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Abstract

Introduction The application of biomimetic and stimuli-responsive nanocarriers displays considerable promise

in improving the management of bacterial sepsis and overcoming antimicrobial resistance. Therefore, the study
aimed to synthesize a novel hyaluronic acid-lysine conjugate (HA-Lys) and to utilize the attributes of the synthesized
HA-Lys with Tocopherol succinate (TS) and Oleylamine (OLA) in the formulation of multifunctional biomimetic pH-
responsive HNLCs loaded with vancomycin (VCM-HNLCs), to combat bacterial sepsis.

Methods A novel hyaluronic acid-lysine conjugate (HA-Lys) was synthesized and characterized using FTIR and 'H
NMR spectroscopy. Vancomycin-loaded hybrid nanosystems (VCM-HNLCs) were prepared through hot homogeniza-
tion ultrasonication and evaluated for particle size, polydispersity index (PDI), zeta potential (ZP), and encapsulation
efficiency (EE%). In vitro biocompatibility was assessed via MTT assay and red blood cell hemolysis test. The binding
affinity to TLR2 and TLR4 was measured using microscale thermophoresis (MST). Drug release was evaluated using
the dialysis bag method. Antimicrobial activity against MRSA and efflux pump inhibition were also determined. Effi-
cacy was demonstrated in an MRSA-induced sepsis mice model.

Results The VCM-HNLCs, produced via hot homogenization ultrasonication, exhibited particle size (PS), polydispersity
index (PDI), zeta potential (ZP), and encapsulation efficiency (EE%) of 110.77+1.692 nm, 0.113+0.022, —2.92+0.210
mV, and 76.27 +1.200%, respectively. In vitro, biocompatibility was proven by hemolysis and cytotoxicity studies. The
VCM-HNLCs demonstrated targetability to human Toll-like receptors (TLR 2 and 4) as validated by microscale ther-
mophoresis (MST). VCM-HNLCs showed a twofold reduction in MIC values at physiological pH compared to the bare
VCM against S. aureus and MRSA for 48 h. While at pH 6.0, MIC values were reduced by fourfold in the first 24 h

and by eightfold in the subsequent 48 and 72 h against tested strains. Furthermore, VCM-HNLCs showed inhibitory
effects against MRSA efflux pumps, reactive oxygen species (ROS), and lipopolysaccharide (LPS)-induced hyperinflam-
mation. In an MRSA-induced sepsis mice model, VCM-HNLCs demonstrated superior efficacy compared to free VCM,
significantly eliminated bacteria and improved survival rates.
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Conclusions Overall, these results highlight the potential of VCM-HNLCs as novel multifunctional nanocarriers
to combat antimicrobial resistance (AMR) and enhance sepsis outcomes.
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Introduction

Bacterial sepsis, a life-threatening organ dysfunction,
arises from a dysregulated host immune response to
infection [1]. It poses a significant public health con-
cern globally, with high morbidity and mortality rates
despite advances in medical care. According to the
Global Burden of Disease Report by the World Health
Organization (WHO), sepsis affects more than 49 mil-
lion people annually, resulting in approximately 11 mil-
lion deaths, accounting for 20% of all global deaths [2].
Additionally, about 30% of septic patients who survive
the initial inflammatory storm may encounter long-
term immunosuppressive dysfunctions and cognitive
impairment, further burdening individuals and soci-
ety [3, 4]. The emergence of antimicrobial resistance
(AMR) further complicates infection therapy and sepsis
management in all settings, especially in high-risk pop-
ulations, such as infants and patients in intensive care
units (ICUs) [2, 5, 6].
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The pathophysiology of sepsis involves a complex cas-
cade of events, including the release of pro-inflammatory
cytokines, activation of coagulation pathways, overpro-
duction of reactive oxygen species (ROS), endothelial and
organ dysfunction, and impaired immune response [7].
In addition, the dysregulated immune response in sep-
sis can lead to immunosuppression, increasing patients’
vulnerability to secondary infections and worsening the
clinical course of sepsis [8, 9]. Thus, innovative multi-task
therapeutic approaches and enhanced antibiotic treat-
ments are urgently needed to mitigate AMR and control
the dysregulated immune response during sepsis.

During infections, pattern recognition receptors in
the host cell, such as toll-like receptors (TLRs), are acti-
vated by microbial toxins such as peptidoglycan (PGN)
of gram-positive bacteria or lipopolysaccharide (LPS) of
gram-negative bacteria, enabling the innate immune sys-
tem to identify invasive pathogens such as bacteria [10].
However, in severe bacterial sepsis, excessive activation
of TLRs occurs, leading to systemic inflammation and
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organ damage [11, 12]. Researchers have identified small
drug molecules and antibodies that prevent TLR ligands
from binding to the receptor, and they have shown prom-
ising results in controlling TLR-induced hyperinflamma-
tion in many inflammatory diseases like sepsis [13—18].
Therefore, this biomimetic strategy of minimizing TLR
activation by inhibiting their binding to bacterial toxins
can be applied to designing a targeted nanobiotic with
enhanced bacterial killing potential and modulation of
inflammation during sepsis.

Nanostructured lipid carriers (NLCs) have emerged
as a promising approach in drug delivery, particularly
for treating bacterial infections and related inflamma-
tory disorders [19, 20]. These nanoparticles (NPs) offer
numerous advantages, including nanosized-dependent
properties, tissue-targeted drug delivery, ease of fabrica-
tion, and cost-efficiency, making these delivery systems
more attractive [21-24]. Recently, hybrid NLCs-based
nanosystems (HNLCs) have been developed by incor-
porating different polymeric biomaterials into the NLCs
make-up to increase their stability, improve their phar-
macokinetic properties and enhance the encapsulation
of hydrophilic drugs in a lipid-based nanoformulation
[25, 26]. Limited studies have reported the use of HNLCs
for the delivery of antihypertensive [25], anticancer [27,
28] and antimalarial drugs to date [29]. Only one study
reported the application of chitosan-based HNLCs
for antibiotic delivery [30]. Therefore, there is a need
to explore innovative combinations of materials with
multifunctional properties to develop biomimetic pH-
responsive HNLCs with enhanced efficacy and targeted
antibiotic delivery against bacterial sepsis.

High molecular weight hyaluronic acid (HA) has
gained attention as a potential therapeutic agent in
managing inflammation due to its well-known anti-
inflammatory and immunosuppressive properties [31].
Several studies have reported the ability of HA to reduce
the overactivation of TLRs by selectively binding to the
receptor and inhibiting their binding to bacterial endo-
toxins [32-35]. In contrast, L-Lysine (Lys), an essential
amino acid, has shown potential in managing oxidative
stress related to many disease conditions, including dia-
betes, chronic kidney disease, lung infections and sepsis
[36-38]. This effect plays a beneficial role in scavenging
and neutralizing ROS generated during the inflammatory
process, thereby reducing tissue damage during sepsis
[39]. Combining HA with Lys into a novel HA-Lys con-
jugate could, therefore, offer a novel therapeutic adjuvant
with increased potency against sepsis.

Tocopherol succinate (TS), a vitamin E derivative, has
also shown potential in treating various infectious dis-
eases, primarily due to its antioxidant, anti-inflamma-
tory and antimicrobial properties [40, 41]. It has shown
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promising efflux pump inhibition activities, mainly
against NorA and NorB of gram-positive bacteria, allow-
ing for more enhanced intracellular accumulation of
antibiotics, making it suitable for combating multidrug-
resistant (MDR) bacteria [42—44]. Moreover, it has been
reported that TS has significant anti-adhesive properties
against Staphylococcus aureus (S. aureus) biofilms [45,
46]. On the other hand, Oleylamine (OLA), a pH-respon-
sive lipid, offers unique properties that can be exploited
in the design of drug delivery systems. Since bacterial
infections can lower the physiological pH to acidic lev-
els at the infectious sites, combining the pH-dependent
functionality of OLA with its intrinsic antimicrobial
behavior could enable the development of lipid-based
nanosystems with controlled drug release and improved
therapy against infectious diseases [47]. Overall, design-
ing a multifunctional HNLC that combines the benefits
of HA-Lys conjugate, TS and OLA could improve the
therapeutic index of antibiotics and enhance the per-
formance of the drug delivery system against bacterial
sepsis.

Therefore, the study aimed to synthesize a novel HA-
Lys conjugate and to utilize the attributes of the syn-
thesized HA-Lys with TS and OLA in the formulation
of multifunctional biomimetic pH-responsive HNLCs
loaded with vancomycin (VCM-HNLCs), to combat bac-
terial sepsis. We hypothesize that HA-Lys may directly
and competitively bind to host TLR2 or TLR4, prevent-
ing their binding to bacterial toxins, reducing exces-
sive TLR activation and neutralizing ROS. Also, TS may
potentially reduce bacterial antibiotic resistance via its
potential activity against biofilm formation and efflux
pumps. In addition, the on-demand release of VCM from
the HNLCs could be enhanced through the pH sensitiv-
ity of OLA. To our knowledge, this is the first report on
synthesizing and utilization of a modified HA-Lys poly-
mer as a targeting adjuvant to treat bacterial sepsis. Also,
this study reports the first stimuli-responsive HNLCs for
the delivery of any class of drug and the first combined
biomimetic and pH-responsive HNLCs to deliver anti-
biotics against bacterial sepsis. The data obtained from
the synthesis and characterization of HA-Lys conjugate,
formulation and optimization of VCM-HNLCs, in vitro
characterization and in vitro antibacterial, antioxidant
and anti-inflammatory studies are provided herein.

Materials and methods

Materials

L-Lysine (Lys), tocopherol succinate (TS), Oleylamine
(OLA), 1-ethyl-3-(dimethyl amino propyl) carbodiim-
ide (EDC), N-hydroxy succinimide (NHS), ethidium
bromide, peptidoglycan (PGN) from Staphylococcus
aureus, lipopolysaccharides (LPS) from Escherichia coli
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Scheme 1. Synthesis of HA-Lys conjugate using a one-step amidation reaction. (EDC: 1-ethyl-3- (dimethyl aminopropyl) carbodiimide, NHS:

N-hydroxy succinimide)

(O55:B5) and 2,2-diphenyl-1-picrylhydrazyl (DPPH)
were purchased from Sigma-Aldrich (USA). Hyalu-
ronic acid sodium salt (average molecular weight=10
kDa), Staphylococcus aureus (ATCC 25923) and Multi-
drug resistant Staphylococcus aureus (SA Rosenbach
ATCC BAA 70699) were obtained from DLD Scien-
tific (South Africa). Vancomycin hydrochloride was
procured from Sino-bright Import and Export Co.,
Ltd (China) and then converted to vancomycin free-
base (VCM) using a previously described method [48].
Dulbecco’s modified Eagle’s medium (DMEM), Eagle’s
Minimum Essential Medium (EMEM), fetal bovine
serum, propidium iodide (PI) and Syto9 were obtained
from Thermo Fisher (USA). 3(4,5-Dimethylthiazol-2-
yl)—2,5-diphenyltetrazolium bromide (MTT), Tween
80, dimethyl sulfoxide (DMSO) and crystal violet were
purchased from Merck Chemicals (Germany). Cell
lines (HEK 293 - ATCC CRL-1573 and Hep G2-ATCC
HB-8065)] were purchased from Highveld Biologicals
(Johannesburg, South Africa) and cell culture materi-
als were purchased from Whitehead Scientific (Johan-
nesburg, South Africa). Sheep blood used for hemolytic
activity evaluations was obtained from United Sci-
entific (South Africa). Mueller—-Hinton Broth (MHB)
and Mueller—Hinton Agar (MHA) were obtained from
Biolab (South Africa). Recombinant human TLR2
(RPA663Hu03) was purchased from Biocom Africa
(Centurion, South Africa). Recombinant human TLR4
(Active ab233665) was obtained from Abcam (Cam-
bridge, UK). Enzyme-linked Immunosorbent Assay
(ELISA) kits were purchased from ABclonal Technol-
ogy (Wuhan, Hubie, China). Microscale thermophore-
sis (MST) reagents were purchased from Nano Temper
Technologies (Germany). A mill-Q water purification

system (Millipore Corp., USA) was used to obtain puri-
fied milli-Q water. All solvents and reagents used in this
study were of analytical grade.

