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In this study, '*I-radiolabelling was explored to follow the kinetics and isotherm of fibronectin (FN) adsorption to porous
polymeric scaffolds, as well as to assess the elution and exchangeability of pre-adsorbed FN following incubation in
serum-containing culture medium. Chitosan (CH) porous scaffolds with two different degrees of acetylation (DA 4% and
15%) were incubated in FN solutions with concentrations ranging from 5 to 50 p.g/mL. The kinetic and isotherm of FN
adsorption to CH were successfully followed using '°I-FN as a tracer molecule. While on DA 4% the levels of adsorbed
FN increased linearly with FN solution concentration, on DA 15% a saturation plateau was attained, and FN adsorbed
amounts were significantly lower. These findings were supported by immunofluorescent studies that revealed, for the
same FN solution concentration, higher levels of exposed cell-binding domains on DA 4% as compared with DA 15%.
Following incubation in serum containing medium, DA 4% also revealed higher ability to exchange pre-adsorbed FN
by new FN molecules from serum than DA 15%. In accordance, when assessing the efficacy of passively adsorbed FN to
promote endothelial cell (EC) adhesion to CH, ECs were found to adhere at higher levels to DA 4% as compared with DA
15%, 5 wg/mL of FN being already efficient in promoting cell adhesion and cytoskeletal organization on CH with DA 4%.
Taken together the results show that protein radiolabelling can be used as an effective tool to study protein adsorption

to porous polymeric scaffolds, both from single and complex protein solutions.

Introduction

Protein adsorption has an important role in modulating cell
response to biomaterials. The type, amount, distribution, bind-
ing strength, and conformation of proteins adsorbed from single
protein solutions, plasma, or culture medium depend on the
physicochemical characteristics of the underlying substrate and
ultimately determine the cell response to biomaterial surfaces.!
In this context, protein adsorption to biomaterials is often evalu-
ated in order to predict and better understand cell behavior on
biomaterials.>® In the case of anchorage-dependent cells, pro-
tein adsorption studies involving cell-adhesive proteins such as
fibronectin (FN) or laminin are particularly useful to predict and
explain cell response to biomaterials, such as cell adhesion and
cytoskeletal reorganization, as well as other cellular events trig-
gered by integrin signaling.

Although protein adsorption onto biomaterial surfaces has
been assessed using a wide range of techniques, the quanti-
fication of protein adsorption onto porous scaffolds is still a
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challenging and controversial issue, namely due to the difficulty
in distinguishing adsorbed from non-adsorbed protein present
in the inner part of the scaffolds. With the emergence of tissue
engineering and the increasing need of three-dimensional (3-D)
porous scaffolds, protocols for the quantitative assessment of pro-
tein adsorption to porous scaffolds need to be established. Table
1 provides an overview of the main methodologies that have been
used for the quantitative analysis of protein adsorption to porous
biomaterials. Their main advantages and limitations are briefly
described.

Radiolabelling is considered the gold standard of the method-
ologies available to follow protein adsorption, as it is a straightfor-
ward and sensitive quantitative technique. Iodine radioisotopes
are usually used, as iodine readily binds to the tyrosine residues
of proteins and the signals emitted are directly proportional to
protein amount.? '¥I-radiolabelling can be used to quantify pro-
tein adsorption from single protein solutions or from complex
mixtures of proteins, such as serum-containing media and blood
plasma.? The retention, desorption, as well as the exchangeability

Citation: Amaral I, Sousa S, Neiva |, Marcus-Silva L, Kirkpatrick C, Barbosa M, Pégo A. Kinetics and isotherm of fibronectin adsorption to three-dimensional
porous chitosan scaffolds explored by '*’I-radiolabelling. Biomatter 2013; 3:e24791;; http://dx.doi.org/10.4161/biomatter.24791

www.landesbioscience.com

Biomatter

€24791-1



of the adsorbed protein by other proteins can also be easily deter-
mined, which makes radiolabelling a powerful tool to provide
insights into protein adsorption phenomena occurring at the
interface of biomaterials with the biological milieu.*> This sensi-
tive technique has been widely explored to follow protein adsorp-
tion onto polymeric surfaces.®” Nevertheless, only a few authors
have used this technique to measure protein adsorption onto
porous scaffolds.

