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ABSTRACT:  

BACKGROUND: Wound dressings with non-antibiotic antibacterial properties are required to decrease the risk of wound infection, because 
the barrier-effect of standard dressings is insufficiently effective, and antibiotics lead to resistant  bacterial strains 
OBJECTIVE: To develop antibacterial electrospun membranes and determine their drug release kinetics and cytotoxicity. 
METHODS: Chitosan-based nanofibrous membranes were electrospun with silver nanoparticles (AgNP’s) from chitosan / polyethylene oxide 
/ AgNO3 solutions, that were subsequently loaded with various amounts of chlorhexidine (CHX). Loading of CHX was expected to elicit a 
burst release while co-electrospinning AgNO3 together with chitosan was expected to result in AgNP’s that provided a sustained release. 
RESULTS AND DISCUSSION: Scanning electron microscopy showed chitosan-based membranes consisting of uniform and defect-free 
nanofibers. Transmission electron microscopy indicated the presence of AgNP’s in the fibers with average diameters of 1.9 nm and 3.0 nm 
when adding 1% and 5% AgNO3, respectively.  CHX was released within six hours while silver release was sustained, as determined by high 
performance liquid chromatography and inductively coupled plasma mass spectrometry respectively. Release of CHX and silver was in the 
same order of magnitude as many common minimal inhibitory concentrations (MIC’s) in literature. Alamar Blue cytotoxicity assays showed 
that silver was not cytotoxic, whereas CHX was slightly cytotoxic at concentrations of 12.5 µg/ml and severely toxic above 25 µg/ml. 
CONCLUSION: We were able to create chitosan-based membranes that elicited a strong CHX burst after loading and sustained release of 
silver over time. We created membranes that showed low or no cytotoxicity while the concentrations of released drugs were within range of 
various common MIC’s. Future research should determine the synergetic antibacterial effect and the actual concentrations of antibacterials 
after application at the wound site.
 
WHAT IS KNOWN: Wounds are prone to infection. Current wound dressings are not effective enough to prevent wound infection. Antibac-
terial agents used in coatings or membranes could significantly reduce wound infections. None have succeeded in fabricating a wound dres-
sing with three synergetic antibacterials.

WHAT IS NEW: We succeeded in developing a nanofiber wound dressing using three synergetic antibacterials. Different mechanisms of 
action of the antibacterials increase the effectiveness, yet limit the toxicity of the membranes.
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Introduction

Common bandages and wound dressings serve as a barrier 
between wounds and the external environment, yet wounds 
remain prone to infection1. Therefore, a wound dressing is nee-

ded that possesses intrinsic antibacterial properties via incorporated 
antibacterial agents. The dressing should ideally elicit a burst release 
of the antibacterial agents to clear the wound of microorganisms, and 
a sustained release for keeping the wound free of microorganisms 
until the dressing is changed2,3 typically at least once every 48 hours. 

Electrospinning, an inexpensive, simple, yet effective technique for 
creating nanofibrous membranes has attracted attention as a me-
thod to create wound dressings4,5. Using electrospinning, antibacte-
rial biodegradable non-woven nanofiber meshes can be fabricated 
from a viscous polymer solution4,6.

Chitosan was electrospun in many previous studies7-9 It is a biocom-
patible and biodegradable polymer that is abundant, cheap and has 
haemostatic10 and antibacterial properties11,12. However, chitosan’s 
antibacterial properties are limited, and the minimal inhibitory con-
centrations (MIC) against microorganisms commonly exceed 1000 

µg/ml13. Electrospun chitosan membranes are not capable of suffi-
cient antibacterial inhibition alone14,15 but due to the biocompatible 
and biodegradable nature, they are an excellent drug-carrier material 
for targeted and timed drug delivery14,15. 

To improve the antibacterial properties of electrospun chitosan-
based membranes, compounds such as antibiotics16 or antiseptics 
can be used. A known problem with antibiotics is the development 
of resistant bacterial strains, and antibiotics should therefore not be 
used. Ideal antibacterial compounds should have antibacterial pro-
perties against a broad spectrum of bacteria, have MICs that are ob-
tainable and have no or low toxicity. 

