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Introduction
Hydrogels are networks of hydrophilic polymers that form well-

defined three dimensional structures that are ideal for modification 
and functionalization [1]. The water insolubility of hydrogels and high 
swelling capability has led to their use in the design of biomaterials 
for applications such as tissue engineering, drug release systems, and 
wound management materials [2-8]. Hydrogels made from natural 
biopolymers are ideal for biomaterial applications owing to their 
intrinsic properties such as non-cytotoxicity and biodegradability 
[9,10]. Chitosan, which is a biopolymer produced as a byproduct of 
crustacean shells, is widely used as a backbone of hydrogels for such 
applications. In addition to the aforementioned properties, chitosan 
is often sought out for use in antimicrobial hydrogels for its inherent 
antibacterial property [11,12]. Although there has been extensive work 
highlighting the advantages of chitosan hydrogels, there are still some 
functional limitations.

The use of chitosan alone has shown to limit the mechanical 
strength of the hydrogel during swelling [13]. It has been reported that 
polymer blending can be used to improve physicochemical properties 
such as mechanical strength [14-16]. For example, Yang et al reported 
that chitosan based hydrogels cross-linked with polyvinyl alcohol 
(PVA) showed an increased mechanical strength compared to their 
chitosan only counterparts [14]. This and related work has led to the 
development of structurally stable hydrogels for many applications.

In recent years, significant attention has been focused on the 
use of chitosan based hydrogels for burn wound management [17-
19]. Chitosan-based hydrogels are biocompatible, can maintain a 
moist healing environment that provides a scaffold for cell growth 

while acting as a protective barrier from microorganisms to prevent 
secondary infections. Furthermore, they have shown to assist in 
absorbing excess wound exudates, meeting the requirements of an ideal 
wound dressing [19-21]. In efforts to increase structural rigidity and 
improve the antimicrobial efficiency (AME) without compromising the 
biocompatible integrity of these hydrogels, many studies have focused 
on the integration of antimicrobial silver (Ag) and Ag functionalized 
semiconductor particles into their matrices [22,23].

Ionic Ag and Ag-based compounds have been widely accepted 
as bacterial growth inhibitors since the 19th century due to their 
notable biocidal properties against several types of bacteria, including 
Escherichia coli and Staphylococcus aureus [24-26]. However, Ag+ can 
be difficult to uniformly distribute throughout the hydrogel matrix. 
Therefore, Ag coated semiconductor particles offer an alternative 
incorporation approach. When a solid support, such as titanium 
dioxide (TiO2), functionalized with Ag is placed in a suspension, the 
Ag+ released from the surface can kill bacteria [27,28]. This allows for 
the gradual release of Ag+, which has shown to increase the longevity 
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of the substrate. The application of this ideology to current hydrogel 
technology can allow for the development of burn wound management 
materials with increased rigidity and sustainability.

This paper reports the synthesis and characterization of a 
nanocomposite chitosan/PVA hydrogel matrix coupled with 
photochemically prepared antimicrobial nanoparticles (Ag/TiO2). The 
addition of Ag-functionalized nanoparticles to the hydrogel matrix has 
shown to improve structural rigidity without compromising the rate 
of fluid uptake (i.e. swellabilty) as well provides a site for controlled 
release (i.e. no static ion leaching) of Ag+ necessary for bacterial 
disinfection. Upon optimization of the synthetic parameters (i.e. 
balance of biopolymer and synthetic polymer) the nanocomposite has 
shown excellent biocompatibility with human dermal fibroblasts.