In an attempt to develop a pre-vascularized scaffold for use
in cell-based regenerative therapies, we have shown that the
endothelialisation of chitosan porous scaffolds could be suc-
cessfully achieved by prior incubation of the porous matrices in
a 40 pg/mL FN solution. In that study physiadsorption of FN
was shown to be effective in promoting endothelial (EC) adhe-
sion and proliferation on CH scaffolds with retention of the EC
phenotype and angiogenic ability.® However, the effectiveness
of the FN treatment was found to be dependent on the degree
of acetylation (DA) of CH, a parameter influencing directly
CH susceptibility to enzymatic degradation, in vivo.” In the
present work we assessed the effect of FN concentration on CH
ability to promote cell adhesion and cytoskeletal organization
of ECs. Scaffolds with two different DAs, namely DA 4% and
DA 15%, were evaluated. While the former are less susceptible
to enzymatic degradation (DA 4%), the latter are expected to
degrade faster. As a result, both may be of interest for tissue
engineering, depending of the final application. To determine
the kinetics and isotherm of FN adsorption to CH scaffolds,
as well as the elution and exchangeability of pre-adsorbed
EN in the presence of serum proteins, '*I-radiolabelling was
explored. To evaluate FN conformation following adsorption
to CH, immunofluorescent detection of cell-binding domains
was performed. The results provided by the two different tech-
niques were then correlated with EC behavior on FN-coated

CH porous scaffolds.
Results

Characterization of CH 3-D porous scaffolds. SEM analysis
of cross-sectional areas of CH scaffolds revealed a highly porous
and homogeneous structure with interconnected macropores
with average diameter in the range of 100 to 120 wm for both the
DAs used, and in line with previous results (Fig. 1A).% Scaffold
analysis by mercury intrusion porosimetry revealed for DA 4%
a lower surface area as compared with DA 15%, namely of 45.8
m?*/g and 87.4 m?/g, respectively. Further characterization of CH
scaffolds in the hydrated state showed a similar structure for both
the DAs (Fig. 1B). Subsequent image analysis revealed, for both
the DAs, a pore size distribution in the range of 23 to 120 wm,
due to the contribution of the small round-shaped pores present
in the thin walls of the scaffolds which are responsible for inter-
connectivity (Fig. 1B). No statistically significant differences in
terms of pore size were found between the two types of scaffolds.

Fibronectin (FN) adsorption to CH scaffolds and elution/
exchangeability of adsorbed FN upon incubation in complete
culture medium (CCM). Protein adsorption studies revealed
similar FN adsorption to CH scaffolds, regardless of the ratio
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'PI-FN/EN used (2-20%), indicating that preferential adsorp-
tion of "PI-FN does not occur (Fig. S1). Kinetic studies performed
over a 12 h period showed a steep increase of FN adsorption dur-
ing the first 3 h of incubation (Fig. 2A). After this time point, FN
adsorption showed evidence of beginning to level off. Although
the levels of adsorbed FN increased with incubation time after 3
h of incubation, these were not found to be statistically signifi-
cantly different. The isotherm of FN adsorption to CH matrices
with DA 4% revealed an increase of FN adsorption with increas-
ing FN concentration (Fig. 2B). Matrices with DA 15% showed
a similar trend for FN concentrations up to 30 pg/mL, attaining
then a plateau. However, for all the FN concentrations tested,
significantly lower amounts of FN were found for DA 15% scaf-
folds. In fact, for most of the FN concentrations tested, namely
5, 10, 20, 30 and 50 pg/mL, the levels of FN found for DA 15%
were in the range of two to 3-fold lower than those of DA 4%.
The elution and the exchangeability of pre-adsorbed FN follow-
ing incubation in CCM were investigated in CH scaffolds previ-
ously incubated in a 20 pwg/mL FN solution (Fig. 3). Prior to
incubation in CCM, levels of adsorbed FN of 0.15 (+ 0.01) and
0.07 (+ 0.01) wg/mg of CH scaffold were found for DA 4 and
15%, respectively. As expected, partial elution of pre-adsorbed
EN occurred following subsequent incubation with competitive
proteins, as shown by the levels of FN found after incubation in
CCM for 24 h, namely of approx. 0.10 and 0.05 pg/mg of scaf-
fold for DA 4 and 15%, respectively. The release of pre-adsorbed
EN was similar between the two types of scaffolds: while DA 4%
scaffolds eluted 36% (+ 7.6%) of the initial adsorbed FN, DA
15% scaffolds eluted about 32% (+ 18%). When comparing the
ability of the two FN-coated scaffolds to adsorb new FN mol-
ecules from CCM, DA 4% scaffolds were found to adsorb higher
amounts than DA 15% (app. 3.7-fold higher, p = 0.001). To esti-
mate the exchangeability of pre-adsorbed FN during the immer-
sion step in CCM, the levels of eluted FN were compared with
those correspondent to new FN molecules adsorbed from CCM.
While DA 4% were able to exchange all eluted FN (119%), DA
15% were able to exchange only 85% of eluted FN. Finally,
the ability of bare CH scaffolds to adsorb FN from CCM was
assessed. The correspondent results are shown in Figure S2 of
the supporting data. Once again, significantly higher FN adsorp-
tion levels (app. 2-fold higher, p = 0.004) were found for DA 4%
as compared with DA 15%. These levels were compared with
those reached incubating the scaffolds in a single FN solution
prepared at a concentration such as to provide the same amount
of EN present in the CCM used (app. 40 pg/mL)." For both
scaffolds, results show that FN adsorption from CCM was in the
range of 14 to 16% of the amount adsorbed from a 40 pg/mL FN
solution, which reflects well the influence of competitive proteins
from serum on FN adsorption.

