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Nowadays,  the  dermal  biomimetic  scaffolds  are  widely  used  in  regenerative  medicine.  Collagen-chitosan
scaffold  one  of these  materials  possesses  antibacterial  activity,  good  compatibility  with  living  tissues  and
has been  already  used  as a wound-healing  material.  In this  article,  collagen-chitosan  scaffolds  modified
with  Ag  and  Au  nanoparticles  have  been  synthesized  using  novel  method  - the  metal-vapor  synthesis.
The  nanocomposite  materials  are  characterized  by  XPS,  TEM,  SEM  and  synchrotron  radiation-based  X-ray
techniques.  According  to XRD  data,  the  mean  size  of the  nanoparticles  (NPs)  is 10.5  nm  and  20.2  nm in
Au-Collagen-Chitosan  (Au-CollCh)  and  Ag-Collagen-Chitosan  (Ag-CollCh)  scaffolds,  respectively  in  fair
ollagen-chitosan scaffolds
etal-vapor synthesis
anoparticles
PS
RD
AXS

agreement  with  the TEM  data.  SAXS  analysis  of  the  composites  reveals  an  asymmetric  size  distribution
peaked  at  10  nm  for Au-CollCh  and  25  nm  for Ag-CollCh  indicative  of  particle’s  aggregation.  According
to  SEM  data, the  metal-carrying  scaffolds  have  layered  structure  and  the  nanoparticles  are  rather  uni-
formly  distributed  on  the  surface  material.  XPS  data  indicate  that  the  metallic  nanoparticles  are  in their
unoxidized/neutral  states  and dominantly  stabilized  within  the  chitosan-rich  domains.

©  2016  Elsevier  B.V.  All  rights  reserved.

ANES/EXAFS

. Introduction

Naturally occurring polymers are widely applied in medicine
ue to their pronounced biocompatibility, availability of renew-
ble sources, easiness of chemical modification, etc. [1]. Among
hem, chitosan is of special importance, which is essentially an
-deacetylated chitin derivative, a linear polymer composed of D-
lucosamine and N-acetylglucosamine residues. Chitosan is known
o promote skin regeneration, wounds and burns healing. Further-

ore, it manifests hemostatic and immunomodulatory properties
2–4], as well as antibacterial and antifungal activity [5,6]. Chitosan
s a biocompatible polymer and possesses a high sorption capac-
ty. Apart from pristine chitosan, chitosan-based hybrid materials,
specially ones with collagen [7], cellulose [8], polyethylene glycol
9], polyvinylpyrrolidone [10], gelatin [11], polyvinyl alcohol [12],
tc., are promising materials for biomedical applications [13].
Collagen is a structural protein actively used in medicine [14].
vailability of hydroxylic groups and amino acid residues on its sur-

ace makes it possible to adjust its surface charge to either negative

∗ Corresponding author. Tel.: +7 499 135 93 80.
E-mail address: alexandervasilkov@yandex.ru (A.Yu. Vasil’kov).

ttp://dx.doi.org/10.1016/j.apsusc.2016.01.107
169-4332/© 2016 Elsevier B.V. All rights reserved.
or positive values by changing pH [15]. Collagen fibrils (cross-
linked or not, native or denaturated) strongly affect morphology
and physiology of cells [16]. Collagen is nearly as biodegradable
and biocompatible as chitosan, that is why it is widely used in tis-
sue engineering as wound and burn dressing and sponges. Collagen
and chitosan do not occur in nature together, but specific proper-
ties of both polymers can be utilized to design a hybrid material
with unique structural and mechanical properties [17].

Numerous examples of similar materials used for the tissue
engineering, drug delivery matrices, bandage dressing, etc., are
available in literature [18,19]. Incorporation of noble metal NPs
with antibacterial activity further extends approved fields of appli-
cations of collagen- chitosan scaffolds. The majority of methods for
the incorporation of metal NPs in polymer matrices requires chem-
ical reduction of metal salts impregnated into the polymer matrix
(e.g., borohydride or citrate methods) [20,21]. These techniques
are typically multi-step and use potentially biologically hazardous
or environmentally unfriendly reactants, stabilizers, or reducing
agents [22], which prevent or strongly limit the use of the resultant

composites in medicine [23].

