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ABSTRACT: Gel-based wound dressings have gained popularity within the
healthcare industry for the prevention and treatment of bacterial and fungal
infections. Gels based on deep eutectic solvents (DESs), known as eutectogels,
provide a promising alternative to hydrogels as they are non-volatile and highly
tunable and can solubilize therapeutic agents, including those insoluble in
hydrogels. A choline chloride:glycerol-cellulose eutectogel was loaded with
numerous antimicrobial agents including silver nanoparticles, black phosphorus
nanoflakes, and commercially available pharmaceuticals (octenidine dihydro-
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chloride, tetracycline hydrochloride, and fluconazole). The eutectogels caused
>97% growth reduction in Gram-positive methicillin-resistant Staphylococcus aureus and Gram-negative Pseudomonas aeruginosa

bacteria and the fungal species Candida albicans.
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Antimicrobial resistant (AMR) pathogens are a developing
global health threat, with approximately 6 million deaths/
year associated with AMR bacterial infections,"” while
pathogenic fungal infections cause up to 1.5 million deaths/
year, with higher mortality rates if treatment is delayed.” The
cost of treating these infections is over USD$20 billion each
year' and could rise to USD$1 trillion by 2050 with a
concurrent rise to 10 million deaths/year."

Antimicrobial gels are a popular treatment method for a
range of wound environments, including minor cuts, burns,
surgical implant sites, and chronic wounds.”® Gels derived
from natural polymers including chitosan, gelatin, and cellulose
have high levels of biocompatibility and biodegradation’~ and
can be loaded with antimicrobial agents such as antibiotics,
antiseptics, or nanoparticles.””'* Hydrogels, which are water
based, have gained popularity due to their flexibility, high
viscosity, and ability to provide a moist environment that
promotes wound healing,”® However, many hydrogels readily
dehydrate upon application, requiring regular replenishment,
which is time consuming, painful for patients, can disrupt the
healing process, and significantly increases the risk of localized
infection."’

One possible solution is the use of “eutectogels”, gels based
on deep eutectic solvents (DESs), rather than water.""'> DESs
are a tailorable class of solvents that are composed of a
hydrogen bond donor and a hydrogen bond acceptor that has a
melting point much lower than either of the individual
components.'® These solvents are relatively cheap, nontoxic,
biocompatible, and highly tailorable, leading to their interest
for self-assembly, extraction, and cryopreservation, among
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other applications.'”~*° DES-cellulose gels are highly tailor-
able, as both the DES composition and amount of cellulose
used can alter the behavior of the gels. 2 Importantly,
eutectogels provide a moist environment that will not dry
out due to the non-volatile nature of the DES components."
They also provide a favorable environment for hydrophobic
drugs or nanomaterials that are destabilized by water.'>**
Here, choline chloride:glycerol (ChCl-Gly)-cellulose eutec-
togels are used as a broad-spectrum antimicrobial delivery
platform which can be applied to contaminated surfaces. ChCl-
Gly was selected as the DES for this gel as it is inexpensive,
biodegradable, and nontoxic.”*** The antimicrobial efficiency
was tested against model Gram-positive methicillin-resistant
Staphylococcus aureus (MRSA) and Gram-negative Pseudomo-
nas aeruginosa (P. aeruginosa) bacterial cells, as well as the
pathogenic fungal species Candida albicans (C. albicans). The
eutectogel was loaded with known antimicrobial agents: two
nanomaterial-based agents, 10 nm silver nanoparticles
(AgNPs)'> and 2D black phosphorus nanoflakes
(BPNFs),”* and three pharmaceutlcal agents, octenidine
dihydrochloride (Oct),”” tetracycline hydrochloride
(Tetra),1128 and fluconazole (Fluc),” selected as commer-
cially used antiseptic, antibiotic, and antifungal agents,
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Figure 1. Composition of the eutectogel with and without antimicrobial agent.

respectively. Although there has been a recent increase in Tetra
resistant bacterial infections, Tetra was selected as the
representative antibiotic for this study, as the antibiotic
response is well documented, and the bacterial strains used
were not Tetra resistant.