Silver is a relatively inexpensive antiseptic that has been used for 
its wide range of antibacterial properties and low toxicity17-21 for 
thousands of years. It is bactericidal at low concentrations (MIC range  
against most common microorganisms: 1.69 – 13.5 µg/ml)22-25, and 
acts in synergy with chitosan26. Silver nanoparticles (AgNP’s) are re-
garded as the most effective method to incorporate silver for anti-
bacterial purposes due to their high surface-area-to-volume ratio17-21. 
To produce AgNP’s,  Ag+ ions are chemically reduced and stabilized 
inside the nanofibers by a polymer such as chitosan15. AgNP’s have 

List of Abbreviations: AA: Acetic acid, Ag: Silver, AgNP: silver nanoparticle, CHX: Chlorhexidine, DMSO: Dimethyl sulfoxide, FBS: Fetal bovine serum, HFF: human 
foreskin fibroblast, HPLC: High performance liquid chromatography, ICP-MS: Inductively coupled plasma mass spectrometry, MIC: minimal inhibitory concentra-
tion, PEO: Polyethylene oxide, PS: Pennicilin/streptomycin, SD: Standard deviation, SEM: Scanning electron microscopy, TEM: Transmission electron microscopy

Supplementary tables can be found on our website
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successfully been used in electrospun antibacterial membranes15, 27-29 

and have shown good antibacterial effects within several hours15. Ho-
wever, gram positive bacteria are less susceptible to silver than gram 
negative bacteria17,23. Silver can be toxic at higher concentrations, but 
study design and AgNP characteristics differ widely and make com-
paring results of different toxicity studies virtually impossible30. 

Chlorhexidine (CHX) is a relatively inexpensive antiseptic mostly used 
for dental applications. It is a potent and fast acting bactericidal com-
pound (MIC range against most common microorganisms: 0.25 – 30 
µg/ml)31-33. In contrast to silver, it is most effective against gram posi-
tive bacteria31,32. CHX has also shown synergy with chitosan34. It has 
been used both as a component of fibers35 or loaded onto fibers36 to 
elicit an antibacterial response where it has shown a fast release pat-
tern. In contrast to silver and chitosan however, CHX can be toxic at 
concentrations of 20 µg/ml or higher37-39. 

Individually, silver and CHX possess decent antibacterial properties. 
Combined with chitosan, the different mechanisms of action, diffe-
rent susceptibility of bacteria and synergy with chitosan may lead to 
an antibacterial membrane that is effective against a wide range of 
bacteria yet is not toxic, acts fast, and also maintains a sustained re-
lease of antibacterials. Surprisingly however, these three compounds 
have not been used together before for the fabrication of antibacte-
rial electrospun chitosan-based nanofiber wound dressings.

In this study, chitosan-based electrospun nanofiber membranes were 
created by electrospinning chitosan with polyethylene oxide (PEO) 40 
and acetic acid (AA). AgNP’s were introduced into the fibers by ad-
ding  AgNO3 to the electrospinning solution. CHX was loaded onto 
the membrane after electrospinning.  The aim of this study was to de-
termine the effectiveness of the electrospun membranes as wound 
dressing by answering the following questions: 

1. What are the release kinetics of electrospun silver and loaded CHX 
from the electrospun membrane over two days?
2. How is the cytotoxicity level of the membrane related to the incor-
porated amount of silver and CHX?
3. In which way does the simultaneous use of both  silver and CHX 
affect the release of both compounds and the cytotoxicity level com-
pared to using only one compound?

 

Materials and Methods

Materials
Chitosan (degree of deacetylation = 90%, molecular weight = 200-400 
kDa, Heppe Medical Chitosan), Polyethylene oxide (Molecular weight 
= 900 kDa, Sigma-Aldrich®), chlorhexidine-digluconate (Sigma-Al-
drich®)  Acetic acid (99.9%, Boom BV, Netherlands), AgNO3 (Boom BV, 
Netherlands) and dimethyl sulfoxide (DMSO, Sigma-Aldrich®) were 
used as received. Donated Human Foreskin Fibroblasts were cultu-
red in alpha Minimal Essential Medium (αMEM, Life Technologies, cat 
no. 22571) supplemented with 10% Fetal Bovine Serum (FBS, Sigma-
Aldrich®) and 1% Penniciline/Streptomycin (PS, Sigma-Aldrich®).

