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ABSTRACT: Collagen—polyvinylpyrrolidone (C—PVP) is a
copolymer that is generated from the y irradiation of a mixture
of type I collagen and low-molecular-weight PVP. It is
characterized by immunomodulatory, fibrolytic, and antifibrotic
properties. Here, we used various physicochemical and biological
strategies to characterize the structure, biochemical susceptibility,
as well as its effects on metabolic activity in fibroblasts. C—PVP
contained 16 times more PVP than collagen, but only 55.8% of
PVP was bonded. Nevertheless, the remaining PVP exerted strong
structural activity due to the existence of weak bonds that provided
shielding in the NMR spectra. On SEM and AFM, freeze-dried C—
PVP appeared as a film that uniformly covered the collagen fibers.
Size analysis revealed the presence of abundant PVP molecules in
the solution of the copolymer with a unique dimension related to
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macromolecular combinations. Calorimetric analysis showed

that the copolymer in solution exhibited structural changes at 110 °C, whereas the lyophilized form showed such changes at

temperatures below 50 °C. The copolymer presented a rheopectic

behavior, with a predominant effect of the collagen. C—PVP

had biological effects on the expression of integrin @, and prolyl-hydroxylase but did not interact with cells through the collagen

receptors because it did not inhibit or slow contraction.

B INTRODUCTION

Collagen—polyvinylpyrrolidone (C—PVP) is a compound
derived from the y irradiation of pepsinized porcine type I
collagen fibers and low-molecular-weight (LMW) polyvinyl-
pyrrolidone (PVP). The physicochemical and pharmacological
properties of this copolymer are derived from its components.
C—PVP exhibits immunomodulatory and tissue-regenerative
properties, which have been evidenced in different pathologies
in acute and chronic stages in various fields, including
orthopedics and trauma,'~* vascular surgery,® gynecology and
gastl;oellslterology,é_8 as well as dermatology and rheumatol-
ogy.

However, little is currently known about the structure of this
copolymer. Polyacrylamide gel electrophoresis (PAGE) anal-

-4 ACS Publications  © 2014 American Chemical Society 9272

yses have shown that C—PVP has a slight decrease versus
collagen in the relative mobilities of the corresponding species
to the &, (I) and a, (I) collagen chains.'® High-performance
liquid chromatography (HPLC) has shown that collagen has
two species, whereas the copolymer and PVP have only one
(unpublished observations). These findings, along with the
observation that the biological activity of C—PVP differs from
that of its individual components, suggest that these structural

differences could determine the biological activity.'”
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Table 1. Summary of the Samples and Assays with Which They Were Tested

sample name characteristic
polyvinylpyrrolidone K15 PVP synthetic polymer
irradiated polyvinylpyrrolidone K15~ PVPirr Co-irradiated synthetic polymer,10 KGy
type I collagen collagen  biological polymer
collagen and polyvinylpyrrolidone ~ C+PVP physical mixture (w/o irradiation)
collagen— polyvinylpyrrolidone C—PVP  pharmaceutical grade copolymer (**Co-irradiated,

10KGy)

collagen— polyvinylpyrrolidone w/  C—PVP/
o excess polyvinylpyrrolidone —PVP

pharmaceutical grade copolymer (“Co-irradiated,
10KGy), membrane filtration 100-kDa molecular cutoff

assay”

EC, SEM, AFM, NMR-MAS, DSC, particle size

NMR-MAS, DSC, particle size

SEM, AFM, NMR-MAS, DSC, digestion by MMP-1,
rheology, particle size

AFM, NMR-MAS, DSC, rheology, particle size

EC, SEM, AFM, NMR-MAS, DSC, digestion by
MMP-1, rheology, particle size, biological activity

AFM, DSC, rheology, particle size

“EC = capillary electrophoresis, SEM = scanning electron microscopy, AFM = atomic force microscopy, NMR-MAS = nuclear magnetic resonance
with magic angle spinning, DSC = differential scanning calorimetry, MMP-1 = matrix metalloproteinase 1.

The use of type I collagen and PVP as copolymer
components is based primarily on their low immunogenicity
and tolerance, respectively. Moreover, in vitro and in vivo
assays have shown that C—PVP does not stimulate the
proliferation of lymphocytes or cause DNA damage, nor does
it induce the production of antibodies against porcine type I
collagen or C—PVP. No evidence of renal or hepatic failure has
been seen in patients receiving weekly doses of 0.2—1.0 mL of
C—PVP for 1 year, either intradermally or intramuscularly.'®
On the basis of the above evidence, we sought to characterize
the structure of the C—PVP copolymer through its
physicochemical properties, biological susceptibility, and
possible interaction with collagen-specific cell—surface recep-
tors.

B MATERIALS AND METHODS

Materials. Pepsinized porcine type I collagen (DSM Branch
Pentapharm, Aesch, Switzerland) was dialyzed against S mM
acetic acid (pH 4.3). PVP K-15 (8000 Da; ISP Investments,
Inc.,, Wilmington, DE, U.S.A.) was dissolved in 5 mM acetic
acid, and for some specified assays, it was irradiated at 10 kGy
using a “Co pump (Instituto Nacional de Investigaciones
Nucleares, Mexico City, Mexico). Both solutions were diluted
in proportion to their content in C—PVP copolymer
(Fibroquel, Aspid, SA de CV, Mexico City, Mexico), 8.33
and 133 mg/mL, respectively.

To assess whether PVP was affected by the irradiation used
on the C—PVP copolymer, a fraction of the PVP solution was
irradiated under the same conditions as the copolymer. To
assess the proportion of PVP integrated into the copolymer,
C—PVP was subjected to molecular filtration (Microcon 100
kDa, Millipore, Massachusetts, U.S.A.). For assays requiring
materials in the solid state, samples were lyophilized (Freezone
6, Labconco, Missouri, U.S.A.). Table 1 summarizes the
samples and assays with which they were tested.