The eutectogel synthesis and experimental details can be
found in the Supporting Information, and an overview of the
eutectogel composition is shown in Figure 1. Briefly, ChCI-Gly
was mixed with a hydrated pellicle containing 0.8 wt %
cellulose in a 1:1 weight ratio to form a “bare” gel. The
antimicrobial agents (AgNPs, BPNFs, Oct, Tetra, or Fluc)
were then added into the gels at the desired concentrations.
The excess water was removed by freeze-drying the gels before
characterization and antimicrobial testing. Images of the gels
after drying are shown in Figure S1.

The nanoparticles were visualized, and the size distribution
was determined prior to loading into the eutectogels.
Transmission electron microscopy (TEM) micrographs of
the purchased AgNPs demonstrated an average diameter of
10.1 + 1.8 nm (Figure S2). For the prepared BPNFs, scanning
electron micrographs and TEM were used for visualization
(Figure S3A, B), while atomic force microscopy was used to
determine the size distribution of the nanoflakes (Figure S3C).
The BPNFs had an average flake thickness of 38 + 23 nm and
length of 237 + 112 nm (Figure S3D, E).

Prior to addition of the antimicrobial agents, the bare
eutectogel was imaged using differential interference contrast
(DIC) microscopy (Figure 2A). The DIC image shows a
crowded field of cellulose fibers hundreds of micrometers long
with a thickness in the micrometer scale or smaller. The high
aspect ratio of the cellulose fibers results in a highly efficient
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Figure 2. (A) DIC image of the bare eutectogel. (B) Viscosity as a
function of shear rate for the eutectogels. Experiments were
performed in duplicate, and the mean + the difference is shown.

network within the DES, providing the yield stress needed to
adhere to skin and not flow under gravity. Bundling and star-
like forms are also visible in the image, indicating the high
degree of entanglement of the fibers and their highly flexible
nature that enables an easy transition to flowability from the
gel state under applied shear stresses. The shear-thinning
behavior of the bare eutectogel is consistent with previous
reports on similar systems'> and is retained upon addition of
the antimicrobial agents (Figure 2B). This behavior is critical
for wound-dressing applications as it relates to how easy it is to
apply to the skin-like moisturizers and lotion and how well the
gel will stay in place once applied. The addition of the
antimicrobials affected the absolute values of the viscosity.
However, this may be due to unequal water absorption
between the samples as DESs are known to rapidly absorb
atmospheric water, and this can have a significant effect on
their viscosity.”® Fourier transform infrared (FTIR) spectros-
copy was used to provide insight into the chemical structure of
the gel. The average absorbance spectra for all the gels with
antimicrobials present are given in Figure S4 and show no
significant peak shifts when compared to the bare gel,
indicating that the antimicrobial agents did not cause any
major chemical changes to the eutectogel. The specific fibril
arrangements and interactions with DESs are beyond the scope
of this paper but will be explored in the future.

The antimicrobial properties of the eutectogels were
assessed against three model pathogenic species, MRSA, P.
aeruginosa, and C. albicans, which are commonly encountered
in infected wounds.”” Initially, the antimicrobial ability of the
bare eutectogel was determined by using broth dilution assays
(Figure 3A) to determine the concentration of colony forming
units (CFU/mL) in the sample after exposure. Notably, all
microbial species had a >1.0 log;, reduction (>90% reduction)
(Figure 3C and Table 1) after 24 h of exposure compared to a
sample treated with phosphate buffer solution (PBS),
suggesting the bare eutectogel possesses some antimicrobial
properties. To explore this further, antimicrobial activity was
tested using zone of inhibition (ZOI) assays (Figure 3B), and
the reported values are the measured ZOI diameter minus the
well diameter (Figure 3D). Unlike the dilution test described
above, the bare gel showed little-to-no growth inhibition, with
all three pathogenic species having a ZOI of 0.6 + 0.5 mm.
This is consistent with previous studies of ChCI-Gly which
showed no ZOI for Staphylococcus aureus, Listeria mono-
cytogenes, Escherichia coli, or Salmonella enteritidis.>’ The
average CFU/mL reduction and ZOI measurements are