Solution preparation for electrospinning
Four solutions were prepared for electrospinning. First, 2.25% 
(weight/volume, w/v) chitosan and 0.75% (w/v) PEO were added to a 
liquid phase of 25 vol%  AA and 75 vol% ultrapure MilliQ grade water 
(MilliQ). To each solution, one of the following four AgNO3 concentra-
tions was added to create the final electrospinning solution. To create 

an ‘empty’, ‘low silver’, ‘medium silver’ and ‘high silver’ membrane, no 
AgNO3, AgNO3 concentrations of 0.1 wt%, 1.0 wt% and 5.0 wt% of the 
total polymer weight of chitosan and PEO were added to the solu-
tions respectively. Solutions were stirred over night to ensure com-
plete dissolution of the polymers and silver salts. 

Electrospinning
Solutions were loaded in a 10 ml syringe (DB Plastipak). A silicon tube 
was connected to the syringe and the spinneret of a custom-made 
electrospinning apparatus, and the syringe was placed into a syringe 
pump (KD scientific). Aluminum foil was placed over a conducting 
drum (length: 16 cm, circumference: 25 cm) to facilitate fiber collec-
tion, and the distance between the spinneret and collector was set 
to 15 cm. Solutions were spun at a controlled flow rate of 4 ml/h at 
27 kV on a drum rotating at 35 rpm while making a cyclic horizontal 
movement. The membranes were left to dry by air for at least one 
night, and were then stored at -20°C until further use. Samples were 
created by punching out discs with a surface area of 1 cm2 from the 
membranes. The samples were weighed and samples with a similar 
weight were chosen for the following experiments. Average weights 
of the samples allocated to each group are displayed in Tables 1 and 
2. In order to improve the mechanical properties of the membranes 
and reduce water solubility, fibers were cross-linked by treatment 
with glutaraldehyde in a vacuum vapor chamber for 40 hours41.  This 
resulted in four groups with different membranes: a control group 
without silver, and three groups with different silver content. The sil-
ver content of all experimental groups containing silver and the con-
trol group is displayed in Table 1.

Loading of Chlorhexidine
From the four types of membrane, six more groups were created by 
loading CHX onto electrospun membranes. Chlorhexidine-digluco-
nate stock solution was diluted to three concentrations: 4 mg/ml, 12 
mg/ml and 20 mg/ml and samples were placed in 1.5 ml Eppendorf 
tubes (release kinetics experiment) or 24-well plates (cell toxicity ex-
periment). Three groups containing a low, medium and high amount 
of CHX were created by loading 5 µl of the 4 mg/ml, 12 mg/ml or 
20 mg/ml CHX solution onto control membranes respectively. Three 
more groups containing a fixed CHX content but different silver con-
centration were created by loading 5 µl of 12 mg/ml CHX onto ‘low 
silver’, ‘medium silver’ and ‘high silver’ membranes. This resulted in a 
total of ten sample groups: one control group without silver, three 
groups with different silver content, three groups with different CHX 
content, and three interference groups with different silver content 
and a fixed CHX content. All membranes were stored at 4°C over 
night to ensure proper absorption. The next day, the samples were 
freeze-dried for at least 24 hours. The CHX content of all experimental 
groups containing CHX and the control group is displayed in Table 2.  

Membrane characterization
Fiber morphology was investigated using a scanning electron mi-
croscope (SEM, JEOL JSM-6340F). Nanofibers were deposited onto 
aluminum foil, cut and mounted on aluminum stubs using double-
sided carbon tape and sputter-coated with gold for 60 seconds. Fi-
ber diameter was determined by selecting 20 fibers randomly per 
image from five images, and measuring the average diameter using 
Image-J (NIH) software. Transmission electron microscopy (TEM, JEOL 
JEM-1010) was used to determine the presence and morphology of 
silver nanoparticles. Samples were collected by briefly placing cop-
per sample support grids on the collector of the electrospinning de-
vice. Image-J software was used to determine the average diameter 
of the nanoparticles by measuring the diameter of 50 nanoparticles 
per sample. 
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Release kinetics test
Silver and CHX release from the membranes was measured at t = 6 
hours, 1 day and 2 days (n = 5). Each sample was placed in an eppen-
dorf tube (one sample per tube) and 1 ml of MilliQ was added to each 
tube. At each time point, 0.9 ml of liquid was removed and stored 
at 4°C for analysis and immediately replaced with 0.9 ml fresh MilliQ. 
The silver content was determined using inductively coupled plasma  
mass spectroscopy (ICP-MS, Thermo Electron Corporation, X series) 
using a sample matrix of 1.0% HNO3. High Performance Liquid Chro-
matography (HPLC) was used to detect CHX release42. A mobile phase 
consisting of a 40% acetonitrile solution in MilliQ with 0.1% trifluoro-
acetic acid and 0.1% triethylamine was loaded into the HPLC device 
(Hitachi L-2130 pump, Hitachi L-2400 UV detector, Hitachi L-2200 
auto sampler, Lichorspher RP-18 endcapped column). The flow rate 
was set to 1 ml/min, the injection value to 30 µl, and absorption was 
measured at λ = 260 nm. CHX retention time was approximately 3.1 
minutes.

