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 Wound-Healing with Mechanically Robust and 
Biodegradable Hydrogel Fibers Loaded with Silver 
Nanoparticles  

  Kevin   Neibert  ,     Venkateshwarlu   Gopishetty  ,     Anton   Grigoryev  ,     Ihor   Tokarev  ,     Noura   Al-Hajaj  , 
    Joshua   Vorstenbosch  ,     Anie   Philip  ,     Sergiy   Minko  ,   *      and   Dusica   Maysinger   *   
 The objective of this study is to provide a novel synthetic approach for 
the manufacture of wound-healing materials using covalently cross-linked 
alginate fi bers loaded with silver nanoparticles. Alginate fi bers are prepared 
by wet-spinning in a CaCl 2  precipitation bath. Using this same approach, 
calcium cross-links in alginate fi bers are replaced by chemical cross-links 
that involve hydroxyl groups for subsequent cross-linking by glutaraldehyde. 
The cross-linked fi bers become highly swollen in aqueous solution due to the 
presence of carboxyl functional groups, and retain their mechanical stability 
in physiological fl uids owing to the stabilized network of covalent bonds. Algi-
nate fi bers can then be loaded with silver ions via the ion-exchange reaction. 
Silver ions are reduced to yield 11 nm silver nanoparticles incorporated in the 
polymer gel. This method provides a convenient platform to incorporate silver 
nanoparticles into alginate fi bers in controlled concentrations while retaining 
the mechanical and swelling properties of the alginate fi bers. Our study sug-
gests that the silver nanoparticles loaded fi bers may be easily applied in a 
wound healing paradigm and promote the repair process though the promo-
tion of fi broblast migration to the wound area, reduction of the infl ammatory 
phase, and the increased epidermal thickness in the repaired wound area, 
thereby improving the overall quality and speed of healing. 
  1. Introduction 

 Wound healing is a highly dynamic and complex physiolog-
ical process that involves a series of well-orchestrated cellular 
and molecular events. It is characterized by three overlapping 
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phases: i) infl ammation, ii) tissue forma-
tion and iii) tissue remodelling. [  1  ]  The 
infl ammatory phase is marked by an infi l-
tration of neutrophils, monocytes and 
macrophages, which results in the clear-
ance of bacteria and tissue debris from 
the wound area. The tissue formation 
phase involves the coordinated migration 
of vascular endothelial cells and fi brob-
lasts into the wound area, and deposition 
of a provisional extracellular matrix. In the 
remodelling phase, constituent cells syn-
thesize and degrade extracellular matrix 
proteins and differentiated myofi brob-
lasts mediate contraction of the wound. [  2  ]  
A host of modern approaches have been 
developed for wound management, which 
aim to facilitate the natural wound healing 
process or restore healing which may be 
impaired due to pathological conditions. 

 A number of different wound dressing 
materials have been explored in the last 
20 years to prevent wound infection. [  3  ]  
Alginate is a naturally occurring, water 
soluble polysaccharide, extracted from 
brown marine algae and is used in a wide 
range of applications, including biomedical products and the 
pharmaceutical industry. [  4–7  ]  Among the numerous varieties 
of polysaccharides, alginate has a number of favourable physi-
ochemical properties including: highly absorbent, biocompat-
ible, non-allergic, bacteriostatic, fungistatic and haemostatic, 
which are attractive for wound healing applications. [  8–11  ]  Algi-
nate is capable of absorbing large volumes of water, forming 
highly stable hydrogels. [  12  ]  As the alginate swells, incorporated 
drugs can be released from the alginate matrix. Alginate fi bers 
have been processed into woven, knitted and composite mate-
rials and may be supplemented with additional cargo, forming 
stable, controlled-release wound dressings that provide com-
plementary wound management functionality. [  13  ]  Dry alginate 
dressings stably adhere to the wound area through muco-
adhesive contacts. As alginate comes in contact with body 
fl uids, the dry fi bers transform into a slippery hydrogel, effec-
tively separating the wound from the surrounding tissues and 
forming a tissue adhesion barrier. [  14  ]  As the wound dressing 
absorbs large volumes of exudate, the spaces between the 
fi bers close, trapping the exudate within the dressing matrix, 
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increasing bacterial retention, while maintaining a moist envi-
ronment required for effi cient wound healing. [  15  ]  In addition 
to traditional alginate-based wound dressings, alginate micro-
spheres and hydrogels have been used as delivery vehicles for 
drugs that promote wound healing. [  16–19  ]  

 In recent years, silver has gained prominence in wound man-
agement as a number of clinically relevant silver-containing 
wound dressings have been developed. [  20–22  ]  Silver-containing 
materials have a long history as anti-microbial agents, especially 
in the treatment of wounds and burns. [  23  ]  In fact, silver sulfadi-
azine is considered to be the gold standard in the topical treat-
ment of burns. [  24  ]  There is a renewed interest in silver based 
anti-bacterials provoked by the emergence of highly resistant 
bacteria and the increasing prevalence of hospital-acquired bac-
terial infections. Silver ions (Ag  +  ) are effective against a wide 
range of bacteria, including highly resistant strains such as 
meticillin-resistant staphylococcus aureus (MRSA). [  25  ,  26  ]  
Although silver is a highly effective anti-microbial agent, its 
use has been limited due to observed toxicity in mammalian 
cells. [  27  ,  28  ]  One way to overcome this problem is to construct a 
system which allows the controlled release of silver ions, pro-
moting wound healing, while minimising toxicity. [  29  ]  Loading 
silver nanoparticles into alginate fi bers is an attractive approach 
to improve the silver carrying capacity of the fi bers while 
retaining their favourable mechanical properties and stability. 