Metal-vapor synthesis (MVS) is an efficient route to pro-
duce biologically active metal nanoparticles and the composites
derived from them with biocompatible materials for biomedical

dx.doi.org/10.1016/j.apsusc.2016.01.107
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2016.01.107&domain=pdf
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pplications [24,25]. The technique has been successfully applied
o modify common medical materials, including surgical suture
nd dressing materials or implants, with metal nanoparticles pos-
essing antibacterial and antifungal property [26,27]. In contrast to
he majority of methods for preparation of nanoparticles, the MVS

ethod is fully environmentally safe and can easily be integrated
nto diverse technological cycles. The MVS  method affords colloidal
uspensions of NPs in common medical solvents, which makes
ny further purification unnecessary [28]. The target composites
re prepared via the modification of a biopolymer with organosols
ontaining metal nanoparticles followed by solvent removal.

Here, we report for the first time on the synthesis of
etal-bearing hybrid systems based on the intrinsically porous

ollagen-chitosan scaffolds. The structure and chemical states of
etals in the composite nanomaterials are addressed by modern

hysicochemical techniques.

. Experimental

.1. Materials

Collagen-chitosan scaffold, denoted as CollCh, was  prepared
ccording to the method described elsewhere [29]. Et3N (Sigma
ldrich, purity ≥99.5%) and i-PrOH (Fluka, purity 99.8%) were used
s organic solvents. All other reactants used for the experiments
ere of analytical grade. Prior to use in the synthesis, all solvents
ere dried, distilled in an atmosphere of purified Ar and degassed

y several consecutive pump-freeze-thaw cycles at 10−1 Pa and
T for 1 h. The resultant collagen-chitosan scaffold was  degassed

n vacuo.

.2. Metal-vapor synthesis of hybrid materials

The original metal-vapor synthesis (MVS) method was used
n this work to produce metal-modified composites based on
he collagen-chitosan scaffold. The (MVS) method is efficient in
reparation of highly reactive metal nanoparticles and their incor-
oration into various matrices to induce practically important
agnetic [30], antibacterial [26], catalytic [31] and tribological [32]

roperties.
Nanocomposites filled with gold and silver NPs were prepared

y impregnation of the metal-containing organosols from MVS  into
he collagen-chitosan scaffold as described elsewhere [26]. Metals
ere evaporated at a base pressure of 10−2 Pa by a resistively
eated evaporator in the form of either tungsten rod or small tan-
alum vessel for Au (99.99%) or Ag (99.99%), respectively. Specially
reconditioned organic solvents Et3N and i-PrOH were used to sta-
ilize, respectively, Au and Ag nanoparticles as sols. Metal vapor
as condensed simultaneously with the solvent vapor onto liq-
id nitrogen-cooled walls of a glass reactor with a volume of 5 L. A
ypical solvent-to-metal molar ratio in the synthesis was  300:1.
fter the synthesis, the co-condensate was heated to the melt-

ng point and the resultant organosol was impregnated into the
ollagen-chitosan scaffold placed in a Schlenk flask under vacuum.
he excessive amount of the organosol was removed and the target
roduct was dried in vacuum at 60 ◦C.

.3. Characterization methods

.3.1. Synchrotron radiation-based techniques
X-ray structural studies of the composites based on collagen-

hitosan scaffolds modified with Au and Ag nanoparticles, including

uch techniques as powder X-ray diffraction, small- angle X-ray
cattering, and X-ray absorption spectroscopy XANES/EXAFS were
erformed at the Kurchatov synchrotron radiation source (NRC
Kurchatov Institute”, Moscow).
Science 366 (2016) 365–371

X-ray absorption spectra and powder diffraction patterns were
measured at the Structural Materials Science beamline [33]. Au
L3-edge XANES/EXAFS for the gold-containing sample Au-CollCh
as well as for the Au foil reference were measured in the trans-
mission mode using ion chambers filled with appropriate N2-Ar
mixtures. For similar Ag-containing composites, the silver concen-
tration appeared insufficient for transmission measurements and
thus the spectra were measured in the X-ray fluorescence yield
mode using a Si avalanche photodiode. Spectra for the Ag foil refer-
ence were measured in the transmission mode. Experimental data
processing and analysis were performed using the IFEFFIT software
package [34].

Powder X-ray diffraction patterns for the same samples were
measured in the transmission (Debye-Sherrer) mode using Fuji
Film Imaging plates as a 2D detector. Diffraction measurements
were performed at an X-ray wavelength � = 0.06889 nm.  The mean
nanoparticle size was estimated by profile analysis assuming the
Pseudo-Voight line shape of the diffraction peaks with instrumen-
tal function responsible for the Gaussian part of broadening and
Lorentzian-type sample-driven physical broadening.

