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The grafting of poly(sodium styrene sulfonate) (pNaSS) onto ozone-treated poly(ethylene terephthalate) (PET)
fabric surfaces was characterized by X-ray photoelectron spectroscopy and toluidine blue colorimetry. Significant
amounts of pNaSS were grafted over the range of experimental conditions examined in this stttBO(8@N

of ozonation, reaction at 65 or 7@, and reaction times up to 240 min). Within these ranges the amount of
grafted pNaSS increased with both ozonation time and reaction temperature. The amount of grafted pNaSS increased
over the first 60 min of reaction, then remained relatively constant from 60 to 240 min. For the biological
experiments pNaSS-grafted samples were prepared with 30 min of ozonation and 60 min of reaction at a grafting
temperature of 70C. The ozonation time was limited to 30 min to minimize any possible degradation of the
PET fabrics by the ozonation treatment. The pNaSS-grafted PET surface adsorbed a factor of 4 more compared
to the nongrafted surfaces. The strength of fibroblast adhesion was an order of magnitude higher on pNaSS-
grafted PET fabrics compared to that on nongrafted PET fabrics. This difference in the cell attachment was
correlated to the cell spreading, which was better and more homogeneous on the grafted fibers compared to the
nongrafted fibers. Fibroblasts adhered more strongly on surfaces precoated with normal human plasma compared
to surfaces precoated with 10% fetal calf serum in Dulbecco’s modified Eagle’s medium.

1. Introduction its use widely recommended in more than 90% of the cases,
the time required to recover from this surgery and regain normal
Poly(ethylene terephthalate) (PET) has been widely used in physical performance remains too loHgloday investigations
several biomedical applications, especially when the mechanicalto improve synthetic ligaments for biomedical applications
properties required fibers and fabrics. As a matter of fact, include advanced polymer science, new surgical techniques, and
for many years PET was the only synthetic material used for development of original techniques for weaving and knitting
fabrication of vascular grafisToday it remains a major polymer  PET fibers and fabrick 15
for vascular graft applicatiorfsMany efforts have been made As a better understanding of the host-response mechanism
to improve PET's “biocompatibility” and/or “hemocompatibil-  has developed, the scientific community interested in synthetic
ity” with limited success. Thus, improving the biocompatibility  |igaments has focused on the importance of the quality and
of PET remains a topic of investigatidr. control of polymer properties for use in a new generation of
In the 1980s many polymers such as PET, poly(propylene), synthetic ligaments. The recent results of synthetic ligament
poly(amide), poly(tetrafluoroethylene) along with carbon fibers implantation are positive with regard to good surgical tech-
were tried as materials for preparing fabrics and fibers for the niques!214-16 However, such surgeries are limited to the small
fabrication of synthetic ligamentsThe lack of quality control, ~ percent of patients that really need a rapid anterior cruciate
poor polymer characteristics (quality, purity, and grade), as well ligament (ACL) repair (e.g., professional athletes).
as the absence of controlled washing and conditioning of fibers |, addition, the advancements of specific surface treatments
and fabrics after the processing led to systematic and dramaticg improve the “host response” and “biocompatibility” of
failures—mainly originating from fabric abrasion, ligament tears, polymers and metallic surfaces led us to develop a method of
and weak integratiorrand severe chronic inflammation in the  pgT syrface grafting for production of a new synthetic bioin-
operated knee joirf tegrable ACLI317
Because of the failures experienced using synthetic ligaments, g pigjogical causes of synthetic ACL rupture are still the
the orthopedics community stopped using them and went back yain reason for failure of these devid&?1t should be possible
to the classical method of ligament reconstruction with autogenic 4 overcome this issue by developing synthetic ligaments with
tendon grafts. While the success of this technique is high and yipactive surfaces that mask the synthetic origin of the PET

prosthesis and allow it to fully integrate with the body. Indeed,

+3;(A0“)tlr‘g4é%3‘é";OmFgg”isggo”d(eor;iigzggg'g% be E?nﬂg;fsse\?migcgonﬁ weak tissue integration, which leads to ACL rupture and failure,

galilee.univ-parislé.fr. ) : : is closely related to the negative host response towardPET.
t Universite Paris 13. In most failures, the pathologic response was related to the
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leads to uncontrolled fibroblast cell response and the accumula-acquired at an analyzer pass energy of 50 eV. The photoelectron takeoff
tion of unstructured fibrous tissdé The host response of PET ~ angle (the angle between the sample normal and the input axis of the
must be improved to achieve full biointegration of the synthetic energy analyzer) for all XPS experiments was.5his takeoff angle
ACL. One possible method for improving the host response is corresponds to a sampling depth of approximately 5 nm. One or two
to graft bioactive polymers onto the surface of the synthetic SPOLS On one or two replicates were analyzed for each sample treatment.
ACL. The Service Physics ESCAVB Graphics Viewer program was used to