 Due to the toxicity associated with silver ions, alternative 
silver formulations and delivery systems are being investi-
gated. The small size of silver nanoparticles (nanocrystals) 
has been correlated to an increased effi cacy against bacteria 
and more importantly, lower toxicity in humans, compared 
to other silver containing compounds (ie. silver nitrate). [  30  ]  In 
addition to the antibacterial effect of silver ions being released 
from nanoparticles, recent evidence suggests that silver nano-
particles exert potent anti-infl ammatory effects which acceler-
ates wound healing, although the mechanism of action is not 
well known. [  27  ,  31  ,  32  ]  Silver nanoparticles can be embedded into 
a wide verity of materials and fabrics ranging from socks to 
wound dressings. In order to incorporate silver ions into algi-
nate materials, calcium alginate fi bers are treated with aqueous 
solutions of silver nitrate (AgNO 3 ). The silver ions in the solu-
tion exchange with calcium ions in the fi ber, resulting in the 
formation of calcium alginate fi ber containing silver ions. [  33  ]  
The drawback of this method is that the same carboxylic groups 
are used for cross-linking with calcium ions and for binding 
silver ions. In calcium cross-linked fi bers, an increase in the 
Ag  +  -ion content implies a decrease in a fraction of Ca 2 +  -cross-
links which are replaced by monovalent silver ions and, in turn, 
the deterioration of mechanical properties and stability of the 
fi bers. 

 In this article, we report a novel synthesis of alginate fi bers 
loaded with silver nanoparticles and their application for wound 
dressing in series of  in vitro  experiments with cells and  in vivo  
incisional wound model using experimental animals (mice). We 
overcome the aforementioned trade-off between the capacity of 
alginate fi bers for silver and their mechanical stability by decou-
pling the processes of cross-linking and loading of the material 
with silver. In our approach, alginate fi bers are prepared by a 
well-established wet-spinning method using a cross-linking 
bath containing calcium ions (Supporting Figure S1). Calcium 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
cross-links in alginate fi bers are then replaced by chemical 
cross-links that involve hydroxyl groups for cross-linking by 
glutaraldehyde. The alginate fi bers loaded with silver ions are 
treated in reduction bath to yield alginate fi bers that carry silver 
nanoparticles. Cross-linked carboxylic functional groups provide 
a very high swelling degree of the alginate fi bers (up to 2000%) 
in physiological fl uids. Consequently, the proposed approach 
combines the facile wet-spinning method and chemical cross-
linking protocol to produce robust fi bers with superabsorbent 
properties and the ability to vary the amount of silver in the 
fi bers.   

 2. Experimental Section 

  2.1. Animals 

 SKH-1 hairless mice were obtained from Charles River Labo-
ratories. The mice were housed fi ve per cage under constant 
humidity and temperature with 12 h light/ dark cycles. They 
were allowed access to water and standard mouse feed  ad libitum  
and were monitored daily. Healthy, six/seven week old mice, 
weighing between 23 and 26 g were selected for experimental 
work. All experimental procedures received approval by the 
McGill Animal Care Facility. The SKH-1 mice possess a splicing 
defect in the hair root gene that causes apoptosis, resulting in 
alopecia after the fi rst hair cycle. Also, the epidermis of SKH-1 
mice is thicker than that of other mouse strains, making it an 
attractive model for wound healing of human skin. No immune 
abnormalities have been reported. [  34  ]   

  2.2. Wet Spinning of Alginate Fibers 

 Alginate fi bers were prepared by a wet-spinning method. 
Medium viscosity (2000 cps for 2% solution at 25  ° C) sodium 
alginate from brown algae (Sigma) was dissolved in Millipore 
water at 60  ° C while stirring to form a 1.5 wt.% solution. The 
resulting spinning solution was allowed to stay without stirring 
for 10 min to ensure that all the entrapped air bubbles were 
released. The spinning was carried out in an apparatus that 
consisted of a syringe pump set in the vertical syringe posi-
tion and a coagulation bath placed on an orbital shaker (VWR, 
Model DS-500). The alginate solution was injected at the con-
stant rate of 2 ml/min through a 20-gauge pipetting needle, 
acting as a spinneret, into the coagulation bath containing 1 M 
CaCl 2  aqueous solution. Calcium ions caused the immediate 
gelation of alginate which formed a continuous fi ber coming 
out at the tip of the needle. The fi ber was collected as a loose 
coil at the bottom of the coagulation bath that moved along the 
circular path in the horizontal plane due to the rotary shaker. 
Such circular motion occurring at the frequency of 0.6 Hz and 
the circle radius of 1 cm provided some fi ber elongation and 
ensured the easy fi ber disentanglement later on. The fi ber coil 
was kept in the coagulation bath for at least 30 min to provide 
suffi cient cross-linking time and then transferred into a 0.2 M 
CaCl 2  aqueous solution for further cross-linking overnight. The 
ionically cross-linked alginate fi ber was washed three times in 
Millipore water and dried in air.  
bH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2012, 1, 621–630
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  2.3. Chemical Cross-Linking of Alginate Fibers 

 To ensure the stability of alginate fi bers in a wide range of envi-
ronmental conditions, they were chemically cross-linked via 
hydroxyl groups. [  35  ]  To this end, fi ber samples were placed in 
a water-acetone mixture (1:7.5 v/v) containing 0.36 M glutaral-
dehyde and 50 mM HCl for 48 h at 40  ° C. In this cross-linking 
method, hydroxyl groups of alginate reacted with aldehyde 
groups of glutaraldehyde while the acid acted as a catalyst of 
the acetalization reaction. Afterwards, the fi bers were removed 
from the reaction mixture and washed three times in water.  