Composition. Chromatographic Characterization. HPLC
assays were performed in isopropanol—water—trifluoroacetic
acid (80%: 19.99%: 0.01% v/v) as the mobile phase through a
reverse-phase column (Chrompack P 300 RP, Chrompack,
California, U.S.A; 8 um, 300 A, and 150 X 4.6 mm ID). The
analysis was run on a Varian chromatograph (Varian, California,
U.S.A.) equipped with a Varian INERT 9012 pump and a
Varian 9050 UV detector at 243 nm. The equipment was
controlled with the Star Chromatography software (version
4.51). The injection volume was 60 xL, and the flow rate was
0.6 mL/min.

Electrophoretic Characterization. Capillary electrophoresis
analysis was carried out on a ProteomeLab PA 800 (Beckman,
California, U.S.A.) using the 32 Karat software. For electro-
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phoretic separation of the samples, a negative capillary of 60 cm
(50.3 cm to the detection window) X S0 uym ID was used.
Detection was performed at 200 nm. Before each analysis, the
capillary was washed for S min with running buffer (100 mM
phosphate, pH 9.26). Before loading onto the capillary, the
sample was diluted with ultrapure water (18 MQ), injected
hydrodynamically (S s, 0.5 psi), and separated in running buffer
at 30 °C and 10 kV.

Morphological Analysis. Micrographs were recorded using a
Leica Stereoscan 440 scanning electron microscope (SEM)
[Leica Microsystems, Bensheim, Germany]. Freeze-dried
samples were fixed with 2.5% glutaraldehyde in phosphate
buffer (PBS, pH 7.4, 0.1 M) for 1 h and washed with PBS and
distilled water to prevent crystal formation. Subsequently,
aluminum samples with carbon ribbon lacking a conductive
material coating (gold, coal) were placed on a microscope slide.

The C—PVP copolymer was also analyzed by atomic force
microscopy (AFM) on a JSPM 4210 microscope (JEOL,
Tokyo, Japan); Mikromasch silicon cantilevers (NSC14) were
used in measurements. A volume of 50 uL of the samples was
diluted 1:100 and placed on a coverslip, and the samples were
dried at room temperature with a relative humidity of 55%.
After 7 days and with a final thickness of S ym approximately,
the AFM analyses were performed. Every sample was placed on
a copper bonding surface and analyzed in the contact mode to
measure the topography of the sample in a scanned area close
to 5 X S um. The vibration frequency was in the range of 350
kHz. Images were acquired in the amplitude—height mode at
room temperature.19

Structure. Liquid "H nuclear magnetic resonance (NMR)
spectra were obtained in solutions diluted in D,O using a
Bruker Avance 400 spectrometer (Bruker, Billerica, Massachu-
setts, U.S.A.) at a frequency of 400.17 MHz. Samples were
lyophilized prior to acquisition of *C NMR spectra with magic
angle spinning (MAS NMR) in the solid state. Spectra were
acquired on a Bruker Avance II 300 spectrometer (Bruker,
Billerica, Massachusetts, U.S.A.) under cross-polarized con-
ditions at a resonance frequency of 754 MHz and MAS of §
kHz, using contact pulses of 100 us and 1, 3, and S ms.?°

The average particle size was determined by dynamic light
scattering (DLS) on a Zetasizer (ZEN 3600 Nano - ZS,
Malvern Instruments, Massachusetts, U.S.A.). The wavelength
of the laser (He/Ne, 10 mW) was 633 nm. Measurements were
obtained at an angle of 173° for 60 s at 25 °C. The sample
concentration was adjusted to 830 yg/mL with a 5 mM acetic
acid solution in all cases. Measurements were performed in
quadruplicate.

Thermal Properties. Differential scanning calorimetry
(DSC) was performed on a DSC QI0 (TA Instruments,
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Delaware, U.S.A.) using airtight aluminum sample holders. The
heating rate was 10 °C/min for samples in solution and 1 °C/
min for lyophilized samples, with a range of 0—200 °C and a
nitrogen flow of 50 mL/min. Each determination was
performed in triplicate with only one scan. Enthalpy changes
were determined from the experimental data.”!

Susceptibility to Matrix Metalloproteinase (MMP)-1.
Fibrillar collagens are biologically digested in two steps. First,
the quaternary structure is denatured by interstitial collage-
nases, followed by digestion through %elatinases. Both enzyme
groups belong to the family of MMPs.”* An assay of enzymatic
digestion of collagen and C—PVP by MMP-1 was conducted.
Then, 400 pug of the collagen sample or an equivalent amount
of C—PVP was incubated in the presence of 10 ng of MMP-1
(Sigma, Missouri, U.S.A.) in a tris-HCl buffer (pH 7.4) with
CaCl,, at 35 °C. Samples were incubated for different time
periods (1—60 min). The reaction was interrupted by adding
20 uL of 0.1 M ethylenediaminetetraacetic acid (EDTA) to the
reaction medium. Samples were centrifuged at 9000g at 4 °C
for 10 min. Supernatants were tested in acrylamide gels at 10%.
High-molecular-weight markers were run in the same gel to
determine the size of the digested fragments.

Rheology and Frequency Spectra Analysis. Viscosity
measurements were performed at 25 °C in 200 uL of sample,
with the No. 1 needle of a Brookfield CAP 2000 viscometer
(Brookfield, Massachusetts, U.S.A.). Each sample was analyzed
in triplicate. The equipment was calibrated with standard
solution No. CAP3L (Brookfield, Lot. No. 00601). The shear
rate experiment was conducted from 1600 to 7999.98 s~
(120—600 rpm) and vice versa at intervals of 1600 s™*. All
solutions were presheared at 1600 s™' (120 rpm) for S min
after loading into the concentric conical geometry. Each
subsequent recording was taken after spinning for 20 s at
each shear rate. Steady shear rate experiments were conducted
at 2000 s~' (150 rpm) using the same stabilization parameters.
The total assay time was 2230 s.

