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ABSTRACT: Sterilized hollow-fiber membranes are used
in hemodialysis, ultrafiltration, bioprocessing, and tissue
engineering applications that require a stable and biocom-
patible surface. In this study, we demonstrated significant
changes in the fiber physicochemical properties with dif-
ferent methods of sterilization. Commercial polysulfone
(PS) hollow fibers containing poly(vinyl pyrrolidone) were
subjected to standard ethylene oxide (ETO), sodium hypo-
chlorite (bleach), and electron-beam (e-beam) sterilization
techniques followed by analysis of the surface hydrophilic-
ity, morphology, and water-retention ability. E-beam steri-
lization rendered more hydrophilic fibers with water
contact angles near 47� compared to the ETO- and bleach-
treated fibers, which were each near 56�. Atomic force mi-
croscopy revealed lumen root mean square (rms) rough-
ness values near 19 nm for all three sterilization methods;

however, e-beam-sterilized and bleach-treated fibers had
significantly higher (� 106 nm) rms values for the outer
wall compared to the ETO-sterilized fibers (� 39 nm). The
increased hydrophilicity and surface area of the e-beam-
sterilized fiber were reflected by a greater water evapora-
tion rate than that of the ETO-treated fiber. These results
demonstrate that common sterilization methods may sig-
nificantly and distinctly alter the polymer membrane phys-
icochemical properties, which may, in turn, impact the
performance and, in particular, surface fouling. For tissue
engineering and bioprocessing applications, these changes
may be leveraged to promote cell adhesion and spreading.
VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 119: 3429–3436, 2011

Key words: atomic force microscopy (AFM); electron
beam irradiation; fibers; surfaces; voids

INTRODUCTION

The surface physicochemical properties of hollow-
fiber membranes (HFMs) are of significant impor-
tance as they influence ultrafiltration rates and dic-
tate whether biological components (proteins, cells,
bacteria) adsorb to the membrane; these properties
may be favorable for cell culture, bioreactor, and tis-
sue engineering applications1–3 but less desirable in
ultrafiltration applications, where biofouling dimin-
ishes the filtration efficiency.4–7 HFM fabrication pro-
cedures, including polymer/copolymer and solvent
selection, and postfabrication processing and sterili-
zation methods influence the HFM surface chemical
and physical properties and impact the overall per-
formance of the membrane.

Polysulfone (PS) and cellulose acetate are the most
common materials used in HFM production; they
are chosen on the basis of their structural integrity,
ease of manufacturing, and biocompatibility. Com-
mon copolymer additives include poly(vinyl pyrroli-
done) (PVP), poly(vinylidene fluoride), poly(ether

imide), poly(ethylene oxide), and phosphorylcholine
polymers.1,8–12 These copolymers are necessary to
form the pore structure in the membrane through
phase inversion. Because PS membranes are used in
many applications, particular interest has been given
to the analysis and modification of membranes con-
taining this polymer and the commonly used hydro-
philic additive, PVP. Here, we characterized the
physicochemical properties of PS–PVP membranes
by following several common sterilization methods.
The influence of sterilization on the HFM proper-

ties and performance is of significant importance
and may be compounded for multiuse devices sub-
jected to repeated sterilization cycles. As this is the
last step before application (or reuse), sterilization is
often overlooked. Common biomedical material ster-
ilization methods include steam autoclaving, ethyl-
ene oxide (ETO) gas treatment, irradiation, or expo-
sure to several chemical sanitizers, such as sodium
hypochlorite, hydrogen peroxide, sodium hydroxide,
or ethanol. Here, we focused on ETO, electron-beam
(e-beam), and bleach treatments to compare common
gas, irradiation, and chemical sterilization methods.
Several methods are frequently used to study

membrane properties, including scanning electron mi-
croscopy (SEM), atomic force microscopy (AFM), con-
tact angle measurement (CAM), X-ray photoelectron
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spectrometry, ultrafiltration rate measurements, pro-
tein adsorption, and tensile strength testing.4,8,10–18

We present a direct method for the sectioning of hol-
low fibers to expose the lumen as a flat surface for
CAM and AFM analysis. Additionally, the water
evaporation rate measured with a tensiometer force
transducer is presented as a sensitive method for
characterizing the membrane hydrophilicity and
sorption properties.

