USA). The quality of RNA was checked by means
of denaturing formaldehyde agarose electrophoresis [31].

2.7.2 Deoxyribonuclease I (DNase I) treatment
and reverse transcription (RT)

Prior to reverse transcription, all RNA samples were sub-
jected to DNase I (Amersham Pharmacia) treatment at
37°C for 30 min, to remove genomic DNA contamination
thereby preventing its carryover to the RT reaction. The
samples were then mixed with 70% ethanol and further
purified using RNeasy columns (Qiagen). The purified
RNA was reverse transcribed using High Capacity cDNA
Archive Kit (Applied Biosystems) according to the man-
ufacturer’s instructions [31].

2.7.3 Primer design

The mouse gene sequences were downloaded from NCBI
database and the primers were designed using the IDT’s
SciTools Primer Quest [32]. Computational studies using the
“blastn” software http://www.ncbi.nlm.nih.gov/BLAST/)
revealed that the designed primers were unique for TNF-«
and GAPDH (Glyceraldehyde 3 phosphate dehydrogenase).

The primer sequences were as follows and for the assay were
obtained from MWG Biotech (Bengaluru, India).

AK-TNF-a-F-5'-AGCCGATGGGTTGTACCTTGT
CTA-3;
AK-TNF-0-R-5-TGAGATAGCAAATCGGCTGAC
GGT-3;
AK-GAPDH-F-5-TGCACCACCAACTGCTTA-3';
AK-GAPDH-R-5-GGATGCAGGGATGATGTT-3'.

2.7.4 Real-time PCR

Real-time PCR was performed using SYBR® Green PCR
Master Mix using Applied Biosystem 7300 Real-Time
PCR System. The PCR solution contained 2.5 pl of primer
mix (final concentration, 166 nM), 7.5 pul of 2x SYBR
PCR mix (Applied Biosystems, Foster City, CA), and 5 pl
of the sample. Universal thermal PCR cycling conditions
suggested by Applied Biosystems were followed and all the
samples were normalized to GAPDH.

3 Results
3.1 ATR-FT-IR analysis

The ATR-FT-IR spectra of PU, PU-Curdlan and PU-BSA
films are shown in Fig. 1. Spectra of the PU-Curdlan films
are notably different from the PU films in the region
between 1,060-1,160 cm™'  and  between 3,300—
3,400 cm ™! regions. The peak at 1,160 cm ™" is assigned to
the anti-symmetric stretching of the C;—O-Cj; bridge of the
p-1,3-glucan linkage in curdlan, and the signals at
1,060 cm™ ! represent the typical C—O bonds. The distinc-
tive absorption bonds at 3,330 cm™ ' is assigned to —OH
vibrations [33]. PU-BSA showed the characteristic IR
peaks of amide I and amide II at 1,650 and 1,540 cm ™!
which could be assigned to —C=0O stretching and N-H
deformation, respectively. Thus, ATR-FTIR studies indi-
cated that both the molecules were successfully
immobilized on the PU surface.

3.2 Dynamic contact angle measurements, surface free
energy and in vitro stability of surface films

Virgin PU exhibited typical hydrophobic surface, which
was characterized by relatively high values of advancing
(0a = 91.1°) and receding contact angles (Ar = 84.0°).
The solvent treatment marginally reduced the hydropho-
bicity. Immobilization of both curdlan and BSA were
effective in rendering the surfaces more hydrophilic, which
was seen by a reduction in the values of both 0, and 0y
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Fig. 1 ATR-FTIR spectra of PU films modified with a Curdlan, b
BSA

Table 1 Dynamic contact angle analysis of modified TecoflexTM
film

Polymer Advancing Receding Hysteresis
contact angle (0,) contact angle (0g) (0o — Or)
PU 91.1° £ 22 84.0°+ 1.3 7.1°
PU-THF 86.8° £ 2.0 782° £ 1.8 8.6°
PU-BSA 60.7° £ 34 33.1°+ 29 27.6°
PU-Curdlan 36.4° + 4.0 0° 36.4°

Data reported were averaged over 5 measurements

(Table 1). PU-Curdlan showed highest hysteresis, followed
by PU-BSA and the least was shown by PU.