The grafting of poly(sodium styrene sulfonate) (pNaSS) was de“i(rmine pea':j area;'f_f?}l]cuk']"?‘tithe elletmemal C?mp_?ﬁ itig.nz.from those
st studed on PET fims, and hose resuls have been PS3 12 2 pesktie g vesoutonspct. T g enery
published!® In this study pNaSS grafting is applied to PET high i Y b'gd' 9 Y ¢ P her detail
fabrics, fibers, and total ligaments. The fibroblast cell response Igh-resolution spectra to a binding energy of 285.0 eV.. Further details

’ ! . - . . of the XPS analysis procedures are described in ref 13.
to the grafted materials was studied along with protein adsorp-

. ; . . ) . 2.2.2. Toluidine Blue: A Colorimetric Metho@he toluidine blue
tion from single-component protein solutions, mixed protein (TB) colorimetric method previously described by Kato and I1k&da

solutions, and blood plasma to examine the biologigal activity has been adapted for the PET samples used in our stidiés
of pNaSS-gr_afted PET surfaces_,. The surface chemistry of this protocol used was the following: 50 mL of 51074 M TB aqueous
‘new material” was characterized by X-ray photoelectron sojution was prepared, and 0.2 mL of a 2-amino 2-methyl propanol
spectroscopy (XPS) and toluidine blue (TB) colorimetry. The puffer solution was added to reach and maintain the solution pH at 10.
pNaSS-grafted materials were found to preferentially adsorb The sample was placed in 6 mL of the TB solution at*80for 6 h.
adhesive proteins and to control fibroblast proliferation, similar Noncomplexed TB molecules were removed by rapid washing of the
to the behavior of natural ligaments. Moreover, it was observed sample with a basic aqueous solution (NaOHs 304 M, pH 9) for
that the presence of proteins deposited from plasma onto the30 min. Then, each sample was placed in15 mL of an aqueous
grafted surfaces enhanced the adhesion strength of cells on thosecetic acid solution (50%, v/v) for 24 h to obtain complete decom-
surfaces. plexation of TB from the sample. TB assays were done on both
ozonated and ozonated/grafted surfaces. To quantify the amount of
NaSS grafted to a given ozonated PET surface the amount of TB

2. Materials and Methods complexed to the ozonated surface was subtracted from the amount of
) ] ) TB complexed to the corresponding ozonated/grafted surface.
2.1. PET Sample PreparationPreviously we described the results The decomplexation solution was analyzed by-tN& spectroscopy.

from pNaSS grafting experiments on PET filfdsThe results from 1B has an absorption peak at 633 nm with an extinction coefficient of

that study were used to determine the experimental conditions for 5g oo L/(mol cm). It was assumed that a 1:1 complex between one

grafting pNaSS to PET fabrics in the present study. TB molecule and one SO group is formed on the grafted surfaces.
The knitted fabrics were provided by the LARS Company (Arc sur  Therefore, the grafting ratio (GR) was calculated as follows

Tille, France) and were fabricated by the same process used to produce

artificial ligaments. The samples used for the grafting procedures were GR (mol of grafted polymer/g fabricy CV/m

knitted PET fabrics that were X 1.3 cnf in size and 1.04 mm in

thickness. PET fabrics were washed sequentially at ambient temperaturewhereC is the molar concentration of TB (in mol/LY, is the acetic

first for 15 min in tetrahydrofuran (THF), then for 15 min in double-  acid volume (in L), andn is the mass of fabric (in g).

distilled water, and finally for 15 min in a boiling aqueous solution of 2 3 Biological Characterization.2.3.1. Serum Albumin Adsorption

5% N&COs. The samples were then dried under vacuum at@3or MeasurementsPrior to human serum albumin (HSA) adsorption the

30 min. PET fabrics were rinsed and equilibrated in PBS. Then the PBS was
Ozonation treatment was carried out in an ozone generator (Ozonair).removed, and each fabric sample was covered with 1 mL of radiolabeled

Optimal ozonation conditions were found to be the following: room HSA ([*24] HSA, 5 uCi/mL, CIS-BIO) in PBS. The adsorption onto

temperature, 0.6 L/min oxygen, and 100 V. Under these conditions it the grafted and nongrafted PET fabrics was done from stirred HSA/

was assumed that the ozone concentration in aqueous solution can reachBS solutions at various concentrations for 45 min at room temperature.

3% (v/v). Six PET fabrics samples were placed in 70 mL of double- After the 45 min of adsorption each fabric sample was rinsed three

distilled water and exposed to the ozone flow for 30, 60, or 120 min. times with 2 mL of PBS, aspirated, and then removed and counted in

Immediately after ozonation, each piece of PET fabric was put into 3 a gamma counter (Willco Wizard 1470). Each measurement was

mL of a NaSS aqueous solution (15% g/v), under stirring and argon performed in triplicate.

atmosphere. Grafting temperatures studied were 65 and®Cl0 2.3.2. McCoy Fibroblast Cell Cultur@he human McCoy fibroblast