Cytotoxicity
Human Foreskin Fibroblasts (HFF) were thawed at passage 21 and 
cultured until passage 24 in culture medium aMEM supplemented 
with 10% FBS and 1% PS. Each of the 10 membrane sample groups 
contained three samples. First, an antibacterial medium was created 
by immersing each sample in 2.5 ml culture medium in 24-well plates 
for 24 hours (one sample per well). At the same time HFF cells in nor-
mal culture medium were placed into other 24-well plates (50000 
cells/well) and were left to attach to the plate for 24 hours. After 24 
hours, the medium was replaced with 1 ml of the new conditioned 
antibacterial medium (in duplo). Fresh medium and 5% DMSO were 
used as positive and negative control respectively. In addition, dilu-
tion series of CHX starting at 100 µg/ml and silver starting at 50 µg/
ml was made in fresh medium and was tested for cytotoxicity simul-
taneously. The cells were incubated in the antibacterial medium or 
dilution series for 20 hours. Cytotoxicity was assessed with an Alamar 
Blue assay. The antibacterial medium was replaced by 1 ml culture 
medium containing 10% Alamar Blue dye. The cells were incubated 

for 4 hours wrapped in aluminum foil in an incubator. Clean medium 
with 10% Alamar Blue was used as control. After 4 hours, two 200 
µl aliquots of metabolized medium from each well were placed in a 
transparent flat-bottom 96-well plate and fluorescence was measu-
red at λ = 530/590 in a Bio-Tek® FL600 microplate fluorescence reader.  

Statistical analysis
Sample groups were compared using a one-way ANOVA with Bon-
ferroni correction for multiple testing. Means and standard deviation 
(SD) are presented in the following way: mean ± SD.

Results

Membrane characterization
Figure 1 displays SEM images of the electrospun chitosan-based 
membranes with different silver content. All membranes consisted of 
uniform and defect-free nanofibers. The diameters of the fibers ten-
ded to increase as the silver concentration increased. The diameters 
of the control (no silver) and 0.1% silver fibers differed significantly 
from the 1% silver and 5% (p < 0.001) silver fibers. While the fibers in 
the control sample seemed to be straight, the fibers tended to be-
come curlier as more silver was added to the solution. 

The presence of silver nanoparticles was investigated using TEM (Fi-
gure 2).  No AgNP’s were detected in the control fibers or the fibers 
containing 0.1% of AgNO3 (Figure 2A and B). For the samples contai-
ning 1.0 and 5.0% AgNO3 (Figure 2C and D), AgNP’s had an average 
diameter of 1.85 ± 0.50 nm and 2.97 ± 0.55 nm, respectively. Higher 
concentration of AgNO3 resulted in higher amount of AgNP’s presen-
ted in the fibers.
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Figure 1 Fiber morphology. SEM images of Electrospun chitosan / PEO nano-
fiber membranes illustrate the effect of AgNO3 addition on fiber diameter and 
morphology. (A) Control sample. (B) Sample with 0.1% AgNO3. (C) Sample with 
1.0% AgNO3. (D) Sample with 5.0% AgNO3.All conditions produce uniform 
and defect-free fibers. With higher concentrations of AgNO3, fiber diameter 
tends to increase (but not significantly) and fibers seem to become more curly. 