Materials and Methods
Pre-coated Nanoparticle Synthesis

Modification to a previously reported method were used to prepare 
Ag-functionalized TiO2 nanoparticles by irradiating suspended TiO2 
in aqueous solution with ultraviolet light (UV) to reduce Ag+ onto 
the TiO2 surface. Ethanol (ETOH) was added to the system to fill the 
electron hole and prevent charge recombination. Aeroxide® anatase 
(80%) TiO2 nanoparticles (Evonik Industries) with an approximate 
diameter of 25 nm were used as the core particle for all systems 
presented in this work. Nanoparticle dispersions, in water, were 
prepared by adding 0.1 wt.% TiO2 and 1.0 wt.% ethanol to a 250 mL 
Pyrex flask. The resultant dispersion was ultrasonicated (Branson 
Instruments) for 30 minutes to break up any weak aggregates that may 
have occurred upon core nanoparticle addition. The post-sonication 
dispersion was transferred to a 500 ml 3-neck Pyrex round bottom flask 
and placed in the photoreactor chamber (Luzchem) with an irradiation 
wavelength centered at 254 nm. A second solution containing the 
desired concentration of Ag+ (1 mM, 5 mM, 10 mM) was prepared and 
placed into a separatory funnel fixed above the round bottom flask. The 
solution was allowed to slowly drip (approximately 3.0 mL/min) into 
the reaction vessel while exposed to UV light under constant nitrogen 
purge for 1 hour. After reaction, the particles were dialyzed for 48 hours 
using dialysis tubing with a molecular weight cutoff 12,000-14,000 
(Carolina Supplies) to remove any unreacted Ag+. Using Dynamic Light 
Scattering (DLS) (Malvern Instruments) the average particle size was 
determined (post-reaction/post-dialysis) for a representative sample 
(3.0 ml) of photo-reacted nanoparticle dispersion. Additionally the 
isoelectric point was determined via pH sweeps (adjusted with 0.05M 
HNO3 and 0.1M NaOH) and the zeta potential (approximately 1 ml 
sample) was measured at each condition using the Malvern Zetasizer 
(Malvern Instruments).

Nanocomposite Hydrogel Synthesis

Due to solubility limitations of both chitosan and PVA, 2.0 
wt.% stock solutions were prepared in 4% aqueous acetic acid. The 
nanocomposite hydrogels were prepared by adding 0.01% TiO2 as a 
substrate for the photo-reduction of Ag to varied ratios of the stock 
solutions (10:90, 15:85, and 20:80 chitosan:PVA) and treated in an 
ultrasonic bath (Branson Instruments) for 30 minutes to break up any 
aggregates. The chitosan solution was then added to the PVA/TiO2 
dispersion and stirred for 15 minutes. A 1 mL aliquot of glutaraldehyde 
was slowly added to the PVA/chitosan/TiO2 mixture to promote the 
effective crosslinking of the nanocomposite hydrogel matrix [30,31]. 
Upon standing for 10 minutes, the gel-like dispersion was poured 
into a petri dish and allowed to set for 24 hours. The resultant gel was 

washed with 12% NaOH followed by deionized water and dehydrated 
in a furnace at 140ºC until dry.

After dehydration, gel samples are photo-reacted in-situ using 
10 mM silver nitrate (AgNO3) with two different methods. The first 
method involves soaking the gel samples in Ag for 30 minutes and 
then photo-reacting for an additional 30 minutes. The second method 
involves soaking the gel samples in AgNO3 while simultaneously 
photo-reacting for 30 minutes under a constant a nitrogen (N2) purge. 
The Ag coated gels are stored in a freezer to prevent from hardening.

Swelling studies

The fluid absorbing capacity (swellability) of the hydrogel is one of 
the important criteria for maintaining a moist wound environment. The 
initial mass of the as prepared hydrogel nanocomposite will be recorded 
and a 2 cm in size hydrogel disk will be placed in aqueous media. 
The hydrogel will be exposed to the fluid under different conditions 
(pH, time, temperature) that will attempt to mimic the physiological 
environment of the wound. The hydrogel absorbing capacity or degree 
of swelling (DOS) will be calculated using the following equation:
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where W0 and Wt are the weights of the nanocomposite before exposure 
to buffer solution and the weight of the swollen nanocomposite. 
Observation of the DOS as a function of time at controlled temperature 
the equilibrium concentration as well as the rate of swellability can be 
determined.

Antimicrobial testing

Cultures of both E. coli (ATCC-25922) and S. aureus (ATCC-6538) 
were grown at 37°C in a standard tryptic soy broth (TSB) to an optical 
density (OD660) of 0.5. Each liquid bacterial culture was then aseptically 
swabbed onto a Mueller-Hinton (MH) Agar plate, and sections of each 
hydrogel (approximately 1.0 cm2) were then placed onto each plate. 
Following incubation for 18 hours at 37°C, the zone of inhibition (ZOI) 
around each hydrogel was measured to quantify AME.