Synthesis and characterization of HA-Lys conjugate

The HA-Lys conjugate was synthesized by forming an
amide bond between the primary amino group of Lys
and the free carboxylic acid group of HA according to a
previously documented EDC/NHS method with minor
modifications (Scheme 1) [49, 50]. To activate the car-
boxyl acid groups of HA, 200 mg (0.496 mmol) of HA
was dissolved in 50 mL of deionized water. Next, EDC
(479.75 mg, 2.5 mmol) and NHS (287.7 mg, 2.5 mmol)
were added to the HA solution, and the mixture was
continuously stirred at room temperature for 15 min.
Afterwards, the reaction mixture was mixed with 250
mg of Lys (1.710 mmol), and it was continuously stirred
at room temperature overnight. The resultant con-
jugate solution was purified by three rounds of dialy-
sis against 0.1% w/v NaCl solution and finally against
distilled water, followed by lyophilization at —40 °C
to obtain a white powder with a quantitative yield of
81.12%. The freeze-dried samples were characterized
using FT-IR at 4 cm™ resolution and 24 scans averaged
(Bruker ALPHA II compact FT-IR spectrometer, UK)
and 'H NMR (Bruker Advance 400 MHz spectrometer,
UK), and then stored at 4 °C for further use. The char-
acterization was as follows: '"H NMR: (400 MHz, D,0)
S(ppm): HA: § 1.90 (c), 3.30-3.59 (f, g), and 4.44 (h);
Lys: 6 1.18 (a), 1.59-2.30 (b, d), and 2.76 (e) (Figure S1),
and FT-IR: 3400, 3345.08, 3301.47, 2921.06, 2887.12,
1628.97, 1576.07, 1507, 1400.24, 1388.44, 1035.89 and
656.64 cm™! (Figure S2).
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Preparation of the hybrid nanoparticles

The VCM-loaded HNLCs (VCM-HNLCs) were formu-
lated using a previously reported hot homogenization/
ultrasonication technique with a slight modification
[20]. The following method is widely used for other
similar compounds [51, 52] and was used to encap-
sulate vancomycin. TS, OLA, and VCM free base for
the lipid phase were dissolved in 2 mL of ethanol and
heated at 80 °C for 20 min. The aqueous phase was
created by dissolving HA-Lys conjugate and a suit-
able surfactant in 20 mL of milli-Q water, heated sepa-
rately at 80 °C for 20 min. Both phases were mixed and
homogenized using an Ultra Turrax T-25 homogenizer
(IKA Labortechnik, Germany) at 6000 rpm for 15 min
at the same temperature. The resulting emulsion was
promptly cooled in an ice bath for 30 min after further
sonication at 30% amplitude for 10 min using a probe
sonicator (Omni Sonic-Ruptor 400 Ultrasonic Homog-
enizer, USA). Prepared VCM-HNLCs were stirred over-
night to remove the organic solvent, with milli-Q water
used to adjust the final volume to 20 mL if necessary.
Blank (VCM-free) HNLCs were also prepared using
the same procedure. The prepared nanoformulations
were stored in 4 °C for further characterization. Vari-
ous surfactants (Span 80, PEG 400, PVP, PLX 188, and
Tween 80) were screened to ensure nanosystem stabil-
ity. Subsequently, various parameters, including lipid:
surfactant, drug: lipid and lipid: polymer mass ratios,
were evaluated. The optimal formulation, characterized
by minimum particle size, polydispersity index (PDI),
maximum entrapment efficiency percent (EE%), and
drug loading capacity (DL% w/w), was selected for fur-
ther studies. Each batch was prepared in triplicate.

Physicochemical characterization of VCM-HNLCs
Determination of particle size, polydispersity index (PDI),
zeta potential (ZP) and surface morphology

The mean particle size, PDI and ZP of the fabricated
VCM-HNLCs were measured using the dynamic light
scattering (DLS) method with a Zetasizer Nano ZS90
(Malvern Instruments Ltd., UK) fitted with a 633 nm
laser at 173° detection optics. The samples were appro-
priately diluted in distilled water, and the measurement
was carried out in triplicate at 25 °C.

Transmission electron microscopy (TEM) was used
to analyze the morphological structure of VCM-
HNLCs. On a coated grid surface, a drop of properly
diluted VCM-HNLCs formulation was placed. It was
then let to dry at room temperature, stained for 30 s
with 2% phosphotungstic acid and then visualized at an
accelerating voltage of 75 kV to obtain TEM images.
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Determination of entrapment efficiency percent (EE %)

and drug loading capacity (DL % w/w)

A previously described ultrafiltration method was
employed to determine the entrapment efficiency (EE
%) and the drug loading capacity (DL % w/w) of VCM
within the HNLCs [20]. Concisely, 2 mL of the formula-
tion was added to an AmiconUltra-4 centrifugal filter
tube (Millipore Corp., USA) with a molecular weight cut-
off of 10 kDa and centrifuged at 3000 rpm for 30 min at
room temperature. The concentration of free VCM in the
supernatant was measured by high-performance liquid
chromatography (HPLC) using an LC-2050C- 3D (Shi-
madzu HPLC, Japan) with UV detection at 280 nm, 0.1%
aqueous trifluoracetic acid: acetonitrile (15:85) as mobile
phases, Gemini® 5 ym NX-C18 110 A (250x4.6 mm)
column, 1 mL/min low-pressure gradient flow rate, 100
pL injection volume, and 10 min run time, with a linear
equation of Y=18,420 (x) — 4555.5 and linearity coeffi-
cient (R?) of 0.9998 (Figure S3). The experiment was car-
ried out in triplicate, and the EE % and DL % w/w were
calculated using the following equations [53].

Weight of VCM in the HNLCs

EE% = 100
’ Total weight of VCM added x )
Weight of VCM in the HNLCs
DL% = i x 100  (2)
Total weight of NPs
Thermal profiles

Using a Shimadzu DSC-60 (Japan), thermal analysis
was performed to determine the thermograms of HA,
Lys, HA-Lys conjugate, TS, VCM, physical mixture and
lyophilized VCM-HNLCs. Briefly, 5 mg of each sample
was loaded in an aluminum pan, which was then sealed
with a crimper and heated under a stream of nitrogen to
330 °C at a steady 1 0 °C/min. An empty pan served as a
reference.

In vitro biosafety studies

Cytotoxicity and cell viability assay

The cytocompatibility of the synthesized HA-Lys con-
jugate and its nanoformulation (VCM-HNLCs) was
assessed using human embryonic kidney 293 (HEK
293) and human hepatocyte carcinoma (HepG2) cells,
employing a previously reported MTT assay [54, 55].
Briefly, cells were seeded (2.5x 10? cells/well) in a 96-well
plate using 100 pL of DMEM, 10% fetal bovine serum
(FBS), 1% pen-strep-fungizone and 1% L-glutamine
and incubated at 37 °C for 24 h using a CO, humidi-
fied incubator. Subsequently, the cells were incubated
for the next 24 h after being exposed to HA-Lys and
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VCM-HNLCs (diluted with DMEM) at doses of 20, 40,
60, 80, and 100 pg/mL, respectively. After that, the cells
were grown for an extra 4 h using a new culture medium
(100 pL/well) and 20 uL/well of MTT solution (5 mg/mL
in PBS). After removing the supernatant, 100 pL of ster-
ile dimethyl sulfoxide (DMSO) was used to solubilize the
formazan crystals. The absorbance at 540 nm was then
recorded after 1 h using a microplate spectrophotom-
eter (Spectrostar Nano, Germany). The experiment was
carried out in triplicate and the cell viability percent was
computed using Eq. (3):

A540 nm treated cells

x 100
A540 nm untreated cells

®3)

Cell viability % =

Hemolysis

The non-hemolytic activity of the prepared VCM-HNLCs
was assessed using a previously reported method [56,
57]. In summary, three washes of freshly collected sheep
blood were performed using 0.1N sterile isotonic PBS
(pH 7.4) by centrifugation at 3000 rpm for 10 min. Next,
1.8 mL of six distinct concentrations of VCM-HNLCs
formulation in 0.1N sterile PBS (0.05, 0.1, 0.2, 0.3, 0.4 and
0.5 mg/mL), PBS (as negative control) and distilled water
(as positive control) were separately mixed and incu-
bated with 0.2 mL of the previously purified red blood
cell suspension for 30 min at 37 °C. After incubation, the
samples were centrifuged using the ultracentrifuge (Cen-
turion Scientific, UK) at 3000 rpm and 4 °C for 10 min.
The supernatants of each sample were then collected into
96-well plates and their hemoglobin absorbances were
quantitatively recorded at 540 nm using a microplate
reader (SpectraMax M2, USA). The experiment was done
in triplicate and the percentage of non-hemolytic activity
was calculated using the following equation:

(ABS — ABSp)
(ABS100 — ABSp)
(4)
where ABS ABS; and ABS,, are the absorbances of the
sample, positive and negative controls, respectively.

Non — hemolytic activity % = 100 —

In vitro binding affinity study

The binding affinity of individual adjuvants (HA, Lys and
HA-Lys conjugate), non-hybrid NLCs components and
VCM-HNLCs to human TLR2 and TLR4 was determined
and compared to their natural substrates, peptidogly-
can (PGN) and lipopolysaccharide (LPS), respectively,
employing microscale thermophoresis (MST) on a Nano
Temper Monolith NT.115 instrument (Nano Temper
Technology, Germany) [58].
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Determination of in vitro binding affinity to TLR2

According to the manufacturer’s protocol, recombi-
nant human TLR2 was first adjusted to a concentration
of 200 nM, labeled with the Monolith His-Tag labeling
kit Red -tris-NTA, incubated for 30 min at room tem-
perature and then centrifuged at 15,000 rpm for 10 min
at 4 °C. After protein labeling, serial dilutions of differ-
ent ligands with varying starting concentrations were
prepared using an appropriate MST buffer (0.1 M PBS,
0.05% Tween 20, pH 7.4). Then, each dilution was mixed
with an equivalent volume (10 pL) of the labeled TLR2
in a final concentration of 50 nM and the mixture was
incubated for 10 min. Samples were then loaded into
Standard Treated MST glass capillaries (Nano Temper
Technology, Germany) and MST traces were measured
using the Nano Temper Monolith NT.115 instrument
at 25 °C and 70% MST medium power. All experiments
were performed in triplicate. The dissociation constant
(Ky) for each ligand was adjusted using the Monolith-
Affinity analysis program version 2.1.3 (Nano Temper
Technologies, Germany).