Additionally, small-angle X-ray scattering curves were mea-
sured for the pristine and Ag-, Au-filled collagen-chitosan scaffold
to refine the diffraction data on NP sizing. The measurements
were performed at the DICSI beamline of the same synchrotron
source and a 2D MAR165 CCD detector was  used. The sample-to-
detector distance was 2400 mm and the X-ray wavelength was  set
to � = 0.162 nm.  To improve sampling and signal-to-noise statis-
tics, several data sets at different spots on a sample were measured
and averaged. The size distribution of Ag and Au nanoparticles
was retrieved from the corresponding SAXS “Ag-CollCh - CollCh”
and “Au-CollCh-CollCh” difference curves, respectively. The indi-
rect Fourier transformation approach as implemented in the GNOM
code under assumption of a polydisperse distribution of non-
interacting hard spheres [35] has been used.

2.3.2. X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectra were acquired with an Axis Ultra

DLD (Kratos, UK) spectrometer using Al K� radiation at an operat-
ing power of 150 W of the X-ray tube. Survey and high- resolution
spectra of appropriate core levels were recorded at pass energies of
160 eV and 40 eV and with scanning steps of 1 eV and 0.1 eV, respec-
tively. Sample area of 300 �m × 700 �m contributed to the spectra.
The samples were mounted on a sample holder with a two-sided
adhesive tape, and the spectra were collected at room temperature.
The base pressure in the analytical UHV chamber of the spectrom-
eter during measurements did not exceed 10−8 Torr. The binding
energy scale of the spectrometer was  calibrated to provide the fol-
lowing values for reference samples (i.e., metal surfaces freshly
cleaned by ion sputtered): Au 4f7/2–83.96 eV, Cu 2p3/2–932.62 eV,
Ag 3d5/2–368.21 eV. The electrostatic charging effects were com-
pensated by using an electron neutralizer. For each sample, the
spectra were recalibrated against the adventitious carbon signal at
285.0 eV. Background with inelastic losses was subtracted from the
high-resolution spectra according to the Shirley prescription. The
Ag MNN  Auger spectra were corrected using a linear background.
The surface chemical composition was calculated using standard
element sensitivity factors coded in the spectrometer control soft-
ware corrected for the transfer function of the instrument.

2.3.3. TEM
Micrographs of the samples were made using a transmission

electron microscope LEO 912AB OMEGA, Zeiss (Germany).
2.3.4. SEM
SEM analysis was  performed with a scanning electron micro-

scope Tescan Mira LMU  (Czech Republic). The samples were fixed
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ig. 1. XRD patterns for the nanocomposites studied Au-CollCh, Ag-CollCh, and
ristine CollCh (� = 0.06889 nm).

n a conductive tape and examined under high vacuum with the
verhart-Thornley standard secondary electron detector.

. Results and discussion

The experimental X-ray diffraction patterns of the collagen-
hitosan scaffolds modified by gold and silver nanoparticles are
hown in Fig. 1. The collagen-chitosan scaffold appears to be amor-
hous so that all diffraction peaks present in the respective patterns
an be attributed to fcc atomic packing of the Ag and Au nanoparti-
les [PDF #040783 and #040784, respectively]. The crystallite sizes

stimated from the line broadening analysis assuming that micros-
rains make negligible contribution yield 10.5 nm and 20.2 nm for
u-CollCh and Ag-CollCh, respectively, the nominal accuracy of the
stimate is 10–15%.

Fig. 3. TEM micrographs (scale bar is 100 nm), corresponding SAED patterns and par
Fig. 2. Experimental SAXS curves for Au-CollCh (filled squares), Ag-CollCh (open
circles), and pristine CollCh (line). The inset shows volume distribution of metal
nanoparticle diameters reconstructed from the difference curves.

For the composites, an independent estimate for the nanopar-
ticles size was obtained from the SAXS data. The corresponding
experimental data are shown in Fig. 2.