Cell culture

Adult human dermal fibroblasts (HDFa) were routinely maintained 
in 25 cm2 flasks in supplemented medium 106 with LSGS Kit 
(Invitrogen) containing 10 ml of fetal bovine serum (FBS), 1.5 µg/ml 
recombinant human basic fibroblast growth factor/5 mg/ml heparin, 
1 mg/ml hydrocortisone, 1 ml gentamicin/amphotericin B, 5.0 µg/ml 
recombinant human epidermal growth factor and kept at 37°C in a 5% 
CO2/95% air humidified incubator. Initial seeding was done following 
the determination of viable cell density. A seeding density of 5 × 103 
viable cells/cm2 was confirmed by combining 5 µl of HDFa cells with 
5 µl of trypan blue (Invitrogen) into a hemacytometer. The contents of 
the cell vial (1.0 ml) was diluted to a concentration of 2.5 × 104 viable 
cells/ml using the supplemented medium 106. 5 ml of cell suspension 
was placed into four 25 cm2 flasks, swirled to distribute cells evenly and 
left undisturbed for 72 hours at 37°C in a 5% CO2/95% air humidified 
incubator.

Culture medium was changed every other day until cells reached 
80% confluency. At that time cells were subcultured by removing all 
medium from the flasks and rinsing with 5 ml of Dulbecco’s Phosphate 
Buffered Saline (DPBS, Invitrogen) without calcium and magnesium. 
Following removal of DPBS, 3 ml of TRYPLE Express with phenol red 
(TrypLE) was added to flasks and placed in incubator for 10 minutes 
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to remove cells. After all cells were dislodged, 5 ml of medium 106 was 
added to flasks and the entire volume was collected in a 50 mL conical 
tube. Cell suspension was spun at 100 × g for 9 minutes forming a cell 
pellet. The supernatant was discarded and the cells were re-suspended 
with fresh medium 106. Concentration of viable cells was determined; 
cells were diluted and placed in new 25 cm2 flasks.

After four successful passages, cells were subcultured (above) and 
placed into a flask that contained one of twenty-four different unlabeled 
biomimetic hydrogels or no hydrogel (control). This was repeated 3 
times for each hydrogel. The flasks were returned to the incubator and 
left undisturbed for 24 hours. After 24 hours, cell growth was examined 
using a Nikon Eclipse TS100 inverted fluorescent microscope. A live/
dead cell imaging kit 488/570 (Molecular Probes, Invitrogen) was used 
to assess cell viability in the flask and in proximity to the hydrogel. 
Equal amounts of Live Green and Dead Red vials were added to an 
equal amount of cells and incubated for 15 minutes.

Results and Discussion
Effect of Reaction pH on Ag-functionalized Nanoparticle Size

Synthetic modulation of the Ag-functionalized nanoparticle size 
is a critical attribute with respect to hydrogel matrix stability and the 
overall AME. It is believed the size of the nanoparticle will play a major 
role in the hydrogen-bonding network formation that is essential for 
the hydrogel matrix to exhibit the desired structural properties as 
well as the ability to achieve the desired swelling efficiency. Previous 
work has also suggested that smaller nanoparticles exhibit enhanced 
antimicrobial properties as a function of the effective surface area 
available for bacteria cell interactions. Figure 1 is a summary of the 
effect of reaction pH on the size of the Ag-functionalized nanoparticle 
after photo-deposition and post-dialysis. As pre-reaction pH of the 
dispersion increases the surface charge of the core TiO2 nanoparticle 
approaches its soelectric point (measured in reaction mixture to be 
pH=5.3), which results in the charge destabilization of the core particle 
and the subsequent formation of aggregates of the functionalized 

particle. At lower pH there is significant charge repulsion of the core 
particles, which modulates the degree of aggregation and results in 
lower average particle size post- reaction. While lower pH is desired 
for the formation of smaller post-reaction particles the ability of the 
deposited Ag0 to undergo dissolution to Ag+ in the acidic media is 
possible. In order to control this effect the post-reaction dispersion 
underwent dialysis (48-hours) in neutral pH=6.0 deionized water 
to neutralize the acidic environment and quench the ability of the 
deposited Ag0 to ionize. Figure 1 clearly indicates that the pH=2.5 
reaction condition shows little deviation between the post-dialysis and 
post-reaction particle size. Validation of the aggregation effect can be 
seen at the pH of 5.5 condition where there is severe aggregation of 
the particle post-dialysis indicating reduced Ag surface coverage that 
results in the ability of the core nanoparticles to form large aggregates.