Applying AFM, CAM, and water evaporation tech-
niques, we demonstrated dramatic changes in the PS
HFM surface roughness, hydrophilicity, and water
retention as a function of the postfabrication steriliza-
tion technique. The results demonstrate that the
standard gas, irradiation, and chemical sterilization
methods differentially affected the fiber physiochemi-
cal properties and can, thus, be selected to fine-tune
the material properties toward specific applications.

EXPERIMENTAL

Membrane preparation

All HFMs used in this study were prepared by
Fresenius Medical Care North America (Ogden, UT).
ETO and e-beam-sterilized fibers were obtained
from the commercial dialysis cassettes Fresenius
Optiflux F200NR and F200NRe (Ogden, UT), respec-
tively; each had an aqueous ultrafiltration coefficient
(KUF) of 200 mL h�1 mmHg�1 and an albumin siev-
ing coefficient of 0.45%. These membranes were
manufactured with a polymer blend of PS and PVP.

PS HFMs were fabricated on a pilot line with PS
without any other polymer additives. This fiber group
was not subjected to any sterilization technique and
served only as a control to compare with the PS–PVP
membranes. Bleach-treated F200NR fibers were sub-
jected to a 0.57% effective sodium hypochlorite content
from the dialysate side at 70�C for 2 min. All HFMs
were prepared with the same spinning parameters

(spinneret size, air gap, bore fluid, and rinsing time)
to produce asymmetric membranes similar to that
shown in Figure 1, with a compact filtering layer at
the inner surface and a porous matrix structure
through the remainder of the fiber cross section.
Hollow fibers were sectioned to access the lumen for

both AFM and CAMwith the aid of a stereo microscope
(SMZ645, Nikon Corp., Melville, NY). Fibers were fixed
on double-sided tape, cut longitudinally with a razor
blade, spread open, and rolled flat with a clean glass test
tube. Intact fibers were also rolled flat on double-sided
tape to present the outside of the fiber as a flat surface.

Water CAM

The water contact angles (WCAs) of the fibers were
measured with a VCA Optima (AST Products, Inc.,
Billerica, MA). Measurements (n ¼ 8 samples) were
made on both the lumen and the outside of the hol-
low fibers with 0.25-lL droplets of double-distilled
water (MP-3A, Barnstead International, Waltham,
MA) at 25�C. Statistical analysis was performed on
the WCA measurements and all subsequent data
sets with two-population t tests in Origin software
(v6.1052, OriginLab Corp., Northampton, MA).

AFM morphology

The sample surface morphology and roughness
were observed with a Bioscope atomic force micro-
scope (Nanoscope IIIa, Digital Instruments, Inc.,
Santa Barbara, CA) in tapping mode with a silicon
nitride cantilever (40 N/m, Tap300, Budget Sensors,
Sofia, Bulgaria). A scan size of 2 � 2 lm2 for the
lumen of the fibers was chosen to show the nano-
structure of the membranes. A scan size of 10 � 10
lm2 for the outside of the fibers was chosen to show
the macrostructures of the porous membranes. The
root mean square (rms) roughness was measured (n
¼ 5) with the Nanoscope III imaging software

Figure 1 SEM of the PS–PVP asymmetric dialysis of hollow fibers.19
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(version 5.30r3, Digital Instruments, Inc.). The lumen
particle sizes were calculated with a previously
described method (n � 30).14

Water evaporation rate

Water evaporation rates for hollow fibers were
obtained with a tensiometer (ltrough S, Kibron, Inc.,
Espoo, Finland). Hollow fibers (1 in. long) were
affixed to the tensiometer wire probe with a small pi-
ece of double-sided tape, brought into contact with
water in a reservoir, and allowed to equilibrate for at
least 2 min to reach the maximum absorption capacity
(25�C, 24% relative humidity). Upon removal from the
water reservoir, the evaporation-induced change in
mass was recorded over time. Water evaporation rates
for the fibers were calculated from the change in mass
over 2-min time periods. This method offered distinct
advantages over the use of a standard analytical bal-
ance in terms of the sensitivity of the instrument (<0.1
lg), instrument equilibration time, and reduced vari-
ability due to sample transfer and user error.