  2.4. Synthesis of Silver Nanoparticles in the Alginate Fibers 

 The synthetic protocol included the following steps. In the fi rst 
step, silver ions were loaded into fi bers by ion exchange from a 
silver nitrate solution (0.05 or 0.005 mM) for 1 h. Afterwards the 
fi ber sample was removed and the excess of the AgNO 3  solu-
tion was removed by soaking the fi bers with KimWipes. In the 
second step, the sample was transferred into a sodium borohy-
dride solution for 10 min to reduce the silver ions into metallic 
silver. The concentration of the reducing agent was 0.07 mM 
in the case of the fi bers treated with the 0.05 mM AgNO 3  solu-
tion and 0.007 mM in the case of the fi bers treated with the 
0.005 mM AgNO 3  solution. After the reduction step, the fi bers 
were washed three times in water and dried in air.  

  2.5. Synthesis of Reference Samples of Silver Nanoparticles 
in Aqueous Solution 

 A dispersion of 11 nm in diameter silver nanoparticles was 
obtained by mixing 0.07 mM sodium borohydride and 0.05 mM 
AgNO 3  aqueous solutions at ambient temperature and purifi ed 
by dialysis.  

  2.6. Characterization of the Fibers and Silver Nanoparticles 

 Alginate fi bers and silver nanoparticles (AgNPs) were character-
ized by scanning electron microscopy (SEM), energy-dispersive 
X-ray spectroscopy (SEM-EDS), atomic absorption spectrom-
etry (AAS), transmission electron microscopy (TEM), atomic 
force microscopy (AFM), UV-vis spectroscopy, and Fourier 
transform infrared (FTIR) spectroscopy. In particular, the sur-
face morphology of alginate fi ber samples was visualized with 
a JEOL 7400 high resolution fi eld emission scanning electron 
microscope (JEOL Ltd). The amount of silver reduced in the 
alginate fi bers was analyzed with Perkin Elmer Flame Atomic 
Absorption Spectrometer (model 3100). The SEM-EDS was 
used to assess the amount of the reduced silver on the fi ber 
surface and cross-sectional planes of cryogenically fractured 
fi bers. Silver nanoparticles reduced in the fi bers were visualized 
using a Jeol JEM 2010 high-resolution transmission electron 
microscope (JEOL) and a Dimension 3100 microscope (Veeco 
Instruments) operating in the tapping mode. Prior to the meas-
urements, the fi bers were enzymatically degraded with alginate 
lyase, and silver nanoparticles released from the fi ber inte-
© 2012 WILEY-VCH Verlag GmAdv. Healthcare Mater. 2012, 1, 621–630
rior were deposited onto TEM grids or silicon substrates. The 
adsorption spectra of the ionically and chemically cross-linked 
alginate fi bers were recorded on a single-beam microprocessor-
controlled diode array spectrophotometer with collimating 
optics (Hewlett-Packard, 8452A).  

  2.7. Cell Culture and Treatments 

 Mouse fi broblast (NIH/3T3) cells (ATCC, CRL- 2795) were 
seeded in Dulbecco’s modifi ed eagle’s medium (DMEM, 
Gibco) containing 10% of bovine calf serum (Gibco) and 1% 
penicillin–streptomycin (Gibco). Cells were seeded in 12-well 
plates (Millipore) at a density of 2  ×  10 5  cells/well maintained at 
37  ° C, 5% CO 2  in a humidifi ed atmosphere. Cells were grown 
in serum containing media for 24 hours before cell treatments 
to attain confl uency. Culture media was then aspirated, cells 
were washed with phosphate buffered saline (PBS, Gibco) and 
incubated at 37  ° C with silver nanoparticles (0–5  μ M), basic 
fi broblast growth factor (FGF; Gibco, 0.291  μ M) and mitomycin 
C (MitC; Sigma, 15  μ M) for the times indicated (24–48 hours).   

  2.8. MTT Cell Viability Assay 

 Colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide, Sigma) assays were performed to assess 
the mitochondrial metabolic activity, an indirect measure of 
cell viability. [  36  ]  Following treatment, media was removed and 
replaced with serum-free media containing MTT (0.5 mg/mL) 
and cells were then incubated for one hour at 37  ° C. Following 
the incubation, media was removed, cells were lysed and for-
mazan was dissolved with dimethyl-sulfoxide (DMSO, Sigma). 
Absorbance was measured at 595 nm using a Benchmark 
microplate reader (Bio-Rad). All the measurements were done 
in triplicates in three or more independent experiments.  

  2.9. Scratch Assay 

 Once confl uent, the cell monolayer was scratched in a straight 
line using 100  μ l pipette tip to mimic an incisional wound. 
Cells were then washed with PBS to remove cell debris. Fresh 
serum containing media was added and cells were treated with 
(i) silver nanoparticles (0.31, 0.625, 1.2, 2.5 and 5  μ M with 
respect to silver concentration), ii) FGF (0.291  μ M) or iii) MitC 
(15  μ M) and incubated at 37  ° C for 24 or 48 hours, then cells 
were washed once with PBS and fi xed with paraformaldehyde 
(4%) (Fisher) for 15 min at room temperature (RT). Cells were 
then stained with Hoechst (Molecular probes; 33258, 10  μ M) 
for 10 min at RT. Fluorescent images of cells were acquired at 
20× with a Leica DFC350FX monochrome digital camera con-
nected to a Leica DMI4000B inverted fl uorescence microscope. 
Migrated cells were then counted using Image J software.  