FN exposure of cell-binding domains upon adsorption to
CH scaffolds. The distribution and conformation of FN upon
adsorption were examined by immunofluorescent labeling of FN
cell-binding domains in 100 pwm thick cross-sections. CLSM
imaging showed a very faint labeling for FN on scaffolds incu-
bated in CCM, regardless of the DA (Fig. S3). In contrast, incu-
bation in a 20 pg/mL FN solution resulted in a homogeneous
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of cryosections obtained from four different CH scaffolds.

Figure 1. Morphological analysis of CH porous scaffolds with DA 4% and 15%. (A) SEM micrographs of transversal cross-sections of the dehydrated
scaffolds, showing a highly porous and interconnected structure, with macropores (arrow) and interconnecting pores (*). (B) CLSM imaging of 100
pm thick cryosections of hydrated CH scaffolds. The polymeric structure is shown in blue due to CH autofluorescence upon excitation by the 405 nm
laser. The pore diameter distribution resultant from image analysis is shown in the box plot chart, and depicts the following statistics: minimum, first
quartile, median, third quartile, and maximum. Pinpoints represent outliers. Values reported correspond to 120 measurements made in CLSM images
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Figure 2. Kinetics and isotherms of FN adsorption to CH scaffolds, as determined using '»I-labeled FN. (A) FN adsorption to CH (DA 4%) from a 20 j.g/
mL FN solution, as a function of incubation time (mean + SD; n = 8). (B) FN adsorption to CH scaffolds (DA 4 and 15%; 15-h incubation period), as a
function of FN solution concentration (mean + SD; n = 6). All the FN levels shown were determined after subsequent incubation of the porous scaffolds

distribution of FN with exposure of cell-binding domains, which
was more evident for DA 4% scaffolds (Fig. 4A and B). At higher
magnification, small spots with higher fluorescence intensity and
possibly corresponding to FN aggregates were also observed,
besides a more diffuse coating of FN. To further quantify the
exposure of cell-binding domains on FN-coated scaffolds, fluo-
rimetry analysis of cryosections was performed. Results revealed
significantly higher (2.6-fold higher, p < 0.001) fluorescence
intensity values for scaffolds with DA 4% as compared with DA
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15%, indicating the exposure of a higher number of integrin-
binding domains upon FN adsorption (Fig. 4C).

Cell adhesion and cytoskeletal organization of HPMEC-
ST1.6R cells on CH scaffolds as a function of FN concentration.
Incubation in a FN solution resulted in statistically significantly
higher cell numbers as compared with scaffolds merely incu-
bated in CCM, for both the DAs tested (Fig. 5). Nevertheless,
for the same DA, no positive correlation was found between cell
numbers and FN concentration, and no statistically significant
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Figure 3. Fibronectin adsorption to CH scaffolds (DA 4 and 15%) from a 20 p.g/mL FN solution, as well as elution and exchangeability of pre-adsorbed
FN in the presence of serum proteins. FN adsorption levels were determined by gamma counting after a 15-h incubation period in a 20 pg/mL
125]-labeled FN solution. To estimate the elution of pre-adsorbed FN in the presence of serum proteins, samples were further immersed in complete
culture medium (CCM) for 24 h, and the levels of remaining FN quantified by gamma counting. The exchangeability of pre-adsorbed FN by new FN
molecules from serum was investigated incubating samples pre-adsorbed with unlabelled FN (20 pg/mL) in CCM containing '»*I-FN. Results presented
are the mean + SD (n = 6).
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Figure 4. Distribution and conformation of FN upon adsorption to CH scaffolds with DA 4% (A) and 15% (B), as probed by immunofluorescent staining
of the integrin-binding RGD site of FN. Scaffolds were incubated in a 20 pg/mL FN solution for 15 h, cryosectioned, processed for immunofluores-
cence, and imaged by CLSM. The scale bar for the low- and high-magnification images corresponds to 300 um and 75 pm, respectively. (C) Quantita-
tive analysis of exposed cell-binding domains, as determined by fluorimetry. Results reported are the mean + SD of fluorescence intensity (Fl) values
correspondent to 8 cryosections.

