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Artificial extracellular matrices play important roles in the
regulation of stem cell behavior. To generate materials for
tissue engineering, active functional groups, such as amino,
carboxyl, and hydroxyl, are often introduced to change the
properties of the biomaterial surface. In this study, we
chemically modified coverslips to create surfaces with
different amino densities and investigated the adhesion,
migration, and differentiation of neural stem cells (NSCs)
under serum-free culture conditions. We observed that a
higher amino density significantly promoted NSCs attach-
ment, enhanced neuronal differentiation and promoted
excitatory synapse formation in vitro. These results indi-
cate that the amino density significantly affected the bio-
logical behavior of NSCs. Thus, the density and impact of
functional groups in extracellular matrices should be con-
sidered in the research and development of materials for
tissue engineering.

INTRODUCTION

The use of neural stem cells (NSCs) in tissue engineering is a
promising treatment for central (Bible et al., 2009; Hwang et al.,
2011; Johnson et al., 2010; Olson et al., 2009) and peripheral
nervous system damage (Zhang et al., 2008). Cell adhesion,
migration, and differentiation are highly dependent on the sur-
rounding microenvironment, particularly the physical and che-
mical surface properties of biological materials. In some cases,
engineered materials can affect adsorption of cells and induce
biological responses (Keselowsky et al., 2004). A number of
active fragments, including peptide chains, poly-amino acids, or
active chemical functional groups, have been introduced onto
the surfaces of biological materials (Ananthanarayanan et al.,
2010; Cook et al., 1997; Teng et al., 2007). These fragments
contain functional groups, such as amino, carboxyl, and hydro-
xyl, that facilitate cell attachment and growth (Lee et al., 1994;
Li et al., 2005).

Attachment is an important prerequisite for NSCs growth,
migration and differentiation. Previously, we confirmed that func-
tional groups differentially affect the behavior of NSCs. Com-

pared with other chemically active groups, amino significantly
promotes the adhesion and migration of NSCs on chemically
modified coverslips and enhances neuronal differentiation (Ren
et al.,, 2009). Since poly-lysine coated dishes were commonly
used to culture NSCs (Wang et al., 2006), we reason that the
amino functional group, which has positive charge characteris-
tics and best affinity, might be the most suitable for cell adhe-
sion because the cell surface is negatively charged. Although
hydrophilicity is an important factor for cell attachment, migra-
tion, and growth on polymers, other studies have demonstrated
that the chemical properties and charge characteristics of bio-
material surfaces also play important roles (Horwitz et al., 2010;
Lee et al., 1994; Zelzer et al., 2008). Furthermore, media con-
taining serum (Vasita et al., 2008) or attachment proteins
(Brewer and Torricelli, 2007; Ho et al., 2006; Keselowsky et al.,
2004) in experimental methods influence cell attachment and
may obscure the contribution of surface chemical groups to cell
behavior. Accordingly, we excluded these factors from our
study.

The transmission of information between cells influences cell
development and cell biology (Badoyannis et al., 1991; Li et al.,
2005; Symons et al., 2002). Therefore, the density of NCSs that
adhere to and grow along the surface of a substrate might af-
fect their potential to migrate and differentiate. Since amino
groups likely participate in cell attachment, altering the density
of amino on the surface of the substrate might affect the density
of NSCs. In this study, we designed a chemical modification
method to obtain coverslips with different amino densities. The
NSCs were plated on the modified material and cultured in
medium without serum or attachment molecules to elucidate
the effect of amino density on attachment, migration, and differ-
entiation and characterize the mechanisms underlying these
effects.

MATERIALS AND METHODS

Preparation of coverslips with different amino densities

Clean coverslips (10 mm diameter; glass; Jijin Chemistry and
Technology Co. Ltd., China) were soaked in concentrated sul-
furic acid and 30% hydrogen peroxide solution for hydroxylation,
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and treated with 3-aminopropyl-triethoxysilane (Sigma Chemi-
cal Co., USA) for amino addition. The reaction time, tempera-
ture, and 3-aminopropyl-triethoxysilane density were regulated
to generate different amino densities on the surfaces of cover-
slips.