  2.10. Incisional Wound 

 The incision wound model was used according to Ehrlich and 
Hunt. [  37  ]  Equal number of hairless SKH-1 mice were divided 
623wileyonlinelibrary.combH & Co. KGaA, Weinheim
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into fi ve groups and kept in individual cages: group 1, serving 
as control, received no treatment following the creation of 
the wounds, group 2 received unloaded alginate fi ber, group 
3 received the AgNP loaded alginate fi ber (0.05 mM AgNO 3 ), 
group 4 received the AgNP loaded alginate fi ber (0.005 mM 
AgNO 3 ). The wound area in animals from group 5 was treated 
with nanosilver particles (d  =  11 nm) in dispersion so that the 
concentration of silver (1.46 ppm Ag, 1.35  μ M Ag, 0.187 nM 
particles) was equal to that present in the nanosilver loaded 
alginate (0.05 mM AgNO 3 ) fi bers. Mice were anaesthetized 
prior to and during creation of the wound with 2% isofl urane. 
Dorsal 2.0 cm incisional wounds, one left lateral, one right lat-
eral, were introduced through the skin surgically. After the inci-
sion, nanosilver loaded alginate fi bers and unloaded fi bers were 
embedded into the wound area in equal weight (0.0012  ±  .0001 
g) and then sutured shut using sutures (Ethicon, 4-0 Nylon). 
Following surgery, the mice were wrapped with tegaderm (3M) 
and hyperfi x (Delasco) to cover and protect the wound area. 
Animals were sacrifi ced on postoperative day 2 and 10 and 
wound tissue was excised and fi xed in formalin for immuno-
histochemical and histological evaluation.  

  2.11. Immunohistochemistry 

 Rehydrated, serial paraffi n sections (5  μ m) were immersed 
in Proteinase K stock solution (Sigma) to reactivate hidden or 
masked epitopes. Sections were washed with PBS and endog-
enous peroxidase activity blocked with methanol containing 
0.3% hydrogen peroxide. Samples were then blocked with 5% 
normal goat serum (NGS, Vector Labs) followed by incuba-
tion with rat anti-mouse F4-80 (E bioscience) 1:25 in 5% NGS 
and tris-buffered saline and tween 20 (TBST) or ly6-gr rat anti-
mouse (E bioscience) 1:25 in 5% NGS and TBST at 4  ° C labe-
ling macrophages and neutrophils respectively. Slides were 
rinsed with TBST and then incubated with biotinylated anti-rat 
secondary antibody (Vector Lab). The slides were washed with 
TBST and avidin-biotin complex (Vector Lab, ABC Reagent) 
added. The slides were rinsed in TBST, developed with chro-
magen 3,3 ′ -diaminobenzidine (Sigma), and lightly stained with 
hematoxylin. The number of F4-80 and ly6-gr positive cells per 
high-power fi eld in the wound base was then determined using 
ImageProPlus6 software.  

  2.12. Histology 

 Formalin-fi xed skin grafts were bisected and paraffi n embedded. 
Serial 5- μ m sections were obtained from each of the paraffi n-
embedded wounds using a 30/50 microtome (Leica). Sections 
were collected on Superfrost Plus slides (Fisher Scientifi c) and 
stained with hematoxylin and eosin stain (Sigma) according to 
the protocol provided from the company.  

  2.13. Statistical Analysis 

 Data was analyzed using SYSTAT 10 (SPSS). Statistical signifi -
cance was determined by analysis of variance (ANOVA) followed 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
by post hoc, Dunnett’s test, independent  t -test or by one sample 
 t -test where specifi ed. Signifi cant differences are indicated by  
∗  p  <  0.05,  ∗  ∗  p  <  0.01, and  ∗  ∗  ∗  p  <  0.001.   

  3. Results 

  3.1. Preparation and Characterization of Hydrogel Fibers 

 We have developed a facile approach for the fabrication of 
chemically cross-linked alginate fi bers loaded with silver nano-
particles (Supporting Figure S1). In this method, the fi bers are 
prepared by wet spinning method in which an alginate solu-
tion is injected in a coagulation bath containing calcium ions 
through a spinneret. Divalent calcium ions cause the gelation of 
alginate which precipitates at the bottom of the coagulation bath 
in the form of fi bers.  Figure    1  a shows the representative SEM 
micrograph of a dried alginate fi ber. The diameter of the fi ber 
in the dry state was found to be ca. 100  μ m. In the next step, the 
alginate gel fi bers were further cross-linked with glutaraldehyde 
to ensure their chemical stability in a wide range of pH values 
and salt concentrations. The reaction between hydroxyl groups 
of sodium alginate and carbonyl groups of glutaraldehyde led to 
the formation of acetal linkages as confi rmed with FTIR spectra 
(Supporting Figure S2). The chemically cross-linked fi bers were 
robust enough to serve as chemical reactors for the synthesis 
of silver nanoparticles as discussed below. However, this was 
not the case for calcium cross-linked alginate fi bers which lost 
the integrity after the treatment with solutions containing silver 
salt and reducing agent.   

  3.2. Superabsorbent Properties of Chemically Cross-Linked 
Alginate Fibers 

 During the cross-linking step calcium, counter-ions bound to 
carboxyl groups of alginate were partially exchanged with pro-
tons of the catalyst (HCl) to form ionizable COOH-groups, 
which made alginate fi bers highly water-swellable at pH values 
above the p K  a  of alginic acid. Such fi bers exhibit superab-
sorbent properties, i.e. they could absorb more than 10 times 
of their own weight in water. [  38  ]  In particular, the gravimetric 
measurements showed that the chemically cross-linked algi-
nate fi bers experienced dramatic 20-fold swelling compared to 
the restricted 3-fold swelling of the ionically cross-linked coun-
terparts (Supporting Figure S3).  