https://doi.org/10.1021/acsabm.3c00971
ACS Appl. Bio Mater. 2024, 7, 1429—1434


https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c00971/suppl_file/mt3c00971_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c00971/suppl_file/mt3c00971_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c00971/suppl_file/mt3c00971_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c00971/suppl_file/mt3c00971_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c00971/suppl_file/mt3c00971_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c00971/suppl_file/mt3c00971_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c00971/suppl_file/mt3c00971_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c00971?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c00971?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c00971?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c00971?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c00971?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c00971?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c00971?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c00971?fig=fig2&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.3c00971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

A)

B)

20uL Cells
CeIIs {\ Y Punch Fill Gy
24hr 180 uL Wells Wells &
PBS _——

G )

el Gel in well /Incubate

5puL :
Zone of / ___________ :
inhibition \

C)

=6+ T

> 3 Bare
= c X AgNPs
s 4+ r E=BPNFs
$ . P Oct

3 .l c A \. XY Tetra
e 27T 7 N H E=Fluc

VAl
N (N
N <2 )
“\RS “g\(\ \'o\ca“

Figure 3. Overview of the (A) colony counting/broth dilution and (B) ZOI protocol used. (C) Reduction in cell count for the bare and
antimicrobial-loaded gels as a log,, reduction of the control after 24 h exposure. (D) ZOI diameters for the eutectogels. The mean + SD values of
four measurements are shown. Tetra is an antibacterial and so was only tested against MRSA and P. aeruginosa, while Fluc is an antifungal and so
was only tested against C. albicans. The significance of differences compared to the bare gel was determined using ANOVA one-way analysis
followed by Tukey’s multiple comparison test. a = P < 0.01, b = P < 0.001, and ¢ = P < 0.0001; all data points within the horizontal bracket have the

same P value unless otherwise labeled.

Table 1. Summary of Antimicrobial Activity of Bare and Antimicrobial-Loaded Gels”

MRSA P. aeruginosa C. albicans

Reduction (log;,) ZOI (mm) Reduction (log;,) ZOI (mm) Reduction (log,,) ZOI (mm)
Bare 1.1 + 0.2 0.6 + 0.5 1.7 +£ 0.1 0.6 + 0.5 14 +£ 0.1 0.6 + 0.5
AgNPs 14 + 0.1 20.0 £ 0.1 2.7 +0.1 22 +2 1.6 + 0.1 S50+1
BPNFs 1.9 + 0.1 3.3+ 06 22 +0.1 4.7 + 0.6 1.5 + 0.1 50+1
Oct 32+ 0.1 9.7 + 0.6 53 +0.7 30+1 14 + 0.1 5.0+ 0.1
Tetra 1.3 £ 0.1 10.7 + 0.6 4.0 + 0.2 70 +£2
Fluc 1.5 + 0.1 3.7 + 0.6

“Data reported as mean + standard deviation calculated from four measurements, n = 4.

summarized in Figure 3C and D and Table 1. Representative
images of the agar plates used for ZOI measurements are
shown in Figure SS.

The differences in antimicrobial response between these
dilution assays and ZOI values has been observed previ-
ously’”** and is likely because the DESs create an osmotic
imbalance which dehydrates the microbes in the broth dilution
assay. By contrast, the highly viscous eutectogel and agar in the
ZOI tests limit diffusion, and the bare eutectogel has no effect
on bacterial growth.”

