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Abstract

PLGA conduits are widely used experimentally as scaffold for the reconstruction of damaged
peripheral nerves. But post traumatic and post operation infections are the most common
complications. Silver nanoparticles, as potent antimicrobial agent, have diverse medical
applications ranging from silver based wound dressings to silver coated implants. In this study, we
fabricated and characterized PLGA/Nanosilver scaffolds for peripheral nerve regeneration and
evaluated their antibacterial and cytotoxicity behavior. The results showed that antibacterial
efficacy increases with the increase in concentration of silver nanoparticle. This work suggests that
nanosilver coating of PLGA scaffolds can increase their infection resistancy and potentially
improve peripheral nerve regeneration in a dose dependent menner.
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Introduction

Peripheral nerve defects are as a result of trauma,
pathology, surgery, or various diseases that couldn't be
recovered through normal bodily repair processes and
result in loss of normal neurologic function [1,2].
Peripheral nerve injury can successfully heal, if an
appropriate environment and route be provided [3]. This
condition requires the use of nerve grafts and peripheral
nerve substitutes to support the healing process. Autografts
have been considered as the gold standard for nerve grafts
due to their brilliant properties; however there are
restrictions on autografts use such as limitations in
availability of donor site, formation of neuroma and donor
site morbidity. Allografts, on the other hand, are relatively
plentiful in source, but yet have the potential risk of
pathogen transmission and are thus lower in value
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promotion of nerve regeneration as compared to autografts.
An emerging contemporary strategy to surmount these
complications are a variety of nerve graft substitutes, as
nerve growth conduits structurally based on ceramics and
polymers [4, 5, 6]. Conduits of different composition have
been developed to improve nerve gap regeneration [7].
Artificial biodegradable polymers are attractive candidates
for scaffold fabrication because they don't carry the risk of
disease transmission and immunorejection. They degrade
and resorb after nerve restoration, thus removing the long-
term inflammation and complications associated with
foreign body reactions [8, 9, 10,11]. Among biocompatible
and biodegradable biomaterials, Poly (lactic-co-glycolic
acid) (PLGA) has necessary characterization. PLGA has
been the most frequently used biodegradable polymer in
tissue engineering for fabricating porous foams for
biomedical applications. This is a necessary polymer
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because it degrades into lactic and glycolic acid,
moderately harmless to the growing cells. Its mechanical
and degradation properties can be finely tuned through
variations in molecular weight and copolymer ratio to give
degradation times from months to several years [12, 13,
14].Post traumatic infection in peripheral nerve injury
should be prevented using antibacterial agents, for which
nanosilver particles are a suitable candidate.

Antibiotic overuse led to the development of antibiotic
resistant bacteria and therefore silver as antibacterial agent
seems to be important [15]. Since long time ago, metallic
silver and its salts (e.g., silver nitrate) has been used to treat
wounds, abscesses and fistulas [16, 17]. Silver in the form
of nanoparticles is quite an effective antimicrobial substrate
and is used in different health care materials such as wound
dressings [18, 19]. Silver nanoparticles (Ag Ns) exert their
antibacterial activity via interacting with the sulfur
containing proteins present in cell membrane and with
phosphorus containing DNA as well. Nanosilver also
attacks to the bacterial respiratory system, with releasing
silver ions inside the cells improving their bactericidal
activity [20, 21, 22 23, 24].

In this work, we aimed to develop PLGA conduits
enhanced with nanosilver to connect the two distrupted
neural ends and improve peripheral nerve regeneration.

Materials and Methods
Fabrication of PLGA Conduit

Initially, a 25% solution of (D,L) polylactide-co-glycolide
(PLGA) in a 50:50 monomer ratio (Sigma-Aldrich-
Germany) and molecular weight 40000-75000 g/mol was
prepared in 1,4-dioxane solvent (Merk-Germany) at 50°C
for 5h. Conduits were prepared by dip-coating method.
Briefly, special tootings were dipped in PLGA solution and
placed in 20% concentration of isopropyl alcohol, as the
nonsolvent, at room temperature overnight. The samples
were formed as a result of solvent-nonsolvent phase
conversion. They were then washed with deionized water
repeatedly. Specimens were air-dried and manually
demolded from the tootings, after which the samples were
freeze dried at -57°C for 32h. The resulting PLGA conduits
had the following dimensions: Inter diameter 1.8 mm,
Outer diameter 2 mm, thickness 0.1 mm and length about
12 mm.