Figure 2 Silver nanoparticle detection. TEM images of electrospun 
chitosan-based nanofibers with  0% (A),  0.1% (B), 1.0% (C) and 5.0% 
AgNO3 (D). No AgNP’s were detected in the control fibers or the fibers 
containing 0.1% AgNO3. AgNP’s in fibers with 1 and 5% AgNO3 had 
an average diameter of 1.85 ± 0.50 and 2.97 ± 0.55 respectively. Fibers 
with 5% AgNO3 contained more AgNP’s than fibers with 1% AgNO3.
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Release kinetics of antibacterial compounds
CHX and silver release from the membranes in water was measured at 
different time points over a period of two days using HPLC (for CHX) 
and ICP-MS (for Ag). The results of the CHX release tests are presen-
ted in Figure 3. All six membrane groups that contained CHX gave a 
burst release of CHX within the first 6 hours, the height of which was 
dependent on the amount of CHX added to the membranes. The low 
CHX, med CHX and high CHX membranes released respectively 75%, 
77% and 95% of the total CHX that was loaded onto the membra-
nes. Figure 3B shows that the silver content of membranes did not 
influence the CHX release characteristics, although the percentage 
released for the three membranes with both silver and CHX is slightly 
higher than that of the membrane with the same CHX content but 
without silver (77% versus 87% on average). However, this difference 
was not significant (p = 0.17, p = 0.61 and p = 0.60 when comparing 
the membranes with only CHX to the ones with CHX and low, me-
dium and high silver content respectively). The CHX content, 6 hour, 
1 day and 2 day CHX release from the membranes are displayed in 
Table 2. 

The silver release is presented in Figure 4 as detected by ICP-MS. The 
results were transformed to represent AgNO3 release as opposed to 
silver ion release to make them comparable to the quantities incor-
porated into the membranes. This figure displays a strong sustained 
release that gradually weakens during the next two weeks. The mem-
branes with different concentrations of silver showed correspon-
ding release profiles; the membranes with the lowest concentration 
released the least amount of silver and the membranes with the hi-
ghest concentration released the highest amount of silver. No signi-
ficant difference in silver release was found between the membranes 
without CHX and corresponding membranes with CHX (P < 0.05). 
Cumulative silver release averaged over all membranes over 2 days 
was 0.91 µg, 12.1 µg and 40.6 µg for the membranes with low, me-
dium and high silver content respectively. The silver content, 6 hour, 
1 day, and 2 day cumulative release of silver from the membranes are 
displayed in Table 1. A logarithmic regression curve could be fitted 
to the individual groups (R2 > 0.97) using Microsoft Excel software, 
but no formula could be created that accurately predicted the sample 
data.

Cytotoxicity
Cytotoxicity of the membranes was measured by incubating them 
in fresh culture medium for 24 hours and culturing HFF cells in the 
conditioned medium. An Alamar Blue assay was used to quantify 
metabolic activity to determine the relative number of live cells. The 
results of the Alamar Blue assay are displayed in Figure 5. These re-
sults show no significant difference between the positive control and 
the metabolic activity of cells cultured in medium derived from the 
control membrane, ‘low Ag’, ‘med Ag’, ‘high Ag’ and ‘low CHX’ sam-
ples, indicating that these membranes were not cytotoxic. No sig-
nificant difference was found between the negative control and the 
‘high CHX’ group, indicating that these membranes are as cytotoxic 
as DMSO, the control sample. Samples cultured in medium derived 
from ‘med CHX’ containing membranes were significantly different 
from both the positive and negative control (p < 0.001) and hover 
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Figure 4 Silver detection over time from membranes incubated in wa-
ter for a period of 2 days. The figure clearly shows a strong burst release 
over the first six hours, and a steady but weaker gradual release over the 
next days. The presence of CHX on the membranes did not influence the 
release profile of Ag. The three used silver concentrations show three dis-
tinct release profiles, where the lowest concentration releases the least 
amount of silver and the highest concentration releases the highest 
amount of silver. Average cumulative silver release over 1 day was 0.76 µg, 
9.53 µg and 30.84 µg and over 2 days was 0.91 µg, 12.1 µg and 40.6 µg for 
the membranes with low, medium and high silver content respectively. 

Figure 3 Chlorhexidine release. These figures display the CHX release of the three membranes with different concentrations of CHX (A) and the CHX release of 
three membranes with identical CHX concentration but different silver content (B). All conditions show a burst release of CHX within the first 6 hours. Membra-
nes with different CHX concentrations showed a burst at the same time, but reached a different cumulative release. The presence of silver in the membranes 
did not affect the release of CHX. 
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around the same value, indicating they are cytotoxic, but there are 
still live cells present. The silver dilution series showed us that silver 
is not cytotoxic at the concentrations used in this study. When used 
against HFF cells, CHX has a mild cytotoxic effect at a concentration 
of 12.50 µg/ml. From 25 µg/ml and up, no significant difference was 
found between the measurements and the negative control, indica-
ting the death of all cells.

