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ABSTRACT Chronic wounds are a prominent concern, accounting for $25 billion
of health care costs annually. Biofilms have been implicated in delayed wound
closure, but they are susceptible to developing antibiotic resistance and treat-
ment options continue to be limited. A novel collagen-rich hydrogel derived
from human extracellular matrix presents an avenue for treating chronic wounds
by providing appropriate extracellular proteins for healing and promoting neo-
vascularization. Using the hydrogel as a delivery system for localized secretion of
a therapeutic dosage of antibiotics presents an attractive means of maximizing
delivery while minimizing systemic side effects. We hypothesize that the hydrogel
can provide controlled elution of antibiotics leading to inhibition of bacterial growth
and disruption of biofilm formation. The rate of antibiotic elution from the collagen-
rich hydrogel and the efficacy of biofilm disruption was assessed with Pseudomonas
aeruginosa. Bacterial growth inhibition, biofilm disruption, and mammalian cell cyto-
toxicity were quantified using in vitro models. The antibiotic-loaded hydrogel
showed sustained release of antibiotics for up to 24 h at therapeutic levels. The
treatment inhibited bacterial growth and disrupted biofilm formation at multiple
time points. The hydrogel was capable of accommodating various classes of antibi-
otics and did not result in cytotoxicity in mammalian fibroblasts or adipose stem
cells. The antibiotic-loaded collagen-rich hydrogel is capable of controlled antibiotic
release effective for bacteria cell death without native cell death. A human-derived
hydrogel that is capable of eluting therapeutic levels of antibiotic is an exciting
prospect in the field of chronic wound healing.
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Chronic wounds are a serious concern in the face of rising rates of obesity,
peripheral vascular disease, and diabetes, costing the health care system $25

billion a year (1). Pressing issues in chronic wound care include bacterial wound
colonization, infections, and biofilm formation. Biofilms are implicated in delayed
wound closure due to impaired immune responses and delayed epithelization (2–4).
Biofilms are difficult to treat due to cell-cell interactions and resistance to systemic
antibiotic treatment, sometimes requiring 10 to 1,000 times the antibiotic concen-
tration (5–8). Resistance to antibiotics is conferred through multiple mechanisms,
including decreased drug penetration, formation of nutrient gradients, develop-
ment of a highly protected persister state, and horizontal transfer of resistant
genes. Furthermore, blood flow is often limited in chronic wounds, making systemic
antibiotic treatment less effective due to poor bioavailability (9). Therefore, treat-
ment for chronic wound infections must be aggressive with high dosages of
systemic antibiotics that remain safe for renal and hepatic function (10).
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Localized release of therapeutic concentrations of antibiotics presents an attractive
treatment option in this resistant population. This system maximizes local delivery
while minimizing systemic side effects (11, 12). Local antibiotic carriers have been
shown to elute 10 to 100� the MIC while limiting serum concentrations (13). Less
systemic effects lead to increased compliance and a decreased need for follow-up (14).
Localized delivery is also pertinent in the context of antibiotic stewardship. Controlled
release at higher doses can prevent subtherapeutic concentrations of antibiotic from
breeding resistant strains (12, 15, 16).

Hydrogel, a three-dimensional polymeric network, is an intriguing vehicle for sus-
tained antibiotic delivery to wounds due to its stable architecture and its potential to
carry various compounds (17, 18). Antimicrobial agents typically suffer from proteolytic
instability, but the conjugation of antibiotic to the polymer hydrogel can lead to
prolonged antimicrobial efficacy (19). Most examples of antibiotic-impregnated hydro-
gels have been in orthopedic surgery in the treatment of osteomyelitis, but there has
been a recent explosion across multiple applications such as wound healing (6, 20).
Previous examples include loaded hydrogels with metallic nanoparticles (21, 22),
inherently antimicrobial hydrogels (23), and other antimicrobial agents (24–26). Al-
though there are many studies utilizing the hydrogel as a vehicle for antibiotic delivery
in acute wounds, applications in chronic wounds and biofilms have not yet been
thoroughly studied.