Determination of in vitro binding affinity to TLR4

In the experiment, the concentration of recombinant
human TLR4 was first adjusted to 3.6 uM and labeled
with the Monolith NT.115 protein labeling kit Blue-
NHS according to the manufacturer’s protocol using a
1:3 protein-to-dye ratio. The mixture was incubated at
room temperature for 15 min, protected from light, and
then purified with a gel-filtration column. Following
protein labeling, serial dilutions of various ligands were
prepared using MST buffer (0.1 M PBS, 0.05% Tween
20, pH 7.4) with different starting concentrations. Next,
each dilution was supplemented with an equivalent vol-
ume of the labeled TLR4 (10 pL) at a final concentration
of 20 nM and incubated for 10 min. Finally, the samples
were loaded into Standard Treated glass MST capillaries
(Nano Temper Technology, Germany) and MST traces
were recorded in Nano Temper Monolith NT.115 instru-
ment at 25 °C, blue LED and 80% MST power. All experi-
ments were performed in triplicate. For every tested
ligand, the dissociation constant (Kd) values were calcu-
lated using Monolith-Affinity analysis software version
2.1.3 (Nano Temper Technologies, Germany).

In vitro drug release study and linear kinetics

The release behavior of VCM from the VCM-HNLCs in
response to different pH values (7.4 and 6.0) was evalu-
ated using a dialysis bag method [58]. Briefly, 2 mL of
pure VCM solution (1 mg/mL) and VCM-HNLCs solu-
tion (containing 1 mg/mL VCM) were separately placed
in cellulose dialysis bags (molecular weight:14,400 Da)
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and the bags were shaken and dialyzed against 40 mL
of the buffer of choice receiver solution (PBS pH 7.4 or
6.0) at 37 °C and 100 rpm. At predetermined intervals,
2 mL samples were withdrawn from the receiver solu-
tion and promptly replaced with an equivalent amount of
fresh appropriate buffer (PBS pH 7.4 or 6.0) to maintain
sink condition. The amount of VCM released per time
was determined by HPLC according to the same analy-
sis method mentioned for EE % evaluation (2.4.2). The
experiment was performed in triplicate and the cumula-
tive release percentage of VCM was calculated using the
following equation:

Cumulative release % = Q x 100 (5)
12

where Qt is the amount of VCM released at time t, and
Qv is the total amount of VCM previously used in the
VCM-HNLCs formulation.

Different mathematical models, including zero-order,
first-order, Higuchi, Krosmeyer-Peppas, Hixson-Crowell
and Weibull, were then employed to examine the kinet-
ics of VCM release from the VCM-HNLCs using the
software program DDSolver [59]. The best-fit model was
selected based on the correlation coefficient (R?) and the
root mean square error (RMSE), and the release mecha-
nism was identified using Weibull and Krosmeyer-Peppas
models by computing the values of the Weibull exponent
parameter (f3) and the release exponent (n), respectively.

Short-term physical stability study

The short-term colloidal stability of the prepared VCM-
HNLCs formulation was evaluated at two different con-
ditions: room temperature (25 °C) and cold temperature
(4 °C) over 90 days of storage. Using a Zetasizer Nano
7590 (Malvern Instruments Ltd., UK) equipped with
a 633 nm laser with detection optics of 173°, the mean
particle size, PDI and ZP were measured at 0, 30, 60 and
90 days. All experiments were run in triplicate.

In vitro antibacterial activity studies

Determination of minimum inhibitory concentration (MIC)
and fractional inhibitory concentration (FIC)

The antibacterial activity (MIC) of bare VCM, blank
HNLCs and VCM-HNLCs against S. aureus and MRSA
at pH 7.4 and 6.0 was investigated using a broth micro-
dilution method, as previously reported [60]. In brief,
S. aureus and MRSA cultures in Mueller- Hinton broth
(MHB) were grown overnight at 37 °C and 100 rpm using
a shaking incubator (Labcon, USA). The bacterial suspen-
sions were adjusted to 0.5 McFarland standard (1.5x 10°
colony-forming units (CFU)/mL) using a DEN-1B densi-
tometer (Latvia) and further diluted to a final concentra-
tion of 5x10° CFU/mL. Then, 135 uL of MHB solution
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was pipetted into 96-well plates, and the treatments
(bare VCM, blank HNLCs and VCM-HNLCs solutions)
were added individually and serially diluted to obtain a
range of concentrations. Thereafter, 15 puL of the bacte-
rial suspension was added to each well, and the mixture
was incubated for 72 h in the shaking incubator (Labcon,
USA) adjusted at 37 °C and 100 rpm. Following incuba-
tion, 5 pL of the sample mixtures were spotted on Muel-
ler—Hinton agar (MHA) plates at specified time intervals
(24, 48, and 72 h). The MIC values were calculated after
24 h of incubation at 37 °C. All experiments were per-
formed in triplicate.

Based on the MIC values obtained from the aforemen-
tioned antibacterial activity study, the cumulative FIC
was determined to understand the combined antibacte-
rial activity of the blank HNLCs and VCM in the VCM-
HNLCs against S. aureus and MRSA at pH 7.4 and 6.0.
Equations (6) and (7) were used to calculate the XFIC and
the FIC index is shown in Table S1.

(the MIC of VCM in combination with HNLCs)
(the MIC of VCM)
(6)

(the MIC of HNLCs in combination with VCM)
(the MIC of Blank HNLCs)
7)

FIC (VCM) =

FIC (Blank HNLCs) =

XFIC = FIC (VCM) + FIC (Blank HNLCs)

Flow cytometry

The cell viability of MRSA in the population following
the treatment with VCM and VCM-HNLC:s for 18 h was
assessed using a flow cytometry method [61]. To prepare
the bacterial cultures, MRSA was grown overnight at
37 °C and 100 rpm in a shaking incubator to a concen-
tration of 0.5 McFarland standard (1.5% 108 CFU/mL) in
MHB. The grown bacteria were then collected by cen-
trifugation at 3000 rpm for 30 min and the supernatant
was discarded. The pellets were resuspended in PBS and
incubated for an additional 4 h at 37 °C. Afterward, 15 pL
of bacterial suspension at a concentration of 5x 10° CFU/
mL was added to a 96-well plate, each containing 135 pL
of bare VCM and VCM-HNLCs formulations at the MIC
concentrations of 7.8 pg/mL and 3.9 pg/mL, respectively.
The sample mixture was further incubated at 37 °C in a
shaking incubator (100 rpm) for 18 h. Following incuba-
tion, 50 puL of each sample was transferred to the flow
cytometry tubes containing 350 pL of sheath fluid and
vortexed for 5 min. Then, 5 pL of membrane-imperme-
able propidium iodide (PI) and membrane-penetrating
Syto9 dyes were added to each tube and the mixture was
incubated for 30 min in the dark. Samples were analyzed
on the flow cytometry device (BECKMAN COULTER
DxFLEX, Nyon 1, USA), and at least 10,000 cells were
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collected in triplicate for each sample. Untreated MRSA
cells were used as a negative control.

Determination of in vitro antibiofilm activity

Crystal violet assay 'The microtiter dish biofilm forma-
tion assay was employed to evaluate the ability of VCM-
HNLCs to remove MRSA biofilms [62, 63]. Bacterial sus-
pension in MHB at pH 7.4 and 6.0 (1.5x10® CFU/mL)
was added to 96-well plates (200 pL/well) and incubated
at 37 °C for 7 days to create mature biofilms. Following
incubation, the medium was removed from the wells and
non-adherent bacterial cells were eliminated by wash-
ing the wells three times with a sterile PBS (pH 7.4 and
6.0). Thereafter, 200 pL of bare VCM solution and VCM-
HNLCs formulation at a concentration of 10X MIC were
added to the wells and incubated at 37 °C for 24 h. The
excess treatments and unattached bacteria were then
removed by washing the wells three times in sterile PBS
(pH 7.4 and 6.0), followed by staining of the biofilms with
0.01% w/v crystal violet solution for 15 min. Later, the
excess dye was gently aspirated, thoroughly washed using
PBS pH 7.4 and 6.0, and left to dry overnight. To elute the
crystal violet stain, 30% acetic acid solution (125 pL) was
added to each well and incubated for 10 min. The eluted
dye was then transferred to another 96-well plate and
imaged for qualitative analysis. Subsequently, the inten-
sity of the crystal violet dye was quantitatively measured
at 570 nm using a microplate reader (SpectraMax M2,
USA) to investigate the antibiofilm effect of the test sam-
ples.

Florescence microscope assay To confirm the ability
of VCM-HNLCs to eliminate MRSA biofilms, a flo-
rescence microscope assay was conducted using glass
microscope coverslips (18 mmXx 18 mm) as carriers
for biofilm formation. [61]. Coverslips were initially
placed at the bottom of 6-well plates, and then 2 mL of
bacterial suspension in MHB (1.5x 10® CFU/mL) was
added to each well. The plates were incubated for 7 days
at 37 °C to allow biofilms to grow over the coverslips.
After developing mature biofilms, non-adherent bacte-
rial cells were removed from the wells by washing them
three times with PBS pH 7.4 using a Pasteur pipette. The
wells containing biofilms were then treated with 2 mL
of PBS pH 7.4 (as a control) and 2 mL of bare VCM and
VCM-HNLCs solutions (5xMIC) and incubated for
12 h at 37 °C. The treatments and unattached bacteria
were removed from the wells by washing them twice
with PBS pH 7.4. After that, the coverslips were stained
with a solution of Syto9 and propidium iodide (PI) (30
pL diluted with 1 mL of distilled water) for 30 min in
the dark to avoid photobleaching. After the plates were
washed with PBS pH 7.4 to remove excess dye, the
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coverslips were inverted on a glass microscope slide,
and the edges were gently glued. Fluorescence micro-
scope images were captured and processed using Nikon
Eclipse 80i FM (Japan) to visualize the biofilm eradica-
tion effects of bare VCM and VCM-HNLCs.