The stiffness modulus was analyzed by the pseudo Wigner—
Ville distribution (PWVD), which is the Fourier transform of
the autocorrelation of the input signal. In this method, a signal
s(t) is transformed to the time—frequency domain. The
distribution may be considered a spectral density function in
its three-dimensional (3D) form. The calculation algorithm was
implemented in the Matematica 9 coding language.

The Wigner distribution (WDF) for a continuous signal is
expressed as

w(t, @) = f Tt = 1/2)s(t + /2)e 0 dr o

where w (t,@) estimates the evolution in time of the power
spectral density of the time signal s(f). An analytical signal®
was used as a simple approximation to mitigate the problems of
aliasing

s(t) = s.(t) + iH{s, ()} (2)

The discrete version that was equivalent to eq 1 was used”*
IN-1
w(mAt, kAw) = 2At z s{(m + n)At]

n=0

X s*[(m — n)At]e™™/N

(©)

for N sample points at At intervals and for the frequency
interval Aw = n/(2NAt).
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A fast Fourier transform (FFT)-based algorithm was used.
The representation of the algorithm was previously described
by Shin and Jeon®* in the Wahl and Bolton text*®

w(mAt, kAw) = RE{2AtFFT[corr(i)]}
wherel1 <i<N+1

corr(i) = {S(m +i—Ds*(m—i+1) m>i
0

and2 <i <N

m<i
(4)
corr(2N — i + 2) = corr*(i)

To minimize perturbations and negative values, a Gaussian
window function was used of the form
o7 /27)+(g7/2k%)]

G(p, q) =

2mjkAtAw (5)

for p and q integers in the ranges of +2j and +2k, respectively,
with the proviso that j-k > (N/x). Finally, convolving eqs 3 and
S, the PWVD was obtained

I+j m+k

, AtAw

wllym=="=3 3 wlp)Glp—~1q-m
p=l=j q=m—k

(6)
where w’(I,m) is the smoothed function of eq 3.

In Vitro Assays on a Tridimensional Model. The 3D
culture was prepared by mixing a 1.5X modified Dulbecco-
Eagle culture medium (D-MEM; Gibco, Invitrogen, California,
U.S.A.), supplemented with 10% fetal bovine serum (FBS), 2
mM glutamine, 100 U/mL penicillin, and 5 pg/mL
streptomycin, with type I collagen at cold temperatures to a
final concentration of 1 mg/mL and 2.5 X 10* cells/mL
(human normal fibroblasts, fourth passage). The cell
suspension was distributed in repeated 1.8 mL volumes in
24-well plates (Nunc, New York, U.S.A.). Immediately, 0.2 mL
of C—PVP at 0.5, 1.0, and 3.0% (w/v) in D-MEM were added
to the cultures. The negative control consisted of cultures
treated with D-MEM. The positive control consisted of D-
MEM with anti-f1 integrin antibody (1:500 dilution, only for
contraction assays). Each assay was performed in triplicate.**™>*

The cell suspension was allowed to gel. After 12 h of
incubation, the contraction speed of the 3D systems was
recorded every 3 h until 36 h had passed. Images of the cultures
were acquired on a Gel-Doc Photodocumentation System
(BIO-RAD, California, U.S.A.). The perimeter of the gel was
defined, and the area was calculated from the images using the
Axiovision software (Carl Zeiss, Gottingen, Germany),
considering that at the start of incubation, the matrix occupied
the entire area of the well (201.06 mm?).

The integrin o, subunit is part of the heterodimer cellular
receptor that recognizes type I collagen, among other
components of the extracellular matrix (ECM). Prolyl
hydroxylase is an enzyme synthesized by fibrobroblasts,
involved in the post-translational modification of the
endogenous collagen molecule. To evaluate the integrin a,
and prolyl hydroxylase expressions, indirect semiquantitative
immunofluorescence analyses were performed from 3D culture
samples obtained at 12, 24, and 36 h, previously treated with
C—PVP at 3.0% (w/v). Transverse cryosections (5 pm thick)
of the frozen gels from different time points were made, and the
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sections with antihuman mouse monoclonal antibodies were
treated against @, integrin (mAb 1950, 1:100 dilution; Santa
Cruz, California, U.S.A.) and prolyl hydroxylase (Clone SBS,
1:50 dilution; Santa Cruz, California, U.S.A.). Nuclei were
evidenced with diamidino-2-phenylindole (DAPI) and the
antigens (a, subunit and prolyl hydroxylase) with fluorescein
isothiocyanate (FITC). Slides were observed under a micro-
scope (Axioimager Z1, Carl Zeiss, Gottingen, Germany) at
200x%, with excitation light of 485 and 400 nm for FITC and
DAPI], respectively. Images were acquired digitally and analyzed
with Axiovision software to determine the density of the
emitted fluorescence. To ensure that the fluorescence
corresponded to a cell, only cases in which the label was
found around a nucleus were considered.

Statistical Analysis. Statistical analysis of the immuno-
fluorescence results was performed using the Mann—Whitney
and Student’s t tests. The contraction kinetics was analyzed
using Tukey’s test. Differences with p values of <0.05 were
considered statistically significant.

B RESULTS

On the basis of preliminary PAGE findings that the C—PVP
copolymer had a different mobility pattern from collagen or the
physical mixture (C+PVP),"S an assay in which the copolymer
was filtered through a membrane with a 100 kDa molecular
cutoff was performed. After washing and analyzing the eluted
(PVP) and retained copolymer (C—PVP/—PVP) fractions, it
was found that the copolymer had a PVP-free fraction
equivalent to 49.13 and 44.2% by HPLC and capillary
electrophoresis, respectively (data not shown).

Morphology. In order to know the spatial distribution of
the molecules at micro- and nanometers, we performed two
complementary assays, SEM and AFM; both were very useful
to identify the fibrillar pattern of collagen, the filmogen
distribution of PVP, and the consequential properties of the
composite (C—PVP).