RESULTS

Surface hydrophilicity as determined by CAMs

CAMs were performed on the lumen and outside of
the PS and PS–PVP fibers to compare the wettability
of each surface. The results for the CAMs are pre-
sented in Figure 2. Statistical analysis was conducted
to show significant differences between the outer and
lumen contact angles and among the different mem-
brane types. The ETO-sterilized and 2-min-bleach-
treated membranes had nearly identical contact
angles (� 56�); this suggested similar fiber surface
properties. Longer bleaching times (1 h) significantly
increased the contact angle to 73� (data not shown);

this suggested a loss of hydrophilic PVP with time. In
contrast, e-beam sterilization led to a significant
decrease in WCA (� 47�) compared to ETO steriliza-
tion and bleach treatment (p < 0.05). As expected, the
pure PS fiber had a significantly higher WCA (>80�)
than any other membrane because of the lack of PVP.
There was no significant difference in WCA between
the inner skin and the outer membrane for each fiber
type.

AFM morphology

AFM images of the lumen and outside of each mem-
brane type are shown in Figures 3–6. The images
presented here are representative of all of the images
taken for each membrane type (n ¼ 5). The beadlike
structures observed in the lumen images of each
membrane type could be classified as nodule aggre-
gates on the basis of the four superimposed tiers of
structure in the integrally skinned phase-inversion
membranes described by Kesting.20 Nodule aggregates
are described as spherical clumps of coalesced mac-
romolecule groups, between which are pores respon-
sible for membrane ultrafiltration characteristics.
Nodule aggregate sizes for the lumens of the mem-
branes were as follows (n � 30): ETO, 153 6 49 nm;
e-beam, 97 6 32 nm; bleach, 104 6 36 nm; and PS,
130 6 53 nm. The nodule aggregate sizes for the ETO
and PS membranes were similar, whereas the nodule
aggregates for the bleach-treated and e-beam-steri-
lized fibers were significantly smaller (p < 0.05).
The AFM images reported here showed various

sizes and structures of the porous membranes,
depending on sterilization method. Similar to the
trends observed for the lumens, the outsides of the
bleach-treated and e-beam-sterilized fibers were signif-
icantly different than those of the ETO-sterilized fibers;

Figure 2 CAM of the hollow fibers, both lumen (dark) and outside (light; Mean 6 Standard deviation, n ¼ 8). The PS
and e-beam-sterilized fibers showed higher and lower contact angles, respectively, than the ETO-sterilized and bleach-
treated fibers (p < 0.05). The 2-min-bleach-treated fiber had an identical contact angle as the ETO fiber. Fibers bleached
for 1 h showed contact angles approaching those of the PS fibers (data not shown). *P denotes statistical significance for
the indicated fibers and surfaces.
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the pore sizes for these membranes were much larger.
Also, the outside of the PS membrane exhibited ill-
defined pores and a skinlike structure because of the
lack of PVP during the phase-inversion process.

The rms roughness of the lumen and outside of
each fiber is reported in Figure 7. No significant
difference was found among any membranes on the
lumen side. However, both the bleach-treated and
e-beam-sterilized fibers had significantly higher
roughnesses on the outside surfaces compared to
the ETO-sterilized and PS fibers. This large increase
in the surface roughness arose from the increased
pore size, as shown in the AFM images. The large
particles observed on the lumen images of both the
e-beam-sterilized and bleach-treated membranes
were observed in all of the PS–PVP membranes
and were included in the calculation of surface
roughness.