Time-killing assay (TKA)

The time-killing kinetics of the prepared VCM-HNLCs
against MRSA were evaluated at pH 7.4 and 6.0 using a
previously described colony counting method [64]. In
brief, an overnight MRSA culture (0.5 McFarland stand-
ard) was diluted into concentrations of 10°~10° CFU/mL
using sterile PBS (pH 7.4 and 6.0). Then, bare VCM and
VCM-HNLCs solutions at 5XMIC were added to the
diluted bacteria and incubated in the shaking incubator
(Labcon, USA) at 100 rpm and 37 °C. Untreated bacteria
in PBS solution (pH 7.4 and 6.0) was used as a control.
At specified time intervals (0, 1, 2, 4, 6, 8, 12 and 24 h),
0.2 mL of each sample was withdrawn and subjected to
serial dilution with sterile PBS (pH 7.4 and 6.0). Subse-
quently, 0.1 mL of each diluted sample was sub-cultured
on an MHA plate and incubated for 24 h. After incuba-
tion, the number of colonies formed in each dilution
plate was counted and converted into CFU/mL using
Eq. (8). The TKA of the prepared samples was deter-
mined by plotting log,, CFU/mL versus time. The experi-
ment was performed in triplicate.

no. of colonies x dilution factor
CFU/mL =

The volume of dilution taken

Efflux pump inhibition

The potential of VCM-HNLCs to suppress MRSA efflux
pumps was evaluated using a simple cartwheel method
according to previously reported protocols with minor
modifications [65, 66]. Brieflyy, MHA plates containing
2 pg/mL ethidium bromide (EtBr) were freshly prepared
and protected from light on the same day of the experi-
ment. An overnight culture of MRSA (0.5 McFarland
standard) was seeded into a 96-well plate and treated with
bare VCM and VCM-HNLCs formulation at a concentra-
tion of 0.25x MIC values. A group of untreated bacteria
was served as a control. The samples were incubated at
37 °C for 1 h and then streaked on the MHA containing
EtBr in a cartwheel form. All plates were incubated in the
dark at 37 °C for 24 h. The plates were then visualized
using a UV trans-illuminator (Uvitec Cambridge, UK) to
observe any residual fluorescence exhibited by the bac-
teria. The inhibitory effect of the tested samples on the
MRSA efflux pumps can be identified from the fluores-
cence emission under the UV transilluminator.
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In vitro antioxidant study

Following a previously described DPPH radical scaveng-
ing method with minor modifications, the antioxidant
activity of TS, Lys, HA-Lys and VCM-HNLCs through
free radical scavenging was investigated [67]. A metha-
nolic solution of DPPH at a concentration of 0.5 mM
and various concentrations of the treatments in distilled
water (20-1000 pg/mL) were individually prepared. Sub-
sequently, 150 pL of each formulation sample was mixed
with an equal volume of DPPH solution in a 96-well plate
and left to incubate at 37 °C in the dark. A negative con-
trol consisting of a mixture of DPPH and water (150 pL
each) was used. The absorbance of the reaction mixture
was measured at 517 nm after 1 h of incubation using
a microplate reader (SpectraMax M2, USA). The assay
was performed in triplicate and ascorbic acid was used
as a positive control. The following equation was used to
compute the percentage of antioxidant activity:

A516 nm control — A516 nm sample

Antioxidant % =
A516 nm control

x 100 (9)

In vitro anti-inflammatory studies

Cytoprotective effect against LPS-induced cytotoxicity

The cytoprotective effect of HA-Lys and VCM-HNLCs
against LPS-induced cytotoxicity was assessed in vitro
using previously documented methods utilizing an MTT
assay [55, 68, 69]. In brief, HepG2 cells were cultured in
DMEM supplemented with glutamine, antibiotics, and
fetal bovine serum and incubated at 37 °C in a humidi-
fied atmosphere containing 5% carbon dioxide. When
the cells reached 80% confluency, they were plated in
a 96-well plate (20,000 cells/well) and left for 24 h. The
cells were then subjected to a new set of treatments for
a further 24 h, which included: (a) 200 uL of DMEM
was used as the control; (b) 200 pL of 0.9 mg/mL of LPS
was used as the LPS treatment; (c) 200 pL of 0.9 mg/
mL of LPS and 100 pg/mL of HA-Lys were used as the
HA-Lys treatment; (d) 200 pL of 0.9 mg/mL of LPS and
100 pug/mL of VCM-HNLCs in DMEM were used as the
nanoformulation treatment. Following a 24 h, the media
were removed and replaced with 100 pL/well of fresh
DMEM mixed with 20 pL/well of 5 mg/mL MTT solu-
tion. 4 h later, the media was replaced with 100 pL/well
sterile DMSO to solubilize the formazan crystals. Finally,
absorbance from each well was measured at 570 nm
using a microplate spectrophotometer (Spectrostar
Nano, Germany) after 1 h of DMSO addition. Each treat-
ment was carried out in triplicate, and the percentage of
viable cells was determined.
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Anti-inflammatory activity against LPS-induced
inflammatory responses (measurement of IL-6 levels)

The anti-inflammatory activity of HA-Lys and VCM-
HNLCs was further examined using an LPS-stimulated
HepG2 cells model, as previously described [68]. In this
study, IL-6 levels were measured using Enzyme-Linked
Immunosorbent Assay (ELISA) kits following the stim-
ulation of HepG2 cells with 1 pg/mL LPS solution in
DMEM for 12 h, either with or without treatments.
After HepG2 cells were cultured and plated in the same
manner described in the previous section (Cytoprotec-
tive effect against LPS-induced cytotoxicity), they were
subjected to the following treatments for a duration of
12 h: (a) Control untreated (200 pL of DMEM); (b) LPS-
treated (200 pL of 1 pug/mL of LPS in DMEM); (c) HA-
Lys-treated (200 pL of 1 pg/mL of LPS and 50 pug/mL or
100 pg/mL HA-Lys in DMEM); (d) VCM-HNLCs-treated
(200 pL of 1 pug/mL of LPS and 50 pg/mL or 100 pg/mL
VCM-HNLCs in DMEM). After that, the media were
collected to determine the amount of IL-6 in the super-
natants using ELISA Kkits following the manufacturer’s
instructions.

In vivo studies

Mice

As proof-of-concept, animal experiments were per-
formed with WT C57BL/6 adult mice (6—10 weeks old),
and all experimental animal protocols were approved by
the University of Calgary Animal Care Committee and
were in compliance with the Canadian Council for Ani-
mal Care Guidelines. All animals were maintained in a
specific pathogen-free environment at the University
of Calgary Animal Resource Centre. Mice were housed
under standardized temperature (21-22 °C) and illumi-
nation (12 h light/12 h darkness) with access to tap water
and pelleted food.

Staphylococcal strains and culture conditions
Staphylococcus aureus strain MW?2 used in the in vivo
experiments was obtained from NARSA (Network on
Antimicrobial Resistance in Staphylococcus aureus).

Mouse infections and in vivo treatments

Staphylococcus aureus strains were subcultured with-
out antibiotics until the exponential phase (ODggpnm
1.0), washed and resuspended in saline. Then, 100 uL of
1x10® CFUs were injected intravenously (LV.) into the
tail vein for the survival experiment or 5x 10" CFUs in
200 pl for the bacteria dissemination experiment. Mice
were monitored until 100 h after infection for the sur-
vival experiment or sacrificed 48 h after infection for the
bacteria dissemination assay.
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Bacteriological analysis

Anesthetized mice were washed with 70% ethanol under
sterile conditions. For determination of colony forming
units (CFU), 30 pl of tissue homogenate or blood was
serially diluted, plated onto brain-heart infusion agar
plates, and incubated at 37 °C for 18 h, and then bacterial
colonies were counted.

Statistical analysis

The data were statistically analyzed using GraphPad
Prism® version 10 (GraphPad Software Inc., USA), which
included paired T-tests and one-way analysis of variance
(ANOVA). The difference between compared groups was
considered significant if the P-value was <0.05. All results
were presented as mean+standard deviation (SD) and
all graphs and figures were generated using GraphPad
Prism® 10 and the BioRender website, unless otherwise
noted.

Results

Synthesis and characterization of HA-Lys conjugate

The Hyaluronic acid-Lysine conjugate (HA-Lys) was
successfully synthesized via a one-step amidation reac-
tion, followed by purification through intensive dialysis.
Subsequently, the conjugate was characterized using 'H
NMR and FT-IR [70]. The 'H NMR spectrum (Figure
S1) clearly showed all the signals attributed to the HA
backbone (Figure S1A) dppm 1.90 (CH4 groups, c), 3.59
(CH groups in the tetrahydropyran ring, f) and 4.44 (OH
groups, g), and to the Lys moieties (Figure S1B) dppm
1.18, 1.59, and 2.76 (CH, groups, a, b and d, respectively),
and 3.30 (CH groups, e). Similar signals of both HA and
Lys were observed in the 'H NMR spectrum of HA-Lys
conjugate with slight chemical shifts (Figure S1C). These
chemical shifts in particular regions of the 'H NMR spec-
trum of HA-Lys confirmed the conjugation between HA
and Lys.

The FT-IR spectrum (Figure S2) revealed a broad
stretching band attributed to pure HA (Figure S2A)
at 3400.4 cm™! (due to O—H stretching vibration) and
3301.47 cm™! (due to N—H stretching vibration) in the
N-acetyl side chain. Also, other bands were detected at
2887.12 cm™ (due to symmetric methyl C—H stretch-
ing in glucuronic acid side chain), 1628.97 cm™! (due to
the amide group of C=0 carboxyl), 1338.74 cm™" (due
to the C—N stretching of primary aromatic amine) and
1035.89 cm™! (due to C-O alcoholic stretching), respec-
tively. The spectrum also displayed the bands associ-
ated with pure lysine (Figure S2B), including those at
3345.08 cm™ (resulting from the overlap of O—-H and
N-H stretching), 2921.06 cm™ (due to symmetric C-H
stretching of the CH2 group), 2129.12 cm™! (from the
overtone and combinational bond), 2816 cm™! (resulting
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from C-H vibration of the CH group), 1576.07 cm™
(due to the in-plane bending of N-H of the free primary
amine in Lys), 1507 cm™ (due to asymmetric scissoring
of the NH2 group), 1400.24 cm™ (resulting from sym-
metric vibration of C=0 carboxyl and C-N group) and
656.64 cm™! (due to C=0 carboxyl rocking), respectively.
The FTIR spectrum of HA-Lys conjugate (Figure S2C)
exhibited all the characteristic bands of both HA and
Lys at the same positions. In addition, a prominent and
well-defined band with increased intensity was observed
at 1628.59 cm™! (shift from 1628.97), corresponding to
the amide group of C=0 carboxyl. This intensified band
indicates the formation of a new secondary amide bond
between the amine group of Lys and the carboxyl group
of HA, thus confirming the successful amidation reaction
and formation of HA-Lys conjugate.

Formulation, characterization and optimization

of VCM-HNLCs

After validating the structure of the HA-Lys conju-
gate, its potential for developing HNLCs was explored.
Both blank HNLCs and VCM-HNLCs were successfully
prepared using the hot homogenization/ultrasonica-
tion technique [20]. The initial phase involved assessing
various surfactants to determine the most suitable one
for producing HNLCs with the desired particle sizes,
smaller PDI, and enhanced colloidal stability, as shown in
Table S2.