The stability of Curdlan and BSA entrapped PU films
were determined by contact angle measurements of sam-
ples removed from saline solution at different times over a
period of 30 days (Table 2). No significant change in the
contact angles of both the PU-Curdlan and PU-BSA were
noted over this period. However the contact angles
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increased to pre-coating levels after 12 h for physically
adsorbed curdlan and after 2 days for physically adsorbed
BSA samples respectively. The total surface free energies
and their dispersive and polar components of the surfaces
were calculated according to the Fowkes’s method and
are presented in Table 3. After immobilization, the polar
(y*) component of the surface free energy significantly
increased. The surface free energy of the modified samples
showed an increase when compared to the PU, with
PU-Curdlan surface showing highest increase followed by
PU-BSA.

3.3 SEM-EDAX analysis

SEM-EDAX analysis of the films provided insight into the
surface topography and micro-space composition (Fig. 2).
Curdlan modification increased the surface roughness
while BSA modification led to a relatively smooth surface
when compared to unmodified PU. Table 4 shows the
elemental composition and the O/C and N/C ratios of these
films as calculated from EDAX measurements. Upon
curdlan modification the weight percentage of oxygen
increased (34.4 + 1.0%) while carbon did not change
significantly. BSA modification increased the weight per-
cent of both carbon (39.3 £ 09%) and nitrogen
(39.2 &+ 1.3%). Thus, SEM-EDAX results also indicated
that biomacromolecules have been successfully immobi-
lized onto TecoflexTM surfaces.

3.4 Atomic force microscopy analysis

AFM studies were aimed at visualization of the nano-
structure on the polymer surface before and after
modification (Fig. 3). The average, maximum and mean
roughness of these films are listed in Table 5. PU surface
was marginally rough (average roughness of 25 nm) at the
atomic level with several islands of about 1,000 nm width
(Fig. 3a). Curdlan immobilization increased the surface
roughness dramatically (104 nm), and the surface showed
large globular structures in several regions (Fig. 3b).
However, on treatment with BSA, the polymer surface
became highly planar with a few pin holes (Fig. 3c) and the
average roughness reduced to 1 nm.

3.5 Confocal laser scanning microscopy (CLSM)
investigation

The cross-sectional part of the rhodamine-labeled dextran
modified TecoflexTM film is shown in Fig. 4a and b. The
figures reveal that both sides of the film were covered
with dextran. The thickness of the dextran layer was
determined from (Fig. 4b) to be approximately 20-30 pum.
Further investigations indicated a change in the
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Table 2 Water contact angles for physically adsorbed and entrapped biomacromolecules on Tecoflex surfaces as a function of exposure times to

saline solution at 37°C

Days Contact angle (0)
PU Physically PU-BSA PU-CUR Physically
adsorbed BSA adsorbed Curdlan
Control 86.6 = 1.7 675 £ 7.1 60.7 £ 3.9 342+ 43 644 £ 8.6
12 h 713 £ 5.6 643 +£32 363 £ 3.6 80.7 £ 3.1
5 days 86.7 £ 1.4 82.1 £32 672 +£22 385 £33 843 £ 1.5
10 days 864 £ 2.1 84.6 £ 3.4 67.8 =24 389 £ 2.7 845+ 1.2
20 days 86.2 £2.5 849 £ 3.7 66.9 £+ 3.0 402 £ 34 842 £ 15
30 days 863 £ 1.8 845 £33 67.7 £ 2.8 399+ 3.0 84.6 £ 1.6

Data reported were averaged over 3 measurements

Table 3 Surface free energy

. : Sample Dispersion component Polar component Surface energy
and their components of various (%Y (mN/m) (%) (mN/m) () (mN/m)
TecoflexTM surfaces d / i

PU 23.6 8.83 32.43
PU-Curdlan 17.9 28.19 46.09
PU-BSA 21.8 19.8 40.98

fluorescence intensity of the entrapped dextran layer from
the outside to the inside (Fig. 4c). The fluorescence
intensity increased steeply followed by a short stable
intensity which may be due to a thin coating layer of the
dextran. The fluorescence intensity then decreased grad-
ually, which reveals a decreasing density gradient of the
rhodamine-labeled dextran. Thus, the CLSM investigation
of the entrapment structure revealed the existence of the
entrapment layer about 20-25 pm in depth, confirming
the surface entrapment of biomacromolecules on Tec-
oflexTM surface.

3.6 Protein adsorption

The adsorption of bovine fibrinogen (BFG) onto various
surfaces from the protein solution (0.1 mg/ml) is shown in
Table 6. These results demonstrate that both PU-Curdlan
and PU-BSA surfaces are able to decrease fibrinogen
adsorption and the later in particular is more effective than
the former in reducing fibrinogen adsorption (Fig. 5).