differences were found among the different FN solutions used, Regardless of the FN solution concentration used, cell numbers
for the range of FN concentrations tested (from 5 to 50 pg/mL). on DA 15% were always lower than those found on DA 4%,
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Figure 5. Cell adhesion of HPMEC-ST1.6R cells to CH scaffolds (DA 4 and 15%) previously incubated for
15 h in complete culture medium (CCM) or in FN solutions with concentrations ranging from 5 to 50
rg/mL (mean + SD; n = 6). TCPS coverslips previously incubated in a 5 wg/mL FN solution were used
as 2-D substrate control for EC adhesion. *indicates a significant difference from the corresponding
CH samples incubated in FN solutions. ®indicates a significant difference from CH samples with DA 4%,

when subjected to the same incubation conditions (p < 0.05).

DA 15%

CCM

5 pg/mL FN

50 pg/mL FN

Figure 6. Fluorescent labeling of F-actin (green) and DNA (red) of HPMEC-ST1.6R cells
cultured on CH scaffolds (DA 4 and 15%) previously incubated in complete culture medium
(A and B) or in FN solutions with concentrations of 5 (C and D) and 50 wg/mL (E and F).
Images obtained by CLSM, 144 h after cell seeding (Scale bar: 200 pm and 50 pm the low-
and high-magnification images, respectively).

although a statistical significant difference was not achieved in
case of incubation in a 30 pg/mL FN solution.

The influence of FN concentration on EC cytoskeleton orga-
nization was assessed 144 h after cell seeding. As shown in Figure

e24791-6 Biomatter

the presence of EC layers constituted
by cells preferentially oriented along
the polymeric pore walls displaying
a flattened morphology and a diffuse
distribution of F-actin. Occasionally,
dense bundles of actin microfila-
ments were found at the cell periph-
ery and cell-cell boundaries. In the
case of DA 15% scaffolds, very few
cells were found remaining attached
to the scaffolds, regardless of the FN
concentration used (Fig. 6D and F). Although
slightly more cells were found on scaffolds
incubated in the 50 pg/mL FN concentration,
at higher magnification, most of the cells dis-
played a round-shaped morphology with poor
cytoskeleton organization (Fig. 6F).

Discussion

In the present study '®I-radiolabelling was
explored to follow the kinetics and isotherm of
EN adsorption to CH porous scaffolds, as well
as to assess the elution and exchangeability of
adsorbed FN in the presence of serum proteins.
The amount, distribution, conformation, and
exchangeability of FN upon adsorption strongly
influence its ability to mediate endothelial (EC)
adhesion to biomaterials.®'""> As a result, the
information provided by '#I-radiolabelling was
complemented by immunofluorescence studies
and then correlated with the ability of passively-
adsorbed FN to mediate EC adhesion.

To quantify FN adsorption to CH porous
scaffolds, several rinsing steps were performed
prior to gamma-counting, to remove most of
non-adsorbed protein. A compromise between
the number of rinses and the presence of minor
amounts of non-adsorbed FN was estab-