Discussion

The aim of this study was to develop and characterize antibacterial 
membranes utilizing chitosan, silver and CHX that could emit a quick 
burst of antibacterials and a sustained release of antibacterials over 
time. We were able to create membranes that were not toxic to hu-
man fibroblasts, and showed a strong burst release of CHX followed 
by a sustained release of silver over time that achieved concentrati-
ons around and above most common MIC’s found in literature.

SEM images showed that uniform and defect-free nanofibers were 
created. The membranes with silver contents of 1% or higher con-
tained silver nanoparticles whose size and number increased with 
increasing AgNO3 concentrations. No AgNP’s were detected in fibers 
with 0.1% AgNO3, either because the detection method is not accu-
rate enough to detect nanoparticles of such a small size, or because 
the amount of AgNO3 was not sufficient to induce nanoparticle for-
mation.

Release kinetics showed a burst release of CHX within six hours and 
a sustained but weakening release of silver over time. CHX was re-
leased quickly, because it was loaded onto the fibers and was absor-
bed without creating molecular bonds between the chitosan or PEO 

molecules. Submersion in liquid caused the CHX to be released from 
the fibers quickly. 

Silver was incorporated into the fibers through electrospinning, and 
could be released in one of two ways. Firstly, silver ions (Ag+) that are 
not or no longer part of nanoparticles can diffuse from the nanofibers 
because silver ions are much smaller than chitosan or PEO molecules. 
Secondly, degradation of the chitosan/PEO fibers can release silver 
ions and particles trapped inside. The strong initial release of silver 
was likely caused by diffusion of silver ions on or near the surface of 
the fibers, showing a Fickian diffusion profile43. The sustained release 
was likely caused by a combination of Fickian diffusion and slow de-
gradation. However, the role of degradation is expected to be mini-
mal, as the membranes showed no visible degradation in structure 
after incubation for four weeks (data not shown). In addition, inves-
tigation of the interference groups with both silver and CHX showed 
that the presence of either compound in the membranes did not in-
fluence the release characteristics of the other compound. 

The cytotoxicity test showed that both the silver dilution series and 
the conditioned medium derived from silver containing membranes 
were not cytotoxic at any of the tested concentrations. CHX became 
mildly toxic at concentrations of 12.5 µg/ml, and severely toxic at 25 
µg/ml, as was detected with the CHX dilution series. 

Combining the results from the release kinetics and cytotoxicity tests, 
the antibacterial medium used for the cytotoxicity tests contained an 
estimated concentration of CHX of approximately 6.0, 18.6, and 38 
µg/ml for the low, medium and high CHX membranes respectively. 
Of these media, the 18.6 µg/ml (med CHX) medium was shown to 
be moderately toxic, while the 38 µg/ml (high CHX) was severely 
toxic. These results indicate that the cytotoxicity of CHX starts around 
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Figure 5 Alamar Blue cytotoxicity assay (left). This figure displays the cell metabolic activity of cells after 24 hours of culture in antibacterial medium. Sig-
nificance (P < 0.05) between a controlgroup and sample group is displayed as an asterisk above the figure. We found no significant difference between the 
positive control and the cell metabolic activity of cells cultured in medium derived from the control membrane, ‘low Ag’, ‘med Ag’, ‘high Ag’ and ‘low CHX’ 
samples. The negative control and the ‘high CHX’ group did not show a significant difference. Samples cultured in medium derived from ‘med CHX’ con-
taining membranes showed a reduced number of cells and were significantly different from both the positive and negative control.  Although they hover 
around the same values, some were shown to be significantly different from each other as well (right). The dilution series displays the cytotoxicity of a series 
of increasing silver or CHX concentrations. The silver dilution samples were not significantly different from the control sample.  The first significant difference 
in the CHX dilution series with the positive control was found at 12.50 µg/ml. From 25 µg/ml and higher, no significant difference was found between the 
measurements and the negative control.
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12.5 µg/ml, is moderately toxic around 18.6 µg/ml and severely toxic 
above 25 µg/ml. These results are in agreement with literature which 
indicated that CHX is cytotoxic at concentrations of 20 µg/ml37-39 

and higher. Our results showed cytotoxicity at a lower concentration 
which can be explained by the use of different cell types (HFFs ver-
sus chondrocytes or odontoblast-like cells in literature) and longer 
exposure times (24 hours versus up to 2 hours in literature)37-39. The 
toxicity of the interference groups containing both silver and CHX 
was compared with the groups containing only CHX. Toxicity of the 
interference group did not differ significantly from the corresponding 
CHX groups, indicating that the presence of silver does not affect the 
toxicity of CHX, or vice versa.