  3.3. Synthesis of Silver Nanoparticles in the Alginate Fibers 

 The chemically cross-linked alginate network was found to be 
an appropriate medium for the synthesis of silver nanoparti-
cles. In this method, alginate fi bers were fi rst loaded with silver 
ions by ion exchange and then reduced to metallic silver. The 
fi bers with the reduced silver have the characteristic yellowish 
hue. The formation of metallic nanoparticles was confi rmed 
by UV-vis spectroscope, TEM, and AFM imaging techniques. 
The alginate network was enzymatically degraded with alginate 
mbH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2012, 1, 621–630
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     Figure  1 .     Characterisation of silver nanoparticles and alginate fi bers. A) The SEM image of the 
dried chemically cross-linked alginate fi ber. B) The UV-vis spectra of silver nanoparticles syn-
thesized in the chemically cross-linked network of alginate fi bers (blue line) and, as a reference 
experiment, in an aqueous medium (red line) under the same conditions: 0.05 mM AgNO 3  
and 0.07 mM NaBH 4 . C) and D) Characteristic TEM images of mono- and polycrystalline silver 
nanoparticles extracted from the enzymatically degraded fi bers; the lattice fringes of a mono-
crystalline silver nanoparticle can be seen on the high-resolution TEM image.  
lyase, and the reduced silver was released into an aqueous 
medium and deposited onto a suitable substrate (TEM grid or 
silicon wafer) for TEM and AFM analysis. The UV-vis trans-
mission spectrum of particle dispersion (Figure  1 b) exhibits 
a pronounced extinction band at 412 nm that arises from the 
localized surface plasmon resonance (LSPR) phenomenon 
characteristic of silver nanoparticles. Furthermore, the high-
resolution TEM images (Figure  1 c and d) show that the reduced 
silver consists of mono- and polycrystalline particles with the 
average size of 11.5  ±  5.9 nm. The obtained value is close to the 
average particle size measured by AFM for Ag nanoparticles 
deposited on a Si substrate (9.7  ±  4.0 nm, Supporting Figure S4). 

 The amount of the reduced silver was determined with SEM-
EDS and AAS techniques. SEM-EDS measurements carried out 
on the fi ber surface and in cross-sectional planes of the cryogen-
ically fractured fi bers (Supporting Figure S5) show some excess 
of silver on the fi ber surface compared to the fi ber interior 
(about one third higher for the sample loaded from the 0.05 mM 
AgNO 3  solution). Nevertheless, the silver amount on the fi ber 
surface is small compared to that in the fi ber bulk and hence 
the total metal amount is very close to the amount found in the 
fi ber interior. The total amount of the reduced silver in the fi ber 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Healthcare Mater. 2012, 1, 621–630
samples determined with AAS is 0.383 wt.% 
in the case fi bers loaded in 0.05 mM AgNO 3  
solution and 0.033 wt.% in the case of fi bers 
loaded in 0.005 mM AgNO 3  solution.  

  3.4. Biocompatibility of Silver Nanoparticles 

 We fi rst investigated the potential cytotox-
icity of the silver nanoparticles in mouse 3T3 
fi broblast cells. In these experiments we used 
silver nanoparticles (d  =  11 nm). Mitochon-
drial metabolic activity, associated with cell 
viability, was assessed using the MTT assay 
following exposure to silver nanoparticles 
and AgNO 3  in equal concentrations with 
respect to silver (0–5  μ M) for 48 hours. There 
was no signifi cant reduction in metabolic 
activity of cells treated with AgNPs, while 
signifi cant toxicity of AgNO 3  was observed at 
equivalent silver concentrations (Supporting 
Figure S6). Further investigation revealed 
that AgNO 3  toxicity is likely caused by a 
reduction in mitochondrial membrane poten-
tial, as observed with tetramethylrosamine 
(TMRE), a fl uorescent probe which is rapidly 
internalized into the cell and is localized to 
healthy mitochondria due to a strong positive 
charge (Supporting Figure S7). [  39  ]  Mitochon-
drial membrane potential was maintained 
following exposure to silver nanoparticles. 
These results suggest that silver nanopar-
ticles are biocompatible and well tolerated 
in 3T3 fi broblast cells at all concentrations 
tested. All subsequent experiments use con-
centrations of silver nanoparticles within this 
range and are considered to be non-toxic.  
  3.5. Effect of Silver Nanoparticles on Fibroblast Cells Migration 
to the Wound Area 