Water evaporation rate

The average evaporation profiles for the sterilized
fibers are shown in Figure 8. The calculated evapora-
tion rates of water for the hollow fibers and the
mass of water absorbed by the fibers are shown in
Table I. Because of the hydrophobic nature of the PS
polymer, no water was absorbed by the PS mem-
branes, whereas fibers containing PVP displayed dif-
ferent degrees of water absorption. The e-beam-steri-
lized fibers exhibited a faster evaporation rate than
the ETO-sterilized fibers, whereas the bleach-treated
fibers were not significantly different from either the
ETO- or e-beam-sterilized fibers. All of the mem-
branes were statistically significant from all of the
others in the amount of water absorbed. An increase
in the absorbed water could have indicated a larger
porosity, whereas a faster evaporation rate likely
reflected increased surface area and hydrophilicity.

Figure 4 AFM images of the e-beam-sterilized hollow fibers: (A) lumen and (B) outside. Nodule aggregates for this
membrane were significantly smaller than those on the ETO-sterilized membrane. The pores on the outside were also
larger than those on the ETO-sterilized membrane. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 3 AFM images of the ETO-sterilized hollow fibers: (A) lumen and (B) outside. The asymmetrical membrane
showed nodule aggregates on the lumen and a porous structure on outside. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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DISCUSSION

Differential effects of e-beam sterilization, ETO steri-
lization, and bleach treatment on the PS–PVP mem-
brane physiochemical properties were observed. In
particular, the e-beam and 2-min bleach treatments
significantly increased the porosity (roughness) of
the outer surfaces and decreased the nodule size on
the fiber lumens compared to ETO sterilization. Ster-
ilization-induced changes in the membrane contact
angles were also observed, with e-beam treatment
rendering the fibers more hydrophilic (47–48�) than
the ETO and bleach treatments (55–57�). Extended
bleach sanitation time beyond 2 min dramatically
increased the fiber hydrophobicity, with 1–2 h
bleach treatments yielding WCAs approaching that
of pure PS (81–86�).9,21 These results illustrate that
the fiber lumen nodule size could be decreased and
the outer-wall porosity simultaneously increased
with either e-beam or bleach sterilization compared

to ETO sterilization. E-beam sterilization was further
distinguished by the production of a more hydro-
philic fiber compared to bleach or ETO treatment.
Sterilization methods have the potential to cause

slight to major transformations in the membrane
chemistry and overall performance, including mem-
brane shrinkage, changes in permeability, increases
in pore size, and changes in the surface chemistry
and charge,22–24 of polymeric HFMs. In addition to
potentially altering the membrane pore size and
ultrafiltration rate, sterilization may also compromise
biocompatibility because of changes in the physico-
chemical properties or the retention of toxic resid-
uals, a concern for ETO.25,26 Alternatively, modified
surface properties may potentially favor cell spread-
ing and proliferation, which is desired in tissue cul-
ture applications.4 The surface roughness and energy
are the two primary parameters determining cell–
surface interactions. As compared to ETO gas sterili-
zation, both e-beam and bleach treatments increased

Figure 5 AFM images of the bleach-treated hollow fibers: (A) lumen and (B) outside. The membrane was structurally
very similar to the e-beam-sterilized hollow fibers on both the lumen and the outside. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 6 AFM images of the PS hollow fibers: (A) lumen and (B) outside. The membrane was structurally different,
especially on the outside, than other fibers because of the chemical differences of the PS polymer versus the PS–PVP poly-
mer blend. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the fiber outside-wall rms, decreased the lumen nod-
ule size, and oppositely affected the hydrophobicity
in the PS–PVP membranes. Lumen nodules are char-
acteristic features of HFMs, as reported through
multiple SEM and AFM investigations.8,9,13,14,27 The
sterilization-induced reduction of nodule size is of
concern for HFMs, as the membrane pores reside
between nodules, and these surface protrusions may
impede pore blockage during the adsorption of mac-
romolecules and cells to the lumen.