The morphologies of the freeze-dried copolymer and its
precursors were characterized using SEM. PVP formed a film
with small irregular deposits of amorphous particles of 0.1 ym
and large aggregates of more than S ym (Figure 1a). Collagen
showed a fibrillar pattern similar to that observed when in the

Figure 1. Photomicrographs obtained by SEM of freeze-dried (a)
PVP, (b,e) collagen, (c) C+PVP, and (d,f) C—PVP. The scale bar is
equivalent to 10 gm in a—d and 1 ym in e and f.

tissue (Figure 1b and e). The fibers were not completely
smooth but were rough, a characteristic that was derived from
their “native” state. On the other hand, C+PVP and C—PVP
showed a hybrid morphology, namely, they appeared as a series
of fibers “bathed” with a homogeneous film that covered most
of the interfibrillar spaces (Figure 1c and d, respectively). This
result was especially evident when the images were obtained at
higher magnification (Figure 1f). Nevertheless, despite the
similarity in morphological appearance, y irradiation caused the
formation of fragmented fibers (Figure 1d).

To characterize the irregularity of the copolymer fragmented
fibers, C—PVP was subjected to AFM. C—PVP generally
showed an irregular surface (Figure 2, left panel), correspond-

[ 4120m

Figure 2. (Top) Images of the freeze-dried C—PVP copolymer
obtained by AFM. The scale bars in lower left corners indicate the size
in microns, 1.0 and 2.0 um, respectively. (Bottom) Line profiles
between points AC and AB.

ing to that observed by SEM (Figure 1f).”*"*' The line profiles

calculated between points A and C showed variations in the
surface material of up to 10 and 200 nm, respectively, indicating
that the irradiation-induced cross-linking between collagen and
PVP was accompanied by a change in texture. The AFM images
(not shown) of the sample without irradiation (C+PVP)
correspond to a smoother surface than those after irradiation.
The wide range of diameters in collagen fibers and the induced
cross-linking by irradiation are responsible for the surface
modification. The cross-linking induced by irradiation occurred
accompanied by the segmentation of collagen fibers, as
supported by SEM and NMR results, and consequently, fibers
were rearranged to result in a modification of the material
texture.

Atomic Characterization. To elucidate whether collagen
and PVP polymers were composed of parts that differed in their
mobilities, '*C NMR-MAS and 'H NMR assays were
performed. Figure 3A shows the *C NMR-MAS spectra of
the copolymer in the solid state while varying the contact pulse.
In the spectra of Figure 3A(a—c), the contact time varied from
S ms to 100 ps, with no notable changes. Thus, it was
concluded that collagen is a polymer that moves uniformly as it
showed no significant change in the relationship of signal
intensities. Moreover, variation in the pulse affected only the
signal from the carbonyl group, which contains no protons.

dx.doi.org/10.1021/jp502476x | J. Phys. Chem. B 2014, 118, 9272—9283
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Figure 3. (A) C MAS NMR spectra of freeze-dried samples under
study for different contact times, S ms (a,f), 1 ms (b, d, and g), and
100 us (c, e, and h). (B) Spectra acquired with S ms of contact time
for (a) collagen, (b) PVP, (c) PVPirr, (d) C+PVP, (e) C—PVP, and
(f) C—PVP/—PVP. *Rotation bands (5 kHz).

Thus, only changes in the magnetization transfer were
observed. The same was true for PVP and PVP irradiated
(PVPirr) (Figure 3A, spectra d,e and f—h, respectlvely), as
Dumitragcu M et al. also reported for 360 kDa PVP.?

Figure 3B compares the spectra of the pure polymers of C
+PVP and C—PVP. There was no evidence of any specific
interaction between the carbons of collagen and PVP. The
spectrum for collagen showed typical signals at 172 ppm and in
the window of 20—75 ppm [Figure 3B(a)]. These signals were
due to carbonyl groups and aliphatic carbons, respectively,*
which are amino acid residues that form part of the collagen
structure. The spectra of PVP and PVPirr also exhibited signals
due to carbonyl groups and aliphatic carbons [Figures 3B(b,c)],
such that the spectra of C+PVP and C—PVP were very similar
to the spectrum of PVP [Figures 3B, spectra d and e,
respectively].

The spectrum of C—PVP/—PVP [Figure 3B(f)] was also
very similar to PVP, but in this case, some signals (at 73 and 62
ppm) typical of collagen could be seen. However, the position
and width of these peaks were very similar to those of pure
collagen. Thus, it cannot be concluded that there was an
interaction via the aliphatic carbons; interaction through other
carbons was difficult to elucidate because of the intense bands
of PVP.

Figure 4A compares the 'H NMR spectra acquired in liquid
samples for collagen, PVP, PVPirr, C+PVP, and C—PVP. In
Figure 4A(a), two peaks between 2.9 and 2.7 ppm were
observed, corresponding to hydrogens bound to the a carbons
of proline, glycine, and so forth, 3435 typical of the most
abundant amino acid residues in collagen. At a higher field (2.1
ppm), shielded hydrogens were identified, such as those
bonded to the carbons of alanine. Peaks corresponding to OH
and NH groups were not observed because the hydrogens of
these groups are easily interchangeable in the solvent used
(D,0).

The spectrum of PVP was completely resolved and is shown
in Figure 4A(b). It was assigned displacement values
corresponding to the monomeric structure of PVP depicted
in Figure 4B. Peaks near 1.4 ppm can be attributed to the
terminal methyl groups (—CH;) of the polymer chains.
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Figure 4. (A) 'H NMR spectrum of samples under study diluted in
D,0. (a) Collagen, (b) PVP, (c) PVPirr, (d) C+PVP, and (e) C—PVP.
(B) Structure of PVP, with carbons labeled for assigning
corresponding 'H NMR signals.