 Next we chose to investigate the effect of silver nanoparticles on 
the migration of fi broblasts in cell culture. The scratch assay is a 
well characterized method to measure cell migration  in vitro.  [  40  ]  
Mouse fi broblast cells (3T3) are fi rst grown to confl uency, and 
then a scratch is made across the plate. The ability of migrating 
cells to repopulate the scratch area over time (24–48 hours) was 
measured. Cells were treated with increasing concentrations of 
silver nanoparticles (d  =  11 nm, 0–5  μ M), FGF (0.291  μ M) as 
positive control and MitC (15  μ M) as negative control. [  41  ]  The 
scratch area of cells treated with increasing concentrations of 
silver nanoparticles (0–5  μ M) alone or in combination with FGF 
appeared to have a greater number of fi broblasts present within 
the scratch region when compared to untreated cells (CTL; 
 Figure    2  A). Semi-quantifi cation of fi broblast cell number within 
the scratch area, revealed a signifi cant increase in the number 
of migratory cells when exposed to increasing concentration of 
silver nanoparticles (0.31  μ M AgNP: 1.4  + /- 0.1 fold increase; 
625wileyonlinelibrary.comeim
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     Figure  2 .      Effect of silver nanoparticles on fi broblast cell migration.  A) Fibroblast cell migration was measured using the  in vitro  scratch assay. Monolayer 
fi broblast cells were scratched with a pipette tip and treated with silver nanoparticles (0.31  μ M and 5  μ M with respect to silver). Control treatments 
were i) fi broblast growth factor (FGF, 0.291  μ M) and ii) mitomycin C (MitC, 15  μ M) for 24–48 hours. Cells were then washed, fi xed and nuclei were 
stained with Hoechst 33258 (10  μ M, 10 min) and fl uorescent images of the scratch and surrounding area were acquired. Representative fl uorescent 
microscopy images showing fi broblast cell migration after 48 hours are shown. The scratch area is denoted by dashed white lines. Scale bar  =  20  μ m. 
B) The number of migrating cells to the vicinity of the scratch area was determined from the fl uorescent images using image J software and expressed 
as the fold change in cell migration with respect to the control (set to 1). The data is presented as the mean  ±  SEM obtained from at least three 
independent experiments performed in triplicates. Statistically signifi cant differences from the untreated control were tested by Dunnett’s test and are 
indicated by p ∗   <  0.05, p ∗  ∗   <  0.01, p ∗  ∗  ∗   <  0.0  
0.5  μ M AgNP: 1.62  + /- 0.1 fold increase) 48 hours following the 
application of the scratch alone or in combination with FGF 
(Figure  2 B). There is a dose dependent increase in cell migra-
tion following exposure to silver nanoparticles (Supporting 
Figure S8). These observations suggest that wound healing is 
accelerated by the concentration of silver.   

  3.6. Effect of Alginate Fibers Loaded with Silver Nanoparticles 
on the Infl ammatory Phase of Wound Healing 

 To better understand the action of alginate fi bers and silver 
nanoparticles in wound healing, we took advantage of a well 
characterized  in vivo  incisional wound model. Hairless SKH-1 
mice were separated into fi ve different treatment groups: 
i) untreated, ii) unloaded fi ber, iii) AgNP loaded fi ber (0.383% 
Ag), iv) AgNP loaded fi ber (0.033% Ag) and v) silver nano-
particles alone (0.383% Ag). Once anesthetized, 2 cm long 
incisional wounds were applied surgically to the mice, as 
described in Methods. Immunohistochemistry was used to 
stain for neutrophils and macrophages (infl ammatory media-
tors of wound healing), from animals sacrifi ced on postopera-
tive day 2. Silver nanoparticle loaded alginate fi bers and silver 
nanoparticle treatment alone signifi cantly reduced neutrophil 
6 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
infi ltration at local wound site ( Figure    3  a and b). Treatment 
with silver nanoparticles alone resulted in a signifi cant 
decrease in macrophage infi ltration. Indeed, AgNPs alone are 
more effective than AgNP loaded fi bers in decreasing macro-
phage/neutrophil numbers. These results suggest a dimin-
ished infl ammatory response following exposure to silver 
nanoparticles.   

  3.7. Healing Promotion and Cosmetic Effects 

 We next compared the appearance of the healed wounds by 
making histological sections from animals on postoperative 
day 10. We found that wounds in the silver nanoparticle alone 
group showed the most resemblance to normal skin. The worst 
cosmetic appearance was observed in the untreated group. 
Under histological evaluation, healed wounds from the silver 
nanoparticle group showed a signifi cantly increased epidermal 
thickness ( Figure    4  A). These observations further confi rmed 
that silver nanoparticles accelerate wound closure and improve 
wound healing quality. Taken together with the  in vitro  data, our 
results suggest that silver nanoparticles may promote fi brob-
last migration, reduce the infl ammatory cell recruitment to the 
wound and result in improved wound healing.    
mbH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2012, 1, 621–630
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     Figure  3 .     Decreased neutrophil infi ltration at local wound site by alginate fi bers loaded with silver nanoparticles. Incisional skin wounds were created 
on the dorsum of hairless SKH-1 mice and they were divided into 5 groups: i) treated with unloaded alginate fi bers, ii) silver nanoparticle loaded 
alginate fi bers (0.383 wt.% Ag), iii) silver nanoparticle loaded alginate fi bers (0.033 wt.% Ag), iv) silver nanoparticles alone and v) untreated control. 
A) Immunohistochemical staining for neutrophils and macrophages in each experimental group on day 2 following the incisional wound injury. Posi-
tive staining is indicated by distinct brown spots. Scale bars  =  200  μ m. B) Semi-quantifi cation of neutrophil and macrophage cell number from repre-
sentative microscopy images. The data is presented as the mean  ±  SEM obtained from at least three independent experiments performed. Statistically 
signifi cant differences form the untreated control were tested with Dunnett’s test and are indicated by  ∗  p  <  0.05 and  ∗  ∗  p  <  0.01  

     Figure  4 .     Increased epidermal thickness in wound tissue exposed to alginate fi bers loaded with silver nanoparticles. Incisional skin wounds were 
created on the dorsum of hairless SKH-1 mice and they were divided into 5 groups and were treated with either unloaded alginate fi bers, silver 
nanoparticle loaded alginate fi bers (0.383 wt.% Ag and 0.033 wt.% Ag), silver nanoparticles alone or remained untreated. A) Haematoxylin and eosin 
(H&E) histological staining of wounded skin in each experimental group on day 10 following incisional wound injury. Scale bars  =  500  μ m. B) Semi-
quantifi cation of epidermal thickness from representative microscopy images. The data is presented as the mean  ±  SEM obtained from at least three 
independent experiments. Statistically signifi cant differences from the untreated control were tested with Dunnett’s test and are indicated by  ∗  p  <  
0.05 and  ∗  ∗  p  <  0.01  .
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  4. Discussion 