The addition of antimicrobial agents generally increased the
antimicrobial activity compared with the results for the bare
gels (Figure 3C, D and Table 1). For each antimicrobial agent,
initial concentration studies were conducted, and the loaded
eutectogels all showed a concentration-dependent antimicro-
bial response, with higher concentrations showing the
strongest antimicrobial response (Figures S6—10 and Tables
S1-5). To compare the loaded gels with the bare eutectogel,
one loading concentration was selected for each antimicrobial,
and the selection criteria can be found in the concentration
study section of the Supporting Information. The concen-
trations selected for comparison were 20 pg/g for AgNPs, 2.5
mg/g for BPNFs, 10 pug/g for Oct, and 100 ug/g for both
Tetra and Fluc. The eutectogels successfully acted as a delivery
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vehicle for all five of the antimicrobial agents against all three
pathogenic species, demonstrating the versatility of this
delivery vehicle.

For MRSA, the bare gel caused >90% reduction in live cells,
and the addition of AgNPs or Tetra saw a small increase in the
antimicrobial activity (Figure 3C). Previous work has explored
the addition of Tetra into chitosan-based gels and reported
similarly high antimicrobial ability against S. aureus and E.
coli®'" For Tetra to damage microbial cells, the compound
needs to be taken up by the cell,*® indicating that the larger
drug molecule can diffuse through the eutectogel. Addition of
BPNFs caused a significant increase in antimicrobial activity
(>98% reduction) against MRSA. Previous work has reported
a high antimicrobial response from lower concentrations of
BPNFs in solution (>99% reduction of S. aureus with 100—
1280 ,Ltg/mL)26’33 or modified BPNFs in a gelatin-based
hydrogel (50 ug/mL for a > 95% reduction in S. aureus).”
However, when BPNFs are encapsulated or loaded into other
gel environments, near-infrared (NIR) irradiation (5—10 min
of 808 nm) is often required to induce the antimicrobial
effect.”** Under NIR irradiation, the temperature of BPNFs
can increase to >50 °C, which can damage cell membranes.” In
contrast, our BPNF-loaded eutectogel achieved a high
antimicrobial response with only ambient light, as the reactive
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oxygen species (ROS) produced b! the BPNFs were able to
diffuse through the eutectogel.””” Similarly, the Oct-loaded
eutectogel caused a >99.9% reduction in MRSA which is better
than previously reported when loaded into a thermoresponsive
copolymer gel, which required heat activation.”’

In contrast, the ZOI tests showed no activity for the bare gel
against MRSA and a significant increase in the ZOI with the
addition of all five of the antimicrobials tested (Figure 3D).
AgNPs resulted in the biggest ZOI (>20 mm), larger than
previously reported for AgNP-loaded pluronic hydrogels."’
This improved response may be linked to the greater relative
diffusion of Ag" ions in our eutectogel compared with the
AgNPs-pluronic gel, which could be aided by the lower
viscosity. The ZOI around Oct-loaded gels was achieved at a
much lower concentration than previously reported for a
solution.”

P. aeruginosa had a similar response to MRSA. In the broth-
dilution assay, the bare gel had some antimicrobial activity
which was significantly increased on addition of the
antimicrobial agents (Figure 3C). The 97% reduction for
AgNP-loaded eutectogel is comparable to previously reported
AgNP-pluronic hydrogels with similar AGNP concentrations.'’
As with MRSA, the >99.9% reduction achieved here with Oct-
loaded gels is greater than the response reported for a
copolymer gel.”” Further, the ZOI of the loaded gels (Figure
3D) was significantly larger than that of the bare gel, and
AgNPs resulted in the biggest ZOI. As seen with MRSA, both
the AgNP- and Oct-loaded eutectogels showed better
inhibition compared to previously reported hydrogels.”"’