However, the spectrum of PVP was changed as a result of y
irradiation [Figure 4A(c)]. The thin peaks attributed to the
—CHj; terminals appeared as a broad signal, Wthh can be
interpreted as a loss of mobility of these groups.*® This effect
was opposite to that observed in broad peaks attributed to the
ring hydrogens, which showed additional thin and overlapping
signals, which can be explained as the gain in mobility in these
hydrogens (Table 2). Finally, the intensity of the methylene
group (—CH,) decreased significantly, suggesting that PVP
depolymerization occurred due to y irradiation.

Table 2. Assignment of the !H NMR Resonance Values for
the PVP Diluted in D,O

chemical shift (5), ppm types of hydrogen®

3.81-3.65 CH(b)
3.42-3.30 CH,(c)
2.55-2.31 CH,(e)
2.11-1.90 CH,(d)
1.75—-1.59 CH,(a)

“According to the structure included in Figure 4B.

The C+PVP spectrum [Figure 4A(d)] was composed mainly
of PVP signals, although it presented some differences
compared to the pure polymer. In particular, the thin signals
attributed to terminal —CHj in PVP disappeared when PVP
was physically mixed with collagen, perhaps because PVP lost
mobility due to its increased molecular mass. This result implies
that there is an interaction between the two polymers;>’
otherwise, the NMR signals would have remained unchanged.
The spectrum of C—PVP [Figure 4A(e)] showed some
differences from the spectrum of the physical mixture. The
thin peaks of collagen and signals from the —CH, groups of
PVP were decreased significantly, consistent with the idea that
irradiation decreases the degree of polymerization of PVP. As a
result, the shorter chains of PVP would be able to intersect with
collagen, resulting in a composite with very low mobility.

Irradiation produces morphological and structural changes in
the C—PVP molecule; for that reason, the resulting particle size
and the three most important distributions of molecular size in
the range of 1—3000 nm were assessed (Table 3). The
aggregate size reported as peak 3 was similar for C+PVP and
C—PVP. Therefore, PVP noticeably altered the aggregation

dx.doi.org/10.1021/jp502476x | J. Phys. Chem. B 2014, 118, 9272—9283
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Table 3. Aggregation Sizes Using DLS®

peak 1 peak 2 peak 3

sample mean particle size (nm) area (%) mean particle size (nm) area (%) mean particle size (nm) area (%)
collagen 16.6 + 2.3 17.1 + 1.5 564 + 2.4 23.6 + 20.6 2049.8 + 1946 54.3 £ 27.6
PVP 5.5 +04 89.8 + 4.0 182.8 + 25.2 102 + 4.0 0.0 0.0
PVPirr 54 + 0.0 92.8 + 0.6 17.9 + 15.0 49.72 + 32.2 149.8 + 49.3 39+ 1.6
C+PVP 54+12 414 + 13.7 31.0 + 189 17.6 + 10.8 955.4 + 254.0 36.1 + 3.3
C-PVP 6.1 + 0.7 41.7 = 5.0 369 + 12.2 122 + 3.7 912.1 + 266.5 46.1 £ 7.5
C—PVP/—-PVP 55+0.1 49.1 + 4.2 217 £ 12 129 + 0.6 485.4 + 26.6 38 + 4.8

“Peak area = percentage of the area of the corresponding peak.

(@)

(b)
©

0.4

Heat Flow (W/g)

0.6

Heat Flow (W/g)

160
Temperature (°C)

150 P

100
Temperature (°C)

Figure 5. DSC thermograms of lyophilized samples (A) and thermograms of samples in solution (B). (a) PVP, (b) PVPirr, (c) collagen, (d) C+PVP,

(e) C—PVP, and (f) C—PVP/—PVP.

state of the protein, probably via various types of interactions,
such as temporary hydrogen bonds.>” However, peak 3 for the
C—PVP/—PVP sample showed a smaller aggregate size (485.4
+ 26.6 nm) compared to that for C+PVP and C—PVP,
confirming that there is a direct relationship between the
amount of PVP present and the aggregate size. The size of the
largest peak of the copolymer decreased with a decrease in the
presence of PVP. This result could be interpreted as indicating
a change in the molecular association state in the absence of the
free-aggregating component.

Thermal Properties. A key aspect of the copolymer is its
thermal stability. The compound is made from “native”
collagen, which is susceptible to denaturation at a temperature
slightly above physiological.*® Calorimetric assays were
conducted using a DSC system, in which samples were
evaluated in the solid (lyophilized) state and in solution.

Figure S shows the thermal behavior of the copolymer and its
separate components. In the solid state, before and after
irradiation, the PVP sample exhibited transition temperatures of
75.0 and 77.5 °C, respectively [Figure SA(a,b)], corresponding
to the glass transition temperature (Tg) and loss of water,
respectively.””* There was a significant decrease in the AH
values from 162.1 to 126.9 J/g (Table 4). These values are
related to the association of the material with water. A similar
reduction was obtained for samples in solution [Figure
SB(ab)]. The increase in T, confirms the results of the
structural characterization due to the irradiation process
(Figure 3A(e), NMR analysis). PVP is a hygroscopic material;
thus, a change in the heat capacity is affected by the presence of
water vapor.

In the thermogram of collagen, there was a major peak in the
range of 0—120 °C. The temperature corresponding to the
structural change of lyophilized collagen was 68.1 °C [Figure
SA(c)]. In solution (S mM acetic acid), collagen underwent a
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Table 4. Thermal Parameters in Solid and Liquid States”

lyophilized samples samples in solution

material T (°C) AH (J/g) T (°C) AH (J/g)
pvp 65.7 162.1 86.7 1295.0
PVPirr 74.5 126.9 92.5 1243.0
collagen 68.1 181.8 84.2 1723.0
C+PVP 54.2 242.0 84.2 1350.0
C—-PVP 67.3 198.9 111.9 1489.0
C—PVP/-PVP 44.1 402.1 112.8 1614.0

“AH = enthalpy change.

pronounced change in the slope of the endothermic event at
39.9 °C, indicating the starting point of denaturation [Figure
SB(c)]. It was related to a conformational change in the
structure of the triple helix, wherein destabilization occurred
mainly due to disruption of intra- and intermolecular hydrogen
bonds and due to retained water.>’