Conduit coating with Nanosilver

After PLGA conduit preparation, their surface was coated
with nanosilver particles, by soaking into different
nanosilver concentrations of colloidal nanosilver solution
(Nanocid, Iran) at 25°C for 72h (Table 1). The minimum
inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) of nanosilver solution were in the
range of 1.95-1000 and 25.62 pg/mL respectively. The
conduits were finally air dried

Characterization study

Physiochemical evaluation

Colloidal nanosilver solution was characterizaed using
TEM (Philips 120 KV). The PLGA/Nanosilver conduits
were characterized using SEM/EDX (Seron Technology
CO, AIS 2100) and FT-IR (Jasco-410).

Table 1. % concentration of nanosilver in different solutions

| Conduits
coating type  Amount of Concentration of ~ Volume of ~ Time(h) Amount of
[70/_\'”]07' L‘HI?IPDX‘IIIGX nana.yi/\‘er' V!f"!(?)‘f]"(’l' "HUGW]\'L’I'
(in grams) (in uL) (inmL) present(in mg)
Ml 0.5 0.0009 7 72 0.67
M2 0.5 0.0007 7 72 0.52
M3 0.5 0.0004 7 72 029
M4 0.5 0.0002 7 72 0.14

M1.: extra heavy coated; M2: Heavy coated; M3: Medium coated;
M4: Light coated

Fig. 1. Display of about 12-mm PLGA/ Nanosilver conduits
intended to substitude a 10mm nerve gap.

Biological evaluation

Antibacterial  activity test:Antibacterial activity of
PLGA/Nanosilver coduit was assessed, the details of which
had already been described elsewhere (Imani Fouladi et. al,
article Methods) [25]. Breifly, after preparation of
PLGA/Nanosilver coduit anti bacterial effect was
determined with the disk diffusion method on Muller
Hinton agar with different type of conduits (M1-M4).

Biocompatibility test:Biocompatibility test was done
according to our previous study [26]. Based on this method,
conduits were soaked in 0.0009 pL of Ag Ns, sterilized by
ethylene oxide at 38°C for 8h at 65% relative humidity.
After 24h exposure to air, ethylene oxide was removed
from conduits by placing them into a standard 24-well-plate
and were first washed with sterile distilled water, and then
with 0.9% NaCl sterile solution and finally with culture
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medium.Then, Dulbecco’s Modified Eagle Medium
(DMEM) cell culture media containing 1% (v/v)
penicillin/streptomycin (PS) and 10% (v/v) fetal bovine
serum (FBS) were used. Chinese hamster ovary cells
(CHO) with a density of 4x105 cell/ mL were added to the
samples in PS plates and maintained in incubator (37° C,
5%C02) for 48h. The samples were fixed in 100% ethanol
for 15min, and then seen by light microscopy (Nikon
Eclipse 50i).

MTT test

MTT is a simple colorimetric assay to measure cell
proliferation and viability (26). This test was performed to
assess the cytotoxicity of four different concentrations of
nanosilver used in PLGA/Nanosilver conduits. Cytotoxicity
effects of conduits were investigated on rat mesenchymal
stem cells (rMSC). The cells were plated in 96-well culture
plates at 1.7x 104 cell/well. They were cultured in RPMI-
1640 supplemented with 10 % FBS and 1% PS in 5% CO2
at 37°C. After 72h, mediums were removed and 100 pL of
fresh medium and 13 pLof MTT solution (5 pg/ mL,
diluted with RPMI 1640 without phenol red) were added to
each well. Incubation was allowed for another 4h in dark at
37°C. Mediums were removed and 100 pL/ well DMSO
(dimethyl sulfoxide, Sigma, Aldrich, Germany) was added
to dissolve formazan crystals. Wells were finally read at
570 nm on an ELISA plate reader (Tecan Sunrise TM) and
percentage of viability calculated.

The well without conduit was used as a negative control
and cell viability was defined as 100% for MTT assay
control. Each test was repeated three times.

Results

TEM studies

TEM was used to show the morphology of spherical
nanosilver particles.According to the scale bar in fig. 2, it is

estimated that the average size of silver nanoparticles was
5.5nm in diameter.

s

Fig. 2 TEM image of colloidal nanosilver solution shows that the
average particle diameter was 5.5 nm.

SEM studies

SEM was used to assess the surface property of PLGA/
Nanosilver conduits. Nanoparticles were not visible at the
surface due to their very small spherical size. In addition
the outer surface was more porous as compared to the inner
surface (Fig. 3)

ey

Fig. 3 Cross-sectional, inner and outer surface images of PLGA
conduit coated with nanosilver particle taken by SEM.