The optimization process involved assessing various
formulation parameters using a single factor-at-a-time
optimization method. Initially, the lipid: surfactant mass
ratio was varied from 1:0.5 to 1:2, with fixed drug: lipid
(1:4) and lipid: polymer (1:0.1) ratios. Increasing the lipid:
surfactant ratio decreased the particle size from 98.77 to
42.44 nm, while EE% and DL% decreased from 56.18%
to 20.78% and from 7.36% to 2.07%, respectively, as indi-
cated in Table 1. Based on this observation, the optimal
lipid: surfactant ratio of 1:0.5 was selected for further
optimization.

Next, the effect of the drug: lipid ratio was evaluated at
a fixed lipid: surfactant ratio of 1:0.5 and lipid: polymer
ratio of 1:0.1. Increasing the drug: lipid ratio from 1:3 to
1:5 improved EE% from 45.50% to 64.77% and DL% from
5.26% to 8.28% without significant changes in size, PDI
and ZP. Consequently, optimal lipid: surfactant (1:0.5)
and drug: lipid (1:5) mass ratios were used to evaluate the
effect of different lipid: polymer mass ratios on the prop-
erties of VCM-HNLCs.

Lastly, different lipid: polymer ratios were tested, var-
ying from 1:0.05 to 1:0.15, with optimal EE% increas-
ing from 55.81% to 72.27% without significant changes
in other parameters. Furthermore, negative ZP values
(—2.5+0.064 to —5.59 +1.28) were observed across all
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Table 1 Size, PDI, ZP, EE% and DL% w/w for the different lipid: surfactant, drug: lipid, and lipid: polymer mass ratios used in the

optimization of VCM-HNLCs. Results represented as mean+SD (n=3)

Optimization parameter Size (nm) PDI ZP (mV) EE % DL % w/w
Lipid: surfactant mass ratio Fixed drug: lipid (1:4) and lipid: polymer (1:0.1) mass ratios
1:0.5 98.77+0436 0.156+0.008 —292+0.332 56.18+£3.395 7.36+1.582
1:1 62.29+0.440 0.204+0.007 —541+0.643 35.70+£0375 5.07+0.052
1:2 4244+1.148 0.233+0.005 —2.69+0.283 20.78+0.934 2.07+0.093
Drug:lipid mass ratio Fixed lipid: surfactant (1:0.5) and lipid: polymer (1:0.1) mass ratios
13 90.94+0.0291 0.151+£0.011 —-559+1.28 45.50+0.024 5.26+0.006
1:4 98.77+0436 0.156+0.008 —292+0.332 56.18+£3.395 7.36+1.582
1:5 99.39+0.485 0.127+0.006 —25+0.064 64.77 £0.055 8.28+0.004
Lipid:polymer mass ratio Fixed lipid: surfactant (1:0.5) and drug: lipid (1:5) mass ratios
1:0.05 90.58+0.255 0.126+0.004 —2.54+0.255 55.81+£0.448 7.38+0.051
1:0.1 99.39+0.485 0.127+0.006 —25+0.064 64.77£0.055 8.28+0.004
1:0.15 108.0£0.907 0.136+£0.009 -3.16+0.530 72.27+0.280 8.86+0.001
15 optimized VCM-HNLCs formulation revealed well-
defined spherical-shaped NPs that were consistent in
10- size with those determined by DLS, as illustrated in
E Fig. 2.
s 57
K]
2 Thermal profiles
- 0 é ('5 \i ;3 The thermal profiles of individual excipients, the physi-
E cal mixture, and the lyophilized VCM-HNLCs are pre-
5 PH sented in Figure S4. The lyophilized VCM-HNLCs were
initially reconstituted in DW to evaluate their redissolu-
-10- tion capability. The size, PDI, and ZP of the reconstituted

Fig. 1 The impact of pH variation on the surface charge
of VCM-HNLCs (P-value=0.0004). The data is shown as mean+SD
(n=3)

formulations, indicating strong electrostatic repulsion
and preventing particle coalescence [71].

Based on these findings, VCM-HNLCs with a lipid:
surfactant ratio of 1:0.5, drug: lipid ratio of 1:5, and
lipid: polymer ratio of 1:0.1 were identified as the
optimal formulation for further studies. These VCM-
HNLCs exhibited particle size of 110.77+1.692 nm,
PDI of 0.113+0.022, ZP of —2.92+0.210 mV, EE% of
76.27 +1.200%, and DL% of 8.36 +0.250%.

The pH responsiveness of the VCM-HNLCs was
evaluated, and the formulation demonstrated signifi-
cant pH-dependent behavior with a shift in charge from
negative at pH 7.4 to positive at lower pH values, as
depicted in Fig. 1.

Determination of surface morphology

Transmission electron microscopy (TEM) was
employed to further examine the surface morphology
of the prepared VCM-HNLCs. The TEM image of the

nanoparticles were measured using DLS, and the results
were comparable to those obtained before lyophiliza-
tion (size of 113.25+1.342 nm, PDI of 0.119+0.100, ZP
of —2.98+0.150 mV). In the DSC measurements, lysine
(Lys), vancomycin (VCM), and Tween 80 (TS) exhib-
ited distinct thermal behaviors, with endothermic peaks
observed at 243.5 °C, 109.17 °C, and 83.56 °C, respec-
tively. Hyaluronic acid (HA) displayed an exothermic
peak at 233.36 °C. Moreover, the thermograms of the
HA-Lys conjugate and the physical mixture of VCM-
HNLCs excipients demonstrated similar endothermic
and exothermic peaks, albeit with slight shifts. In con-
trast, the thermogram of the lyophilized formulation
exhibited no discernible thermal peaks, indicating a tran-
sition from a crystalline to an amorphous state during
formulation. Furthermore, the successful entrapment of
the VCM in the prepared NPs in an amorphous form was
confirmed by the absence of the characteristic VCM peak
in the thermogram of the lyophilized VCM-HNLCs.
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are presented as mean+SD (n=3)

In vitro biosafety studies

Cytotoxicity and cell viability assay

The biological safety of novel biomaterials and nanocarri-
ers is essential for their application in drug delivery, bio-
medical, and clinical settings [72]. Therefore, we assessed
the cytocompatibility of the synthesized HA-Lys con-
jugate and its nanoformulation (VCM-HNLCs) across
various concentration levels (20-100 pg/mL) using the
MTT assay on HEK-293 and HepG2 cell lines as previ-
ously described [54]. As depicted in Fig. 3, all tested con-
centrations maintained cell viability of >70% across both
cell lines. HEK-293 cells exhibited viability ranging from
93.52% to 106.41% for HA-Lys and 73.61% to 91.92%
for VCM-HNLCs, while HepG2 cells showed viability

ranging from 80.11% to 103.88% for HA-Lys and 104.48%
to 106.65% for VCM-HNLCs. Additionally, none of the
tested cell lines demonstrated concentration-dependent
cytotoxicity within the examined range for HA-Lys and
VCM-HNLCs. However, compared to the control group,
both the HA-Lys conjugate and VCM-HNLCs formula-
tions showed slightly increased cell viability.

Hemolysis

The hemocompatibility of nanoformulations intended
for intravenous administration is essential to ensure
their biosafety [73]. Therefore, we assessed the impact
of the prepared VCM-HNLCs on erythrocytes using
freshly collected and washed sheep blood, and the
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results are presented in Fig. 4. All concentrations of the
VCM-HNLCs exhibited less than 1% hemolysis (refer to
Table S3), indicating minimal erythrocyte disruption and
a favorable biosafety profile for the nanosystem.

In vitro binding affinity study

TLRs play a crucial role in immune response initiation
by recognizing bacterial endotoxins, a process implicated
in both acute and chronic inflammatory conditions like
sepsis [74]. Modulating TLR signaling pathways and pre-
venting their interaction with bacterial substrates could
mitigate downstream signaling activation, presenting
a potential strategy for managing bacterial sepsis. This
study employed MST binding affinity analysis to assess
the binding affinities of HA, HA-Lys, and VCM-HNLCs
to human TLR2 and TLR4 compared to their natural
substrates PGN and LPS, respectively. Binding affinities
were quantified using dissociation constant (Kd) values
(Table 2), and ligand-bound TLR fractions were depicted
in Fig. 5.

Table 2 and Fig. 5A reveal that HA, Lys, and HA-Lys
each demonstrated considerable binding affinity to
TLR2, with Kd values of 0.8237+0.414, 2.785+0.740,
and 0.0207 £0.848 pM, respectively, compared to
the natural substrate PGN, which had a Kd value of
23.945+0.880 uM (P-value<0.0001). VCM-HNLCs
exhibited significantly higher binding affinity to
TLR2 than PGN, with a Kd value of 4.551+0.485 puM
(P-value <0.0001). In contrast, the non-hybrid NLC com-
ponents showed markedly lower binding affinity, with
more than 40-fold and eightfold higher Kd values com-
pared to VCM-HNLCs and PGN, respectively.

Table 2 The dissociation constant values (K,) obtained from
the MST analysis for PGN, LPS, individual excipients (HA, Lys
and HA-Lys conjugate), VCM-HNLCs and non-hybrid NLCs
components binding to TLR2 and TLR4, respectively

Test ligand Kd (uM)

TLR2 TLR4
PGN 23.945+0.880 -
LPS - 38.145+1.440
HA 0.8237+0414 0.045+0.750
Lys 2.785+0.740 43.530+2.352
HA-Lys 0.0207+0.848 0.187+0.733
VCM-HNLCs 4.551+0.485 2443+2.168
Non-hybrid NLCs compo- 202.1+1.360 52.289+2.206
nents

Data are presented as mean+SD (n=3)

In contrast, the analysis of binding to TLR4 (as shown
in Table 2 and Fig. 5B) mirrored the observations for
TLR2. Compared to the natural substrate LPS, which
had a Kd value of 38.145+1.440 puM, both HA and
HA-Lys conjugate exhibited significantly higher bind-
ing affinity to TLR4 (P-value <0.0001), with Kd values
of 0.045+0.750 and 0.187+0.733 pM, respectively.
In contrast, Lys and non-hybrid NLCs components
showed the lowest binding affinities, with Kd values
of 43.530+2.352 and 52.289+2.206 pM, respectively.
Therefore, the strong TLR4 binding of the HA-Lys con-
jugate is primarily attributed to the HA component
of the synthesized polymer. Moreover, VCM-HNLCs
demonstrated significantly better binding properties
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to TLR4 than LPS, with a Kd value of 2.443 +2.168 uM
(P-value <0.0001).

In vitro drug release and kinetics

The in vitro release profiles of bare VCM and VCM-
HNLCs were evaluated using the dialysis bag method at
pH 7.4 and pH 6.0. Figure 6 illustrates that bare VCM
exhibited rapid release at pH 7.4, reaching nearly com-
plete release within the first 24 h (100.71%). In contrast,

the VCM-HNLCs formulation demonstrated a slower
release rate, with approximately 62.42% of VCM released
over the same period. This sustained release profile of
VCM-HNLCs contrasts with the rapid release of bare
VCM, aligning with prior studies reporting around 50%
VCM release from nanosystems within the first 24 h [75].