 The results presented in the current study show that silver 
based wound management materials can be easily prepared by 
incorporating silver nanoparticles on to alginate fi bers, which 
promote healing in an  in vivo  incisional wound model. Our 
results, together with the fi ndings of several other studies, 
suggest that silver and silver related compounds are highly 
effective in wound management. [  42  ]  Despite being used in low 
concentrations, there are major toxicity concerns with silver 
based materials such as silver nitrate. [  43  ]  Skin exposure to high 
concentrations of silver can result in the subcutaneous forma-
tion of colloidal silver or silver salts, known as argyria. Silver 
toxicity appears to be associated with the impairment of mito-
chondrial function, due to increased mitochondrial membrane 
permeability. [  44  ]  These fi ndings are further supported by our 
studies involving TMRE staining. Silver nanoparticles are sig-
nifi cantly less toxic than silver nitrate. This is in part due to 
the slow release of silver ions over time from the silver nano-
particles. Our results are consistent with observations reported 
in the literature and suggests a limited toxicity of nanosilver, 
related to the unique silver species released (e.g., Ag 0 ), that is 
different from the indiscriminate activity of Ag  +   ions from silver 
nitrate. Apoptotic activity of nanostructured silver is discrimina-
tory towards dermal cells, where as AgNO 3  apoptotic activity is 
indiscriminate and likely induced in all cell types at the tissue 
surface, including keratinocytes. [  45  ]  

 In order to reduce toxicity, silver can be incorporated and 
delivered to the wound site using an appropriate carrier, such 
as alginate based materials. Traditionally, silver ions from silver 
nitrate (AgNO 3 ) solution are exchanged with calcium ions from 
alginate fi bers, resulting in the formation of calcium alginate 
fi ber containing silver ions. [  33  ]  As previously discussed, the 
substitution of Ca 2 +  -cross-links with Ag  +  -ions may compro-
mise the mechanical stability of alginate fi bers. Fiber stability 
is especially important in the infl amed wound microenviron-
ment, which is characterized by increased acidity and temper-
ature. We addressed the stability issue in this study through 
the two-step crosslinking process in which ionic cross-links 
involving carboxylic groups are substituted with covalent ones 
involving hydroxyl groups, hence liberating the carboxyl groups 
for binding Ag  +  -ions. Furthermore, the covalent cross-linking 
makes the fi bers suffi ciently robust to withstand the aggressive 
conditions associated with the chemical reduction of Ag  +  -ions 
to nano-sized silver particles occurring in the alginate matrix. 
By incorporating silver nanoparticles into alginate fi bers, it is 
expected that a highly absorbent and stable wound dressing 
with good antimicrobial properties can be obtained, while mini-
mizing silver related toxicity. 

 Alginate fi bers provide an attractive scaffolding for the 
delivery of silver nanoparticles and result in the sustained 
release of silver ions to the wound area by three primary mech-
anisms: i) ion exchange between the silver ions released from 
the nanoparticles attached to the fi ber and sodium and calcium 
ions in the wound exudate, ii) silver ions are chelated by pro-
teins present in the wound, iii) silver nanoparticles embedded 
into the alginate detach over time (due to the biodegradation 
of the alginate fi bers) and enter the wound exudate. [  33  ]  Silver 
nanoparticles in an aqueous solution can disaggregate into 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
clusters containing two to eight silver atoms. [  46  ]  These clus-
ters are believed to be responsible for the anti-infl ammatory 
activity. [  45  ]  Liberated silver clusters and ions can then easily 
bind to chlorides and proteins. Indeed, silver is released more 
quickly into human serum than normal saline, suggesting high 
silver binding capacity of the protein components in the wound 
exudates. [  33  ]  This permits for the transport of silver ions to areas 
outside the immediate site of administration. 

 While metallic silver (Ag 0 ) is relatively inactive, silver ions 
(Ag  +  ) exert antibacterial activity primarily by interfering with 
the respiratory chain of microbes and binding to bacterial DNA, 
inhibiting DNA replication. [  47  ]  Additionally, nanosilver has been 
shown to possess anti-infl ammatory properties in infectious 
wounds, by modulating cytokine production. [  48  ]  This is believed 
to occur primarily through the reduced production of cytokines, 
including TNF- α  and IL-8, however the precise mechanisms 
remain unclear. [  49  ]  Other noble metals have anti-infl ammatory 
activity, including titanium, copper and gold. [  50  ,  51  ]  Previous 
studies have shown that Au  +   is effective in treating arthritis 
symptoms through oxidation/reduction reactions that produces 
Au 3 +   and Au 0 . [  52  ]  Au 0  nanoparticles have been shown to inhibit 
the activation of IL-6 and TNF- α . [  52  ]  As with silver, Au 0  atoms 
do not exist in solution, suggesting that both active Au and Ag 
species form clusters. 