EDX Analysis

Figure 4 shows the amount of energy for each element
available in the conduit. It indicates that Ag is the minor
element. Since the concentration of nanosilver is very low,
the intensity of its peak has a very short amplitude.
Although the distribution of silver nanoparticles at the
conduit surface was not graphed by SEM spectrum, X-ray
emition in EDX reveals them.

7 Au

O

Au
| Ag

Fig. 4 EDX pattern of PLGA/nanosilver conduits.

According to the map in fig 5, the existence of elements
and also distribution of nanosilver particles is achieved in
every part of conduit.

FT-IR spectroscopy
FT-IR spectrum reveals the functional groups in polymer

structure in Conduits. The FT-IR spectrum of PLGA
(control) and PLGA/Nanosilver neural guidance channels is
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shown in fig. 6.There are not specific peak shifts in
PLGA/Nanosilver conduits compared to control Most of

dioxane and isopropy! alcohol have been removed from the
conduit during freeze-drying and liquid-liquid demixing
process respectively.

Fig. 5 Map distribution of the elements and distribution of Ag Ns
are indicated at the PLGA/Nanosilver conduit surface using EDX
analysis
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Fig. 6. FT-IR spectroscopy : a (Blue curve) PLGA conduit b
(Green curve) PLGA/Nanosilver conduit.

As a result, The bands at 1100-1300 cm ** and 3600-3650
cmt corresponded to C-O and O-H respectively, which
are assumed to be for the dioxane and isopropyl alcohol
existence. However other functional groups such as 1200
cm?®, 1735-1750 cm™? and 3000 cm™ were due to C-C,
C=0 and C-H groups in order, mainly refers to the
polymer structure.

Biological studies
Antibacterial activity studies

Figure ~7A  indicates  antibacterial  activity  of
PLGA/Nanosilver conduits against gram-negative E.coli
while Figure 7B shows the activity against gram positive
S.aureus. Inhibition zone around each conduit shows the
quality of its activity. When nanosilver concentration is
increased, the inhibition zone expanded. As a result their
antibacterial activity is for the presence of nanosilver
particles on the surface of PLGA conduits and with
increasing the nanosilver concentration on the conduit
surface this activity was enhanced.

Biocompatibility test

Since the presence of Dioxane may be toxic, evaluation of
cell viability before and after soaking into the 0.0009 pL of

Fig. 7. Antibacterial activity of PLGA/Nanosilver conduits against
E.coli (A) and S.aureus (B). The samples were (M1=0.0009 pL,
M2=0.0007 pL, M3=0.0004 pL, M4=0.0002 pL) and (GM=
Gentamycin (10 mg)) control.

nanosilver carried out to make sure of the safety of the
conduit.Biocompatibility of both conduits is shown in fig. 8
by cell aggregation growth on the conduits during a 3 day
period of incubation.

Fig. 8 (CHO) cells cultured on the PLGA conduit (A) and
PLGA/Nanosilver conduit (B).

MTT study

Figure 9 shows results from MTT tests, for four different
concentrations of nanosilver. Accordingly, the toxicity
increases in  direct  proportion of  nanosilver
concentrationResults shows that the bactericidal activity is
due to the existence of silver nanoparticles at the PLGA
conduit surface.
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Discussion

In this study, we tried to make proper environment for
nerve growth by excluding existence of micro-organisms.
Although the amount of coated nanosilver at the conduit
surface is very low, its bactericidal property provides an
opportunity for a better nerve growth the PLGA conduit.
TEM micrograph showed that the average size of silver
nanoparticles which was too small to be observed via SEM.
It might be due to the size of the nanoparticle. According to
the report by Madhumathi et al. in developing
Chitin/Nanosilver scaffolds for wound dressing application,
their particle size was as small as 5nm as such had not been
shown in SEM [27]. In the study by Lingzhou Zhao et al.
concerning the antibacterial nano-structured titania coating
incorporated with silver nanoparticles, TEM image
demonstrates that the Ag nanoparticles attached to the inner
wall of the titania nanotubes had a diameter of about 10-
20nm [28].
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Fig. 9 Biocompatibility of PLGA conduits soaked in different
concentrations of nanosilver solution (M1=0.0009uL,
M2=0.0007uL, M3=0.0004pL, M4=0.0002uL of Ag NS). Once
soaked in higher concentration of Ag Ns, the number of cells
decreased.

