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ABSTRACT
In this study, an in-situ chemical reduction approach was used to immobilize silver nanoparticles
(AgNPs) on injectable chitosan cryogel microspheres. The surface morphology and the effect of
AgNPs’ amount on the structure of microspheres were demonstrated. Activities of the biomaterials
in biological assays of antioxidant, DNA cleavage and antimicrobial were investigated. Scaffolds
including the highest ratio of AgNPs showed the highest DPPH scavenging activity and displayed
excellent antimicrobial activities against seven strains. AgNPs-coated chitosan microspheres dem-
onstrated DNA cleavage activities. AgNPs-coated chitosan cryogel microspheres are proposed
as potentially favorable antimicrobial biomaterials for biomedical applications such as tissue
engineering.
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1. Introduction

Tissue defects commonly caused by various diseases,
accidents and genetic abnormalities can be restored by tissue
engineering approaches. The major goal of tissue engineer-
ing is to replace or regenerate these defects by using
highly porous scaffold biomaterials which act as a three-
dimensional template for new tissue regeneration or forma-
tion[1]. Scaffolds are polymeric biomaterials that provide

structural support for cell attachment, migration and prolif-
eration during tissue development by mimicking the natural
extracellular matrix of the target tissue[2].

Infection that may occur during or after implantation of
a scaffold decreases its effectiveness on tissue repair.
Microorganisms such as bacteria, viruses and fungi adhere
to the surface of the scaffold before or during transplant-
ation to form a protective biofilm between the scaffold and
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host tissue[3]. This biofilm creates a basic survival mechanism
in which microorganisms resist to external and internal envir-
onmental factors such as antimicrobial agents and the host
immune system[4]. Such infections caused by a number of
microorganisms can spread to skeletal system through blood-
stream. New approaches such as adding bactericidal/bacterio-
static substances (biocides) to scaffolds to prevent the spread
of implant associated infection have been developed. The fab-
rication of a scaffold with antimicrobial properties, by coating
its surface or by mixing its polymer solution with biocides
such as antibiotics, silver ions or metallic silver, furanones
and 3-(trimethoxysilyl)-propyl dimethyl octadecyl ammonium
chloride is becoming a widespread approach[5]. Among the
antibacterial agents, AgNPs have shown a broad spectrum of
antimicrobial activity, are effective against more than 650
pathogens[6, 7]. The higher antimicrobial activity of AgNPs is
due to their highly toxic effects on microorganisms. On the
other side, it is known that AgNPs show low toxicity to
human and other mammalian cells[8]. In the past, silver has
been used in the treatment of various diseases, due to its low
toxicity and antiseptic/antimicrobial properties against Gram-
positive and Gram-negative bacteria. There are many studies
about AgNPs coated/incorporated biomaterials such as dental
materials, bone cements, wound dressings and some other
medical devices in which enhancement of antimicrobial activ-
ity was achieved[9, 10].

Two basic approaches can be applied to prepare AgNPs-
polymer composite scaffolds. The first is the ex-situ tech-
nique that requires at least two steps: pre-synthesis of
AgNPs and dispersion of them in the polymer solution or
on the surface of polymeric matrices[11]. The other is the in-
situ synthesis method which is applied to directly grow
AgNPs on polymer surfaces that results in much smaller
particle size and more uniform dispersion[12].

In our previous study, we developed chitosan based inject-
able cryogel microspheres as minimally invasive tissue engin-
eering scaffolds[13]. Injectable scaffolding materials have
received significant interest in the tissue engineering field to
repair tissue defects of various sizes and shapes with minim-
ally invasive delivery through needles and catheters[14, 15].
The major goal of injectable systems is to provide less inva-
sive and painful operations compared to open surgeries[16]. In
this study, we in-situ synthesized AgNPs on the injectable
chitosan cryogel microspheres in order to develop antimicro-
bial scaffolds. To the best of our knowledge, this is the first
study, reporting the in-situ synthesis of AgNPs on injectable
chitosan cryogel microspheres as antimicrobial scaffolds for
minimally invasive tissue engineering applications. With this
purpose, the AgNPs were in-situ synthesized on the cryogel
microspheres and the produced scaffolds were characterized.
The antimicrobial activities of the fabricated materials were
demonstrated for future tissue engineering applications.