3.7 Short-term bacterial adhesion assays

PU-Curdlan surface significantly reduced staphylococcus
aureus adhesion when compared to PU and PU-THF con-
trol (Fig. 6, P < 0.05) in 4 h, while there was no significant
change in the adhesion of pseudomonas aeruginosa. While
it is seen that PU-BSA had lower adhesion of both the
species when compared to untreated PU and PU-THF
control (Fig. 6, P < 0.05).

3.8 Cell viability and adhesion assays

The viability of the cells was monitored on the basis of the
appearance of fluorescent nuclei (red) due to the uptake of
PI, which indicated dead cells. Cell viability drastically
decreased on the surfaces of PU (12.6 4+ 0.2%) and PU-
THF (12.8 + 0.3%) when compared to untreated glass
which was taken as 100% (Fig. 7, *P < 0.05). The via-
bility of cells exposed to PU-Curdlan (98.3 £ 0.6%) and
PU-BSA (99.5 &+ 0.8%) were comparable to untreated
glass control (Fig. 7, *P < 0.05). A significant decrease in
the percentage cell adhesion was observed on PU-Curdlan
(39.0 £ 4.0%) and PU-BSA (34.02 + 3.6%) surfaces
when compared to untreated glass control which was
assumed to allow 100% cell adhesion (Fig. 8, *P < 0.05).

Cell viability was also evaluated on glass substrates in
the presence of the medium exposed to various PU surfaces
(Fig. 9). The viability of cells in the presence of the
medium exposed to PU significantly decreased on glass
when compared to untreated glass which was taken as
100%. While, the cell viability in the presence of the
medium exposed to PU-Curdlan and PU-BSA was not
affected on glass.

3.9 Real time PCR (RT-PCR) analysis of TNF-« gene
expression

The surface induced cellular inflammatory response to

various polymers were evaluated by quantifying the
expression levels of the proinflammatory cytokine TNF-«
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Fig. 2 SEM-EDAX analysis of
a PU, b PU-Curdlan and ¢ PU-
BSA surfaces

Table 4 Surface elemental composition of modified TecoflexTM
films as measured by EDAX

Sample Wt%

C N O o/C N/C
PU 29.88 27.71 15.54 0.520 0.927
PU-Curdlan 28.85 - 34.45 1.194 -
PU-BSA 39.37 39.22 18.59 0.49 0.996
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as a function of time (Fig. 10). The exposure of 1.929
fibroblasts to LPS stimulated TNF-o transcript levels
within 1 h, and the levels increased to a maximum of 1.8
fold to its original value (**P < 0.001) in 4 h. TNF-«
transcripts peaked within 2 h of exposure to PU and the
levels increased further to 1.6 fold to its original value
(**P < 0.001) in 4 h, which was highest recorded amongst
all the samples. Whereas, cells exposed to PU-Curdlan and
PU-BSA had only 1.2 (**P <0.001) and 1.1 fold
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Fig. 3 Typical AFM topographic images of a PU, b PU-Curdlan and
¢ PU-BSA surfaces

Table 5 Roughness of the modified TecoflexTM films

Samples Average Maximum Mean
roughness (nm) roughness (nm)  roughness (nm)

PU 25 244 93

PU-Curdlan 104 674 346

PU-BSA 1 10 7

(**P < 0.001) increase in the transcript levels from its
original value.

4 Discussion

Immobilization of hydrophilic macromolecular layers on
surfaces and its effect upon the extent of non-specific
protein and cell adhesion are of considerable interest [34].
This is particularly so in the context of understanding the
characteristics of a polymeric biomaterial [35, 36]. The
effect of polysaccharides and proteins including dextrans,
albumin, laminins on bacterial and cellular interactions
with polymers have been studied [37—40]. In those studies
the biomolecules were physically adsorbed onto the sur-
faces. In the present study curdlan was used to modify the
surface of TecoflexTM by the entrapment method and its
effect on various cell and polymer interactions was eval-
uated. The entrapment structure created by this solution
technique led to high concentration of the modifier near the
polymer surface. The entrapment remained intact and sta-
ble. Experiments showed low cell adherence and protein
adsorption even after 20 days, and also there was no
detectable desorption of curdlan in saline even after
30 days.