Effect of [Ag+] on Ag-functionalized Nanoparticle Size

Using the desired reaction conditions (pH=2.5 and 48-hour 
dialysis) the effect of pre-reaction Ag+ concentration was evaluated 
to determine its effect on particle size and the isoelectric point of 
the functionalized particle. The results indicate that the particle size 
increases slightly upon the deposition of 1 mM Ag and trends upward 
as a function of concentration (5 and 10 mM). This clearly shows that 
upon irradiation in the presence of Ag+ the surface of the core TiO2 
nanoparticle is being modified. As increased amounts of Ag+ are added 
to the reaction mixture there is apparent surface saturation reached 
which may result in a slight increase of postreaction particle aggregation. 
To further validate Ag-functionalization on the surface of the core 
TiO2 nanoparticles the isoelectric point of the post-dialysis dispersions 
were measure and compared against a naked TiO2 nanoparticle. The 
results in Table 1 validate that as deposition onto the surface of the core 
nanoparticle occurs there is a shift in the isoelectric point as a function 
Ag concentration increased. Adding Ag to the surface of TiO2 changes 
the surface structure of the core particle, which results in the observed 
isoelectric point shifts. Additionally these results support the surface 
saturation hypothesis at 5 mM because there is a minimal isoelectric 
point shift demonstrating no further Ag was deposited. Based on this 
result it was determined that the optimal [Ag+] for particle size balance 
is centered on the 5 mM region.

Antimicrobial Efficiency (AME) of Ag-functionalized 
Nanoparticles

Disk diffusion tests were conducted using the optimal synthetic 
pathway to determine the effect of pre-reaction [Ag+] on the effective 
ZOI. As previously stated, Ag-functionalized nanoparticle samples 
were pressed into uniform pellets, placed over a bacteria-coated plate, 
and incubated for 18 hours. Figure 2 is a summary of the ZOI for 
cultures of E. coli and S. aureus as a function of Ag concentration. It 
must be noted that the functionalized nanoparticle size for the various 
concentrations remained relatively constant as to decouple the size and 
concentration effects. Against both bacteria, there appears to be a clear 
increase in the ZOI from the naked nanoparticle versus the addition of 
1.0 mM Ag to the particle. This is further validation of the claim that 
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Figure 1: Effect of reaction pH and dialysis on Ag-functionalized nanoparticle 
size.

[Ag+] (mM) Average Particle Size 
(nm)

Isoelectric Point (pH)

0" 292" ± "15" 5.3" ± "0.2"
1" 344" ± "41" 5.5" ± "0.3"
5" 397" ± "28" 6.3" ± "0.1"

10" 443" ± "31" 6.4" ± "0.2"

Table 1: Average particle size and isoelectric point as a function of Ag+ concentration 
during deposition on to TiO2.
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Figure 4: Effect Ag+ deposition methods on nanocomposite degree of swelling.

 

Figure 2: Zone of inhibition for both E. coli and S. aureus during Antimicrobial 
efficiency testing as a function of Ag+ concentration.

the addition of Ag results in the effective inhibition of bacterial growth. 
As the concentration of the Ag increased, there was no increase in the 
effective ZOI, which indicates the functionalized nanoparticle contains 
the necessary surface concentration to effectively inhibit the growth of 
both E. coli and S. aureus. It should be noted that this concentration 
occurred around the 5.0 mM region, thus matching the optimal 
concentration for particle size control.