Polymerization kinetics was measured over 3 h. After grafting the cell line was purchased from the American Type Cultures Collection

sample was removed and extensively washed with double-distilled water (No. CRL-1696) and stored frozen. Cells were cultured in 25tisaue

for 1 h. culture flasks with DMEM (Invitrogen) supplemented with 10% fetal
Prior to the cell adhesion and proliferation experiments, PET fabrics calf serum (10% FCSDMEM) and 1% antibiotics (penicillis

were extensively washed with 1.5 and 0.15 M aqueous sodium chloride streptomycin, Invitrogen) at 37C under a humidified atmosphere in

solutions and water then sterilized by UV light exposition for 15 min a CQ, (5%) incubator (ASSAB T304 GF). The media was changed

on each side. Prior to the cell seeding, fabrics were (a) equilibrated atevery 3 days. Cells between passage 10 and 15 were used for

physiological pH with phosphate-buffered saline (PBS), (b) introduced experiments in this study.

into the wells of a commercial 24-well microtest plate (Costar), (c) 2.3.3. Kinetics of Cell AdhesiorKinetics of cell adhesion was

incubated overnight in Dulbecco’s modified Eagle’s medium (DMEM, performed as follows: ¥Gells were seeded onto grafted and nongrafted

Invitrogen), and then (d) incubated in 10% fetal calf serum (FCS)- PET fabric samples and incubated for 0.5, 1, 4, and 24 h. Then the

supplemented DMEM. adhered cells were quantified by measurement of extracted total
2.2. Grafting Characterization. 2.2.1. X-ray Photoelectron Spec-  proteins?' The protein assay was performed by a colorimetric méthod

troscopy.All XPS data were acquired with a Surface Science Instru- (BCA, Interchim). Cell adhesion percentages were expressed as the

ments S-probe spectrometer. This instrument has a monochromatizedercentage of the number of cells adhered relative to the number of

Al Ka X-ray source, hemispherical analyzer, multichannel detector, cells seeded.

and low-energy electron flood gun for charge neutralization. For 2.3.4. Adhesion StrengttAdhesion strength of cells seeded on

elemental composition determination spectra were acquired at angrafted and nongrafted PET fabrics was evaluated after preincubation

analyzer pass energy of 150 eV. The high-resolution C 1s spectra wereof surfaces with 10% FCSDMEM or normal human plasma (NHP&:DV
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Figure 1. Grafting ratios of pNaSS on PET fabric ozonated for 30, 60, or 120 min: Toluidine blue colorimetry measurements. The
60, or 120 min: Toluidine blue colorimetry measurements. The grafting reaction was carried out at 70 °C for times up to 240 min.

rafting reaction was carried out at 65 °C for times up to 240 min. . .
g g P can double by increasing the temperature BZ5For example,

samples ozonated f2 h reach a GR of 1.2 10~° mol
pNaSS/g fabric when reacted at 7C. However, it is also
washed twice with 1 mL of PBS. Fibroblasts, 2 10° cell/mL in possible that too long ozonation times can degrade or alter the
DMEM, were incubated at 37C on the PET fabric samples for 1 h. PET fa}bric properties. For this r_eason the OPtima' time _Of
Nonadhering cells were removed by rinsing the PET fabrics with PBS. 0Zonation was chosen to be 30 min. After 30 min of ozonation
Then the rinsed PET fabrics were placed on a rotating plate, and an0 Weight loss of the samples could be detected. Also, scanning
centrifugal force (6-110 rpm) was applied for 10 min to the adhering ~ €leéctron microscopy did not detect any increase in surface
cells on the fabrics. The cells detached by application of the centrifugal roughness after this treatment. At 7€, after 30 min of
force were collected and counted. The cells remaining on the PET 0zonation, the maximum GR value of 4:5 1076 is reached
fabrics after application of the centrifugal force were then detached after 1 h of polymerization. These conditions were used to
using a lysis buffer (0.5% Triton (Acros Organics), 150 mM NaCl, prepare samples for the biological tests.

150 mM PMSF (Sigma), 0.02% sodium azide (Fluka), and 2mM EDTA  3.1.2. XPS CharacterizatioriThe results from the XPS-

in PBS) and counted. The following two types of cell counting methods  determined elemental compositions of the PET fabric samples
were used for quantifying the number of cells in each solution: are summarized in Table 1. The theoretical XPS values expected
measurement of total cell proteins by the BCA assay and total cell for PET and pNaSS, based on their stoichiometry, are also
DNA by Hoescht technique 33258 (Sigma). The centrifugal applied jncluded in Table 1 for comparison. The untreated PET surface

The 1x 1.3 cn? PET fabric samples were first incubated with 1 mL
of 10% FCS-DMEM or NHP at 37°C for 1 h while stirring, then

force can be translated into a mechanical fGfcé stress shear).  showed slightly more carbon than expected theoretically. This
For each experiment, was determined as the shear stress correspond- is typical for PET and is probably due to the adsorption of a
ing to the strength where 50% of the cells are detached. small amount of an adventitious hydrocarbon layer onto the PET