lished, as rinses with buffer may also lead to partial desorption
of adsorbed protein, namely of that corresponding to loosely
bound protein.' We subsequently assessed if '*I-labeling of
EN did not alter the profile of FN adsorption to CH. This is
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an important issue that needs to be assessed prior to the use
of radiolabelling to quantify protein adsorption onto poly-
meric surfaces.? The similar levels of adsorbed FN found on
CH porous scaffolds using different ratios of labeled to unla-
belled FN indicate that the preferential adsorption of '¥I-FN
or FN did not occur. Kinetic studies were initially performed
to determine the incubation time leading to the highest levels
of adsorbed FN on CH. Although FN adsorption took place
mainly during the first 3 h of incubation, overnight incuba-
tion (15 h) was chosen for all the subsequent assays since the
levels of adsorbed FN slightly increased with incubation time.
The effect of FN concentration on the levels of adsorbed FN
was investigated using FN solutions with concentrations in the
range of 5 to 50 pg/mL. The isotherm of FN adsorption on DA
4% scaffolds revealed an almost linear increase of FN adsorp-
tion with increasing FN concentration, within the range of FN
concentrations tested. A well-defined plateau was not detected
at high concentrations, as it is usually observed in isotherms of
EN adsorption from FN solutions on 2-D surfaces at = 10 g/
mL.” This indicates that saturation adsorption levels were not
achieved. The absence of a saturation plateau may be related
to the higher surface area available for protein adsorption in
the porous scaffolds, in comparison with 2-D surfaces. Another
phenomenon that may also have contributed to the absence of
a saturation plateau is the possible affinity of free FN molecules
for the adsorbed ones, as has been suggested by others for FN
adsorption on copolymer surfaces.!® On DA 15% scaffolds, FN
adsorption levelled off at = 30 wg/mL, and significantly lower
FN amounts were found as compared with DA 4%, for all the
FN concentrations tested. These differences were not related to
the structural properties, since the two scaffolds revealed a sim-
ilar microstructure both in the dry and in the hydrated state.
Moreover, as the scaffolds with higher surface area available for
protein adsorption revealed the lowest amounts of adsorbed FN,
it is likely that the different FN adsorption profiles found for
the two scaffolds result from differences in surface chemistry.
In CH, the presence of free amine groups in the glucosamine
units provides a net positive charge at physiological pH."” With
the increase of the DA, the concentration of methyl groups
from acetylated CH monomeric units increases progressively
while that of amine groups decreases. Concomitantly, CHs
with higher DAs are expected to present lower values of surface
charge, as was previously shown for CH films.”® The effect of
different chemical functionalities on FN adsorption and con-
formation upon adsorption was investigated by Keselowsky et
al., using terminally functionalized self-assembled monolayers
of alkanethiols on gold.” As compared with methyl groups,
amine groups were shown to favor FN adsorption as well as that
of a recombinant fragment of FN (thFNIIL_
EN cell-binding domain.'”?® Moreover, amine groups induced
less conformational changes on FN/rhFNIIL | ~upon adsorp-
tion as well as higher retention of integrin binding ability and

) exposing the

recruitment of focal adhesion components, thus suggesting a
lower degree of protein unfolding/denaturation.” As a result,
the higher levels of adsorbed FN found on DA 4% scaffolds as
compared with DA 15% were possibly influenced by the higher
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amount of amine groups present at the surface. Moreover,
amine groups also probably contributed to the higher ability
of DA 4% scaffolds to exchange pre-adsorbed FN by other FN
molecules present in CCM, as protein adsorption reversibility
may be more favorable for proteins that undergo a lesser degree
of conformational change upon adsorption.

Immunofluorescent labeling of FN cell-binding domains
complemented the quantitative analysis of FN adsorption to
CH provided by radiolabelling experiments, namely in terms of
conformation and organization of adsorbed FN on CH. CLSM
imaging of cryosections of CH scaffolds previously incubated
in a 20 pg/mL FN solution showed an homogeneous distribu-
tion of FN cell-adhesion domains on both DAs, and allowed
the detection of protein aggregation. Subsequent analysis of the
cryosections by fluorimetry revealed the presence of a higher
amount of exposed FN cell-binding domains on DA 4% as
compared with DA 15%, in accordance with FN adsorption
results.

The efficacy of passively adsorbed FN to mediate EC adhe-
sion to CH was subsequently assessed. In line with the litera-
ture, EC cell adhesion and cytoskeletal organization on CH
scaffolds merely incubated in CCM was poor regardless of the
DA %222 The low levels of adsorbed FN and exposed cell-bind-
ing domains found on these matrices may have contributed to
CH inability to support EC adhesion and cytoskeletal organiza-
tion. However, due to the presence of serum in CCM, other pro-
teins besides FN may have also influenced EC behavior on CH.
Incubation with FN solutions resulted in significantly higher
numbers of adherent cells, for both DAs tested. However, for
the same DA, no positive correlation was found between cell
numbers and the FN solution concentration. In fact, in the case
of DA 4% scaffolds, the lowest FN concentration tested (5 pg/
mL) was already efficient in promoting EC adhesion and cyto-
skeletal reorganization, as well as the formation of EC layers.
In contrast, incubation of DA 15% scaffolds with FN typically
resulted in lower cell numbers and in cells displaying mostly
a spherical-like morphology. The lower levels of adsorbed FN
found on DA 15% as compared with DA 4%, possibly contrib-
uted to the lower number of adherent cells found on DA 15%.
Nevertheless, the inability of DA 15% to support EC adhe-
sion and cytoskeletal organization cannot be uniquely attrib-
uted to the low levels of adsorbed FN. In fact, based on the
isotherms of FN adsorption to CH, the levels of adsorbed FN
found on DA 15% scaffolds following incubation in 20 pg/mL
EN solution are superior to those found on DA 4% scaffolds
upon incubation in a 5 ug/mL FN solution. As a consequence,
substrate-induced conformational changes of adsorbed FN
affecting the availability of FN cell-binding epitopes for inte-
grin binding possibly also contributed to the poor EC behavior
on DA 15%. The lower reversibility of FN adsorption on these
scaffolds suggest, at least to a certain degree, protein unfolding
and loss of functional activity. In fact, Renner et al. reported a
correlation between FN exchangeability and EC behavior, FN
exchangeability leading to enhanced formation of focal adhe-
sions.”” As a minimum density of FN cell-binding epitopes is
required for integrin clustering, focal adhesion assembly, and
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Table 2. Chitosan characterization in terms of degree of acetylation
(DA), weight- and number-average molecular weight (Mw and Mn,
respectively), polydispersity index (PDI), and endotoxin content