A novel collagen-rich hydrogel (cHG) derived from human extracellular matrix presents
an exciting avenue for treating chronic wounds. This scaffold has been described exten-
sively in previous studies (27). The gel is unique in its derivation from human tissue, thereby
providing the wound with an appropriate milieu of proteins that can be utilized as building
blocks for wound healing. The derivation of the hydrogel is straightforward and does not
require complex machinery, facilitating translation to clinical use. The composition from
native proteins results in biocompatibility that minimizes immune response compared
to that with animal-derived or recombined proteins that have been reported to have
decreased bioactivity and increased immunogenicity (28, 29). The gel also contains
native signaling molecules that increase neovascularization. This gel has already been
shown to accelerate healing on its own in a previous study with a diabetic wound
model (30). This combination of favorable characteristics makes the cHG an intriguing
treatment option in the paradigm of local antibiotic delivery.

This study examines the capacity of the cHG to act as a vehicle for antibiotic elution.
We hypothesize that this hydrogel can control the release of antibiotics for an extended
duration and subsequently disrupt biofilms, augmenting its previously observed heal-
ing effects. Here, we examined the elution profiles of antibiotics from the hydrogel. We
then use established models in vitro to evaluate the effect of cHG-antibiotic treatment
on biofilms formed by Pseudomonas aeruginosa, a major organism implicated in chronic
wounds.

(This work was presented at Stanford Plastic Surgery Research Symposium 2019 and
Holman Research Day 2019, Stanford, CA.)

RESULTS
Rate of gentamicin elution. The concentration of gentamicin eluted from the

cHG-antibiotic composite (cHG-abx) was compared to a gentamicin solution control
over various time points as shown in Fig. 1. The control showed consistent concentra-
tion of eluted gentamicin, as expected. The elution curve demonstrated 50% genta-
micin elution within the first 6 to 12 h. The maximum concentration of gentamicin was
achieved in 2 days.

Inhibition of bacterial growth. A modified Kirby-Bauer assay showed retained
inhibitory effects of cHG-abx after 48 h of preelution (Fig. 2). The zone of inhibition in
the composite applied immediately after mixing cHG and antibiotic was 1.04 � 0.09
cm2. The zone decreased to 0.51 � 0.13 cm2 in the group with 48 h of preelution.
Overall, the magnitude of inhibition decreased as the duration of preelution increased.
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Disruption of biofilm. The disruptive effects of the cHG-abx on biofilms were
studied in three different models. The polycarbonate membrane model showed a
significantly lower bacterial count in treatment groups for up to 24 h of preelution (Fig.
3A). At 24 h, there was a 35.2% decrease in bacteria compared to that in the control.
The treatment group with 48 and 72 h of preelution did not show a statistically
significant decrease in bacterial count.

The crystal violet assay was used to examine biofilm disruption on a tissue culture
plate. The crystal violet staining, indicating the strength of the biofilm, was significantly
decreased with cHG-abx treatment (Fig. 3B). This effect is less pronounced but re-
mained in the treatment group that was preeluted for 24 h.

The disruption of biofilm as visualized on a polycarbonate membrane through the
SYTO 61 nucleic acid label is shown in Fig. 3C. The assay qualitatively showed less
bacteria in the treatment groups than in the control group in the central part of the
membrane. In the group with 24 h of preelution, faint traces of the bacterial biofilm
remained visible.

Biofilm disruption by different compositions of cHG-abx is shown in Fig. 4. The
polycarbonate model was used as described above. cHG-abx formed from gentamicin,
ceftazidime, and ciprofloxacin all demonstrated significantly reduced bacterial counts
compared to that of the control. This effect was maintained for 24 h in all 3 groups and
for 48 h in the ciprofloxacin group.

Cytotoxicity on mammalian cells. The possible cytotoxic effect of the cHG-abx on
mammalian cells was visualized through the LIVE/DEAD assay (Fig. 5). There was no
measurable difference between live cells (fibroblasts [FB] or adipose-derived stem cells
[ASC]) in the treatment group versus that in the control. Cellular densities of ASC and
fibroblasts also remained relatively consistent at 24 h of incubation (see Fig. S1 in the
supplemental material).

FIG 1 Rate of antibiotic elution. The concentration of gentamicin eluted from cHG is represented as a
function of time, compared between control (gentamicin solution) and treatment (cHG-abx). Each
experiment was performed in triplicates. *, P � 0.05 versus control.