2. Material and methods

2.1. Materials

Materials of chitosan microspheres production: Highly vis-
cous chitosan from crab shells was purchased from Sigma

Aldrich, USA. Glutaraldehyde (25%, v/v) and glacial acetic
acid (100%, v/v) were obtained from Merck, Germany.
Petroleum ether was purchased from Sigma Aldrich, USA.
Sorbitan monooleate (Span 80) was kindly re-presented
from Croda, Turkey as in our previous study. Chemicals of
in-situ synthesis: Silver nitrate (AgNO3, 99% purity) and
sodium borohydride (NaBH4) were obtained from Sigma
Aldrich, USA. Materials of antimicrobial studies: 1,1-
diphenyl-2-picrylhydrazyl (DPPH), Ascorbic Acid, Trolox
and pBR322 plasmid DNA were taken from Sigma
Aldrich, USA.

2.2. Preparation of chitosan microspheres

Injectable chitosan cryogel microspheres were prepared by
using the combination of w/o emulsification method and
crosslinking of microspheres with glutaraldehyde during cry-
ogelation process. The microspheres were fabricated as
described in our previous study[13]. Briefly, polymer solution
with concentration of 1% (w/v) was prepared by dissolving
chitosan in 6% (v/v) acetic acid solution. 2mL of the homo-
geneously prepared chitosan solution (as a dispersed phase)
was placed into a plastic syringe and added drop by drop to
organic phase made of petroleum ether, sunflower oil and
Span 80 (75:20:5, v:v:v) to form a w/o emulsion. The disper-
sion was stirred at 1000 rpm stirring rate for 10min by
mechanical rotor (Velp Scientifica, Digital Overhead Stirrer-
DLS, Italy). After 10min, 1mL of glutaraldehyde solution
(3%, v/v) was added to the dispersion for crosslinking of the
chitosan microspheres. The whole solution was immediately
inserted into cryostat (WiseCircu WCR-P6, Daihan, Korea).
The crosslinking reaction was carried out at �16 �C for 2 h
in the cryostat and then in the freezer at same temperature
for 24 h. After the reaction was completed, the frozen sam-
ple was thawed at room temperature, washed several times
with petroleum ether, ethanol and distilled water, respect-
ively. The produced chitosan cryogel microspheres were fil-
tered from the washing solution using filter paper and then
freze-dried. The production steps were summarized as
shown in Figure 1A.

2.3. In-situ synthesis of AgNPs-coated chitosan
microspheres

The in-situ synthesis of AgNPs on chitosan cryogel micro-
spheres were carried out by the chemical reduction method
of silver salt (AgNO3) using a reducing agent (NaBH4) as
described in previous studies with some modifications[17].
Firstly, the constant amount of dried microspheres (10mg)
were treated with AgNO3 solution prepared at room tem-
perature for four hours. In order to evaluate the role of
AgNO3 concentration, we have prepared AgNO3 solutions
at three different concentrations (5, 10 and 20mmol.L�1).
Then, the swollen microspheres in AgNO3 solution were fil-
tered and washed with distilled water several times. The
Agþ incorporated chitosan microspheres were treated with
NaBH4 solution. This reaction was carried out at 4 �C
for 24 h. At the end of reduction process, the color of
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AgNPs-coated chitosan microspheres changed from light
yellow to dark brown. The obtained spheres were freeze-
dried for further characterization and biological tests. The
synthesis steps of AgNPs on chitosan microspheres are
shown in Figure 1B. The samples were named as CH
and xAg-CH where the CH is the abbreviation of chitosan
and x represents the concentration of AgNO3 solution
in mmol.L�1.