For lyophilized C+PVP, the onset of the thermal transition
was at 54.19 °C [Figure SA(d)], indicating a shift to the left
compared to that of collagen or PVP. The decrease in energy
required to move the chains of the PVP polymer can be
explained by the presence of collagen structure between the
polymer chains, unlike the energy required for a pure sample of
PVP. In solution, C+PVP also showed a leftward displacement
compared to PVP, with a transition at 84.3 °C [Figure SB(d)].
This shift was due to potential intermolecular hydrogen bonds
formed between the collagen solution and PVP.>’

A significant shift to the left was observed for lyophilized C—
PVP/—PVP, with a temperature of 44.14 °C [Figure SA(f)]. A
higher value of AH (402.1 J/g) was also observed, indicating
the presence of a new structure. This structural change was
associated with T, combined with the loss of water, where the
new material had a lower heat resistance than collagen or PVP.
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In contrast, C—PVP/—PVP in solution [Figure SB(f)] had a
higher heat resistance, with a high transition temperature
(111.92 °C) due to the breaking of intramolecular hydrogen
bonds and hydrogen bonding with water. Thus, the structural
conformation of C—PVP/—PVP was more resistant to heat
when in solution compared to that for collagen.

Lyophilized C—PVP showed a T, of 6731 °C [Figure
SA(e)], which markedly differed from the temperatures for C—
PVP/—PVP and C+PVP. There was also a change in the values
of AH. This difference in thermal behavior can be attributed to
the presence of the residual fraction of PVP. Nevertheless, the
effect was not evident when testing in solution.

Biochemical Susceptibility. Fibrillar collagens, such as
type I collagen, are degraded in vivo by a well-defined group of
MMPs, including MMP-1. To test whether the copolymer C—
PVP was susceptible to digestion by the enzyme that normally
breaks collagen, C—PVP was exposed to the enzyme for various
time periods. C—PVP was almost immediately digested by
MMP-1, as indicated by PAGE analysis. The banding pattern
for C—PVP was similar to that of the type I collagen (Figure 6).

Collagen Collagen-PVP
u 1 3 5 7 U 1 3 5 ? Min M.W.
s < =~ = ] I 11200
Olq e e ‘!‘ = |
” R = : -116
02 25 b : - 97
e e H 66

Figure 6. Images of polyacrylamide gels under denaturing conditions.
Banding patterns of collagen and C+PVP, highlighting a fragment of
approximately 70 kDa corresponding to that expected of three-fourths
of the & chains derived from digestion by MMP-1. Lines marked “U”
represent the protein or copolymer undigested; the numbers above the
lanes represent incubation times in minutes. The bands corresponding
to the type I collagen f and a chains are indicated on the left, and the
molecular weight marker is indicated on the right.

This result indicates that the copolymer undergoes rapid
hydrolysis in biological conditions by the same enzyme that
digests endogenous collagen. The digested C—PVP fragment
was slightly heavier than the corresponding collagen (Figure 6).
This finding correlates with earlier results regarding the
formation of the collagen and PVP copolymer.'®

Rheology and Frequency Spectral Analysis. Rheology
study was performed to determine the fluidic macroscopic
properties of collagen and copolymers thereof because branches
and/or cross-links strongly affect the dynamic properties of the
polymers and copolymers. From the rheological study of the
shear rate, it can be concluded that the copolymer and its
collagen components are non-Newtonian fluids because the
viscosity varied with shear rate and time. According to the
profiles in Figure 7 (internal graphics), all of the materials
assessed are pseudoplastic fluids whenever the absolute
viscosity decreased with an increase of shear rate and n < 1.
Table 5 shows the rheological parameters obtained from
Ostwald’s potential model with confidence intervals over
98%,"**° where irregularities and anomalies were evidenced
when this model was performed. Therefore, other models were
applied, such Williamson’s model for pseudoplastics, Bingham'’s
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model for ideal plastics, and the model for the real plastic.
However, unsatisfactory parameters were obtained in all cases.
An analysis with the Herschel-Burkley model, which also did
not fit our data, indicated that the irradiated compositions had a
slight tendency toward behaving like Bingham’s plastics.
Namely, their consistency indices were the lowest, and their
fluid characteristics were the highest.

One of the irregularities in the pseudoplastic behavior
adjusted with the power law was that the C+PVP consistency
was higher compared to that of the irradiated samples. This
finding does not coincide with the experimental observations
(Table S). Still, it was considered that the samples behave as
pseudoplastic fluids with a rheopectic character, given that the
shear stress increased with the shear rate (Figure 7, external
graphics) and with viscosity over time*® (Figure 8). The
collagen and C—PVP/—PVP samples (Figure 7a,c), which had
a similar magnitude of viscosity that was greater than that of C
+PVP or C—PVP (Figure 7b,d), exhibited an opposite
separation profile, confirming the rheopectic behavior. There
was a hysteresis loop at 6533.32 s™" for collagen and 6933.33
s™' for C—PVP/—PVP, which means that there wa a delay
between the strain and stress (Figure 7). Specimens of C+PVP
and C—PVP (Figure 7b,d) showed a smaller viscosity
magnitude, with equivalent dynamics of their structural
arrangements but without a defined hysteresis loop.

Clearly, excess PVP caused a decrease in viscosity (Figures 7
and 8). Given the shape of the profiles, it seems that the
collagen governed the conformational structure of the
copolymer. Possibly, the acidic pH of the PVP solution (pH
4.3) favored electrostatic interactions between PVP and
collagen molecules, stabilizing the conformational structure
during (variable or constant) shearing.