Optimization of PVA/Chitsoan Nanocomposite Hydrogel 
Degree of Swelling

There has been a significant amount of work conducted to describe 
the kinetic and thermodynamic of the fluid uptake (swelling) of 
various hydrogel systems. Swelling has been described as the transition 
from an unsolvated state to a state where the pores of the hydrogel 
nanocomposite are swollen (solvated) with fluid. More specifically 
this has been reported as the diffusion of solution into the polymeric 
matrix of the hydrogel resulting in expansion and retention of the 
external fluid. This work adds an extra level of complexity to the 
swelling process via the incorporation of functionalized nanoparticles 
within the polymeric matrix. The hydrogel nanocomposite system was 
optimized by evaluating the ratio of biopolymer (chitosan) and swelling 
agent (PVA) in the presence of core TiO2 nanoparticles to determine 
the concentration that produce maximum swell capacity without 
compromising the structural integrity of the nanocomposite. Figure 
3 is the summary of the effect of additive ratios at fixed nanoparticle 
concentration (0.1 wt%) on the overall degree of swelling. The results 
clearly show the balance needed to achieve maximum swelling 
requires a high level of PVA to ensure effective hydrogen bonding 
in the hydrogel matrix. The addition of increased level of chitosan 
created a more fiber like structure, which resulted in a reduced degree 
of swelling and furthermore comprised the structural integrity of the 
gel. The final phase of optimization was to explore the effect of the 
Ag-functionalization method (pre-coated vs. in-situ) on the degree of 
swelling. Figure 4 shows the effect of deposition method on the degree 

of swelling for the optimized hydrogel synthesis pathway (pH=2.5 and 5 
mM Ag). It is clear that the addition of Ag-functionalized nanoparticles 
using the in-situ deposition method produced swelling effectiveness 
similar to that of the unmodified core particle. The preparation 
of hydrogel nanocomposites using the pre-coated nanoparticles 
showed a significant decrease in overall swelling effectiveness. This 
decrease is attributed to the reduction of effective incorporation of the 
functionalized nanoparticle into the hydrogel matrix. More specifically 
shifting the surface energy (hydrophobic/hydrophilic interactions) of 
the particle resulted in a reduction of effective crosslinking (hydrogen 
bonding) that impacted the structural integrity of the gel.

Antimicrobial Effectiveness of Optimized Hydrogel 
Nanocomposite

Figure 5 is a summary of the ZOI for cultures of E. coli and S. 
aureus for the various methods of nanoparticle functionalization using 
the optimized synthesis parameters (15% PVA / 85% Chitosan and 
5 mM [Ag]). These data suggest that either method of nanoparticle 
functionalization will provide effective inhibition of bacterial growth, 
although it is proposed that the greatest inhibition can be obtained 

Figure 3: Effect Chitosan/PVA concentrations on nanocomposite degree of 
swelling.
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via the in-situ method of deposition. This may be related to the ability 
of the particle to be functionalized uniformly through the depth of 
the hydrogel matrix and thus would have an impact on the effective 
transport of the necessary Ag+ to the bacterial cell wall. Additionally 
this can be coupled with the fact that the structural integrity of the 
hydrogel produced using the in-situ method as well as its effective 
degree of swelling results in more efficient ion transport to result in 
cell lysis. Further validation of the effective antimicrobial properties 
of the optimized hydrogel nanocomposite can be seen in Figure 6. A 
culture of Methicillin-resistant Staphylococcus aureus (MRSA) was 
exposed for 18 hours to the optimized hydrogel nanocomposite at two 
levels (5.0 and 10.0 mM) of in-situ Ag- functionalization [29]. The ZOI 

results clearly show effective inhibition of MRSA growth indicating the 
nanocomposite hydrogels effectiveness in the presence of a clinically 
relevant multi-drug resistant bacterial species.

Effect of Optimized Hydrogel Nanocomposite on Adult 
Human Dermal Fibroblast (HDFa) Growth