2.4. Characterization of AgNPs-chitosan microspheres

2.4.1. UV-Vis spectroscopy
The ultraviolet-visible spectrophotometry (UV-Vis) was used
(Chebios Optimum-One UV-vis, Italy) to confirm the for-
mation of AgNPs on chitosan microspheres. AgNPs-coated
or non-coated chitosan microspheres were immersed in dis-
tilled water (1:1, mg sample: mL distilled water) for 48 h.
The supernatant was diluted. The absorption spectrum of
supernatants was analyzed within the wavelength range
of 350–600 nm.

2.4.2. FTIR analysis
The chemical composition of microspheres was determined
by Fourier-transform infrared spectroscopy (FTIR)
(PerkinElmer, FT-IR/FIR/NIR Spectrometer Frontier-ATR,
USA) in the wavelength range of 600–4000 cm�1.

2.4.3. SEM analysis
The morphology of chitosan and AgNPs-coated chitosan
microspheres were characterized by using scanning electron
microscopy (SEM) (SEM, Supra 55, Zeiss, Germany) operat-
ing at 20 kV and different magnifications (500x and 2500x)
after coating the samples with platinum. Image J software
was then used to measure the pore diameters of the micro-
spheres and particle size of AgNPs formed on microsphere
networks. Size distribution histograms were obtained using
SEM images by measuring diameter of 50 particles on each
sample. The presence of AgNPs on chitosan microspheres
was verified with SEM equipped with energy dispersive
X-ray (EDX) detector which can provide quantitative ana-
lysis of the elemental composition.

2.5. DPPH scavenging activity

The free radical scavenging activity of the samples was eval-
uated in vitro against the stable DPPH according to the pro-
cess described by Agirtas et al. with some modifications[18].
The stock solution of DPPH (0.004%) was prepared in
methanol and kept in dark at 20 �C. The test compounds
with various levels (5–100mg.L�1) were prepared in distilled
water. Trolox and ascorbic acid were utilized as standard. A
0.5mL of the samples were mixed with 2mL of DPPH solu-
tion in test tubes and these mixtures were shaked and incu-
bated in the dark for 30min at 25 �C. The absorbance was
read at 517 nm where lower absorbance demonstrated higher
antioxidant activity. The study was repeated twice and the
scavenging activity was determined by following equation:

DPPH scavenging effect %ð Þ
¼ Acontrol� Asampleð Þ=Acontrol� �� 100

(1)

2.6. DNA cleavage activity

Supercoiled pBR322 DNA (0.1 mg/mL) in 50mM Tris-HCl
and NaCl (pH 7.4) was treated with produced microspheres
to yield a total volume of 15 mL and then incubated in dark
for 90min at 37 �C. The reaction was quenched with the
addition of loading buffer and then these solutions were
loaded on an agarose gel (1%). Electrophoresis was carried
out at 50V for 60min in TAE buffer (pH 8.0). DNA cleav-
age activities of compounds were visualized under UV light
and photographed[18].

2.7. Antimicrobial activity

Enterococcus hirae (ATCC 10541), Bacillus cereus,
Staphylococcus aureus (ATCC 6538), Legionella pneumophila
subsp. pneumophila (ATCC 33152), Escherichia coli (ATCC
10536), Pseudomonas aeruginosa (ATCC 9027) and Candida
albicans were used to display the antimicrobial activity of
chitosan and AgNPs-coated chitosan microspheres. Before
antimicrobial studies, all glassware and culture medium
were autoclaved for 20min at 121 �C. The MIC was per-
formed by two-fold serial culture dilution assay to determine
the antimicrobial abilities of the samples. MIC is described
as the lowest concentration of the test samples at which
inhibited the visible growth of the microorganisms. MIC

Figure 1. Schematic overview of the production steps: A) Fabrication of chitosan cryogel microspheres, B) Synthesis of AgNPs on chitosan cryogel microspheres.
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values were determined by turbid-metric assay after incuba-
tion. The serial culture mediums containing different con-
centrations (2000, 1000, 500, 250, 125, 62.5, 31.25 and 0mg/
mL) of microspheres were separately mixed with a bacterial
culture containing 2.107–108 colony-forming units CFU/mL.
The culture mediums were incubated at 37 �C and 120 rpm
for 24 h in a rotary shaker.