Material surface characterization

The surface properties of the modified coverslips were ana-
lyzed using the water contact angle (WCA) measurement, at-
tenuated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR), and X-ray photoelectron spectroscopy (XPS). An
OCA15+ optical contact angle-measuring instrument (Data
Physics, Germany) was used to measure the water contact
angles. A Tensor 27 infrared spectrometer (Bruker, Germany)
in attenuated total reflection mode was used for the semi-
quantitative detection of the relative density of amino on the
material surface. The qualitative detection of amino groups on
the modified matrix was performed using a PHI Quant era SXM
Scanning X-ray Photoelectron Spectroscopy Microprobe ULVAC
(PHIINC., Japan).

Quantitative determination of amino density using acid
orange-7

The surface density of the amino groups on the modified sub-
strate was determined using acid orange-7 dye (Tokyo Kaseo
Kogyo Co., Ltd., Japan) as previously described (Hu et al.,
2002). The surface density of the amino groups was deter-
mined spectrophometrically at 485 nm (Ultrospec 1,100 pro,
Biochrom Ltd., UK).

Culturing of Rat NSCs on the surfaces

This study was carried out in strict accordance with the com-
mon international guideline entitled “Guide for the Care and
Use of Laboratory Animals (Eighth Edition, Washington)”. The
protocol was approved by the Committee on the Ethics of
Animal Experiments of Capital Medical University. The rat was
bred as specified-pathogen-free (SPF) and given food and water
freely. Decapitation was executed under sodium pentobarbital
anesthesia. All efforts were made to minimize suffering.

Based on the detailed procedures for rat NSCs isolation and
neurosphere culture (Brewer and Torricelli, 2007), NSCs were
separated from the telencephalon of a 14-day fetus collected
from a pregnant Sprague Dawley rat (purchased from Beijing
Laboratory Animal Research Center). The cells were harvested
and suspended in culture medium containing DMEM/F12, B-27
supplement, 20 ng/ml of EGF and 20 ng/ml of bFGF, then fil-
tered with a sterile 400-mesh filter, stained with trypan blue,
counted with a hemocytometer, and evaluated for cell viability.
Cells were seeded at a ratio of 5 x 10° ml of medium in a 75-ml
culture flask (Corning, USA) and cultured in suspension in an
incubator at 37°C with 5% CO,. The medium was half-changed
every three days; neurospheres formed after three to five days
and were collected by centrifugation. The supernatant was
discarded. The pellet was beaten and blown again into a single-
cell suspension for passaging.

Passage 2 NSCs were seeded onto amino modified cover-
slips for culturing and observation in serum-free medium con-
taining DMEM, B-27 supplement, 12.5 ng/ml of EGF and 12.5
ng/ml of bFGF, simultaneously onto poly-I-lysine (PLL)-coated
coverslips as a control group.
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Detection of cell behavior

Double immunostaining

After culturing for seven days, the cells were double immuno-
stained. The primary antibodies were mouse anti-Nestin mono-
clonal antibody (1:200; Millipore, USA), mouse anti-p-tubulin 111
monoclonal antibody (1:100; Millipore, USA), rabbit anti-GFAP
monoclonal antibody (1:400; Epitomics, USA), and anti-O,
monoclonal antibody (1:100; Millipore, USA). The secondary
antibodies were rhodamine-labeled goat anti-rabbit antibody
(1:200; Jackson Immunoresearch, USA), FITC DyLight 488-
labeled goat anti-mouse antibody (1:200; Jackson Immunore-
search, USA), and FITC DyLight 488-labeled goat anti-mouse
antibody (1:100; Millipore, USA). PBS (pH 7.4-7.6, 0.01 M) was
used as a wash buffer. 4',6-diamidino-2-phenylindole (DAPI,
Invitrogen, USA) was used to stain the cell nuclei. PBS was
used in place of primary antibodies as a negative control. Cells
were observed using a fluorescence microscope (Olympus,
Japan).