Furthermore, VCM release from VCM-HNLCs
was notably higher at pH 6.0 compared to pH 7.4
(P-value=0.00014). At pH 6.0, 97.48% of VCM was
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released from the hybrid nanoparticles within 48 h,
whereas only 68.23% was released at pH 7.4 during the
same timeframe.
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To understand the release mechanism of VCM from
the prepared HNLCs, cumulative drug release data
were analyzed using various mathematical models
with the DDSolver program (Table 3). Despite observ-
ing higher VCM release from VCM-HNLCs at pH 6.0
compared to pH 7.4, the kinetic behavior remained
consistent under both conditions. The Weibull model
provided the best fit for describing VCM release at
both pH levels, yielding R* values of 0.9507 and 0.9914
and low RMSE values of 5.4391 and 3.1356 for pH 7.4
and 6.0, respectively. The Weibull exponent param-
eter (B), which characterizes the transport mechanism
of drugs through the lipid-polymer matrix, was deter-
mined to be 0.472 (<0.75). This value indicates a Fick-
ian diffusion mechanism for the release of VCM from
the HNLCs. Similarly, the release exponent (n) of the
Korsmeyer-Peppas model was 0.360 and 0.324 for pH
7.4 and 6.0, respectively, also suggesting Fickian dif-
fusion as the predominant release mechanism. These
findings underscore that VCM release from VCM-
HNLCs follows a controlled and predictable diffusion

Table 3 Kinetics of drug release data for the VCN-HNLCs at pH 7.4 and pH 6

Model Equation R? RMSE Release exponent (n) B
pH7.4 pH6 pH7.4 pH6 pH7.4 pH6
Zero Order Q=kt -0.1692 -04824 24.2663 37.0378
First Order Q=Qoek 0.7468 0.9757 11.2864 4.5383
Higuchi Q=kt'? 0.7936 0.7399 10.1912 154195
Korsmeyer-Peppas Q=kt" 0.8825 0.9103 8.0393 9.9941 0.360 0324
Hixson-Crowell Q"3 =kt+Q,"? 06497 0.8000 132770 13.3885
Weibull Q=1 exp [(t)a/b] 0.9507 0.9914 54391 3.1356 0472
R linear regression coefficient, RMSE: Root means square error
RT 4°C
150 0 150 0
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Fig. 7 Variations in particle size (nm) and ZP (mV) of VCM-HNLCs during a ninety-day storage at A room temperature (RT) and B 4 °C. All results are

presented as mean+SD (n=3)
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Table 4 The minimum inhibitory concentration (MIC) values (ug/mL) for S. aureus and MRSA at pH 7.4 and pH 6.0, respectively, for

bare VCM, blank HNLCs and VCM-HNLCs

S. aureus (pg/mL)

Time (h) 24 48 72 24 48 72
pH7.4 pH 6.0

Bare VCM 3.90 3.90 7.80 3.90 7.80 7.80

Blank HNLCs 16.11 16.11 16.11 16.11 16.11 16.11

VCM-HNLCs 1.95 1.95 1.95 098 0.98 0.98

MRSA (pug/mL)

Time (h) 24 48 72 24 48 72
pH7.4 pH 6.0

Bare VCM 7.80 7.80 15.62 7.80 15.62 15.62

Blank HNLCs 3222 3222 3222 3222 3222 3222

VCM-HNLCs 390 3.90 3.90 1.95 1.95 1.95

The test was done in triplicate (n=3)

VCM: Vancomycin free base; HNLCs: hybrid nanostructured lipid carriers

process through the lipid-polymer matrix, which is fur-
ther influenced by pH-responsive properties.

Short-term physical stability study

The size-dependent colloidal stability of the optimized
VCM-HNLCs was evaluated by storing the formulation
at two different temperatures, 25 °C (room tempera-
ture) and 4 °C, for an extended period of 90 days. Fig-
ure 7 illustrates the minimal variation in particle size
(nm) and ZP (mV) under both conditions, highlight-
ing the consistency of the formulation’s physicochemi-
cal attributes over time. As summarized in Table S4,
the particle size, polydispersity index (PDI), and ZP
remained stable, with no statistically significant devia-
tions (P-value > 0.05) throughout the storage period.

In vitro antibacterial activity studies

Determination of minimum inhibitory concentration (MIC)
To investigate the pH-dependent antibacterial activ-
ity of VCM-HNLCs against S. aureus and MRSA, the
minimum inhibitory concentration (MIC) was meas-
ured using a broth microdilution method [60]. Table 4
illustrates the MIC values of bare VCM, blank HNLCs,
and VCM-HNLCs against S. aureus and MRSA at pH
7.4 and pH 6.0. At physiological pH (7.4), VCM-HNLCs
demonstrated enhanced antibacterial activity, exhib-
iting a twofold reduction in MIC values compared to
bare VCM against S. aureus (1.95 vs 3.9 pg/mL) and
MRSA (3.9 vs 7.8 ug/mL) within the first 48 h. Subse-
quently, bare VCM gradually lost its activity over 72 h,

whereas VCM-HNLCs maintained their antibacterial
efficacy against both pathogens during the same period.
This sustained antibacterial effect of VCM-HNLCs sug-
gests prolonged activity against S. aureus and MRSA
relative to bare VCM.

Determination of fractional inhibitory concentration (FIC)

To further assess the combined antibacterial effect of
VCM and blank HNLCs in VCM-HNLCs against S.
aureus and MRSA at pH 7.4 and 6.0, cumulative Frac-
tional Inhibitory Concentration (XFIC) values were
determined at 24, 48, and 72 h based on MIC values
obtained from in vitro antibacterial assays (see Table 5).
At pH 7.4, XFIC values for S. aureus were 0.621, 0.621,
and 0.371, indicating additive antibacterial effects for
the first 48 h followed by synergistic activity up to 72 h.
For MRSA, XFIC remained 0.621 across all time points,
suggesting additive combination effects. Conversely, at
pH 6.0, ZFIC values were 0.312, 0.187, and 0.187 for S.
aureus, and 0.311, 0.186, and 0.186 for MRSA, confirm-
ing a synergistic effect against both strains at all time
intervals.

Flow cytometry

The impact of bare VCM and VCM-HNLCs on MRSA
cell viability was assessed using a flow cytometry tech-
nique described in previous literature with minor
adaptations [61]. Antibiotic activity induces signifi-
cant changes in bacterial morphology and the cell divi-
sion cycle, which can be discerned using specific dyes
[76]. Propidium iodide (PI), a non-permeant fluores-
cent dye, was utilized to identify damaged bacterial
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Table 5 >FIC values against S. aureus and MRSA at pH 7.4 and pH 6.0

FIC against S. aureus

Time (h) 24 48 72 24 48 72
pH7.4 pH6
FIC (Bare VCM) 0.500 0.500 0.250 0.251 0.126 0.126
FIC (Blank HNLCs) 0.121 0.121 0.121 0.061 0.061 0.061
>FIC 0.621 0.621 0.371 0312 0.187 0.187
Interpretation Additive Additive Synergy Synergy Synergy Synergy
FIC against MRSA
Time (h) 24 48 72 24 48 72
pH7.4 pH6
FIC (Bare VCM) 0.500 0.500 0.250 0.250 0.125 0.125
FIC (Blank HNLCs) 0.121 0212 0.121 0.061 0.061 0.061
SFIC 0.621 0621 0.621 0311 0.186 0.186
Interpretation Additive Additive Additive Synergy Synergy Synergy
A
A B C D
® 2504
E 300+ 80 1504
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U 200+ 1 100+
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Fig. 8 Histogram of cell count versus propidium iodide (PI) uptake. A corresponds to the untreated MRSA (live cells); B, C and D indicate
the proportion of dead MRSA cells following incubation with bare VCM at its MIC (7.8 pg/mL), bare VCM in NPs MIC (3.9 pg/mL) and VCM-HNLCs
atits MIC (3.9 pg/ml), respectively. The experiment was conducted in triplicate (n=3)

cells, while Syto9, a green, fluorescent dye permeant to
nucleic acids, was used to distinguish live cells within
the population. Flow cytometry data were analyzed
using Kaluza-2.20 software (Beckman Coulter, USA),
where two gates were defined to differentiate viable
(green) and dead (red) cells in the sample. Figure 8
illustrates the cell count versus PI uptake histogram for
MRSA, indicating that 93.61 +0.33% and 97.34+2.71%
of MRSA cells were non-viable after exposure to bare
VCM (Fig. 8B) and VCM-HNLC:s (Fig. 8D), respectively,

at their respective MICs (7.8 and 3.9 ug/mL). This dem-
onstrates that VCM-HNLCs achieved superior bac-
tericidal activity compared to bare VCM at a twofold
lower inhibitory concentration (P-value=0.003). Con-
versely, only 79.44+1.13% of MRSA cells were non-
viable (Fig. 8C) when treated with bare VCM at the
same concentration as VCM-HNLCs (3.9 pug/mL), sig-
nificantly lower than that observed with the hybrid NPs
(P-value <0.0001).
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Fig. 9 A Percentage of biofilm growth suppression following the exposure of MRSA biofilms to bare VCM, VCM-HNLCs and controls (PBS pH
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Determination of in vitro antibiofilm activity

Crystal violet assay The efficacy of the prepared VCM-
HNLCs formulation against MRSA biofilms was evalu-
ated using crystal violet staining. Mature MRSA biofilms
were treated with PBS at pH 7.4 and 6.0 (as controls),
bare VCM solution, and VCM-HNLCs formulation for
24 h. Following treatment, the biofilms were stained
with crystal violet, and changes in staining intensity
were assessed to quantify biofilm growth inhibition. The
results, depicted in Fig. 9, indicate that VCM-HNLCs
exhibited superior efficacy in eradicating MRSA biofilms
at pH 7.4, reducing biofilm biomass by approximately
fivefold (68.17+1.83%) compared to bare VCM, which
achieved only 14.25+2.62% biofilm elimination. At pH
6.0, VCM-HNLCs reduced biofilm biomass by approxi-
mately sixfold (93.51+0.83%), significantly outperform-
ing bare VCM, which eradicated only 16.41 +0.80% of the
biofilm. Furthermore, VCM-HNLCs demonstrated nota-
ble pH-responsive antibiofilm activity, exhibiting around
1.4-fold higher efficacy against MRSA biofilms at pH 6.0
compared to pH 7.4.

Florescence microscope assay 'The efficacy of VCM-
HNLCs in eradicating mature MRSA biofilms was fur-
ther validated using fluorescence microscopy. Mature
biofilms cultured on coverslips were stained with Syto9
and PI solutions in the dark for 30 min. After washing
off the dyes, coverslips were inverted onto glass slides for

observation. As shown in Fig. 10, untreated MRSA bio-
films showed substantial Syto9 fluorescence across the
coverslip (Fig. 10A1), indicating intact bacterial cell mem-
branes [77, 78]. Conversely, there was negligible fluores-
cence in MRSA biofilms stained with PI (Fig. 10A2), as
PI cannot penetrate live cells [79, 80]. Biofilms treated
with bare VCM exhibited a minimal reduction in Syto9
fluorescence compared to untreated biofilms (Fig. 10B1),
while a slight fluorescence was observed in PI-stained
biofilms (Fig. 10B2), suggesting partial permeation of the
drug through the biofilm and partial bacterial cell death.
In contrast, treatment of MRSA biofilms with VCM-
HNLC:s significantly reduced Syto9 fluorescence intensity
(Fig. 10C1), indicating a decrease in viable cells within the
biofilm. Interestingly, despite PI's inability to permeate
intact cells, biofilms treated with VCM-HNLCs exhibited
intense PI fluorescence (Fig. 10C2), suggesting disruption
of MRSA cell membranes and enhanced PI penetration to
bind to DNA.