2.3.5. Cell Morphology and Distributiorkibroblast cells (50000 grface. Ozone treatment of the surface did not significantly
celIs_/weII) were seeded pnto grafted and nongrafted PET fabric Sampleschange the surface composition of the PET samples. This is
previo usly incubated with 1.0% '.:C_SDMEM then allov_ved to grow consistent with previous XPS results that showed no significant
for either 4 or 6 days. Proliferating cells were then incubated away difference between the untreated PET film surfaces and those
from light with fluorescent dyes for 30 min at room temperature: (a) ozonated for 30 or 60 mif The reason that no significant
5 #M calcein AM solution (Interchim) or (b) #g/mL acridine orange differences were detected b XPS for the PET fabric samples
solution (Invitrogen). The morphologies of the proliferating cells were was likely that (1) the Ozoneytreatment conditions were ratpher
observed with a fluorescence microscope (Axiolab, Zeiss, Germany) d dy 2 th . d db i "
that had an attached digital camera (Diagnostic Instruments, USA). g]écaige i'E V\)/as 2ei%$;:%3a$;0aﬁicﬁhe gzgﬁggir:c;?egl{;erﬁ?gg:r.e

the XPS measurements were done, the ozonated surfaces had

3. Results probably already converted back to a state similar to untreated
PET. Previous contact angle measurements on PET films
3.1. pNaSS Grafting onto the PET Samples3.1.1. Tolui- showed changes in surface energetics of the ozonated PET films

dine Blue Characterizatiorfrigure 1 presents pNaSS grafting with the polar component of the surface energy increasing with

kinetics at T = 65 °C, as measured by TB colorimetry. ozonation timé3 The roughness and woven fiber nature of the

Regardless of the ozonation time, the GR reaches a maximumPET fabric samples prevented contact angle measurements of

after 90 min of polymerization. The influence of ozonation time the PET fabric samples.

can be seen by following the increase of GR maximum values  After ozonation and pNaSS grafting the carbon and oxygen

from 3.5 x 1076 to 5.5 x 106 mol/g fabric as the ozonation  concentrations decreased while the sulfur and sodium concentra-

time increases from 30 to 120 min. tions increased, as expected based on the theoretical composi-
Grafting kinetics obtained & = 70 °C are shown in Figure  tions of PET and pNaSS. Unlike the PET film samples,

2. There is a strong influence of temperature on the GR, which significant addition of pNaSS was observed at all grafting tir&f)ﬂ/
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Table 1. XPS-Determined Elemental Compositions of Untreated, Ozonated, and Ozonated Plus pNaSS-Grafted PET Fabric Samples?

XPS atomic percent

sample type carbon oxygen sodium sulfur silicon other
PET (theory) 71.4 28.6
untreated PET 75+1.3.3 247 +13
30 min ozone 76.0 £ 2.4 23.8+25 trace N
30 min ozone plus 68.7 £ 1.6 216 £2.3 42+04 50+0.6 trace trace N
30 min NaSS grafting
30 min ozone plus 68.3 £ 0.5 229+ 0.7 40+0.1 42+05 0.6 +0.3
60 min NaSS grafting
30 min ozone plus 66.6 + 2.8 223+24 51+1.8 5.6+0.6 trace trace P
180 min NaSS grafting
NaSS (theory) 61.5 23.1 7.7 7.7

2The XPS elemental compositions expected based on the stoichiometry of PET and pNaSS are also included in the table for comparison. Values are
reported as averages =+ one standard deviation. Trace means approximately 1 at. % or less of the element was detected in one replicate.

Table 2. XPS High-Resolution C 1s Results for Untreated, Ozonated, and Ozonated Plus NaSS-Grafted PET Fabric Samples?
XPS C 1s percent

shakeup
sample type C—C/C—H C—0/C—S0O3 O—-C=0 satellite
PET (theory) 60 20 20
untreated PET 56 + 4 25+3 17+1 3+1
30 min ozone 61+5 22+ 4 16+1 2+1
30 min ozone plus 75+5 17+5 6+2 2+1
30 min pNaSS grafting
30 min ozone plus 82+1 11+2 5+1 2+1
60 min pNasSS grafting
30 min ozone plus 83+5 11+6 4+1 1+1
180 min pNaSS grafting
pNaSS (theory) 87.5 125

2 The XPS carbon species expected based on the stoichiometry of PET and NaSS are also included in the table for comparison. Values are reported
as averages + one standard deviation.

(30, 60, and 180 min). Similar XPS elemental compositions for
all three grafting times are consistent with the similar GRs
measured by TB colorimetry for 30 min ozonated samples
grafted at 70°C for 30—120 min (Figure 2). The grafting of
pNaSS onto the PET surface should result in equal amounts of
sodium and sulfur detected by XPS. Within the experimental
error, this was true for all three pNaSS-grafted samples. Note
that the XPS standard deviations increased significantly for the
180 min grafted sample. Variations in composition both from
spot-to-spot on a replicate and from replicate-to-replicate were
responsible for the increase in standard deviations. There was
also a small amount of silicon detected (corresponding to
significantly less than a monolayer of poly(dimethyl siloxane)
(PDMS)) on the pNaSS-grafted surfaces. The presence of ——— T -
silicone is probably due to the introduction of small amounts 300 295 290 285 280
of PDMS contamination onto the PET surface during the Binding Energy (eV)
grafting process from nearby sources. The XPS composition of Figure 3. Representative XPS high-resolution C 1s spectra acquired
pure PDMS is 25 at. % Si, 25 at. % O, and 50 at. % C. from 30 min ozone-treated and 30 min ozone-treated plus 180 min