3. Results and discussion

3.1. Characterization of chitosan and AgNPs-coated
chitosan microspheres

3.1.1. UV-Vis spectroscopy
The in-situ synthesis of AgNPs on chitosan microspheres
was proved by UV-Vis spectroscopy. The supernatant of
plain chitosan microspheres did not exhibit any absorption
peak. However, as shown in Figure 2A, the supernatant of
chitosan microspheres coated with different amounts of
AgNPs displayed absorption peaks. The absorption peaks of
the samples 5Ag-CH, 10Ag-CH and 20Ag-CH were at nearly
442, 431 and 439 nm, respectively, which indicated the pres-
ence of AgNPs in the synthesized composites. All spectrums
revealed a characteristic surface plasmon resonance (SPR)
peak of silver, located between 400 and 470 nm. The SPR
peaks are influenced by the characteristic properties of the
synthesized nanoparticles such as size, shape, structure and
composition[19]. In this study, upon increasing the concen-
tration of the AgNO3 aqueous solution, the intensity of SPR
bands which are slightly red shifted, increased (Figure 2A).
This result might be related to the increase in the size of the
AgNPs within the microsphere networks[20]. In other words,
the UV waves are radiated to a desired material, the elec-
trons on the high surface area of the nanoparticles on the
material which have a proper energy condition can absorb
UV waves and be shifted to a higher energy level.

Consequently, the intensity of absorption peaks of UV
increases[21].

The digital camera images of the chitosan and AgNPs-
coated chitosan microspheres under daylight are demon-
strated in Figure 2B. It is shown that the spherical aggre-
gates are uniform in size and shape. After the addition of
NaBH4 to the AgNO3 loaded chitosan microspheres, the
color quickly changed from light yellow to brown. This
color change is an indication for the reduction of Agþ to
Ag0 ions[20]. This progress can also be explained by the SPR
phenomenon[22]. Intensity of SPR bands increases due to the
increased number or size of the AgNPs that are formed on
the chitosan microsphere networks[23]. As a result, with the
increase in the concentration of the AgNO3 solution, the
color of the microspheres becomes darker brown.

3.1.2. FTIR analysis
The FTIR analysis of chitosan and AgNPs-coated chitosan
microspheres was performed in order to confirm the chem-
ical structure of chitosan microspheres and synthesis of
AgNPs on microsphere networks (Figure 3). The character-
istic peaks of chitosan were observed at 1033 cm�1 (shows
C¼O vibration), at 1068 and 1560 cm�1 (show amide I and
amide II), at 1639 cm�1 (shows CH3 symmetric stretch), at
2925 and 3429 cm�1 (shows OH/NH vibration bands). After
synthesis of AgNPs on the microspheres, the characteristic
peaks of chitosan were still observed (Figure 3), which
revealed that the synthesis procedure did not affect the main
structure of chitosan. In addition, silver nanoparticles do
not have characteristic peaks in FTIR[24]. However, there
was an increase in intensity of amine peaks and slight shift-
ing frequency, showing the existence of the co-ordination
bond formed between the silver atom and functional groups
of chitosan[25]. In other words, the silver particles are bound
to the electron-rich groups of NH2 and OH groups present
in chitosan which results in the change in both bond length

Figure 2. A: UV-Vis spectra of AgNPs-coated chitosan cryogel microspheres, B: The images of synthesized microspheres under daylight.
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and frequency[26, 27]. These findings confirmed the presence
of AgNPs on the chitosan microspheres.