The experimental curve for the metal-containing composite
(corrected for the incident intensity and the sample X-ray absorp-
tion) is characterized by a higher scattering intensity than the
pristine CollCh scaffold over the entire range of scattering wave
vectors measured, which makes it possible to reliably separate
the contribution of the scattering by the nanoparticles via sim-
ple numerical subtraction procedure. An analysis of the difference
curve using the indirect Fourier transformation with the Tikhonov’s

regularization under assumption of none-interacting hard spheres
yields a rather narrow and slightly asymmetric size distribution
peaked at 10 nm for Au-CollCh and much broader asymmetric dis-
tribution curve with a maximum at 25 nm extending up to sizes

ticle size distribution for the Au-CollCh (a–d) and Ag-CollCh (e–h) composites.
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Fig. 4. SEM micrographs of the cross-section of

f 120–150 nm for Ag-CollCh. Apparently, this means that the
anoparticles are agglomerated into aggregates from few to several
housand individual nanoparticles within the composite.

Fig. 3 shows micrographs, SAED patterns of metal nanoparticles
nd size distribution histogram for the Au-CollCh and Ag-CollCh.
ccording to TEM, the particles are spherical, polydisperse and have

airly uniform distribution in the scaffold. The average size of the
u and Ag particles is 4.6 nm and 6.6 nm,  respectively. It is demon-
trated in Fig. 3(c and g) that Ag-CollCh composite have the broader
article size distribution than Au-CollCh one.

The presence of larger Ag nanoparticles with size of about
0–70 nm in the material shown in Fig. 3(e and f) can be explained
y aggregation of smaller nanoparticles during the modification of
olymer matrix with organosol, as well as surface diversity of the
ristine scaffold.

Fig. 4 shows the internal cross-sectional microstructure of the

g-CollCh and Au-CollCh composites. Collagen-chitosan scaffold
as a layered structure, consisting of lamellas and microcavaties

ormed by polymer network of fibrils (Fig. 4a–c).

Fig. 5. XANES spectra of collagen-chitosan scaff
u-CollCh (a, b) and Ag-CollCh (c, d) composites.

The average diameter of microcavities is about 40–80 microns
and the thickness of the fibril scaffold is 2–5 microns. It is exhibited
that the aggregates, with sizes from a few tens of nanometers to
several microns, have slightly uniform distributions on the surfaces
of the fibrils and lamellas (Fig. 4b and d).

Supplementary information on the electronic state and local
environment of Au and Ag atoms in the composites was  obtained by
X-ray absorption spectroscopy XANES/EXAFS. Au L3- and Ag K-edge
XANES spectra for the metal-modified CollCh-based composites are
compared with reference spectra of metal foils in Fig. 5.

The similar shape and energy position of EXAFS spectral features
indicate that the chemical state of the metal atoms in the compos-
ites is similar to that in their bulk metals, which means that the
fraction of surface atoms strongly interacting with the matrix is
rather low.

For the XANES spectrum of the Ag-CollCh composite, an increase

in the period of oscillations is apparent, which corresponds to an
Ag-Ag bond length contraction with respect to the bulk metal. This
finding is further supported by a quantitative analysis of the EXAFS

old modified with Au (left) and Ag (right).
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Fig. 6. FTs of EXAFS spectra for collagen-chitosan scaffolds modified with Au (left) and Ag (right): experimental (line) and best-fit theoretical (open circles) curves. The local
environment parameters corresponding to the fits are summarized in Table 1.

Fig. 7. Survey XPS spectra of Au-CollCh (a) and Ag-CollCh (b) composites; high-resolution Au 4f, Ag 3d, Ag MNN  and N 1s core-level spectra of Au-CollCh (c), Ag-CollCh (d,
e)  and (f1, f2), respectively.
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Table 1
Parameters of the local environment of the metal atoms in the chitosan-based com-
posites according to EXAFS: interatomic distances (R), coordination numbers (n),
and Debye-Waller factors (�2).

Sample Path n R [Å] �2 [Å2]

Au (foil) Au-Au 12.0 2.85 0.0079
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Au-CollCh Au-Au 11.9 2.84 0.0095
Ag (foil) Ag-Ag 12.0 2.88 0.0095
Ag-CollCh Ag-Ag 9.7 2.85 0.0119

ata. Fourier Transforms (FTs) of EXAFS spectra for the compos-
tes under study are shown in Fig. 6. They are essentially similar
o those of the reference metal foils. Best-fit coordination numbers
nd interatomic distances for the first metal-metal coordination
pheres are listed in Table 1.