The results from the analysis of the XPS high-resolution C NaSS-grafted PET fabrics. The introduction of the NaSS groups from
1s spectra are summarized in Table 2. Also |nclud_ed in Table tr:ezgrsafetl\?%E&ogecjs:czztéléslrllntsg gcrga:r? d'notheéc oCs/p?em'-elssg?(;g;
2 are the expected amounts of each carbon species, based 0fy,g g9 ev, respectively.
the stoichiometry of PET and pNaSS. The results in Table 2
are consistent with the XPS compositional results discussed inand O-C=0 species were detected, as shown in Figure 3. This
the previous paragraphs. No significant differences are observeds expected due to the increased amount 6fGIC—H species
between the untreated PET film surface and the PET films in pNaSS relative to PET.
ozonated for 30 or 60 min. The amount of the-C/C—H 3.2. Biological Characterization of the PET Fabrics.3.2.1.
species detected at 285 eV in the untreated and ozonated filmsSerum Albumin Adsorption Measuremenrftke adsorption of
is slightly higher than expected from the stoichiometry of PET. HSA onto pNaSS-grafted or nongrafted PET fabrics samples
After 30 min of ozonation followed by 180 min of pNaSS was performed to measure the protein adsorption capacities of
grafting a significant increase in the amount of-C/C—H both samples. HSA is a good reference protein for the
species along with significant decreases in the amounts-@C  measurement of the protein accessible surface area beca(l,‘ls?/it

Counts

30 min Ozone

180 min NaS$S
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Figure 5. Kinetics of McCoy fibroblast adhesion onto pNaSS-grafted
PET fabrics. Cell culture conditions: 10% FCS supplemented
medium. (n = 6).

Figure 4. Typical isotherms of albumin adsorption onto pNaSS-
grafted (@ GF) and nongrafted (¢ NGF) PET fabrics. HSA was 125]
radiolabeled. n = 3.

Table 3. Adsorption Parameters of [125]] HSA onto pNaSS-Grafted

and Nongrafted PET Fabrics? 3.2.3. Measurement of Fibroblast Adhesion Strength on PET

Fabrics. The study of the adhesion strength on PET fabrics was

Ka Bnax ASA carried out in a medium with different protein concentrations
PET sample  (10°M7) (1079 mol HSA /sample) (cm?/g) to evaluate the role of the adsorbed proteins on the cell adhesion
nongrafted 2.7 7.2 861 process. Prior to the adhesion strength measurements the PET
pNaSS-grafted 37 16 3900 fabrics were coated with proteins from either 10% FTS/EM
2 ASA — accessible surface area to HSA protein, B — maximal or NHP. After seeding, incubating, and rinsing, the cell adhesipn
adsorption capacity, Ka = affinity constant. strength for both pNaSS-grafted and nongrafted PET fabrics

was determined by applying variable centrifuge forces to fabrics

adsorbs onto the majority of polymeric surfaces in an almost with adhered cells. The angular speed initially expressed in rpm
identical and nonspecific mann&x26 was translated into a mechanical strength dyn/cn?.2324The

HSA isotherms (see Figure 4 for examples of typical strength varies linearly with the radial position of celly (
isotherms) were used to prepare Scatchard plots. From theaccording to the equation
Scatchard plots the affinity constarKj and the amount of
adsorbed protein at saturatioB.{) were calculated. Table 3 7= 0.8 puw® (dyn/cnf)
lists theK, and Bmax Values expressed in M andug HSA/mg
fabric, respectively. Results show that the affinity constént ~ wherer is the radial distance from the center (25 cp)s the
is about~3 x 10° M~ for both grafted and nongrafted fabric  fluid density (near 1 g/cé?d), u is the fluid viscosity (0.85
samples. In contrast, tHaax values are very different for the  cP23), andw is the angular velocity.
two types of sampleBax was 4 times higher on the grafted For each experiment the shear stress corresponding to the
fabrics compared to the nongrafted fabrics. The observed affinity strength where 50% of cells are detacheg, was determined
constant values of the two materials are consistent with the to compare the adhesion strengths of cells on pNaSS-grafted
values previously reported for albumin adsorption onto poly- and nongrafted PET fabrics.
meric surfaced’ The significant increase in the capacity of the 3.2.3.1. Cell Adhesion Strengths with Supplemented Me-
pNaSS-grafted PET surface to adsorb protein is not surprisingdium: 10% FCS-DMEM. The 10% FCSDMEM, a supple-
because the grafting of a polyanionic, water-soluble polymer mented medium, was chosen because it is the reference medium
makes the surface more hydrophilic and more swellable in PBS for cell culture. This medium contains (1) proteins from serum
compared to nongrafted PET. but at concentrations 10 times lower than that of RH&nd