To investigate the antibacterial effectiveness of the membranes a hy-
pothetical scenario was created: the membranes were applied to a 
wound for 24 hours, and antibacterials were released into an exudate 
volume of 1 ml. Comparing the 1 day release of CHX (Table 1) with 
the MIC’s that were found in literature, both the low CHX and medium 
CHX membranes would fall within the range of common MIC’s, and 
the high CHX membrane would exceed this range. The medium and 
high CHX membranes however are cytotoxic in this scenario. The low 
CHX membrane would not be toxic and would fall within the range of 
most common MIC’s, indicating that it is possible to fabricate mem-
branes loaded with CHX that have no cytotoxicity but are lethal to 
variety of microorganisms. 

The incorporated silver was shown to be nontoxic to HFF cells at all te-
sted concentrations. The MIC’s of silver for most common microorga-
nisms are in a range between 1.69 and 13.5 µg/ml. In contrast to CHX, 
which was released as a burst within six hours, silver was released 
gradually. Using the hypothetical scenario in which the membrane 
is placed on a wound for 1 day and the antibacterials are spread over 
1 ml, the low Ag membrane would not reach the lower limit of MICs 
found in literature. The medium silver membranes would be well 
within the range of the MICs found in literature, while the high silver 
membranes would exceed the aforementioned range.

Translating the results to be accurate in in vivo circumstances will 
be a challenge. In the experiments, membranes were incubated in 
water to examine drug release, but the in vitro release in water does 
not necessarily correspond to the in vivo release in wound exudate3. 
However, silver ion detection required the use of MilliQ because the 
chloride salts in PBS, culture medium or simulated wound fluid would 
bind to the silver ions and precipitate2. This would lead to an inho-
mogeneous silver distribution in the tubes that would lead to false 
ICP-MS results if the ‘supernatant’ is analyzed.

In addition, toxicity of membranes was calculated by submersing the 
membrane in culture medium (2.5 ml / cm2) to create the conditioned 
medium. The volume to surface area ratio over which released anti-
bacterials are spread when the membrane would be used in vivo is 
not fixed. There are no standardized values to use, and this ratio is de-
pendent on many variables such as wound type, size, location, tissue 
vascularization and exudation. To determine this ratio for a specific 
would type, in vivo tests should be conducted. 

In addition to CHX and silver, chitosan has antibacterial properties as 
well, but chitosan release kinetics were not investigated in the pre-
sent study. The antibacterial activity of all three compounds has been 
tested multiple times in literature, but never together. Concentrati-
ons of antibacterials were achieved that are, according to MIC’s found 
in literature, capable of inhibiting the growth of a variety of microor-
ganisms. However, the MIC’s found in literature differ widely among 

authors, especially for AgNP’s, as the effect of AgNP’s is dependent on 
the preparation method, size, shape and environment17. We hypothe-
size that these antibacterials can complement each other and have a 
synergic effect against a variety of microorganisms when used simul-
taneously, because all three antibacterials act through different me-
chanisms26,33. However, the release profiles of the tested compounds 
are considerably different, limiting the period in which the synergetic 
effect takes place to the first few hours. To investigate the net effect 
of the synergetic use of these compounds, additional in vitro tests are 
required that focus on testing the antibacterial properties of mem-
branes containing various combinations and concentrations of the 
antibacterial compounds. 

Conclusion

In this study, nanofibrous membranes were created from three sy-
nergetic antibacterial compounds. The membranes elicited a strong 
burst release as well as a sustained gradual release of antibacterials, 
effective against a wide range of bacteria at concentrations that are 
not toxic to human fibroblasts. However, because obtained results 
were compared with MIC’s found in literature, additional in vitro 
tests need to investigate the antibacterial effectiveness of all three 
antibacterial compounds and their synergetic effect, and in vivo stu-
dies are required to investigate the actual released concentrations of 
antibacterials that the membranes can reach after application to a 
wound. Further investigation and development of these membranes 
could lead to affordable antibacterial wound dressings that are more 
effective than regular dressings in preventing wound infections.
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