Quantification of the migration and subtype of the cells after
NSCs differentiation

The cells migrating from the neurospheres in each group were
stained with DAPI. The stained cells were counted using Image
Pro-Plus software (version 6.1) (Ho et al., 2006). To quantify the
cell subtypes after differentiation, DAPI-positive neurons, astro-
cytes, and oligodendrocytes were distinguished using antibod-
ies against B-Tubulin 1ll, GFAP, and O, respectively. The ratio
of the three cell types was calculated as a percentage of the
total number of DAPI-positive cells.

Cell ultrastructure observation using scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM)

The NSCs cultured for five days on each surface were fixed,
dehydrated in an ethanol gradient, sprayed with gold after dry-
ing, and observed under a scanning electron microscope (SEM
LEO-1530). The NSCs cultured for seven days on an amino
surface were scraped using a cell scraper, fixed, dehydrated,
embedded, and sectioned into ultrathin slices. The sections
were double-stained and observed under a Hitachi-7650 (Ja-
pan) transmission electron microscope.

Statistical analysis

The data are presented as the means + standard error and
analyzed using SPSS 13.0 software. One-way analysis of vari-
ance (ANOVA) was used for pairwise comparisons among
multiple sample means. Tukey’s post-hoc multiple comparison
tests were used for inter-group comparisons. The level of statis-
tical significance was set at P < 0.05.

RESULTS

Grouping amino densities based on ATR-FTIR
spectroscopy and the acid orange-7 assay

Based on ATR-FTIR spectroscopy and the acid orange-7 as-
say, we selected four groups of coverslips with amino densities
approximating ratios of 1:3:4:13, indicated as groups A, B, C,
and D (Table 1), respectively. The corresponding aminosilane
concentrations and reaction times used in each group were:
0.5% for 6 h (group A); 0.5% for 12 h (group B); 10% for 2 h
(group C); and 10% for 12 h (group D).

Hydrophilicity measurement
The water contact angle, an indicator of hydrophilicity, increa-
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Table 1. Materials surface characterization

Amino densities

Sample

WCA

ATR-FTIR

(rmol/mm?) (means + SD) Wavenumber Peak value Relative ratio of Peak area Relative ratio
(em™) peak value of peak area
A(0.5% 6 h) 0.048 + 0.006 348+27 2,976 0.00081 1 0.08794 1
B(0.5% 12 h) 0.128 +0.014 451+1.9 2,964 0.00272 3.35 0.25686 2.9
C(10% 2 h) 0.170+0.010 61.3+3.1 2,961 0.00358 4.42 0.33438 3.8
D(10% 12 h) 0.268 +0.013 86.2+5.0 2,978 0.00972 12 1.15562 13.1
WCA, water contact angle; ATR-FTIR, attenuated total reflectance Fourier transform infrared spectroscopy
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Fig. 1. Hydrocarbon peaks obtained using ATR-FTIR. (A-D) repre-
sent the different amino-density groups, as listed in Table 1. (A-D),
amino modified surfaces with different densities.

sed as a function of reaction times and aminosilane concentra-
tions (Table 1). The coverslips in group D, which were soaked
in 10% aminosilane solution for 12 h, exhibited the largest wa-
ter contact angle of 86.2 + 5.0°.

ATR-FTIR spectroscopy measurements

Based on the degree of absorption, infrared spectroscopy can
help calculate the density of certain chemical groups on sur-
faces. A greater peak area (resulting from greater absorption)
indicates a higher amino surface density. The infrared spec-
troscopy peak areas of amino groups exhibited a clear distribu-
tion with D > C > B > A (Table 1 and Fig. 1). Among all of the
test samples, group D exhibited the highest peak, at approxi-
mately 0.00972, and the largest peak area, at approximately
1.15562.

X-ray photoelectron spectroscopy (XPS)

Carbon (binding energy, 281 eV) and nitrogen (binding energy,
395 eV) peaks were detected on all of the modified coverslips
using XPS (Fig. 2). The presence of oxygen atom peaks might
reflect oxidation or oxygen atom pollution in the free water of
the aminosilane solution during the reaction process (Zelzer et
al., 2008).