FIG 2 Modified Kirby-Bauer assay. The zones of inhibition (ZOIs) between cHG-abxs allowed to preelute
for variable durations (represented in hours) were compared. Representative images (left) and compar-
isons between various time points (right) are shown. Each experiment was performed in duplicates. *,
P � 0.1 versus control. Numbers above the bars represent the averages.
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DISCUSSION

Human-derived collagen-rich hydrogel is capable of releasing therapeutic levels of
antibiotics for 24 h, leading to an inhibition of bacterial growth and disruption of
bacterial biofilms. As expected, the magnitude of the effect decreases over time but
remains effective after 1 day of preelution.

Furthermore, we have demonstrated that cHG is compatible with various classes
and concentrations of antibiotics. This has significant implications, making it possible to

FIG 3 Disruption of biofilm. Biofilm disruption was evaluated using 3 different models. Time points
(hours) on the x axis represent the amount of time the composite was preeluted before treatment. (A)
Polycarbonate membrane model: the bacterial count in the biofilm after treatment is represented as an
A600. *, P � 0.05 versus control. (B) Crystal violet assay: crystal violet staining of biofilm in a 12-well plate
is represented as A590. *, P � 0.05 versus control. (C) SYTO 61 imaging: visualization by SYTO 61 nucleic
acid stain. The red represents live bacteria. The image of the entire biofilm membrane is shown (top) as
well as representative images at higher magnification (bottom). *, P � 0.05.

FIG 4 cHG composites with other antibiotics. The biofilm disruption by various antibiotics eluted from
the cHG is represented. Bacterial quantification as absorbance at 600 nm is compared across different
types of antibiotics. The duration (in hours) on the x axis represents the time of preelution of the cHG-abx
before treatment. *, P � 0.05 versus control.
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customize the antibiotic treatment to the individual patient depending on the patient’s
specific bacteria and their antimicrobial sensitivity profile. Currently, many antimicrobial
dressings on the market contain nonspecific agents such as silver and iodine (31),
whose effectiveness is not supported by rigorous data and may be effective for certain
bacteria but not others (32).

We observed no toxicity of the composite on mammalian ASCs and fibroblasts,
indicating that the combination of antibiotics and cHG is safe for local administration.
The remarkable biocompatibility of collagen gels has been reported previously, which
corroborate our results (33). This is an important benefit of using native polymer
hydrogels as opposed to synthetic fabrications. Despite the control over physical and
chemical properties that can be gained, synthetic hydrogels tend to be less biocom-
patible and bioactive (34).

The potential application to the clinical setting is intriguing. The dual function of
providing key extracellular proteins for wound healing and acting as a carrier for
antibiotic release addresses the two key issues faced in chronic wound treatment. From
previously published studies, we have seen that the hydrogel itself has healing prop-
erties (35, 36). It provides collagen, known to be a powerful agent to stimulate healing
(27). Our hydrogel, furthermore, contains signaling molecules and cues for increased
vascularization (30). It is also biodegradable and biocompatible, as seen in vivo models
(36). These powerful wound healing effects can be augmented by the addition of
antibiotics to the composite formulation to combat wound infection.

Additionally, efficient and effective antibiotic delivery is crucial in the context of
antibiotic stewardship. According to the CDC, “antibiotic resistance is one of the most
urgent threats to the public’s health” (37). Decreased drug delivery to chronic wounds
due to reduced vascularization leads to subtherapeutic concentration of antibiotics
locally. Additionally, biofilm formation lowers the concentration of antibiotic to which
the bacteria are exposed. Both of these factors lead to the breeding of resistant strains
of bacteria. Indeed, there has been an increase in antibiotic-resistant bacterial strains
associated with chronic wounds (38). The cHG-abx used here is an option to combat
this risk for antibiotic resistance by delivering a high local concentration of antibiotics

FIG 5 Cytotoxicity in mammalian cells. The cytotoxicity of the cHG-abx hydrogel on adipose stem cells (ASC) and fibroblasts (FB) is represented in the LIVE/DEAD
assay. In both the control and gentamicin groups, green represents live cells, and red represents dead cells (left). Viable cells as percentages in different cell
lines and treatment groups is also shown (right).