Time-killing assay (TKA)

The time-killing assay was conducted to assess the
rate of bacterial eradication following 24-h exposure
of MRSA to bare VCM and VCM-HNLCs formulation
solution (5xXMIC) at pH 7.4 and 6.0 (Fig. 11). Both
treatments significantly reduced the number of MRSA
colonies under both pH conditions. Notably, VCM-
HNLCs demonstrated superior efficacy compared to
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Fig. 10 Images of the fluorescence microscope assay of MRSA biofilms stained with Syto9 and PI. 1. Untreated MRSA biofilms 2. Bare VCM-treated
biofilms, and 3. VCM-HNLCs treated biofilms, respectively. (Scale bar=100 um)
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Fig. 11 MRSA time-killing kinetics when exposed to bare VCM, VCM-HNLCs and A PBS pH 7.4 and B pH 6.0 (as controls). The findings are shown
as mean=SD (n=3). At pH 6, VCM-HNLCs demonstrated more enhancement of VCM-killing kinetics (P-value <0.0001)

bare VCM, achieving complete eradication of MRSA
bacteria within the first 2 h at pH 7.4 and within 1 h at
pH 6.0. In contrast, bare VCM exhibited slower bacte-
ricidal kinetics over the 24-h period at both pH levels.
Hence, VCM-HNLCs showed a significantly faster bac-
tericidal effect against MRSA at a twofold and fourfold
lower concentration than bare VCM at pH 7.4 and 6.0,
respectively (P-value <0.0001).

Efflux pump inhibition assay

MRSA has been observed to develop resistance to anti-
biotics through efflux-mediated mechanisms, which
involve genetic mutations that reduce bacterial suscep-
tibility to antimicrobial agents [81]. Consequently, this
study investigated the ability of subinhibitory concentra-
tions of VCM-HNLCs (0.25x MIC) to inhibit the over-
expression of efflux pumps induced by MRSA, using
ethidium bromide (EtBr) efflux pump cartwheel method
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Fig. 12 Efflux pump inhibition effect of VCM-HNLCs against MRSA compared to the bare VCM at 0.25 x MIC
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Fig. 13 The antioxidant activity (%) of various concentrations (ug/mL) of TS, Lys, HA-Lys conjugate and VCM-HNLCs according to a DPPH radical
scavenging assay in comparison to ascorbic acid (positive control). Data in the graph are presented as mean +SD (n=3). (TS: Tocopherol succinate,
Lys: L-Lysine, HA-Lys: hyaluronic acid-lysine conjugate, VCM-HNLCs: vancomycin-loaded hybrid nanostructured lipid carriers, DPPH: 2.2-dipheny!-1

-picrylhydrazyl)

[66]. EtBr binds to intracellular DNA and fluoresces
within bacterial cells, thus indicating efflux pump activity.
As depicted in Fig. 12, MRSA treated with VCM-HNLCs
displayed increased fluorescence intensity, suggesting
substantial accumulation of EtBr within bacterial cells,
compared to those treated solely with bare VCM.

In vitro antioxidant study

Excessive production of ROS during inflammation con-
tributes significantly to oxidative stress, a major factor
in the increased mortality associated with sepsis [82]. To
evaluate the antioxidant properties of various concen-
trations of individual excipients (TS, Lys, and HA-Lys)
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and VCM-HNLCs, a DPPH radical scavenging assay was
employed [67].

Figure 13 presents the antioxidant activity percentages
of ascorbic acid (positive control), TS, Lys, HA-Lys con-
jugate, and VCM-HNLCs after incubation with DPPH
solution at 37°C in the dark. Specifically, the scavenging
activities were measured as 34.98 +3.59%, 53.21 £ 2.30%,
59.69+4.68%, and 61.08+1.87% for TS, Lys, HA-Lys
conjugate, and VCM-HNLC s, respectively. Among the
individual excipients, Lys and HA-Lys conjugate demon-
strated higher scavenging activity compared to TS across
all concentrations tested.

In vitro anti-inflammatory studies

In order to address the dual challenge of eliminating
causative bacteria and modulating the immune response
mediated by bacterial toxins like LPS in bacterial sep-
sis treatment, we assessed the anti-inflammatory activ-
ity of VCM-HNLCs formulations. Using the HepG2 cell
line [55, 68], we examined the anti-inflammatory effects
of both HA-Lys conjugate and VCM-HNLCs formula-
tions against LPS-induced inflammation. This evaluation
involved measuring cell viability through the MTT assay
and quantifying IL-6 levels using enzyme-linked immu-
nosorbent assay (ELISA).

Cytoprotective effect against LPS-induced cytotoxicity

As shown in Fig. 14A, exposure to LPS (0.9 mg/mL)
resulted in a significant reduction in HepG2 cell viabil-
ity to 36.70+3.30% compared to the control group
(P-value<0.0001). However, supplementation with
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Fig. 14 A The Cytotoxicity of LPS on HepG2 cells and the protective effects of HA-Lys and VCM-HNLCs as measured by MTT assay, and B The effect
of HA-Lys and VCM-HNLCs on IL-6 expression induced by LPS. (****P-value < 0.0001, ***P-value=0.0002, in comparison with the LPS-treated group).
Data in the graph are presented as mean+SD (n=3)

HA-Lys or VCM-HNLCs formulations (100 pg/mL)
notably improved cell viability to 100.84+3.91% and
67.34 £ 1.87%, respectively, relative to the control. Impor-
tantly, treatment with HA-Lys and VCM-HNLCs formu-
lations maintained cell viability compromised by LPS by
64.14% (P-value <0.0001) and 30.64% (P-value=0.0002),
respectively, compared to the LPS-treated group.
These findings underscore the potential of HA-Lys and
VCM-HNLCs formulations to mitigate LPS-induced
cytotoxicity and suggest their efficacy in reducing inflam-
mation-associated cell damage.

Anti-inflammatory activity against LPS-induced
inflammatory responses (measurement of IL-6 levels)

To further validate the anti-inflammatory efficacy of
synthesized HA-Lys and VCM-HNLCs formulations,
their impact was evaluated on the expression of the pro-
inflammatory cytokine IL-6 in LPS-stimulated HepG2
cells. As depicted in Fig. 14B, treatment with 1 ug/mL of
LPS significantly increased IL-6 levels. However, treat-
ment with varying concentrations of HA-Lys or VCM-
HNLCs formulations (50 and 100 pg/mL) markedly
reduced IL-6 levels compared to the group treated solely
with LPS (P-value <0.0001).

In vivo studies

Given that VCM-HNLCs have demonstrated enhanced
in vitro antibacterial activity and excellent biocompat-
ibility, we proceeded to assess the protective effects of
both free VCM and VCM-HNLCs on MRSA-induced
sepsis in mice by evaluating the survival rate at 100 h
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Fig. 15 Survival and CFUs recovered in different organs

in MRSA-induced systemic bacteremia. A Kaplan—-Meier survival
curves depicting the survival of different treatment groups

following MRSA infection. B Comparison of CFUs recovered in blood,
liver, kidney, heart, lungs, and spleen after treatment with bare VCM
and VCM-HNLCs.

post-infection. As depicted in Fig. 15A, the MRSA-
infected, unencapsulated VCM group and VCM-HNLCs
exhibited a 0% survival rate by 60 h post-infection, 50%
survival rate after 100 h after infection and 100% survival
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of the infected mice at 100 h post-infection respectively,
as illustrated by the Kaplan—Meier curve in Fig. 15A.

Following survival analysis, surviving animals were
euthanized, and CFUs from various organs were isolated
to evaluate bacterial burden. As revealed in Fig. 15A, in
comparison to free VCM, treatment with VCM-HNLCs
led to a significant reduction in MRSA burden across mul-
tiple organs: blood (798-fold reduction, P-value =0.0173),
liver (217-fold reduction, P-value=0.0173), lungs (59-
fold reduction, P-value=0.0043), and heart (500-fold
reduction, P-value=0.0303). However, there was no sig-
nificant reduction in kidney (0.57-fold, P-value >0.9999)
and spleen (1.27-fold, P-value=0.9307), as shown in
Fig. 15B.

Discussion

The current therapy for mitigating bacterial-induced
sepsis is inadequate in achieving satisfactory clinical out-
comes. One strategy to enhance therapeutic efficiency
against sepsis involves improving drug delivery systems
through the use of multifunctional biomaterials. In this
study, a Hyaluronic acid-lysine (HA-Lys) conjugate was
synthesized, thoroughly characterized, and subsequently
employed in the development of multifunctional pH-
responsive and biomimetic hybrid nanostructured lipid
carriers (HNLCs) designed to target bacterial sepsis. The
HA-Lys conjugate was successfully synthesized using
a one-step amidation reaction and characterized using
FTIR and '"H NMR spectroscopy.

Following the successful synthesis of the HA-Lys conju-
gate, the biomaterial was employed in the formulation of
a hybrid nanosystem utilizing the hot homogenization-
ultrasonication technique. The initial formulation opti-
mization involved the screening process for the suitable
surfactant (Table S2), followed by optimizing other for-
mulation parameters. As shown in Table 1, increasing the
lipid-to-surfactant mass ratio from 1:0.5 to 1:2 resulted in
a decrease in the average particle diameter, EE %, and DL
% w/w with a slight increase in PDI. This can be attrib-
uted to the surfactant molecules available to cover and
stabilize the lipid-water interfaces formed during homog-
enization, thus decreasing interfacial tension and yielding
NPs with smaller particle sizes [83]. These findings align
with previous research studies that have also observed a
decrease in the particle size of NLCs at higher surfactant
concentrations [84-86]. Conversely, the reduction in
EE % and DL % w/w of the prepared VCM-HNLCs with
increasing surfactant content may be attributed to the
high hydrophilicity of the loaded VCM, causing the drug
to partition out of the lipid system into the surround-
ing aqueous medium [87]. On the other hand, increas-
ing the drug: lipid mass ratio from 1:3 to 1:5 resulted in
an increase in EE % and DL % w/w without significant
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effects on the size, PDI and ZP. This enhanced EE % could
be due to the increase in lipid content, which improves
the dispersion of VCM within the lipid matrix while
minimizing its leakage from the NPs [20, 88]. Moreo-
ver, increasing the lipid: polymer mass ratio from 1:0.05
to 1:0.15 resulted in an increase in the EE % without any
significant effects on the other parameters among all
the samples tested. These findings were consistent with
previously published studies, where increasing the lipid:
polymer mass ratio led to an increase in particle size and
size distribution of the NPs [89, 90].