The surface amino densities

The amino densities on the surfaces of groups A, B, C, and D
were 0.048 + 0.006 pumol/mm?, 0.128 + 0.014 umol/mm?, 0.170
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+ 0.010 pmol/mm?, and 0.268 + 0.013 pmol/mm? (n = 6), re-
spectively. The density ratios (Table 1) calculated using the
acid orange-7 assay were consistent with the data obtained
using ATR-FTIR.

NSCs adhesion and migration on coverslips with various
amino densities and PLL surfaces

The neurospheres on surfaces of the coverslips in D and PLL
group exhibited the best biocompatibility and affinity (Fig. 3).
For group A, after one day of culture, there were few attached
neurospheres, and only a few single cells migrated out of the
neurospheres. However, in the other groups (most notably for
D and PLL group), more neurospheres attached and exhibited
unclear round border; and a large number of cells migrated
outwards from neurospheres and stretched out with long or
short protrusions that were firmly attached to the material sur-
face. On day five, morphological observation exhibited no sig-
nificant difference. Each group exhibited two or more adjacent
neurospheres with outwardly migrating cells that intertwined
together as a mesh. Furthermore, the diameters of the neuro-
spheres had decreased significantly compared to the first day;
most of the cells had migrated outwards and had spread almost
completely across the material surface.

Although differences in the attachment ratios of neurosphe-
res were relatively small after 5 days culture (Fig. 4A), signify-
cant differences in the number of migratory cells surrounding
the neurospheres were observed between the groups. PLL
group had the most number of migrated cells, sequentially fol-
lowed by group D, group C, group B, and group A (p < 0.05, Fig.
4B). And the increased amount of migrated cells depended on
the amino densities increasing.
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Day 1 Day 3 Day 5 Fig. 3. The 200 neurospheres/cm’ on the sur-
faces after one, three, and five days of culture
under serum-free conditions. (A-D), amino mo-
dified surfaces with different densities; (Control),
PLL coated surfaces. Scale bar = 100 pm.

| ---

Control

 Day C
|-} Daza w2 Tubuli ﬁ#
100 Day5 ubuli

Positive Cell Ratio(%)

SurfaceA Surface B Surface G SurfaceD  Control

Surface A Surface B Surface C Surface D Control Surface A Surface B Surface C Surface D Control

Proportion of Adhered Neurospheres(%)
Migrated NSCs From Neurospheres

Fig. 4. Statistical charts in this study. (A) Neurosphere attachment ratios under serum-free conditions after one, three, and five days of culture.
Three random fields were counted and displayed as the means + standard error. Statistically significant one-way ANOVA results are indicated
as follows: one symbol, p < 0.05; two symbols, p < 0.01; and three symbols, p < 0.001. *, compared with control group at the first day; #, com-
pared with control group at the third day; &, compared with control group at the fifth day. (B) The number of cells migrated from neurospheres
after five days of culture. Six random fields were counted and displayed as the means + standard error. Statistically significant one-way
ANOVA results are indicated as follows: one symbol, p < 0.05; two symbols, p < 0.01; and three symbols, p < 0.001. *, compared with group
A; #, compared with group B; &, compared with group C; $, compared with group D. (C) Subtype cell counts after differentiation after seven
days of culture. Six random fields were counted and are displayed as the means + standard error. Statistically significant one-way ANOVA
results are indicated as follows: one symbol, p < 0.05; two symbols, p < 0.01; and three symbols, p < 0.001. *, compared with group A; #, com-
pared with group B; and &, compared with the percentage of group C; $, compared with control groups. There were no significant differences
in the O4-positive cell counts among all groups. (A-D), amino modified surfaces with different densities; (Control), PLL coated surfaces.
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Nestin/DAPI GFAP/beta-Tubulin-l/DAPI

Control”

Differentiation of neurosphere cells

At one and seven days after culture, the cell type-specific sur-
face antigens Nestin, 3-Tubulin 1ll, GFAP, and O, were fluores-
cently labeled to identify differentiated states of NSCs (Fig. 5).
Compared with the high-NHz-density group D (23.17 + 0.40%),
neuronal differentiation ratios of group C was significantly lower
(p < 0.05). The ratios of the lower -NH.-density groups A and B
were also significantly decreased (p < 0.001) (Fig. 4C). Al-though
more cells migrated from neurospheres on PLL surface, the
ratio of neuron differentiation on PLL surfaces lowered signifi-
cantly than it on the highest amino density group (p < 0.01).