Protein adsorption is important in the initial condition-
ing of the material when it is just implanted into the body,
and is instrumental in the activation of various inflamma-
tory cascades. It also provides adhesion sites for some
bacteria. Serum proteins, such as fibrinogen, fibronectin
and vitronectin, play a critical role in cell adhesion on an
artificial material [41-44]. It is clear that these plasma
proteins have multifacet influence on the biocompatibility
of different substrates. Both PU-Curdlan and PU-BSA
surfaces reduced protein adsorption when compared to the
base, although the later modification was found to be more
effective than the former. It is likely that the most effective
biocompatible surface will be the surface on which asso-
ciated proteins are retained in their native conformation.
The PU-Curdlan surface may achieve this through their
ability to generate a highly hydrated surface that mimics
the natural environment encountered by plasma proteins
because of its tendency to strongly bind water molecules
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Fig. 4 Confocal laser scanning
microscopy investigation of
cross-section part of the
entrapment film. a, b Cross-
sections of a rhodamine-labeled
dextran-modified PU film.

¢ Fluorescence intensity of the
entrapped dextran layer from
outside to inside

—_—

Intensity
4000

3500

3000
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Table 6 Adsorption of bovine fibrinogen (BFG) onto surfaces of
modified TecoflexTM films

Polymer BFG adsorption (ug/cm?)
PU 2.674 £+ 0.051
PU-Curdlan 1.983 + 0.077
PU-BSA 1.650 + 0.089

leading perhaps to a thermodynamic hydration barrier. The
dynamic contact angle and the surface free energy data of
PU-Curdlan appear to support this hypothesis. Its surface
has lower advancing and receding contact angles (higher
surface free energy) when compared to virgin PU or PU-
BSA suggesting a greater hydrophilicity and perhaps
increased bound water.

Bacterial adhesion is a very complicated process that
depends on many surface factors, including chemistry,
charge, hydrophobicity, and the presence of protein
[45—47]. Although the initial stage of nonspecific attach-
ment of bacteria on a surface is a key determinant in the
subsequent formation of biofilm, the molecular basis of this
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Fig. 5 Adsorption of bovine fibrinogen (BFG) onto the surface of
modified TecoflexTM films

process is not fully understood. The immobilized curdlan
on the PU surface significantly reduced the adhesion of
Staphylococcus aureus, (by 62%) when compared to
untreated PU. Whereas, immobilization of BSA consider-
ably decreased the adhesion of both the strains. This is in
agreement with previous studies, which showed the
inhibitory effect of albumin on bacterial adhesion [48—51].
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Fig. 6 Bacterial adhesion on materials incubated in approximately
1 x 10® a Pseudomonas aeruginosa and b Staphylococcus aureus for
4 h. Mean &+ SEM (n = 3)

This is attributed to the fact that albumin is an acidic
protein with a net negative surface charge, leading to a
reduction in the surface hydrophobicity [49, 50]. The
reduced adhesion on PU-Curdlan might be a result of steric
repulsion between the teichonic acid (also outer membrane
proteins) present on gram-positive bacterial surfaces and
the hydrophilic curdlan molecules on the PU-Curdlan
surfaces. Steric repulsion effects are known to play an
important role mainly in adhesion of hydrophobic organ-
isms to hydrophillic surfaces [51, 52]. This result is also
supported in literature which reports that increased surface
hydrophillicity decreased bacterial adhesion on PU [53,
54]. The resistance of PU-Curdlan and PU-BSA surfaces
towards protein adsorption might also be an important
factor to note since it is observed that the ability of a
surface to resist protein adsorption is a prerequisite to resist
bacterial adhesion [55, 56].

The in vitro cell culture studies showed that the base
polymer initially induced substantial cytotoxicity on L.929

cells, which was successfully suppressed on modified
substrates. The number of viable cells significantly
decreased on PU and also in the presence of the medium
exposed to it, while it was neither affected on the surfaces
of PU-Curdlan and PU-BSA nor in the presence of medium
exposed to them. Cells adhering to BSA modified sub-
strates showed a rounded morphology for longer incubation
periods when compared to curdlan modified substrates.
These results are in line with others who have observed
reduced protein and cell adhesion on neutral hydrophilic
polysaccharide coated substrates [6, 7, 57]. The steric
barrier provided by the highly hydrated curdlan molecules
minimizes the adsorption of biological fluid-borne proteins
and formation of nonselective cell adhesive surface that
promotes inflammatory responses. Thus the mechanism of
action here must be similar to the complex protein rejection
mechanisms observed for other neutral hydrophilic mole-
cules like dextrans and PEG [6, 7, 56-58]. Real-time PCR
analysis of the cytokine TNF-a gene expression provided
further confirmation that there were quantitative differ-
ences in the inflammatory response of 1.929 fibroblast cells
to unmodified and modified surfaces. Virgin PU surface
triggered greater stimulation of TNF-a gene expression
(highest recorded amongst all the polymeric samples)
whereas the levels on PU-Curdlan and PU-BSA showed a
modest increase from the base value, indicating that these
modifications suppressed the inflammatory response elic-
ited by the base polymer.