Topical Antibiotic Elution Antimicrobial Agents and Chemotherapy

October 2020 Volume 64 Issue 10 e00136-20 aac.asm.org 5

https://aac.asm.org


to the wound. Furthermore, the composite can be customized with multiple narrow-
spectrum antibiotics to reduce the need for broad-spectrum antibiotics, whose usage
can also lead to increased resistance to common antibiotics.

One major limitation of collagen-based hydrogels in antibiotic delivery has been the
rate of release. Studies have shown that fibrillar collagen gels without any modifications
release small drugs within minutes (39). The cHG from this study elutes antibiotics for
a longer duration of 2 days. It is possible that the fact our hydrogel is composed of
other proteins than collagen could contribute to slower release. The intended appli-
cation of the cHG-abx studied here is for chronic wound healing where dressings are
often changed daily or multiple times per day (40). Additionally, in previous studies in
our lab examining cHG alone for wound healing in vivo, cHG was changed every other
day and demonstrated superior wound healing to that of the control in a stented
diabetic wound model (30). The pharmacodynamics of the eluted antibiotics from
topical application was not studied in this in vitro study. Future in vivo studies will
examine circulating antibiotic levels and potential nephrotoxicity and hepatotoxicity.
Other studies have attempted to use various scaffolds to deliver antibiotics to wounds.
A major class of carrier systems is polymethylmethacrylate (PMMA) beads, which can
provide structure and elute antibiotics for weeks to even years (6). A drawback to
PMMA beads is that they are not biodegradable and require surgical extraction to avoid
biofilm development. Another interesting possibility is designing inherently antimicro-
bial hydrogels using polycationic material to disrupt membranes (23). More recently,
there has been a growing interest in incorporating antibiotic-impregnated nanopar-
ticles to organic hydrogels. Despite promising results, the use of this composite for
treatment is still incomplete, and knowledge of the interaction with cells and tissues as
well as nanotoxicology and safety are lacking (41). Future studies will be needed to
compare the healing potential of cHG with other scaffolds currently being developed.

One limitation of this study is that only one strain of bacteria was studied. Pseu-
domonas aeruginosa is a major biofilm producer complicating chronic wounds, but
there are others, including Staphylococcus, Enterococcus, and Enterobacter, each with
distinct patterns for biofilm formation (42). In fact, most natural biofilms consist of
multiple strains of bacteria, creating an entire ecosystem (43). Initial experiments from
our group using the Escherichia coli K-12 species have been promising, demonstrating
similar patterns as described in this study (see Fig. S2 in the supplemental material).
Follow-up studies of other strains and species of biofilm-producing bacteria are
needed, both individually and in combination to expand the potential impact of
cHG-abx.

Limitations of using in vitro models to study biofilm physiology have been discussed
previously (44). The microenvironment of biofilm is complex, and the exact composi-
tion of the exopolysaccharide (EPS) can change based on the composition of the
growing surface, especially in biofilms produced by P. aeruginosa. In the present study,
multiple in vitro models supported by previous literature were utilized that employed
different growing surfaces such as agar gels, polycarbonate discs, and cell culture
plates. Ultimately, it will be important to continue this work with in vivo models that
may more accurately replicate the microenvironment of the biofilm.

We have demonstrated that a novel human-derived collagen-rich hydrogel is an
effective vehicle for controlled release of antibiotics without associated mammalian
cytotoxicity. Additionally, the antibiotics released by cHG inhibited bacterial growth
and disrupted biofilm formation. A human-derived hydrogel possessing essential pro-
teins for wound healing that is capable of eluting therapeutic levels of antibiotic is an
exciting prospect in the field of chronic wound healing. Future directions will utilize
established chronic wound models in diabetic mice to examine the effects of cHG-abxs
on biofilm production and overall wound progression.