DA (%) Mw x10° Mnx 10° PDI Endotoxin (EU/g)
3.55+0.32 5.0+0.2 2.7 +£0.1 1.8.£0.1 Not detected?
1535+1.26 43+0.1 20+£0.0 22%0.1 Not detected?

2Endotoxin levels below the minimal detection level of the LAL test used
(0.1 EU/mL), a EU corresponding to a unit of measurement for endotoxin
activity.

actin polymerization,* present results suggest that while a 5
pg/mL FN solution was effective in providing CH with DA
4% with adequate amounts of cell-binding domains, the same
was not true for DA 15%, even when using a FN solution con-
centration as high as 50 pg/mL. Based on these results, strategies
to achieve successful endothelialisation of CH porous scaffolds
within a wide range of DAs are presently being explored by our

group.
Materials and Methods

Chitosan (CH) characterization. Squid pen CH was supplied
by France Chitine (Batch n° 171204; DA below 5%), being sub-
sequently purified by filtration of CH acidic solution followed
by alkali precipitation. Chitosan with a DA of approximately
15% was prepared by N-acetylation using acetic anhydride as
reactant in water/acetic acid/1,2-propanediol solution, accord-
ing to Vachoud L et al.® The “as received” and acetylated CH
were characterized in terms of DA (Fourier Transform Infrared
Spectrometry performed in KBr pellets using the band at 1320
cm™ as the analytical band and the band at 1420 cm™ as the inter-
nal reference band),?® average molecular weight and polydisper-
sity index (high-performance size exclusion chromatography),”
as well as in terms of endotoxin content (Limulus Amebocyte
Lysate test performed in water extracts)'® (Table 2).

Preparation and characterization of 3-D porous scaffolds.
Porous scaffolds were prepared from a 2% w/v CH acidic solu-
tion via thermally induced phase separation and subsequent sub-
limation of the ice crystals. Briefly, the polymer was allowed to
dissolve in 0.2 M acetic acid for 24 h, poured into the wells of
24-well tissue culture plates (TPP®), frozen at -20°C and then
lyophilized for 48 h. The resultant scaffolds were cut transver-
sally (3 x 3 x 2 mm?) and the attainment of a porous and homo-
geneous structure confirmed by scanning electron microscopy
(SEM). The surface area of the resultant scaffolds was character-
ized by mercury intrusion porosimetry, using a PoreMaster 60®
porosimeter (Quantachrome Instruments). Four scaffolds with
a total weight of approximately 0.030 g were used in each mea-
surement. The contact angle of mercury on CH was 140° and
mercury surface tension was 480 erg/cm?’. A total of 982 low-
and high-pressure intrusion points was collected in the range of
0.042 PSIA to 59,000 PSIA. The microstructure of the scaffolds
following sterilization and hydration was also assessed. For this
purpose the lyophilized scaffolds were successively immersed in
filter sterilized absolute ethanol and diluted ethanol solutions (70,
50, and 25% v/v), under reduced pressure. Finally, the scaffolds
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were equilibrated (2x) in sterile phosphate-buffered saline (PBS,
pH 7.4), cryosectioned transversally at 100 pm, and analyzed by
confocal laser scanning microscopy (CLSM). Pore diameter was
calculated using the relation:

d=~NIl+*h

where /and 4 are the maximum and the minimum pore lengths,
respectively.