Unlike bacteria, C. albicans had almost no significant
difference between the bare and loaded eutectogels in the
broth-dilution assay (Figure 3C), even when the concentration
of the antifungal Fluc was increased from 0.1 to 1 mg/g
(Figure S10A and Table SS). This suggests that the
antimicrobial effect of the eutectogel on C. albicans is
independent of the loaded antimicrobial agents. One possible
reason could be the differences in the cell wall structure
between bacterial and fungal cells. While bacterial cell walls are
predominantly peptidoglycan, polysaccharides, and phospholi-
pids, fungal cell walls are primarily composed of f-glucans,
chitin, and glycoproteins.35 These findings suggest that the
eutectogel may interact with the components in the C. albicans
cell wall, blocking the uptake of both nutrients and
antimicrobial agents. The blocked uptake could result in cell
death due to starvation, rather than the mechanisms of the
antimicrobial agents, when the eutectogel is in direct contact
with the fungal cells. However, further investigation into this
interaction with other cell wall structures is still needed.

As with the bacteria, C. albicans also had a significantly
greater ZOI for the loaded gels compared to that of bare
eutectogels (Figure 3D). These ZOIs are smaller than
previously reported for a 0.5% Oct solution,” likely due to
the solution allowing for greater antimicrobial diffusion
compared to gels. The Fluc-loaded eutectogel had a smaller
ZOI compared to previously reported Fluc-loaded Carbopol
hydrogels.”” However, the hydrogels were loaded with
propylethylene glycol-coated fluconazole nanoparticles,” and
the specific concentration of Fluc is unclear, which makes
direct comparison difficult.

The antibiofilm properties were further explored by exposing
MRSA biofilms to bare and loaded eutectogels. After an
additional 24 h of exposure, confocal laser scanning
microscopy (CLSM) was used to determine the percentage
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of dead cells and associated reduction of live cells in treated
biofilms compared to untreated, along with changes in the
biofilm thicknesses (Figure 4 and Table S6). Compared to the
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Figure 4. (A) Percentage of dead cells present. (B) Reduction in the
percentage of living cells compared to an untreated biofilm. (C)
Thickness of a MRSA biofilm after 24 h of exposure to the bare and
loaded eutectogels. Each data point represents the mean + SD values.
The significance compared to the untreated biofilm was determined
using ANOVA one-way analysis followed by Tukey’s multiple
comparison test, b = P < 0.001 and ¢ = P < 0.0001. Representative
3D CLSM images for the (D) untreated biofilm, as well as biofilms
exposed to (E) bare and (F) AgNPs-, (G) BPNFs-, (H) Oct-, and (I)
Tetra-loaded eutectogels.

untreated biofilms (12% dead), all of the eutectogels caused a
significant increase in cell death. The bare eutectogel led to
54% death, while the AgNPs-, BPNFs-, and Oct-loaded gels led
to 70%—75% cell death, and the Tetra-loaded eutectogel
achieved over 90% cell death. Although the reduction in living
cells is lower for the biofilms than for the suspended MRSA
cells (Table 1), the eutectogels were still able to effectively
deliver the antimicrobial agents into the protective biofilm
environment. Further, the overall thickness of the treated
biofilms also decreased after exposure. The bare, Oct- and
Tetra-treated biofilms were approximately half the thickness
compared with the untreated biofilm. Representative 3D
CLSM scans of the untreated and eutectogel-treated biofilms
can be seen in Figure 4D—I. The significant reduction in both
live cells and biofilm thickness further demonstrates the
promising antimicrobial properties of the eutectogels and their
potential as an effective drug delivery platform to aid in the
treatment of surface wounds.

Eutectogels with and without antimicrobials demonstrated
promising antimicrobial efficiency against model Gram-positive
and Gram-negative bacterial cells as well as a pathogenic fungal
species. The increased antimicrobial activity for the loaded
eutectogels demonstrates the eutectogel’s potential as an
effective delivery platform for a range of antimicrobial
compounds, including nanoparticle-based therapeutics and
conventional pharmaceutical treatments. The eutectogel did
not inhibit the varying antimicrobial mechanisms of the
selected agents and allowed for the release and diffusion of
both ions and larger drug molecules. This study has
demonstrated for the first time the effectiveness of eutectogels
as a broad-spectrum antimicrobial delivery platform. Eutecto-
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gels have the potential to be an entirely new, versatile platform
for treatment of AMR-related infections.
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