The composites are characterized by somewhat decreased coor-
ination numbers when compared with the data the for bulk
etals, which is very common for nanometer-sized metal parti-

les. The minimum metal-metal coordination number is observed
or the Ag-CollCh composite despite its rather larger crystallite size
s estimated from diffraction data. Furthermore, the Ag–Ag inter-
tomic distance derived from the EXAFS for that composite is by
.03 Å shorter than that for Ag foil. The bondlength contraction is
uite typical of small metal nanoparticles. But in the case of sil-
er, bondlength elongation is sometimes observed due to partial
xidation and suboxide formation [36]. Nevertheless, a prominent
hange in the coordination number and bondlength for the Ag-
ollCh despite nominally large size from diffraction may indicate a
istorted local structure of silver nanoparticles with frequent point
efects.

In order to evaluate the surface concentrations and chemical
tates of metal atoms in the composites (within a layer of 5–8 nm),
-ray photoelectron spectroscopy was applied (Fig. 7). Survey spec-

ra of Au-CollCh (Fig. 7a) and Ag-CollCh (Fig. 7b) reveal peaks
ttributable to elements of the nominal chemical composition, i.e.,
, O, N, Au/Ag, as well as admixture elements Si and F. Quantifi-
ation data based on atomic sensitivity factors are presented in
able 2. As it can be judged from C/N and C/O atomic ratios, the
ncorporation of metals into the pristine collagen-chitosan scaf-
olds gives rise to some enrichment of the composite surfaces with
arbon species (see Table 2). Partly, this can be due to co-sorption
f the organic solvent used in the synthesis. The absence of dra-
atic changes in element concentrations rather confirms that the

ollCh scaffolds do not degrade upon modification with noble metal
anoparticles.

The Au 4f binding energy observed for the composite (Fig. 7c) is
haracteristic of the Au0 state. A minute shift by 0.05 eV to a higher
nergy with respect to foil and pronounced asymmetry of the peak
hape are due to the size effects [37,38] and thus they also confirm
he presence of nm-sized gold nanoparticles therein.

High-resolution Ag 3d core-levels and MNN  Auger lines for the
g-containing composite are shown in Fig. 7d and e. The experi-
ental values for the Ag 3d binding energy, Ag MNN  Auger kinetic

nergy, and the corresponding Auger parameter all confirm [39,40]

he Ag0 state of silver atoms in the composite. The N 1s spectra in

etal-containing composites and pristine scaffolds are character-
zed by different binding energies and full-widths at half-maxima

able 2
urface chemical compositions of the composites from XPS data.

Sample Relative concentration, at. %

C N O Au Ag C/N C/O O/N

CollCh 74.2 8.5 17.3 – – 8.7 4.3 2.0
Au-CollCh 74.0 7.8 15.8 2.4 – 9.5 4.7 2.0
Ag-CollCh 75.2 8.1 15.8 – 1.0 9.3 4.8 2.0

[

[
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(Fig. 7f), which can be explained by an alteration of balance between
the collagen and chitosan N-functional groups upon the modifica-
tion. Typical N 1s core-level binding energies in chitosan (C-NH2)
and collagen (C(O)N) are 399.67 eV [41] and 399.77–399.96 [42],
respectively.

4. Conclusions

The novel method for the synthesis of hybrid materials based on
the collagen-chitosan scaffold modified with Ag and Au nanopar-
ticles is reported. XRD and SAXS data show that the Au- and
Ag-bearing composites are characterized by mean particle size of
10 nm and 25 nm,  respectively. It is revealed that nanoparticles in
the bulk of materials have a slightly uniform distribution with the
mean size is 4.6 nm and 6.6 nm for Au and Ag, respectively. On  the
surface it was  observed the larger aggregates, with sizes from a few
tens of nanometers to several microns, consisting of smaller parti-
cles. The whole structure of the obtained nanocomposites is similar.
However, the Ag-CollCh composite has much broader asymmetric
size distribution than Au-CollCh.

According to XPS, metal atoms are in the unoxidized/neutral
states and preferably stabilized in the chitosan matrix. Similarly,
XANES/EXAFS data indicate the chemical state and local structure
of metal atoms in the composites is similar to that of bulk metals
apart from a small decrease in metal-metal coordination number
in both composites, and metal-metal bond-length contraction in
Ag-CollCh.

We suggest that collagen-chitosan scaffold, containing Au and
Ag nanoparticles, can be promising antibacterial wound-healing
material for medicine.
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