Ultrastructure of NSCs

The SEM analysis revealed that after five days of culture, each
group contained neural stem cells with long protrusions at-
tached to the amino-modified surface of the coverslips (as
shown in Fig. 6A). After seven days of culture, TEM analysis of
each group revealed the characteristic cytoskeletal structures
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O4/GFAP/DAPI Fig. 5. Immunofluorescence staining of

cell phenotypes cultured on the amino
modified surfaces and PLL surfaces.
Nestin immunofluo-rescence stained for
NSCs after one day of culturing; GFAP,
B-tubulin Il and O, immunofluorescence
double staining of NSCs differentiation
showed astrocytes, neurons and oligo-
dendrocytes after seven days of cultur-
ing. Blue indicates DAPI staining of
nuclei. Scale bar (A-D), 100 um; scale
bar (AB'C'D’ and A"B”"C"D"), 50 um.
(A-D), amino modified surfaces with
different densities; (Control), PLL coated
surfaces.

and organelles of subtypes into which NSCs differentiate
(Figs. 6B-6H).

DISCUSSION

NSCs differentiate into neurons, astrocytes, and oligodendro-
cytes (McKay, 1997). The broad application of NSCs has been
demonstrated for the repair of nervous system injuries (Bible et
al., 2009; Hwang et al., 2011; Johnson et al., 2010; Olson et al.,
2009; Zhang et al., 2008). Although the effects of artificial, ex-
tracellular amino groups on the biological behavior of NSCs
have been previously studied (Leipzig et al.,, 2011; Li et al.,
2009), the impact of amino density on NSCs attachment, migra-
tion, and differentiation remains unknown. In the present study,
coverslips with different amino densities were generated and
used to characterize the effects amino density on rat NSCs
behavior.

http://molcells.org
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Fig. 6. Representative SEM and TEM images on amino modified and PLL coated surfaces. (A) A representative graph of all SEM analysises
of NSCs after five days of culturing, stretched-out protrusions were visible. (B-H) representative graphs of TEM analysises on all tested sur-
faces. (B) Observation of neural stem cells after seven days of culturing: visible cell morphology showing a large nucleus, inverted nuclear-
cytoplasm ratio, and small transparent cytoplasm; (C) the black solid arrow indicates mitochondria, the white hollow arrow indicates rough
endoplasmic reticulum, and the black hollow arrow indicates expanded endoplasmic reticulum; (D) the black arrow indicates the white solid of
the ribosome; (E) the white arrow indicates glial microfilaments; (F) the white arrow indicates neural microtubules; (G) the white solid arrow
indicates synaptic cleft, the black solid arrow indicates neurotransmitter vesicles inside of the presynaptic membrane; and (H) the black arrows
indicate the connections between cells. Scale bar in (A), 100 um; scale bar in (B), 10 pum; scale bar in (C), 2 um; scale bar in (D-G), and (H),

500 nm.

Adhesion

Previous studies have shown that changes in the density of
carboxyl groups affect the surface charge and hydrophilicity of
biological materials by regulating cell adhesion and guiding
axonal growth (Li et al., 2005). Compared with other functional
groups, the positive charge and good reactivity of amino pro-
vides significant advantages in promoting NSCs attachment
(Engler et al., 2006; Faucheux et al., 2004; Hung et al., 2006;
Neff et al., 1998; Ren et al., 2009; Wang et al., 2006). However,
the specific interactions between cells and biological materials
that regulate NSCs behavior remain unknown. In this study, we
generated surfaces with different amino densities to determine
whether functional group density or hydrophilicity can regulate
NSCs attachment.

The hydrophilicity of biomaterial surfaces, which can induce a
biological response (Lee et al., 2011), is typically determined by
the WCA method. In this study, the chemical modification is
actual a replacement of hydroxyl (OH) by polymethylene amino
(CH2CH2NH2). The WCA measurements of groups A-D in-
creased depending on amino density decreasing in our work.
This WCA increasing may attribute to raising of the methylene
amounts and better hydrophobicity of amino than hydroxyl.
Generally, hydrophilicity favors cell attachment. However, de-
spite being the least hydrophilic, group D had the highest num-
ber of attached NSCs suggesting that other surface features,
such as surface charge and chemical density, play a more
significant role in NSCs attachment.