3.1.3. SEM analysis
The morphology of chitosan microspheres and dispersion of
the synthesized AgNPs in the microspheres were evaluated
using SEM (Figure 4). Chitosan microspheres show an inter-
connected porous structure. The interconnected porous
morphology is the result of the cryogelation procedure. The
pore size is in the range of 5–30lm (with more than 50%

of pores between 10 and 20lm). The surface of pore walls
of chitosan microspheres displays a smooth morphology
(Figure 4E). The morphology and size of AgNPs formed on
the pore walls of the microspheres were clearly observed by
SEM (Figure 4F–H). The amount of nanoparticles obviously
increased as the concentration increased from 5 to
20mmol.L–1. Figure 5 shows corresponding histogram for
the particle size distributions of AgNPs observed by SEM
analysis (Figure 4F–H). The mean particle size of the
AgNPs formed on the pore walls of the 5Ag-CH, 10Ag-CH
and 20Ag-CH were 35.07 ± 9.49, 54.29 ± 11.56 and

Figure 3. FTIR spectra of chitosan and AgNPs-coated chitosan cryogel microspheres.

Figure 4. SEM images of chitosan and AgNPs-coated chitosan cryogel microspheres (A, E: CH; B, F: 5Ag-CH; C, G: 10Ag-CH and D, H: 20Ag-CH). Arrows are showing
the nanoparticles on the scaffolds.
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72.99 ± 12.83 nm, respectively. The histograms demonstrated
that the amount of AgNO3 had a significant effect on par-
ticle size and size distribution of the resulting AgNPs.
Comparing the size distribution histograms, the AgNPs in
5Ag-CH had the smallest mean diameter and the narrowest
size distribution (in the range of 10–65 nm).

The incorporation of AgNPs in the chitosan microspheres
was also verified by EDX analysis. The quantitative elemen-
tal analysis of plain chitosan and chitosan coated with silver
particles is shown in Figure 6. It was apparent that the
AgNPs coated chitosan microspheres included Ag element
in their structure, where the plain chitosan microspheres
included only C, O and N. By the EDX analysis the forma-
tion of AgNPs on micropshere networks was further
supported[28].

3.2. DPPH scavenging activity

DPPH process is a radical scavenging of 1,1-diphenyl-picryl-
hydrazyl stable at 25 �C which dissolved in methanol dem-
onstrates a violet color. When DPPH reacts with an
antioxidant agent it is decreased by donating free electrons
or hydrogen. Therefore, the decolorization ratio presents the
scavenging ability of the compounds. Figure 7 represents the
DPPH scavenging potentials of the samples. It is observed
that the chitosan and AgNPs-coated chitosan microspheres
were also possessed of antioxidant activities. The free radical
scavenging activities of samples were concentration depend-
ent. The DPPH activities of the samples were found to be in
the following order: 20Ag-CH > 10Ag-CH > 5Ag-
CH>CH. At the concentration of 100mg/L, test sample of

20Ag-CH had the highest DPPH scavenging ability of
85.93%. Similar results were indicated by Karthik et al. and
Saravanakumar et al.[29, 30]. Thus, it can be utilized as
potential free radical scavenger.

3.3. DNA cleavage activities

The interaction of pBR322 DNA with chitosan and AgNPs-
coated chitosan microspheres were investigated to detect the
activity with which it sensitizes DNA cleavage. This may be
obtained by, observing the transition from the inherently
occurring, covalently supercoiled form (Form I) to the
nicked circular form (Form II). This takes place when one
strand plasmid is nicked and can be determined by agarose
gel electrophoresis. Extended interaction follows in a struc-
ture of nicks on both strands of the plasmid, which finally
follows in its opening to the linear form (Form III). When
supercoiled form plasmid DNA is subjected to agarose elec-
trophoresis, relatively fast migration is monitored for the
supercoiled form (Form I). Form (II) migrates slowly and
Form III migrates between Form II and Form I[31, 32].
Figure 8 demonstrates agarose electrophoresis separation of
plasmid DNA after kept with samples. It was obtained that
untreated plasmid DNA and in presence of 250lg/mL
Chitosanþ pBR 322 DNA did not display any DNA cleavage
(Figure 8 lane 1–2). pBR 322 plasmid DNA was nicked as
evident from the formation of Form II in the presence of
250lg/mL of 5Ag-CH and 10Ag-CH microspheres. The
complexes of 250lg/mL of 20Ag-CH were exhibited good
nuclease activities (Figure 8 lane 5). Besides, it was deter-
mined that AgNPs-coated chitosan microspheres can role as

Figure 5. Histograms showing the size distribution of AgNPs formed on the pore walls of the microspheres. (A: 5Ag-CH; B: 10Ag-CH and C: 20Ag-CH).