According to Shahbazzadeh et al. on a survey of in vitro
effects of Nanosilver toxicity on fibroblast and
mesenchymal stem cell lines, the morphology of Ag
nanoparticles in aquoas solution was obtained by TEM and
had an average diameter of 10 nm [29].By using SEM, pore
distribution in the inner and outer surfaces of
PLGA/Nnanosilver coduit was seen. During dip-coating
process, the lumen side was in contact with tooting, whose
surface interacted poorly with non-solvent and low porosity
of the inner surface was formed. The more porous outer
surface, in comparision to the inner surface, may be
accounted for by more exposure to isopropyl alcohol.
During the immersion of PLGA solution into isopropyl
alcohol, due to the phase separation effect, non-solvent
influx into the polymer film separates polymer solution into
two phases of rich and poor polymer coats and accelerates
freezing of the separated structure. Use of deionized water
affects liquid-liquid demixing process. Chen-Jung Chang et
al. found that the existence of isopropyl alcohol around the
polymer coatings can increase the amount of porosities on
the conduit surface. They demonstrated that particle size
and their percentage can even be altered by changing the
volume of non-solvent. They mentioned that the conduit
porosities would be increased by increasing the isopropyl
alcohol concentration [30]. Fourier Transform Infrared
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Spectroscopy (FTIR) didn’t show any difference between
PLGA and PLGA/Nanosilver conduits. There is probably
no chemical reaction between PLGA and nanosilver
particles; if so, only a physical adsorption of silver
nanoparticle on PLGA coduit is imaginable.The lack of
specific peak shifts in FTIR spectrum may be attributed to
the absence of any chemical bounds whatsoever. Kumar et
al. in 2010 developed a novel b-Chitin/Nanosilver
composite scaffold for wound dressing. In their study, two
spectrums of  b-Chitin and b-Chitin/Nnanosilver were
similar implying that the silver nanoparticles are interapped
into the scaffold [27]. Sekaran Saravanan et al. prepared a
Chitosan/Nano hydroxy apatite/Nanosilver for bone tissue
engineering. They enriched the scaffold surface by soaking
it into silver nitrate solution. Compairing the FTIR spectra
of Chitosan/Nano hydroxy apatite and Chitosan/Nano
hydroxyl apatite/Nanosilver scaffolds, they demonstrated
that the latter spectrum was shifted by the coordinative
interaction between NH2 groups of the chitosan and silver
ions [31].Distribution of silver nanoparticles at
thePLGA/Nanosilver conduit is supported by EDX
observation. Yu Tsai and colleagues wused silver
nanoparticles in carbon nanotube-nafion for chemical
sensors and showed their distriution by energy dispersive
X-ray spectroscopy. Nanosilver was identified in EDX
patterns [32].

According to our biological results, antibacterial activity of
PLGA/Nanosilver coduit is increased by soaking PLGA
channels into higher concentrations of silver nanoparticles.
Our results in consistent with those reported by Kumar et
al. [27]. In addition, Lin Li et al. evaluated antibacterial
activity of Nanosilver/ PLLA membranes against E.coli and
staph and claimed that zone inhibition around Ag/PLLA
membrane due to the release of silver nanoparticles from
PLLA. Bacterial inhibition zone of Ag/PLLA membranes
was clear in comparison with PLLA that was set as control
specimen [33].MTT assay is based on the ability of the
living cells for reducing tetrazolium salt to formazan. There
was significant loss of cell viability as PLGA conduits
soaked into higher and higher concentrations of nanosilver.
This may be due to the toxicity of higher concentration of
silver particles.

Park and colleagues induced cytotoxicity with silver
nanoparticles via Trojan-horse type mechanism, by adding
AgNs and performed MTT assay and demonstrated when
cells were treated with higher concentrations of AgNs,
viability of the cultured cells decreased [34].In a survey
performed by Shahbazzadeh et al. the effect of nanosilver
toxicity on fibroblast and mesenchymal stem cell lines was
assessed. They also reported that the toxic effect of adding
nanosilver on cell viability was increases in parallel with
AgNs concentration [29].

Conclusions

In this investigation, PLGA/Nanosilver conduits were
characterized byusing SEM, FTIR and TEM. Antibacterial
efficiency of these conduits were found against both
S.aureus and E.coli and were also evaluated by indirect
cytotoxicity test using MTT assay.
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