To scale the data for comparison in the remaining biological (2) does not contain fibrinogen (3 g/L) and some coagulation
characterization experiments, the surfaces were normalized byfactors. The application of shear stress from 0 to 33 dyffom
their measured area available for protein adsorption. To do thiscells adhering on both grafted and nongrafted PET fabrics,
the Bmax values were converted fropg HSA/mg fabric toug previously incubated with 10% FCPMEM, led to strong
of HSA adsorbed per chof available surface area as described differences in the percentages of adhering cells (Figure 6). These

by Sebastien et & This method assumes that 0,44 of HSA results demonstrate that different adhesion strengths are obtained
adsorbs per ciof available surface. for cells grown on grafted versus nongrafted PET fabrics.
3.2.2. Kinetics of Fibroblast Adhesion on PET Fabrigs. The majority of cells are rapidly detached from the nongrafted

kinetic analysis of cell adhesion in 10% FEBMEM was done PET surfaces at low shear stresses: 50% detached by 1 dyn/
for grafted and nongrafted PET fabrics to determine the optimal cm?, 70% by 4 dyn/cri and 90% by 13 dyn/ch(Figure 6). In
required time for McCoy fibroblasts to adhere to the surfaces. contrast, on the pNaSS-grafted PET surfaces it was necessary
Approximately 10 cells/fabric were seeded onto the samples to apply shear stresses of 13 dynfcto detach 50% of cells
and then incubated for varying times (0.5, 1, 4, and 24 h). The and 18 dyn/crito detach 70% of the cells. Thgy values for
number of adhered cells was quantified by using a total protein the two surfaceswhich give the stress necessary to detach 50%
assay. Figure 5 shows the number of adhering cells, expresseaf the adhered cells and therefore reflect the adhesion strength
as a percentage of the number of seeded cells, as a function obf cells—are compared in Table 4. These results suggest that
the incubation time. The results show that cell adhesion is very the strength of cell adhesion is about 12 times higher on pNaSS-
rapid on these surfaces, reaching levels of 90%r dfté of grafted PET compared to nongrafted PET<( 0.05, analysis
incubation. Thusa 1 hincubation time was selected for the of variation). These differences show that the cell/protein/surface
cell adhesion strength experiments. interactions, in the absence of adsorbed fibrinogen, are Weagv
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Figure 7. Variation of the cell adhering percentage vs the applied
shear stress t (dyn/cm?2) for pNaSS-grafted (M GF) and nongrafted
(® NGF) PET fabrics previously adsorbed with NHP. (n =6, * p <
0.05).

Table 4. Experimental 59 Values for Nongrafted and
pNaSS-Grafted PET Fabrics under Different Protein Conditions?

750 (dyn/cm?)

show the strong role of adsorbed plasma proteins in cell/protein/
surface interactions. For both coating solutions the cell adhesion
strengths were more than 10 times higher on the pNaSS-grafted

750 (dyn/cm?)

PET sample 10% FCS— DMEM NHP surfaces compared to those on the nongrafted surfaces.
nongrafted 1 4 3.2.4. Cell Morphology and Distributio.he observation of
pNaSS-grafted 12 >33 cell morphology and distribution at days 4 and 6 (Figure 8)

2 750 represents the required shear stress to detach 50% of the adhering hlghllght_ed the _foIIowmg important information about cell/
cells. surface interactions:

(1) Cells are living when adhering and proliferating onto

on the nongrafted PET compared to those on the pNaSS-grafteddrafted and nongrafted PET surfaces, as shown by the green

PET. This suggests that the adsorbed proteins on the pNasscolor of the cells. After calcein AM enters the cell it is converted

grafted PET surface are able to more effectively attach cells. to calcein by esterase cleavage and then emits green fluores-
3.2.3.2. Cell Adhesion Strengths with Supplemented Me- CENCe: Acridine orange also emits green fluorescence when

dium: NHP.When PET fabric samples were preincubated with Pound to the double-stranded DNA of living cells. These
platelet poor NHP, the cell seeding and adhesion Strengthfluorescence results show that the PET surfaces are not cytoxic.
measurements were carried out in culture medium that did not (2) In the case of the nongrafted PET surfaces, cells had a
contain proteins. Comparison to the results described above for©und shape even after 4 and 6 days of proliferation, showing
protein coating from 10% FGSDMEM, NHP allows evaluation that ce]l;s were able to proliferate but not to _spread (Figure 8A).
of the influence of protein concentration (dPand the presence !N addition, cells proliferated as clusters with a heterogeneous
of fibrinogen on cell adhesion strength. Fibrinogen contains distribution, as illustrated in Figure 8C.

RGD sequences that can play a role in the cell adhesion (3) In the case of pNaSS-grafted PET, cells were well spread
process? at days 4 and 6 and homogeneously distributed all along the