Fibronectin (FN) adsorption to CH scaffolds. Fibronectin
adsorption studies were performed using human plasma FN
(Sigma) labeled with I (*¥I-EN). FN was labeled with '#1
(Na'#I, Perkin Elmer) using the Iodogen method,* and further
purified using a Sephadex™ G-25 Medium column (PD-10 col-
umn, Amersham Biosciences), to remove unbound '?I. Fractions
with yield of '®I-labeling = 98.5% were used. Labeled protein
was stored at ~20°C and used within 3 d. Labeled protein solu-
tions were prepared by adding '*I-FN to unlabelled solutions to
obtain a final activity of = 3 x 10° cpm/mL. Prior to the protein
adsorption assays CH scaffolds were individually weighed, steril-
ized and hydrated as described above, and finally equilibrated
overnight in degassed PBS with 0.01 M Nal (PBSI) to prevent
adsorption of free '¥I jons present in trace amounts in '»I-FN.
All incubations steps were performed at 37°C and 250 rpm in a
thermostat-regulated orbital shaker, using 50 wL of FN solution
per scaffold. To assess if preferential adsorption of *I-labeled
EN or unlabelled FN occurred on CH sponges, a series of con-
trol experiments was performed by varying the ratio of labeled
to unlabelled FN (2, 4, 10, and 20% v/v). For this purpose each
scaffold was incubated in 20 pg/mL '¥I-FN labeled FN solutions
prepared in degassed PBSI, for 90 min. Before gamma counting,
each scaffold was repeatedly rinsed and squeezed in PBS (200 p.L;
8x), immersed in PBS for 15 h at RT, rinsed once again in PBS,
and finally transferred to radioimmunoassay tubes. The rinsing
procedure was optimized in order to remove both free iodine and
non-adsorbed protein (Fig. S4A and S4B). For gamma activity
counting a gamma counter (Wallac Wizard model 1470) was
used. The amount of adsorbed FN was determined according to
the following equation:

Activity same (cpm)X |F1v|mhmmr (ug/mL)
Specific Activity souin (cpm/mL) X scaffold weight (mg)

FN adsorption (ug/mg scaffold) =

where Activitymnp . is the gamma activity of the sample expressed

it

in counts per minute (cpm), Specific Activity is the gamma

activity of the FN solution expressed in coulslothsmf)ner mL of solu-
tion, and |FN]| is the concentration of the FN solution. The
kinetics of FN adsorption to CH was followed incubating the
scaffolds in a 20 pg/mL FN solution for different time periods,
up to 12 h. The adsorption isotherm of FN was determined by
incubating the scaffolds in '®I-FN labeled FN solutions with
concentrations of 5, 10, 20, 30, 40 and 50 wg/mL for 15 h
(overnight). In both kinetic and isotherm studies, the samples
were further incubated in 200 pL of complete culture medium
(CCM) containing 20% (v/v) fetal bovine serum for 24 h before
being processed for gamma counting (Details of CCM compo-
sition are given in supporting data). Finally, to assess the abil-
ity of bare CH scaffolds to adsorb FN molecules from CCM,
samples were incubated in CCM labeled with '*I-FN for 15 h.
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Elution and exchangeability of adsorbed FN upon incuba-
tion in complete culture medium (CCM). The elution and the
exchangeability of pre-adsorbed FN in the presence of serum
proteins were determined in CH matrices previously incubated
in a 20 pg/mL EN solution for 15 h. The initial FN adsorp-
tion levels were quantified as described above, using '*I-labeled
EN (20 pg/mL). To estimate the elution of pre-adsorbed FN,
samples incubated with *I-labeled FN (20 wg/mL) were fur-
ther immersed in CCM for 24 h, and the levels of remaining
EN quantified by gamma counting. The exchangeability of pre-
adsorbed FN by new FN molecules from serum was investigated
by incubating samples previously adsorbed with unlabelled FN
(20 pg/mL) with CCM containing '*I-FN.

Immunofluorescence analysis of fibronectin (FN) expo-
sure of cell-binding domains. The exposure of FN cell-binding
domains upon adsorption from a EN solution or from CCM
was assessed by immunofluorescence, using three scaffolds per
condition. Scaffolds were incubated in a 20 pg/mL FN solution
in PBS or in CCM for 15 h at 37°C and 250 rpm, as described
above. Following incubation, scaffolds were rinsed with PBS
(3x), flash frozen in liquid nitrogen and cryosectioned, result-
ing in 100 pwm thick transversal crossections. Cryosections
corresponding to the central part of each scaffold were pro-
cessed for immunofluorescence. Samples incubated in buffer
(PBS) without protein were also processed to provide controls
for nonspecific antibody binding. All subsequent incubation
steps were performed at 37°C and 50 rpm, during 1 h. Briefly,
samples were incubated in a 1% heat-denatured bovine serum
albumin (BSA) solution in PBS for 1 h, washed with PBS, and
then incubated with the primary antibody diluted 1:1000 in
blocking buffer (0.25% BSA, 0.05% Tween-20 in PBS). Mouse
anti-human monoclonal antibody HFN 7.1 (Developmental
Studies Hybridoma Bank) was used for samples incubated with
EN. This antibody binds to the major integrin-binding RGD
site of human FN, and has proved to be an effective probe to
measure FN functionality following adsorption onto differ-
ent substrates.”” For scaffolds incubated with CCM, a mouse
anti-bovine FN monoclonal antibody directed against the cell-
binding fragment of FN (CSI 005-17, AntibodyShop) was
used. After washing with blocking buffer, samples were incu-
bated with Alexa Fluor 568-conjugated goat anti-mouse IgG
(Molecular Probes) diluted in blocking buffer at 5 pwg/mL,
rinsed, mounted with Fluoromount (Sigma) and immediately
observed under CLSM. Fluorescence intensity (FI) was quan-
tified by fluorimetry. For that purpose, each cryosection was
transferred to a well of a 24-well TCPS plate, and the corre-
sponding FI read (N, 578 nm; A, 603 nm) using a BioTek®
Synergy™ MX plate reader with the optics position set to bot-
tom. The FI values were determined by subtracting the average
FI value of the correspondent control.