Figure 7 is a representative summary of adult human dermal 
fibroblast (HDFa) growth in the presence of different ratios of additives 
(PVA/Chitosan) with constant in-situ functionalized nanoparticle 
concentration (5mM Ag with 0.1 wt.% core particle). HDFa were 
grown in culture containing a biomimetic hydrogel constructed of 
either 50% PVA / 50% Chitosan (A), 10% PVA / 90% Chitosan (B), 
20% PVA / 80% Chitosan (C), and 15% PVA / 85% Chitosan (D). 
Fibroblasts with a bipolar appearance that are dispersed evenly on 
the flask bottom demonstrate successful cell growth (B-D), whereas 
clumped circular cells are evidence of cell death (A). To further 
investigate cell viability, a live (green)/ dead (red) protein stain was 
added in culture. Figure 7 shows significantly higher cell death in the 
presence of higher concentration of PVA (A). In addition, the ability 
of human dermal fibroblasts to proliferate on and adjacent to varying 
hydrogels was determined. Photomicrographs taken of HDFa in 
culture showed proliferating HDFa growth directly below and adjacent 
to hydrogels optimized to 15% PVA / 85% Chitosan (Figure 8). Flasks 
containing a higher concentration of PVA either inhibited fibroblast 
growth completely or impeded growth near the hydrogel.

Conclusion
This work developed a photochemical method to prepare Ag+-

functionalized TiO2 nanoparticles at a controlled particle size and 
observe the resulting antimicrobial activity E. coli  and S. aureus. 
A synthetic protocol was developed implementing a pre-reaction 
sonication and slow-drip method to minimize the amount of aggregates 
formed during the photo- reduction process. The effect of reaction pH 
and Ag concentration on the overall particle size and antimicrobial 
effectiveness was studied. Furthermore, the antimicrobial effect of 
both nanocomposites and nanoparticle dispersions was observed. The 
antimicrobial activity of the prepared nanocomposites clearly shows 
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Figure 6: Antimicrobial Efficiency of optimized nanocomposite on MRSA as a 
function of Ag+ concentration.

 

Figure 5: Effect of Ag+ deposition method on antimicrobial efficiency of both E. 
coli and S. aureus.

Figure 7: Adult Human dermal fibroblast growth (HDFa) photomicrographs (10X 
magnification) in culture using live (green) / dead (red) cell imaging kit 488 / 570 
(Molecular Probes, Invitrogen). HDFa grown in flasks containing a biomimetic 
hydrogel constructed of 50% PVA / 50% Chitosan (A), 10% PVA / 90% Chitosan 
(B), 20% PVA / 80% Chitosan (C), and 15% PVA / 85% Chitosan (D).
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Adv Skin Wound Care 18 Suppl 1: 2-12. 

26.	Vimala K (2001) Fabrication of Curcumin Encapsulated Chitosan-PVA 
Silver Nanocomposite Films for Improved Antimicrobial Activity. J Biomater 
Nanobiotechnol 1: 55-64. 

27.	Keleher J, Bashant J, Heldt N (2001) Photo-catalytic preparation of silver-coated 
TiO2 particles for antibacterial applications. World Journal of Microbiology and 
Biotechnology 200: 133-139. 

28.	Ocwelwang AR, Tichagwa L (2001) Synthesis and Characterisation of Ag and 
Nitrogen Doped Tio2 Nanoparticles Supported on A Chitosan-Pvae Nanofibre 
Support 201: 28-37. 

29.	Rago JV, Buhs LK, Makarovaite V, Patel E, Pomeroy M, et al. (2012) Detection 
and analysis of isolates found in ambulances in the Chicago metropolitan area. 
Am J Infect Control 40: 201-205. 

30.	Jin L, Bai R (2001) Mechanisms of Lead Adsoprion on Chitosan / PVA Hydrogel 
Beads. Langmuir 25: 9765-9770. 

31.	Schiffman JD, Schauer CL (2007) Cross-linking chitosan nanofibers. 
Biomacromolecules 8: 594-601. 

that there is inhibited bacterial growth. It was also determined that 
the method of hydrogel synthesis (i.e. Ag deposition process) has an 
impact on the performance of the nanocomposite. Furthermore the 
fibroblast growth occurred directly below the hydrogel on the flask 
bottom, demonstrating that if this hydrogel were applied to a wound, 
cell growth would not be impeded. These results reveal that when PVA 
increases in the system, there is no appreciable cell growth. On the other 
hand, when the ratio of biomimetic chitosan and PVA is optimized to 
reduce the overall amount of synthetic polymer, there is healthy cell 
growth. This result directly speaks to a key finding that reveals the 
importance of the correct balance or the removal of synthetic polymer 
from the system.
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