 In the current study, the therapeutic effi cacy of nanosilver 
loaded alginate fi bers in wound healing was assessed using the 
scratch assay as an  in vitro  model system to mimic an incisional 
wound in skin cells. Fibroblast cells are a commonly used rep-
resentative model of skin cells when investigating cell migra-
tion/proliferation. Our results from  in vitro  model system show 
that silver nanoparticle exposure is non-toxic and increases the 
number of fi broblasts counted in the vicinity of the wound after 
48 hours compared to untreated control. However, treatment 
with silver nanoparticles did not increase fi broblast migration 
above that induced by FGF alone, or in combination treatment 
with FGF. These fi nding raise the possibility that silver nano-
particles may function through a similar mechanism, as we 
observed no synergy between FGF and silver loaded alginate 
fi ber treatment. Alternatively, cell migration may be a saturable 
effect at very low concentrations of FGF. This remains to be 
experimentally determined. Growth factors such as FGF and 
VEGF are well characterized promoters of endothelial cell pro-
liferation and the physical reorganization of endothelial cells. [  53  ]  
In addition, FGF plays a role in wound healing through the 
stimulation of angiogenesis and the proliferation of fi broblasts 
that give rise to granulation tissue, which fi lls up a wound area 
early in the wound-healing process. [  54  ]  

 The presence of an increased number of fi broblasts in 
the wound area following the scratch could be accounted by 
enhanced fi broblast migration and/or proliferation. Nanosilver 
has been shown to increase the rate of wound closure through 
the promotion of proliferation and migration of keratinocytes 
and can drive differentiation of fi broblasts into myofi broblasts, 
thereby promoting wound contraction. [  55  ]  Indeed, silver nano-
particles can drive the differentiation of resident fi broblasts into 
myofi broblasts in the mid-to-late phases of wound healing. [  55  ]  
We found that the migration of fi broblasts was facilitated by 
increased concentrations of silver nanoparticles, suggesting 
that this effect likely depends on the concentration of silver 
mbH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2012, 1, 621–630
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ions in the wound area. Fibroblast to myofi broblast transi-
tion induces expression of contractile elements in fi broblasts 
that promotes migration. [  56  ]  Differentiation of fi broblasts into 
myofi broblasts can be understood as a two-step process. First, 
to re-populate damaged tissues, fi broblasts acquire a migratory 
phenotype and invade the wound area. This phenotypic change 
occurs in response to changes in the composition, organiza-
tion, and mechanical property of the extracellular matrix (ECM) 
and to cytokines locally released by infl ammatory and resident 
cells. Second, with increasing stress in the ECM resulting 
from their own remodeling activity, proto-myofi broblasts fur-
ther develop into differentiated myofi broblasts by expressing 
 a -smooth muscle actin ( a -SMA), the most widely used myofi -
broblast marker. Expression of  a -SMA is precisely controlled by 
the complementary action of growth factors like transforming 
growth factor (TGF -b ), which is believed be down regulated by 
nanosilver. [  45  ]  

 We observed clear morphological changes during infl amma-
tion and re-epithelialization processes. From the histological 
evaluations, we noticed a faster wound closure in mice treated 
with AgNPs and silver loaded fi bers as compared with control. 
Our results confi rmed previously established effects of AgNPs 
on wound healing namely: accelerated re-epithelialization, 
enhanced migration of fi broblasts and reduced neutrophil and 
macrophage infi ltration at the wound site. In previous studies, 
AgNPs have shown to improve tensile properties and better 
fi bril alignments in repaired skin as they are responsible for reg-
ulating deposition of collagen in the wound healing process. [  57  ]  
This can be confi rmed by inspecting collagen organization 
using masson’s trichrome or picrosirius red staining. The effect 
of reduced infl ammation was stronger for silver nanoparticles 
directly incorporated into the wound as compared to silver 
loaded alginate fi bers. That is likely due to a delayed release 
of silver ions from the fi bers in the initial stages of the wound 
healing. However, in the later stages of the wound contraction 
we observed less difference between the fi bers and reference 
silver nanoparticles because of biodegradation of alginate in the 
later stage. The  in vivo  model system used in this study provided 
a clean and infection-free wound model. While the presence of 
the silver loaded alginate fi bers may reduce infl ammation and 
therefore the capacity to fi ght off infections, in the event that a 
treated wound is infected, the presence of the silver ions and 
their anti-microbial properties might off-set this effect and still 
heal more effectively than an untreated wound. 

 Several studies have demonstrated that apoptosis is involved 
in the elimination of infl ammatory cells from infl amed tissues, 
and that nanosilver treatments are capable of inducing apop-
tosis specifi c to infl ammatory cells. [  58  ,  59  ]  Studies from the Bur-
rell group suggest that silver ions released from nanosilver do 
not produce anti-infl ammatory activity solely by direct interac-
tion with pro-infl ammatory cells, rather, nanosilver can impact 
wound healing remotely from the site of application. [  60  ]  Inter-
estingly, their fi ndings show a reduced potency, but not delayed 
response to the remote nanosilver treatment which suggests 
that changes to biological signals are being produced at the site 
of application, leading to a rapidly propagating biological cas-
cade effect, rather than a direct silver interaction with infl am-
matory cells. The potential biological cascade hypothesis is con-
troversial and requires further investigation. 
© 2012 WILEY-VCH Verlag GAdv. Healthcare Mater. 2012, 1, 621–630
 Taken together, these fi ndings further extend our current 
knowledge of AgNPs in biological and cellular events and also 
have signifi cant implications for the treatment of wounds in 
the clinical setting. Other experiments are required to further 
investigate mechanisms by which silver nanoparticles accel-
erate wound healing.  

  5. Conclusions 

 In this work, we show that silver nanoparticles improve wound 
healing. Chemically cross-linked alginate fi bers provide a 
robust platform of delivery silver nanoparticles into the wound 
area. The alginate fi bers loaded with silver nanoparticles reduce 
the infl ammatory phase and increase epidermal thickness, 
improving the overall quality and speed of healing. Several 
mechanisms of action for the effects of the silver nanoparticle 
have been discussed, however further in depth studies are 
required to investigate the effect of particle size, morphology, 
surface properties, and the associated signal transduction 
mechanisms mediating wound healing processes.  
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