Figure 6. EDX spectra of chitosan and AgNPs-coated chitosan cryogel microspheres (A: CH; B: 5Ag-CH; C: 10Ag-CH and D: 20Ag-CH).
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nuclease and achieve DNA breaks or cleavage. The results
acquired from this investigation may be beneficial for pro-
hibiting apoptotic cell proliferation and cancer researches.

3.4. Antimicrobial activities

Table 1 presents the antimicrobial properties of the chitosan
and AgNPs-coated chitosan microspheres against seven
different microorganisms. As seen in Table 1, all test sam-
ples were effective against all tested microorganisms.

With increasing quantities of AgNPs in samples, the MIC
values decreased. Antimicrobial effects of AgNPs-coated
chitosan microspheres also increased with increasing Ag
concentration of the chitosan. When 20mmol/L AgNO3

solution was loaded to chitosan micropsheres, the MIC
against S. aureus (ATCC 6538), P. aeruginosa (ATCC 9027),
Bacillus cereus, L. pneumophila subsp. pneumophila (ATCC
33152) and E. hirae (ATCC 10541) were 16-fold lower than
those of chitosan. Likewise, 20Ag-CH decreased the MIC
against C. albicans by 8 fold compared to the plain chitosan
microspheres. Silver is one of the antibiotic agents against
Gram-positive and Gram-negative bacteria that have the
lowest cytotoxicity since ancient times. The antimicrobial
activities of AgNPs against microorganisms are related to
the interaction of positively charged silver with negatively
charged bio-macromolecular components (disulfide and
phosphate or sulfhydryl groups of enzymes), nucleic acids
and inducing structural changes, protein denaturation and
microbial cell walls and membranes deformation that cause
cell lysis and death[32]. Our antimicrobial activity results
exhibited good accordance with Khawaja et al.[33].

Conclusions

In this work, antimicrobial biomaterials were prepared by in
situ synthesis of AgNPs via AgNO3 reduction with NaBH4

on the chitosan cryogel microspheres. The structure of the
chitosan microspheres was confirmed by FTIR, UV-Vis,
SEM and EDX analysis. The results revealed that AgNPs
were well synthesized on the chitosan microsphere networks.
The SEM micrographs showed that the injectable cryogel
microspheres have an interconnected porous structure and
three-dimensional architecture that can provide structural

Figure 7. DPPH radical scavenging activity of chitosan and AgNPs-coated chitosan cryogel microspheres and standarts.

Figure 8. DNA Cleavage of microspheres: Lane 1) pBR 322 DNA, Lane 2) pBR
322 DNA þ250lg/mL CH, Lane 3) pBR 322 DNA þ 250 lg/mL of 5Ag-CH, Lane
4) pBR 322 DNA þ 250lg/mL of 10Ag-CH, Lane 5) pBR 322 DNA þ 250 lg/mL
of 20Ag-CH.

Table 1. The MIC of tested microorganisms.

Series(mg/L)

Microorganism CH 5Ag-CH 10Ag-CH 20Ag-CH

E. coli 250 125 62.5 31.25
B. cereus 2000 500 250 125
Legionella 1000 250 125 62.5
S. aureus 500 125 62.5 31.25
P. aeruginosa 500 250 125 31.25
E. hirae 500 125 62.5 31.25
C. albicans 1000 500 250 125
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support for cell attachment, migration and proliferation dur-
ing tissue development by mimicking the natural extracellu-
lar matrix of the target tissue. In addition, all the
compounds were observed to show significant activities in
biological assays of antioxidant, DNA cleavage and anti-
microbial. The importance of this research shows a broad
range of biomedical applications of synthesized materials
especially potential for controlling implant associated infec-
tion in tissue engineering applications. Further molecular
level investigation has to be studied before going for the in
vivo researches.
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