BSA is already a known passivating agent in clinical
applications, and in the current studies curdlan based
substrate was found to be comparable to BSA based sub-
strate. If curdlan coatings are to be utilized for biomaterial
implants they should be biocompatible and stable. As
found with other neutral hydrophilic polysaccharides like
dextrans the surface-bound curdlan on biomaterial surfaces
are biocompatible as it mimics the glycocalyx on cell
surfaces [1]. Gene expression studies of proinflammatory
cytokine TNF-o reveals that the surface bound curdlan
does not trigger any inflammatory response in cells.
Arakawa et al. [59] assessed curdlan immunogenicity in
groups of four CH3 mice, which were given a single
intravenous injection of 10 pg curdlan, 10 pg dextran, and
0.1 mg alum-precipitated bovine serum albumin. Although
the last two compounds induced a strong passive
haemagglutination reaction, curdlan did not induce any
reactive antibodies. Therefore it could be assumed that the
release of curdlan from the material surface will also not
trigger any immune response. Since /-(1 — 3)-glucanases,
the enzymes that degrade curdlan, are produced only by
some bacteria and fungi and not by human tissues, curdlan
coatings on implants will not degrade enzymatically in
most tissues. Enzymatic degradation will only occur
in tissues that have significant microbial populations,
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TecoflexTM(PU)

Fig. 7 Confocal laser scanning microscopy of L929 fibroblast cells
stained after 4 h for viability on (Panels a, b, ¢) Control Glass;
(Panels d, e, f) cells incubated with PU; (Panels g, h, i) cells incubated
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% cells per field x 60 mag

20

Glass PU-Curdlan PU-B5A

Surface

Fig. 8 Adhesion of L-929 mouse fibroblasts to various TecoflexTM
surfaces incubated with approximately 1 x 10* cells after 4 h.
(n=173)

e.g. gastrointestinal and nasal tracts and hence surface-
immobilized curdlan on biomaterials may be quite stable in
most of the tissue environments. Also with the multivalent
nature of curdlan, further studies should be conducted with
curdlan coatings on biomaterials for low protein/cell
binding applications and for developing biomimetic cell
type selective surface modifications. Since the reported

@ Springer

TecoflexTM(PU-THF)

PU-BSA PU-Curdlan

with PU-THF; (Panels j, k, 1) cells incubated with PU-BSA; (Panels
m, n, o) cells incubated with PU-Curdlan

method of curdlan entrapment is inexpensive and a rela-
tively simple process, it may have broad biomedical
applications.

5 Conclusions

It is demonstrated by means of ATR-FT-IR, AFM and
SEM-EDAX analysis that curdlan and bovine serum
albumin can be immobilized on TecoflexTM surface by
entrapping them during the reversible swelling of the base
polymer. Contact-angle measurements showed that modi-
fied films were more hydrophilic than the unmodified
polymer. CLSM analysis of the modified surfaces revealed
the existence of the entrapment layer about 20-25 pm in
depth. The performance of curdlan and BSA modified
TecoflexTM surfaces in cell/serum environment demon-
strated the success of this entrapment strategy as the
modified polymers showed better ability to inhibit protein
adsorption, bacterial and cellular interactions at the surface.
The expression levels of TNF-« transcript was significantly
lower upon exposure to modified films than that to
TecoflexTM. These studies have revealed that this
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Fig. 9 1929 fibroblast cell viability after 4 h in the presence of medium exposed to (Panels a, b, ¢) Control Glass; (Panels d, e, f) cells exposed
to PU; (Panels g, h, i) cells exposed to PU-BSA; (Panels j, k, 1) cells exposed to PU-Curdlan
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Fig. 10 Effect of various Tecoflex surfaces on expression of TNF-«
mRNA in L929 fibroblast cells at different time intervals as
determined by Real time PCR analysis. Each time point represents
the mean of triplicate measurements £SD

approach may potentially be used to create materials
capable of preventing nonspecific adhesion events, and
suppress cytotoxicity, and surface induced cellular
inflammatory responses. This simple surface entrapment

method would also be useful for applications in the fields
of drug delivery, implanted devices and tissue engineering.
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