MATERIALS AND METHODS
Collagen hydrogel formation. Three percent collagen-rich thermoresponsive hydrogel (cHG) was

synthesized according to prior established protocols (27). Briefly, flexor tendons were harvested from
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fresh cadaveric donors of mixed sex and age (�18 years). These were decellularized, lyophilized, and
ground into powder. Samples were digested with 1 mg/ml of pepsin (Sigma-Aldrich, St. Louis, MO) at pH
2.2. After 14 h of digestion, the reaction was stopped and the pH adjusted to 7.4. The quality of the gel
was confirmed microscopically, and gelation was confirmed following incubation at 37°C.

Rate of gentamicin elution from cHG. Hydrogel in its liquid form was mixed with stock gentamicin
solution (Acros Organics, Fair Lawn, NJ) of concentration 10 mg/ml. This concentration corresponds
linearly with the absorption of ninhydrin in the colorimetric assay described below. Subsequently, 300 �l
of the hydrogel-gentamicin composite (experimental group) or gentamicin solution in phosphate-
buffered saline (PBS; control) was pipetted into the bottom of a sterile 5-ml tube, and the tube incubated
in 37°C for 1 h for gelation/incubation. Four milliltiers of PBS was added to the top of the hydrogel, and
the tube was incubated in a water bath at 37°C. The PBS solution was sampled periodically at set time
points (0, 6, 12, 24, 48, and 72 h), and the volume sampled was replaced with fresh PBS. Eluted samples
were immediately frozen at �20°C, and all samples were analyzed at the same time.

Concentrations of gentamicin in the eluted samples were analyzed through the ninhydrin colori-
metric assay, which has been proved to be a reproducible, efficient, and safe method of detecting
concentrations of gentamicin (45, 46). Briefly, 5 mg/ml ninhydrin stock solution was formed by dissolving
ninhydrin powder (VWR International, Radnor, PA) in PBS. Elution samples were mixed with the stock
ninhydrin solution at a 1:1 ratio. The solution was put on a heat block at 95°C for 15 min, followed by
incubation in an ice bath for 10 min. The solution was evaluated by spectrophotometry at a wavelength
of 418 nm. Each experiment was performed in triplicates.

cHG-antibiotic composite preparation. Gentamicin sulfate (Thermo Fischer Scientific, Waltham,
MA), ceftazidime pentahydrate (Thermo Fischer Scientific), and ciprofloxacin (Thermo Fischer Scientific)
were dissolved according to the manufacturer’s instructions to form a stock solution. These antibiotics
were chosen based on the antibiotic sensitivity profile and clinical relevance. Stock solutions were mixed
with the cHG in its liquid form, and 10 �l of the composite was pipetted onto polycarbonate filter
membranes. The final amounts of antibiotic delivered for gentamicin (1 mg), ceftazidime (0.5 mg), and
ciprofloxacin (2 mg) were calculated as 10 to 100� MIC in a theoretical 1-ml space as described for
Pseudomonas aeruginosa by the Clinical and Laboratory Standards Institute (CLSI) (47). The composites
on polycarbonate membranes were incubated at 37°C for 1 h to ensure gelation. The composites were
then covered with PBS and allowed to incubate until predetermined time points. The start times for the
formation of the composites were staggered so that treatment groups of various preelution durations
could be compared at the same time.

Bacterial strain and growth conditions. Pseudomonas aeruginosa (ATCC 27853) was used in all
experiments. P. aeruginosa was grown in Luria Bertani (LB) broth at 37°C overnight. Bacterial cultures
were used at mid-log growth phase, between 0.2 and 0.3 by absorbance at 600 nm.

Modified Kirby-Bauer assay. The efficacy of the cHG-antibiotic composite (cHG-abx) in inhibiting
bacterial growth was studied through a modified Kirby-Bauer disk diffusion assay using established
protocols (48). Two hundred microliters of 108 CFU/ml P. aeruginosa was seeded onto a Mueller-Hinton
agar plate and allowed to incubate for 30 min. cHG-gentamicin composites preeluted for different
amounts of time were added to the top of the agar plate. The plates were then incubated at 37°C for
16 h. The zone of inhibition (ZOI) was measured from the center of the composite to the zone perimeter,
and the total area of the zone was calculated. Images were taken of the observed inhibition.