Amino carries a positive charge and forms electrostatic inter-
actions with negative charges on the cell surface. Thus, in-
creasing the amino density on the surface might further improve
the cell-surface material compatibility. Accordingly, the increase
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in NSCs attachment to surfaces with high amino densities was
likely due to electrostatic attraction. Since cells surfaces are
negatively charged, this electrochemical property is exclusive to
the amino group. Indeed, Ren et al. (2009) showed that al-
though hydroxyl displayed a smaller water contact angle, no
improvement in NSCs attachment was observed. We suggest
that the positive charge and higher reactivity of amino might
help overcome losses in hydrophilicity, thereby mediating NSCs
adhesion. Although higher amino densities were associated
with higher number of attached cells in this study, amino com-
pared unfavorably with polymer compound such as PLL in cells
adhesion.

Migration

The amino density gradient affected NSCs migration in serum-
free media. A higher amino density matrix might regulate the
outward migration of cells in neurospheres. Hung et al. (2006)
showed that there are no significant differences in the attach-
ment and migration behaviors of cells on material surfaces with
different active groups. However, these experiments were per-
formed in serum-containing media. The culture environment
used in the present study excluded interference from contami-
nating factors, such as serum and attachment proteins, thereby
facilitating the characterization of the interactions between che-
mical groups and cells. Because the density of cultured neuro-
spheres was similar for the different surface groups, the cell-to-
cell contact forces were equivalent. Within modification, the cell-
surface forces concomitantly increased with amino density and
likely exceeded cell-to-cell forces, thus promoting the outward
migration of NSCs. Compared with migrated cells on PLL sur-
faces, however, the benefit was not provided on amino surfaces.

Mol. Cells 441



Effect of Amino Density on Neural Stem Cells Behavior
Hai-Long Li et al.

Differentiation

Stem cell differentiation is regulated by a number of physical
(Engler et al., 2006; Lee et al., 2011) and chemical (Ren et al.,
2009) factors, particularly the chemical composition of the ex-
tracellular matrix (Hung et al., 2006). The results of the present
study revealed that under conditioned of varying amino densi-
ties, NSCs differentiate into all the lineages we examined. Thus,
the amino density does not affect the multi-lineage differentia-
tion of NSCs. However, the neuronal differentiation ratio for the
highest amino density (group D) is 23.19%, higher than it for the
PLL group (19.17%). These data may indicate that higher
amino density promotes neuronal differentiation of NSCs.

The SEM analysis showed that NSCs can attach and migrate
on amino surface like on polymer substrate such as PLL (Cai et
al., 2012). The TEM analysis revealed the presence of cy-
toskeletal structures, such as glial microfilaments, nerve micro-
tubules, and non-symmetric synaptic structures (Merchan-
Perez et al., 2009). Although we did not quantify the skeletal
structures using electron microscopy, the presence of cy-
toskeletal structure suggested that amino can also promote the
differentiation and maturation of NSCs as PLL can do (Fig. 6).

Another concern about the different response of NSCs to dif-
ferent amino density may attribute to amino internal geometry
and three-dimensional space. In the chemical modification,
longer reaction would generate thicker polymer layer or different
three-dimensional space of amino groups. Even minor varia-
tions in the internal geometry (Soman et al., 2012) and three-
dimensional space (Han et al., 2012; Rampichova et al., 2013)
can impact cell survival, growth, and fate choice.

In the present study, we demonstrated that the density of
amino groups on cell culture materials affects the behavior of
NSCs and is therefore an important factor for tissue enginee-
ring technology. The polymerization of amino acids with more
active amino side chains or proteins with more active amino
functional sites could increase NSCs adhesion, migration, and
neuronal differentiation. Thus, both the type and density of ac-
tive chemical groups should be considered in surface modifica-
tion studies of biological materials.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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