The percentages of adhering cells plotted versus shear stresgbers'
are presented in Figure 7. Significant differences are observed
between the pNaSS-grafted and nongrafted PET fabric samples,
showing that the cell adhesion process depends on the chemistry
of the surface and its adsorbed protein layer. It is significantto  Both XPS and TB colorimetry showed that pNaSS was
note that for the pNaSS-grafted surfaces coated with proteinssuccessfully grafted onto the surface of PET fabrics. In
from NHP the percentage of adhering cells is constar®0-— comparison to previous experiments on PET fifhgoth the
90%) at all applied shear stresses measurec38ldyn/cnd). amount and the kinetics of pNaSS grafting differed between
So thersp value of the pNaSS-grafted PET fabric cannot be the two types of PET samples. In the PET film stdéyhe
measured precisely from the range of applied centrifugal forces grafting ratio was expressed in grams of grafted polymer versus
in this study and is listed in Table 4 a83 dyn/cn? (the highest surface area of film in cA For the current PET fabric study
applied sheer stress in this study). In contrast significant the grafting was expressed per gram of fabric because the specific
detachment of cells from the nongrafted PET fabric was surface area of the fabric samples is unknown. Nevertheless,
observed even at low shear stres<d.Q dyn/cnf). The s, for XPS results show that significantly more pNaSS was grafted
the nongrafted PET fabric is approximately 4 dynfc@oating onto the PET fabrics compared to the PET films, especially at
the surfaces with NHP, compared to 10% FIBVEM, short reaction times. For example, after 30 min of ozonation
increased the cell adhesion for both the nongrafteed(dyn/ and 30 or 60 min of reaction at 7€ the XPS sulfur and sodium
cn?) and pNaSS-grafted (12 t833 dyn/cn?) PET surfaces, concentrations (which are directly related to the grafted pNaSS
showing that the different protein compositions in these media concentration) were an order of magnitude higher on the PET
do affect cell adhesion. In particular, the presence of fibrinogen fabrics compared to those on the PET films. Even after 180
and its known role in cell adhesion are consistent with the higher min of reaction at 70°C the fabric samples still show 50%
750 values observed from the NHP-coated fabric samples andhigher XPS sulfur and sodium concentrations than the P!B'V

4. Discussion
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Figure 8. Morphology and distribution of adhering and proliferating cells onto PET fibers with calcein and acridine orange staining: nongrafted
fibers (A, day 4; C, day 6), pNaSS-grafted (B, day 4; D day 6).

samples. However, the XPS elemental compositions and high-albumin, resulting in adsorbed protein films that were signifi-
resolution spectra of the pNaSS-grafted PET fabrics activated cantly enriched in fibronection compared to the PMMA surface
with a 30 min ozone treatment never reached the values expectedvithout anionic groupd'—32 Moreover, the conformation of
for 100% pNaSS. This means that under these experimentalfibronectin was observed to vary with the surface concentrations
conditions the thickness of the pNaSS-grafted layer was lessof the sulfonate and carboxylic acid grotids3? These differ-
than the XPS sampling depth of approximately 5 nm. It is also ences in the concentration and conformation of adsorbed proteins
possible that the pNaSS-grafted layer could be patchy, but thecan have a significant influence on cell interactions with
TB results show that the amount of NaSS grafted to the PET synthetic biomaterials because protein adsorption is one of the
surfaces was higher than the amount needed to completely covefirst events that occurs when a biomaterial is placed in contact
the surface of the PET fabrics. Also, the homogeneous distribu- with biological fluids2® Then, cells such as macrophages and
tion of cells on the grafted surface is not consistent with a patchy fibroblasts will migrate to the biomaterial surface and interact
overlayer of pNaSS. with the adsorbed protein film. It is well-documented that the
TB colorimetry results indicated that the grafting of pNaSS adhesion of fibroblasts is mediated by adhesion proteins such
onto the PET films and fabrics proceeded at different rates. In as fibronectird*3>vitronectin, collager® and fibrin3” Among
the case of PET films only small amounts of grafting were these proteins, fibronectin and vitronectin are two ubiquitous
detected during the first 60 min of reaction whereas significant glycoproteins that are synthesized by a large variety of cell types.
increases in the amount of grafted pNaSS were observedThese two proteins have been proposed to play a major role in
between 60 and 120 mid.In contrast, a steady and significant the cell adhesion process on biomaterials, even when present
increase of pNaSS grafting was observing during the first 60 at low concentrations in plasni&.33 Both proteins were present
min of reaction on the PET fabrics, then little, if any, further in the 10% FCSDMEM and NHP solutions used to precoat
increase was observed beyond 60 min of reaction. This indicatesthe PET surfaces prior to the cell adhesion experiments.
that the pNaSS grafting process is more rapid on the PET fabric  The factor of 4 increase in HSA adsorption on pNaSS-grafted
samples. This can be explained by the higher specific surfacePET fabrics compared to that on nongrafted PET fabrics is
area of woven PET fabrics for which the 30 min ozone treatment consistent with the results published by Kishida etéahat
is more effective at creating pNaSS reaction sites (e.g., surfaceshowed that the capacity of polymer surfaces to adsorb albumin
radicals) compared to the smooth PET film surface. depends on their surface energy and hydrophobic/hydrophilic
Both the XPS and the TB results are consistent with the nature. In addition others have shown that as the surfaces of
grafting of a thin &5 nm in thickness) surface layer of pNaSS PET films become more hydrophilic the amount of adsorbed
onto the PET fabrics. As the surface chemistry of pNaSS differs protein increase®.4°
significantly from that of PET, the presence of this thin surface  As the protein film on a material provides the anchoring
layer of grafted pNaSS is expected to have a pronounced effectpoints for cell attachment, the different amounts of protein
on protein adsorption and cell adhesion. For example, Migonney adsorption and different cell adhesion strengths observed on the
and co-workers have previously shown that poly(methyl meth- pNaSS-grafted PET fabrics compared to those on the nongrafted
acrylate) (PMMA) surfaces with sulfonate and carboxylic acid PET fabrics indicate that the protein films formed on the two
groups showed an enhanced affinity for fibronectin over PET fabric surfaces are different. The order of magnit&(l.gv
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increase in cell adhesion observed upon pNaSS grafting indicatesnin the amount of grafted pNaSS remained relatively constant.
that the protein films on the pNaSS-grafted PET fabrics contain Thus, samples were prepared for the biological experiments
more adhesive proteins such as fibronectin and vitronectin thanusing a 30 min ozone treatment and a 60 min polymerization
the protein films on nongrafted PET fabrics. This is consistent reaction at 70°C. The pNaSS-grafted PET fabrics adsorbed a
with previous studies that have shown that polymer surfaces factor of 4 more HSA than the nongrafted PET fabrics. The
with anionic groups show an enrichment of adsorbed fibronec- strength of fibroblast adhesion increased by a factor of at least
tin.31.33 Also, the same studies showed that the fibronectin 10 on the pNaSS-grafted PET fabrics compared to that on the
conformation depended on the chemical composition of the nongrafted PET fabrics. Also, the type of protein medium used
surface anionic groups. Differences in both the amount of to precoat the PET fabrics affected the strength of fibroblast
adhesive proteins and their confirmation can both affect the adhesion. A small increase was observed for the nongrafted PET
surface concentration of cell binding domains (e.g., RGD motifs) fabrics coated with NHP compared to 10% FEISMEM. In
on pNaSS-grafted PET surfaces. This will in turn affect cell contrast, greater than a factor of 3 increase in the strength of
attachment and adhesion. The fact that pNaSS-grafted PETfibroblast adhesion was observed when the pNaSS-grafted PET
fabrics bind fibroblasts significantly more strongly than non- fabrics were coated with NHP instead of 10% FISVIEM.
grafted PET fabrics indicates that the adsorbed protein films These results indicate that the composition of the protein film
on the pNaSS-grafted surface contain more adsorbed adhesiven the pNaSS-grafted compared to that on the nongrafted PET
proteins in conformations more favorable for cell adhesion. fabrics is different as are the protein film compositions deposited
It is also interesting to note that the strength of cell adhesion from 10% FCS-DMEM compared those from NHP.
increases further when the pNaSS-grafted PET fabrics are
precoated with NHP instead of 10% FEBMEM. Stanislawski ~Acknowledgment. The authors thank Bernard Brulez for
et al4! identified the major proteins adsorbed from NHP onto his helpful contribution and the Lars Society (Arc sur Tille,
materials currently used in the fabrication of synthetic ligaments. France) for partial financial support of this work. The XPS
They showed that the percentages of adsorbed proteins ont@XPeriments were done at NESAC/BIO, which is supported by
PET fibers were albumin 48%, Apo | 39%, fibrinogen 8%, and 2 grant from the National Institute of Biomedical Imaging and