It was reported that PS has a high radiation stabil-
ity under dose conditions as extreme as 104 kG.28

Conversely, the e-beam-induced crosslinking of
polymers, including PVP, and the restructuring of
chemical bonds at lower dosages (10–100 kG) has
also been reported.29–31 The radiation dosage used in
this study (25 kG) was on the order of that used to
sterilize medical equipment.32,33 Although 25 kG is
approximately 1% of the dosage necessary to reduce
the mechanical strength of PS by 50%,28 the physical
and chemical properties of the membranes were
indeed altered here. E-beam sterilization in this

study lowered the contact angle for the lumen and
outside surfaces by approximately 8� (compared to
the ETO-sterilized and bleach-treated membranes)
and increased the surface roughness on the outside
of the membrane by 2.7 times relative to the ETO-
sterilized membrane. Also, the decreased nodule
aggregate size compared to the ETO-sterilized mem-
brane may have indicated changes in the polymer-
chain interactions. Although the e-beam radiation
dosage used in this study was small, it was suffi-
cient to cause slight but significant chemical changes
throughout the fiber matrix and physical restructur-
ing on the outside and lumen of the membranes.
The bleaching of HFMs as a sterilization or reproc-

essing technique has been shown to affect many
membrane characteristics, including the surface
chemistry, membrane permeability, pore size, and
polymer-chain molecular weight.18,22,34–36 Although
reprocessing times often differ on the basis of the
technique and end use, the bleaching time of 2 min
used in this study was within the time frames tested
previously.35,37,38 It has been shown that PVP is
washed from membranes treated with bleach for
long periods of time (48 h) because of chain scission
via radical reactions39 and that luminal and outer
surface nitrogen contents (due solely to PVP)
decrease significantly with bleach times from 1 h.22

Figure 7 rms roughness of the hollow fibers, both lumen (dark) and outside (light; Mean 6 Standard deviation, n ¼ 5).
No significant difference among the lumen rms values was reported (p < 0.05). The bleach-treated and e-beam-sterilized
fibers showed significantly higher rms values than the ETO-sterilized and PS fibers. *P denotes statistical significance for
the indicated fibers and surfaces.

Figure 8 Average evaporation profiles of the hollow
fibers measured by a tensiometer with the mass of
absorbed water in the hollow fiber versus time (n ¼ 9).
The sensitivity of the tensiometer probe allowed for highly
accurate measurements (<0.1 lg). The error bars were
removed for clarity.

TABLE I
Experimental Results for the Water Evaporation Rate and

Water Absorption of the Hollow Fibers

Hollow fiber
Absorbed
water (mg)

Water evaporation
rate (lg/s)

ETO-sterilized 1.13 6 0.02 7.17 6 0.56
E-beam-sterilized 1.10 6 0.04 7.88 6 0.46
Bleach-treated 1.21 6 0.02 7.64 6 0.40
PS — —

n ¼ 9.
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We found that 1 h of bleach treatment led to contact
angles of 73.3� for the outside of the fibers; this
value approached that of the pure PS membranes.
Because some PVP was washed out of the bleach-
treated membranes, a larger percentage of the mem-
brane surface consisted of the more hydrophobic PS.
The results presented here for fibers bleached for
2 min show no significant change in the contact
angle of HFMs compared to the ETO fibers; this
implied little or no PVP removal from the polymer
matrix. Thus, the increased roughness and porosity in
the outer membrane and decreased nodule size in the
lumen after bleaching was attributed to surface
restructuring but not to any significant PVP removal.

HFMs treated with solutions containing bleach for
2 min were shown to increase the clearances of
b2-microglobulin; this suggested increased pore sizes
and/or decreased nodule aggregate sizes on the
lumen surface of the membrane.35 Rearrangement of
polymer molecules upon bleach treatment may have
caused a decrease in the polymer aggregate size, as
observed in this study and in previous reports, but
left the overall chemistry of the polymer membrane
unaffected; this yielded a membrane of equal surface
hydrophilicity to the ETO-sterilized membrane.9,18

The significant differences in the surface features
of the bleach- and e-beam-sterilized fibers compared
to the ETO-sterilized fibers were likely due to poly-
mer restructuring associated with these sterilization
techniques. Larger pore sizes for the outside of these
membranes could have caused an increase in solute
transfer and weakening of the fiber structure.18,22,35

Increased solute transport is of importance in both
filtration and cell culture applications, whereas the
weakening of the fiber structure is of concern in
applications where high trans-membrane pressures
are used. However, as previously mentioned, the
e-beam dosage of 25 kG used here is around two
orders of magnitude below values needed to reduce
the fiber mechanical strength by 50%.28

HFM water evaporation rates were investigated to
further examine the sterilization-induced changes to
the fiber surface and bulk properties. Moreover, in
cases such as vapor permeation, the ability of a
membrane to retain certain liquids, including water,
is a key parameter.40,41 The results presented in Fig-
ure 8 and Table I show the initial amount of water
absorbed by the fibers and the subsequent evapora-
tion profiles once the fibers were brought out of con-
tact with the water reservoir. Statistical analysis indi-
cated that the mass of water absorbed by each fiber
type was significantly different.