Cell culture. A cell line of human pulmonary microvascular
endothelial cells (HPMEC-ST1.6R cell line) displaying most
of the major constitutively expressed and inducible endothelial
phenotypic markers was used.?”?° Details of HPMEC-ST1.6R
cell culture are given in supporting data.
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Cell seeding on the 3-D scaffolds. Prior to cell seeding CH
scaffolds were sterilized and hydrated as described above, and
then incubated overnight (15 h) either in CCM or in FN solutions
with concentrations ranging from 5 to 50 pg/mL. Incubation
was performed at 37°C and 250 rpm, as described above. Finally,
the scaffolds were transferred to the wells of a 96-well tissue cul-
ture plate and seeded with 9 wL of a cell suspension prepared at 3
x 10° cells/mL in CCM (2.7 x 10* cells/scaffold). Scaffolds were
incubated at 37°C for 4 h to allow for initial cell attachment,
after which 200 L of CCM were added. Finally, the seeded scaf-
folds were transferred to the incubator, and cultured for 24 h.
Fibronectin-coated wells (400 pL of a 5 pg/mL FN solution in
PBS) seeded in parallel with the same volume of cell suspension
were used as 2-D substrate control for EC adhesion.

Cell adhesion. Cell adhesion to CH scaffolds was inferred from
cell metabolic activity determined 24 h after cell seeding using a
resazurin-based assay, as previously described.® Fluorescence was
measured (N, 530 nm; N, 590 nm) and the fluorescence value
correspondent to unseeded scaffolds subtracted. Cell number was
extrapolated from a standard curve in which fluorescence was
plotted against known number of HPMECs seeded in parallel
on FN-coated wells and further incubated during 3 h to allow
for cell adhesion.

Cytoskeletal organization. Cytoskeleton organization was
assessed 144 h after cell seeding. Briefly, the cells were rinsed
twice with PBS, fixed in 3.7% paraformaldehyde, permeabilized
in 0.2% (v/v) buffered Triton X-100 for 10 min, and incubated
with 1% w/v BSA/PBS for 1 h. Cell cytoskeletal filamentous
actin (F-actin) was visualized by treating the cells with 5 U/
mL Alexa Fluor 488 phalloidin (Molecular Probes) in 1% BSA/
PBS for 60 min. Cell nuclei were counterstained with propidium
iodide (Sigma) diluted in PBS (15 wM) for 10 min. Samples were
finally mounted with Fluoromount (Sigma) and immediately
observed under CLSM.

Statistical analysis. Sample distribution was tested for nor-
mality using the Kolmogorov—Smirnov test, and data subse-
quently analyzed using the unpaired ttest. A 95% confidence
level was considered statistically significant. Calculations were
performed using IBM® SPSS® Statistics (version 19).

Conclusions

In this study, ¥I-radiolabelling was successfully used to estab-
lish the kinetics and isotherm of FN adsorption onto chitosan
porous scaffolds, as well as on the elution and exchangeability of
pre-adsorbed FN in the presence of serum-containing medium.
The results showed that the isotherm of FN adsorption is DA
dependent, DA 4% scaffolds adsorbing higher FN amounts as
compared with DA 15% scaffolds, independently of the FN
concentration tested. These findings were further supported by
immunofluorescent studies in cryosections which revealed, for
the same FN concentration, higher number of exposed FN cell-
binding domains on DA 4% as compared with DA 15%. In line
with the higher FN adsorption levels found, when assessing the
efficacy of passively adsorbed FN in promoting EC adhesion and
cytoskeletal reorganization on CH, ECs were found to adhere at
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higher levels to DA 4% as compared with DA 15%, 5 pg/mL of

EN being already efficient in mediating cell adhesion and cyto-
skeletal organization on CH with DA 4%.

The present study shows that radiolabelling is a powerful tool
to study protein adsorption to porous polymeric scaffolds under
physiological conditions, complementing the currently available
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