Apo E 5%, with other plasma proteins present at lower levels. Bioengineering (Grant No. EB-002027).

Because fibrinogen is not present in 10% FIBMEM, the
higher fibroblast adhesion observed from pNaSS-grafted PE
fabrics precoated with NHP is likely due to the presence of
adsorbed fibrinogen in the protein films deposited from NHP.
In the samples precoated with NHP, fibrinogen could increase
the strength of fibroblast adhesion by interacting directly with
the fibroblasts or through a competitive protein adsorption

process that produces a higher surface concentration of adhesive

proteins in favorable conformations for cell attachment. The
fact that with NHP precoating the differences in cell adhesion
strengths between pNaSS-grafted PET fabrics and nongrafted
PET fabrics is even larger than for the same samples coated
with 10% FCS-DMEM is consistent with other studies that
have shown that the adsorption of fibrinogen is higher on
sulfonated polyurethane surfaces as compared to that on
nonfunctionalized polyurethane surfade43

It is worthy to note that the observed differences in the
adhesion strengths of cells onto pNaSS-grafted PET and
nongrafted PET fabrics were well correlated to the differences
in the morphology and distribution of adhering cells. Cells were
totally spread and homogenously distributed on grafted surfaces
whereas they were still round shaped, not spread, and distributed
as clusters on the nongrafted PET surfaces.

5. Conclusions

This study showed that pNaSS could be successfully grafted
onto the surface of PET fabrics and that the pNaSS-grafted PET
fabrics exhibited improved biological responses in terms of

increased protein adsorption capacities and increased strength (9)

of cell adhesion. The amount of pNaSS grafted onto the PET
fabrics depended on the length of the ozone activation treatment,
the grafting temperature, and the grafting time. Increasing the
ozonation time from 30 to 120 min resulted in an increase in
the amount of pNaSS that could be grafted. Increasing the
grafting temperature from 65 to 70C also significantly
increased the amount of pNaSS that could be grafted. An
increase in the amount of grafted pNaSS with reaction time was
observed during the first 60 min of grafting. From 60 to 240
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