Next, the rate of change of the stiffness modulus was
analyzed, calculated using the PWVD time—frequency spectra
(Figure 9), in which the input signal was the strain derivative
regarding the shear rate (o) (for the variable shear experiment,
an experimentalal time of t; = 1950 s was employed, with N =
97 and Aty = /(N — 1) + 30 = 20.1 s). All samples have the
highest rates of change of the shear modulus around the
boundary between the shear rate increasing and decreasing;
these peaks correspond to the alignment of the molecules in
the flow direction except at the value where the relaxation
begins; in that, the bonds between the structures are strained.
When the shear rate was increasing, the rate of change of the
stiffness modulus was less marked in collagen and C—PVP
(profiles, Figure 9a,d), whereas in C—PVP/—PVP, it pro-
gressively increased (profile, Figure 9c). In C+PVP, the rate of
change appeared as a sharp Gaussian, with the peak amplitude
at 4400 s~' (profile, Figure 9b). Solutions of LMW PVP do not
form stable structures;”’ therefore, the high rate of change of
the stiffness modulus of C+PVP during increasing shear rate
could be due to the structural mobility of PVP. This effect was
seen when residual PVP was eliminated from the copolymer
during decreasing shear rate (Figure 9c).

The maxima in the contour lines of the frequencies in Figure
9 (in 3D) indicate the major rates of change in the stiffness
modulus. These results relate to the possible alignment of the
polymer chains during increasing shear rate and with their
restructuring or rearrangement during decreasing shear rate.
The shape of the slopes, in the context of the extent and
intensity of the contours along frequencies, suggested that after
ordering its chains with the flow, C—PVP/—PVP (3D, Figure
9¢) harmonically modify its stiffness modulus. In contrast, after
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Figure 7. Variation of viscosity (inner graphs) and shear stress with applied shear rate for (a) collagen, (b) C+PVP, (c) C—PVP/—PVP, and (d) C—
PVP. Increasing shear rate (blue line) and decreasing shear rate (red line). Data are means # SDs of N = 3.

Table S. Rheological Parameters by the Power Model®

standard standard
sample k error k n error n r?
collagen 320.927 37.770 0.209 0.014 0.987
C-PVP/— 131.180 11.999 0.319 0.011 0.991
PVP
C+PVP 267.382 45.708 0.192 0.020 0.987
C-PVP 172.611 14.399 0.244 0.098 0.987

“Consistency index (k) and fluid characteristic (n) (Newtonian = 1).

collagen (3D, Figure 9a) aligned its chains, the stiffness varies
slightly asymptotically with the frequency. These findings
suggest that C—PVP/—PVP is more mobile in its structural
units than collagen. C+PVP, in contrast, significantly modifies
its fluency variation, especially at 4400 s74, for all frequencies,
whereas C—PVP (3D, Figure 9d) showed weak structural
changes with frequency after ordering its chains with increasing
shear rate.

With respect to the behavior during decreasing versus
increasing shear rate, C—PVP/—PVP had the greatest
symmetry in its profiles, compared to collagen (profiles and
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Figure 8. Variation of the viscosity across time for (a) collagen, (b) C+PVP, (c¢) C—PVP/—PVP, and (d) C—PVP. Data are means + SDs of N = 3.

9279

dx.doi.org/10.1021/jp502476x | J. Phys. Chem. B 2014, 118, 9272—9283



The Journal of Physical Chemistry B

i

1.6 3.2 4.8 6.4 8. 6.4 4.8 3.2 1.6
15 15
w
[
210 10
X
E
=
°
o -
= 50 = 5
« ) \
] A
£ 7 A -
& =\ N
0 ‘ . ~ —~ 0
1.6 3.2 4.8 6.4 8. 6.4 4.8 3.2 1.6
Shear Rate x10° (s")
a
i,
.‘\'.\
AR
AR _
; \.&\\\\g‘\\ 15 Stiffness
O VNSRS ‘\X\\ 10 Modulus
N ‘w\:\ 5 10
2 X (Pa)
i
K 0

(Hz)

Shear Rate ><103(s'1 )

15 32

3.2 438 6.4 8. 48 3.2

o

StiffnessModulus x10* (Pa)

o

15 Stiffness
0 Modulus

x10* (Pa)

=

Frequency5-3\{ (%=
Hz) 4 \\
\

Shear Rate x103(s'1)

3.2 4.8 6.4 8. 6.4 4.8 3.2

Stiffness Modulus x10° (Pa)

1.6 3.2 4.8 6.4 8. 6.4 4.8 3.2 1.6
Shear Rate x10° (s")
2. 15 Stiffness
3.7 10 Mociulus
5 %10 (Pa)
Frequency5.3
(Hz) 1.6
1.6 3.2 Shear Rate x10°(s™)
1.6 3.2 48 6.4 8 6.4 3.2 16

StiffnessModulus x10* (Pa)

6.4 8.

6.4

Shear Rate x10° (s ™)

Frequency5.3
(Hy) 4,

Shear Rate x10°(s'1>

16 32

Figure 9. PWVD of variable shear rate rheograms. The upper panels show frequency profiles projected in the plane of the shear rate and the stiffness
modulus. 3D graphs correspond to the spectral densities of frequencies. Thick lines correspond to regions of increasing shear rate. Translucent
planes correspond to regions with decreasing shear rate. N = 96, t = 20.1 s, smoothed window size = 4 X 4. (a) Collagen, (b) C+PVP, (c) C—PVP/—

PVP, and (d) C—PVP.

Figure 9c,a). This result implies a relaxation dynamics closer to
that of the ideal plastic but with more consistency. The irregular
shape of the front of the contours indicates that C—PVP/—PVP
had a more fluid behavior than collagen (3D, Figure 9c,a,
respectively), as predicted by the power law (Table S). C+PVP
relaxed in an irregular manner, with considerable variation in its
structural arrangements (3D, Figure 9b). C—PVP showed a
high and sustained rate of its fluency variation during the
relaxation, in 4670 s~' for all frequencies (3D, Figure 9d). The
irregular shape of the front edges of the contour and its
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frequency extension suggest that C+PVP was more fluid than
the other samples.