Both e-beam and bleach-treated fibers had greater
evaporation rates than the ETO-treated fiber; this
correlated well to the increased surface roughness of
the outer fiber walls observed with AFM for these
treatments, as increased rms translated to a greater

surface area for evaporation. The e-beam fiber had
the highest evaporation rate, and this coincided well
with the increased hydrophilicity of this fiber (con-
tact angle � 9� lower than the other two fibers). This
enhanced wicking of water to the interface.
The bleached fiber showed a much greater water-

holding capacity compared to the ETO- and e-beam-
treated fibers. This may have resulted from a partial
breakdown of the matrix of hypochlorite-treated hol-
low fibers, as reported in SEM micrographs.34 This
phenomenon was not observed for the 25-kG e-beam
treatments, which interestingly led to similar
increases in rms and decreases in the nodules with
bleach treatment (see Figs. 3–7). Evaporation rate
analysis is thus seen to be a simple but valuable tool
for further characterizing the physiochemical
changes induced by sterilization methods, especially
when two sterilization methods led to similar
changes in the surface topography (e.g., outside-wall
rms and lumen nodules).
The sterilization-specific induced changes for PS–

PVP HFMs may have specific implications and
applications to their fields of use. HFMs used in
ultrafiltration, especially hemodialysis, must exhibit
specific physicochemical characteristics, including
pore size, surface wettability, and biocompatibility.
PS–PVP membranes are also increasingly used for
cell culture, bioreactors, and tissue engineering
because of the ability of the polymer to be formed
into specific geometries (i.e., for cell encapsulation).
It is, thus, necessary to consider physicochemical
changes in these membranes poststerilization. PS–
PVP membrane biocompatibility has been attributed
to a cushion effect, where an increase in the regularity
of polymer structures in wet conditions led to
decreased platelet and fibrinogen adhesion.8,9 The larg-
est increase in platelet adhesion was achieved by more
hydrophobic surfaces that had a smaller concentration
of PVP at the surface of the membrane. However, it
has also been shown that islet cells better adhere to PS
and PS–PVP films than to the more hydrophobic poly-
styrene; this indicated that surface wettability is just
one factor affecting cell adhesion to a surface.4 The im-
portance of minor changes in the interfacial properties
to cell and macromolecule binding to surfaces requires
that sterilization methods be fully characterized to bet-
ter anticipate biocompatibility.

CONCLUSIONS

This study focused on the characterization and com-
parison of the physicochemical properties of HFMs
subjected to several sterilization procedures with
CAM, AFM, and water evaporation rate measure-
ment. The e-beam-sterilized fiber exhibited a modest
decrease in WCA compared to both ETO-sterilized
and bleach-treated membranes and a higher water
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evaporation rate than the ETO-sterilized membrane.
Also, the e-beam-sterilized and bleach-treated mem-
branes both had larger outside surface rms values
and smaller lumen nodule aggregate sizes compared
to the ETO-sterilized membrane. These findings
indicate significant changes in both the physical and
chemical properties of the membrane surfaces and
possible changes to the porous matrix for different
sterilization techniques. This has significant implica-
tions with regard to the selection of sterilization
methods because of diverse range of hollow-fiber
applications, including ultrafiltration, cell culturing,
and tissue engineering. Although detrimental effects
to membranes, such as altered mechanical proper-
ties, surface antifouling ability, and ultrafiltration,
must be considered, sterilization-induced changes to
the surface characteristics also provide a facile
means for altering the membrane surface roughness
and energy, which may be leveraged to promote cell
adhesion and spreading for tissue engineering and
bioprocessing applications.
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