Biofilm disruption. Biofilm disruption was assessed using three biofilm models outlined below.
(i) Polycarbonate biofilm model. Biofilms were prepared according to the method developed by

the Center for Biofilm Engineering at Montana State University (49). Briefly, 1.3-cm-diameter polycar-
bonate membrane filters (0.2-�m pore size) (Millipore Sigma, Hayward, CA) were sterilized with UV light
for 10 min on both sides. P. aeruginosa was grown to approximately 108 CFU/ml and diluted 1:100 in LB
broth. Two microliters of solution was placed on each filter, and the filter was plated onto LB plates
cultured at 37°C for 24 h. The incubated biofilms were transferred to fresh LB plates. cHG-abxs preeluted
in PBS for various time points as outlined above were added on top of the biofilm as treatment. cHG
without antibiotics was used as a control. Plates were incubated at 37°C for 12 to 16 h.

Treated biofilms were then analyzed. The biofilm was added to a conical vial with 9.0 ml PBS. The
mixture was vortexed at high speed for 2.0 min. Spectrometry was used to measure the absorbance of
the resulting mixture at 600 nm. Samples of the solution were serially diluted and seeded onto plates to
ensure correlation between colony counts of bacteria and absorbance of light at 600 nm.

(ii) Crystal violet assay. Biofilm disruption was studied using a modified crystal violet (CV) assay
described previously (50). Bacterial suspension in LB broth as described above was incubated in 12-well
tissue culture-treated plates (1 ml per well). After 24 h of growth and formation of biofilm, cHG-abxs with
different durations of preelution in PBS were added to the top of the formed biofilm and incubated for
12 to 16 h. After incubation, wells were emptied and washed 3 times in distilled water (dH2O). One
milliliter of 0.3% solution of crystal violet was added to each well, and the plate was incubated for 20 min.
The CV solution was removed, and wells were washed 3 times more. After drying for 1 h, 1 ml of 95%
ethanol was added to dissolve the CV, and absorbance was quantified in a plate reader at 595 nm.

(iii) Fluorometric visualization. Bacterial suspension in LB broth as described above was incubated
in 12-well tissue culture-treated plates. A polycarbonate membrane filter was placed in each well and
incubated for 24 h. cHG-abxs were added to each well, on top of the polycarbonate membrane filter,
and incubated for 12 to 16 h. After incubation, the biofilm membrane was removed and washed in dH2O
and placed in a fresh well. A 1-ml aliquot of the nucleic acid stain SYTO 61 (Invitrogen, Carlsbad, CA) was
diluted 1:100 in PBS and added to each well. The plates were incubated for 30 min at room temperature.
The membranes were then removed from the solution and rinsed with sterile dH2O. The membranes

Topical Antibiotic Elution Antimicrobial Agents and Chemotherapy

October 2020 Volume 64 Issue 10 e00136-20 aac.asm.org 7

https://aac.asm.org


were placed onto a glass slide and covered with a glass coverslip. Visualization of the biofilms formed
on the polycarbonate membranes were visualized with a KEYENCE fluorescence microscope (BZ-X700;
KEYENCE, Osaka, Japan). Images of the polycarbonate membrane and representative images at higher
magnification were taken.

Mammalian cell cytotoxicity. Adipose-derived stem cells (ASCs) and fibroblasts (FB) (Cell Applica-
tions, San Diego, CA) were grown to 95% confluence in a humidifier in cell-specific growth media. These
cell lines were chosen to study cytotoxicity in both differentiated and undifferentiated mammalian cells.
Cells were lifted and seeded onto 24-well culture plates at 2 � 104 cells/ml and allowed to attach
overnight. cHG-abx treatments were added to the wells with the cells and allowed to incubate until
predetermined time points.

A LIVE/DEAD viability/cytotoxicity assay (Thermo Fischer Scientific) was used according to the
manufacturer’s instructions. After removal of cell culture media from the wells, LIVE/DEAD reagent was
added and incubated at 37°C for 30 min. The cells were visualized using the KEYENCE fluorescence
microscope (KEYENCE BZ-X700). The resulting images were analyzed using Image J software (NIH,
Bethesda, MD). All experiments were performed in triplicates.

Statistical analysis. Results are reported in the respective units � standard deviation (SD), and the
differences were evaluated relative to the control with an unpaired t test. Significance was set to a P value
of �0.05.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.
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