Interaction with the a,f; Receptor and Biochemical
Activity. The biological phenomenon of contraction can be
reproduced in a 3D model in vitro, wherein the effect depends
on the interaction of the cells through their membrane
receptors and the ECM. Therefore, it was considered that if
C—PVP retains some of the physicochemical properties of
native collagen, then it is possible that its interaction with cells
(fibroblasts) could occur through the collagen receptors. In
particular, the heterodimer formed by the @,f, integrin was
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considered, which is a classical type I collagen receptor in
animal tissues. When 3D cultures of human fibroblasts were
treated with various concentrations of copolymer, we observed
no contraction by the application of C—PVP to the system,
regardless of whether the copolymer was added before or after
the polymerization of the gel formed by collagen in the culture
(Figure 10a). However, application of C—PVP did cause
changes in the expressions of the integrin «, chain (Figure 10b)
and prolyl hydroxylase (Figure 10c). Thus, although the
biological effect of the copolymer is not generated from its
interaction with the receptor selected in this work, it does
produce changes in the collagen metabolism as well as in the
expression of ECM receptors.

B DISCUSSION

The C—PVP copolymer is a biosynthetic hybrid formed by one
of the most abundant proteins in the animal kingdom
(collagen) and a LMW polymer (PVP). Physicochemical
properties of PVP allow it to be highly soluble in hydrophilic
and hydrophobic media, besides that it has multiple
applications in different technological fields, ranging from
industry to health. The structure of C—PVP maintained part of
the collagen properties, combined with the film-forming
properties of PVP, with the exception that cross-linking
through y irradiation partially fragmented the copolymer,
probably without denaturation.

NMR analysis provides structural evidence; meanwhile, SEM
analysis demonstrates morphological characteristics; in this
work, the results derived from the analysis of the copolymer
using both techniques were consistent, revealing that the
molecular changes induced by cross-linking collagen with PVP
are evident. Stoichiometrically, 55.8% of the C—PVP
copolymer was PVP polymerized with type I collagen; thus,
the free fraction could have an important role in protecting the
protein component from radiation. When collagen alone or
collagen with smaller proportions of free PVP was irradiated, a
highly cross-linked solid gel was formed (unpublished
observations). When free PVP was removed (C—PVP/—
PVP), the irradiated copolymer exhibited fundamental changes
in its structure; its disarrangement was slower than its
rearrangement after being subjected to shear stress (Figure
7). This effect was due to the collagenous component, whose
structural domain was clear and distinguishable from the free
polymer aggregates of PVP (Figure 3B). Collagen—PVP/—PVP
maintained the same rheological properties as the pharmaceut-
ical copolymer (C—PVP), with a non-Newtonian and pseudo-
plastic behavior, with the particularity that the pure form
without excess PVP tended toward plasticity. These results that
do not smatch with the Ostwald model were due to the fact
that the irradiated compositions of collagen and PVP lost their
pseudoplastic character and became slightly plasticized, which
allowed them to deform without losing too much energy with
increasing stress on them. Possibly, the high production of free
radicals during the irradiation process favors the formation of
covalent bonds between PVP and collagen; this feature
combined with the idea that the lattice structure of the
copolymer is broken down into smaller fragments®’ may
explain why C—PVP manifested small variations in the shear
modulus with increasing shearing rates, why C—PVP/—PVP
was more mobile than PVP, and why the shear modulus of C
+PVP exhibited such great variability. Given the microscopically
observed film morphology, we propose that the 3D network of
long chains of C—PVP retains the solvent water through
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Figure 10. Biological effects of C—PVP in a 3D model of fibroblasts.
(a) Rate of contraction. No statistically significant differences were
found between untreated control cultures and cultures treated with
different concentrations (%) of copolymer. Positive control, which was
treated with an antibody against the integrin f1 subunit, showed a
delay in the contraction (1 in chart); bars represent the standard
deviation. (b) Kinetics of the expression experiments during treatment
with 3% of C—PVP; (b) @, subunit and (c) prolyl hydroxylase. Bars
represent the standard error of the mean. The statistically significant
difference between the control and treatment is represented by *; p =
0.016 and p < 0.001 (in a and b, respectively). Photomicrographs
below the chart show representative images of (from left to right) the
blank, control cultures, and cultures treated with 3% of the copolymer
at the 24 h point. Nuclei are stained blue (DAPI), and the antigens, a,
subunit, or prolyl hydroxylase are stained green (FITC).

hydrophilic groups, a property that, in pseudoplastic fluids,
results in a deviation in behavior toward that characteristic of
Bingham’s ideal plastic. This result can be related to the
evidence that C—PVP demonstrates different properties from
those of its components. When we considered the dynamic
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properties of the compound in bulk (C+PVP), we discovered
significant differences from the copolymer. As solutions of
LMW PVP do not form stable structures,*” the high rate of the
shear modulus change of C+PVP during increasing shear rate
was due to the structural mobility of PVP. This effect was
observed when disaggregating the copolymer (C—PVP) from
the residual PVP during decreasing shear rate (Figure 7c,d).

The functional interaction of the copolymer with cells was
assessed via a competitive assay in vitro, which sought the
inhibitory effect of C—PVP upon contraction of the ECM. The
copolymer had biological effects on the expressions of integrin
a, and prolyl hydroxylase. However, its interaction with the
cells was not through the collagen receptors as the copolymer
did not inhibit or slow the effect of contraction. Therefore, we
consider that C—PVP might exert its pharmacological effect
through other means, at least in fibroblasts. Specifically, the
effect may occur through one or more of its metabolites
generated by the effects of MMPs, such as MMP-1.

B CONCLUSIONS

As a result of these structural characteristics, the copolymer
exhibited the following properties in solution when compared
to “native” collagen: (1) agglomerates with smaller size, (2)
increased resistance to thermal shock, (3) lower speed and
fluidity under a constant progressive stress, and (4) similar
susceptibility to enzymatic digestion by MMP-1 but different
metabolic activity.
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