Despite the fact that all formulations revealed relatively
low ZP values, it is worth noting that ZP alone does not
provide a complete understanding of the phenomena
involved in particle stability. According to the DLVO the-
ory, colloid stability relies on the balance between van der
Waals attractive forces and electrostatic repulsive forces
resulting from the electric double layer. While ZP indi-
cates the strength of electrostatic repulsion, it does not
provide insight into the contribution of attractive van der
Waals forces [91]. Therefore, a comprehensive evaluation
of colloidal stability must consider not only ZP but also
other factors, such as particle size distribution and sur-
face charge. Furthermore, the short-term stability study
demonstrated that the nanocarriers retained their struc-
tural integrity and functional properties under typical
storage conditions, highlighting their potential as reliable
drug delivery systems. This stability is crucial for ensur-
ing the reproducibility and efficacy of the formulation in
pharmaceutical applications. Overall, these findings sug-
gest that VCM-HNLCs are promising candidates for safe
and effective drug delivery with stable storage conditions.

The pH responsiveness of the VCM-HNLCs was vali-
dated by charge switching from negative to positive
charge (Fig. 1). This charge shift is likely attributed to
the protonation of the primary amino group of OLA,
resulting in a positive ZP at low pH values. It is antici-
pated that this change in surface charge from negative to
positive may promote drug release and enhance adher-
ence of VCM-HNLCs to the negatively charged bacte-
rial cell wall, thereby increasing antibacterial efficacy
[92, 93]. This result was further confirmed by evaluating
the drug release profile of the system at pH 7.4 and 6.0.
The result indicated a sustained release profile for the
VCM-HNLCs formulation at both pHs in contrast to the
bare VCM. The delayed release behavior of VCM from
the VCM-HNLCs may be caused by the diffusion of the
entrapped VCM molecules through the lipid-polymer
matrix, which retains the antibiotic for a longer period
of time [89]. The system demonstrated pH-dependent
drug release behavior, with significantly higher VCM
release from VCM-HNLCs at pH 6.0 compared to pH
7.4 (P-value=0.00014). This enhanced drug release at
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acidic pH is due to the confirmational changes and desta-
bilization of the NPs as a result of OLA protonation at
lower pH values, which accelerates drug release profiles
[94]. These findings were in accordance with previously
reported studies, showing that VCM released from pH-
responsive nanosystems was greater and occurred more
quickly at pH 6.0 than it was at physiological pH 7.4. This
pH-triggered VCM release behavior is essential for bet-
ter drug protection at the physiological pH and improved
localization at the infection sites (acidic pH), which helps
in enhancing the antibacterial activity [95, 96].

The biosafety of the VCM-HNLCs was determined
via MTT assay and hemolysis assay. None of the tested
cell lines exhibited concentration-dependent cytotoxic-
ity across the concentration range examined for HA-Lys
and VCM-HNLCs. However, in contrast to the control
group, the HA-Lys conjugate and VCM-HNLCs formu-
lations demonstrated marginally increased cell viability.
This could be attributed to the proliferative action of HA
[97], as well as long-chain fatty acid derivatives such as
OLA [98]. These findings were consistent with the Inter-
national Standard Organization (ISO) limit for biosafety
of biomedical materials (>70% cell viability) [99] and
support the cytocompatibility and potential use of the
prepared VCM-HNLCs for nano antibiotic delivery.
Additionally, the non-hemolytic nature of VCM-HNLCs,
as shown in Fig. 4, confirms the suitability of the nano-
carrier for parenteral administration.

Activation of TLRs by bacterial endotoxins is a critical
step in triggering immune response, which also contrib-
utes to the development of chronic and acute inflamma-
tory conditions like sepsis [74]. Therefore, altering TLR
signaling pathways and blocking their binding to their
natural bacterial substrates may help reduce the sub-
sequent activation of downstream signaling molecules
and could be a potential strategy for treating bacterial
sepsis. In this research, an MST binding affinity analysis
was conducted to evaluate the binding affinity of HA (a
known ligand of TLR2 and TLR4), as well as Lys, HA-Lys,
and VCM-HNLCs to human TLR2 and TLR4 compared
to their natural substrates PGN and LPS, respectively.
The obtained results confirmed significantly enhanced
binding affinity of the nanocarrier to TLR2 and TLR4
compared to their natural substrates. The inclusion of
HA-Lys in the VCM-HNLCs formulation may be respon-
sible for the binding affinity and consequent TLR2 and
TLR4 sensitivity. The change in binding affinity of VCM-
HNLCs compared to HA-Lys might be attributed to the
conformational shift in the HNLCs structure resulting
from the self-assembly of the nanosystem. Accordingly,
the findings of the binding study demonstrate a direct
and robust binding of HA-Lys and VCM-HNLCs to both
human TLR2 and TLR4, which could potentially inhibit
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the binding of bacterial toxins to their corresponding
receptors and suppress the inflammatory response trig-
gered by TLRs. Therefore, HA-Lys and its nanoformula-
tion (VCM-HNLCs) may be suggested as an adjuvant
and potential therapeutic nanocarrier for treating sepsis
resulting from mixed bacterial infections.

After evaluating drug release, the pH-dependent anti-
microbial activity of the system was determined against
S. aureus and MRSA by measuring the minimum inhibi-
tory concentration (MIC). The hybrid NPs also exhibited
superior and sustained antibacterial activity compared
to bare VCM, with VCM-HNLCs revealing significantly
lower MIC at pH 6.0 compared to pH 7.4 against both
tested pathogens. This effect could be attributed to the
combined and inherent antibacterial properties of Tween
80 [100], OLA [101] and TS [46] against gram-positive
bacteria. The enhanced and sustained antibacterial activ-
ity of VCM-HNLCs over the bare VCM under normal
conditions may be due to numerous factors including (a)
the gradual and extended-release profile of VCM from
the hybrid NPs resulting in long-lasting antibacterial effi-
cacy [102], (b) the smaller particle size of the NPs which
facilitates better adsorption and effective cell wall pen-
etration [103], and (c) the potential effect as a result of
the intrinsic antibacterial activity of the nanoformulation
components. Furthermore, the improved antimicrobial
activity of the prepared VCM-HNLCs at the acidi-
fied infection pH may be due to the rapid VCM release
from the HNLCs at pH 6.0 and the surface charge switch
from negative to positive charge due to the protonation
of OLA, which improves the adhesion of VCM-HNLCs
to the negatively charged bacterial cell wall leading to
superior antibacterial efficacy. The enhanced antibacte-
rial activity associated with the antibiotic-loaded hybrid
nanocarrier may help reduce the effective treatment
dose without compromising therapeutic outcomes [104].
Moreover, the frequency of VCM administration could
be decreased, which reduces the dose-related toxicity
and improves patient compliance [105]. A comparable
pattern of improved and sustained pH-responsive anti-
bacterial activity has been documented previously for
VCM-loaded NLCs [20] and VCM-loaded SLNs [58]
against both S. aureus and MRSA. This synergistic effect
suggests that a lower dosage of VCM-HNLCs may suf-
fice to achieve equivalent therapeutic efficacy compared
to free VCM, potentially enhancing antibacterial effec-
tiveness while minimizing associated toxicity and side
effects.

Both the bacterial live/dead cell assay and time-kill
assay have demonstrated that VCM-HNLCs outper-
form bare VCM in reducing MRSA burden at signifi-
cantly lower concentrations and at a faster rate. These
findings strongly indicate the potential enhancement
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of antibacterial effectiveness against MRSA with VCM-
HNLCs, potentially enabling the reduction of VCM
dosage in treating MRSA infections without compro-
mising therapeutic efficacy [106]. Moreover, conven-
tional VCM therapy is often characterized by slow
and time-dependent antibacterial efficacy, inadequate
penetration into solid organs, and suboptimal phar-
macokinetic properties, contributing to high rates of
antimicrobial resistance, treatment failure, and tox-
icity [107]. Therefore, these findings underscore the
potential of VCM-HNLCs as effective nanocarriers
to improve the bacterial killing kinetics of antibiotics,
achieve sustained release in the body, and potentially
enable successful therapy with lower dose regimens
against MRSA infections and associated sepsis.

Biofilm formation is one of the survival strategies of
many microorganisms, including bacteria. They play
a significant role in the pathogenesis of various bacte-
rial infections, particularly MRSA infections, rendering
them more resistant to the host’s immune system and
antimicrobial treatments [108]. Therefore, developing
a nanoantibiotic delivery system with improved anti-
bacterial activity and the ability to successfully remove
biofilms to combat MDR bacterial infections and sep-
sis would be beneficial. The efficiency of the prepared
VCM-HNLCs formulation against MRSA biofilms was
explored using both the crystal violet staining assay and
fluorescence microscopy. Both approaches elucidated
the superiority of the prepared HNLCs in eliminating
MRSA biofilms compared to bare VCM. This improved
antibiofilm activity could be due to the combined
effects of TS and Tween 80, as well as the pH-respon-
sive property of the nanosystem. It has been reported
that TS has vital and intrinsic anti-adhesion properties
against S. aureus biofilms. Therefore, it could act syn-
ergistically with VCM to affect pathogen adhesion and
biofilm formation, making it a suitable pharmaceutical
adjuvant for antibiotic therapy [45, 46, 109]. Further-
more, Tween 80 has been reported to possess potential
antibiofilm action against various pathogenic bacteria,
including MRSA. It can reduce bacterial adhesion to
surfaces and facilitate biofilm elimination by disturbing
the biofilm matrix and increasing its permeability [71,
110]. On the other hand, the charge reversible prop-
erty improves the electrostatic attraction between the
positively charged VCM-HNLCs with the negatively
charged bacterial cell surfaces in the acidic environ-
ment inside biofilms, which enhances the binding of the
NPs and the transport of the antibiotic to the biofilm
barrier, hence improving the efficiency of antibacterial
agents in eradicating biofilms and inhibiting biofilms
formation [111, 112]. These findings suggest that, in
addition to the enhanced antibacterial activity against



Elhassan et al. Journal of Biomedical Science (2025) 32:19

MRSA, VCM-HNLCs may also effectively eliminate
bacterial biofilms and modulate biofilm formation.

Recently, bacterial multidrug efflux pumps have gar-
nered considerable attention owing to their potential
involvement in clinical AMR [113]. Notably, MRSA has
demonstrated the ability to develop efflux-mediated
resistance to antibiotics through genetic mutations that
diminish bacterial susceptibility to antimicrobial agents
[81]. However, the upregulation of bacterial efflux pumps
presents a formidable obstacle for antibiotics to efficiently
penetrate bacterial cells [114]. Subsequently, the abil-
ity of VCM-HNLC:s to inhibit MRSA efflux pumps was
evaluated. The results indicated VCM-HNLCs treated
groups exhibited elevated fluorescence intensity when
compared to VCM control groups. This can be attributed
to substantial EtBr accumulation within bacterial cells.
The presence of TS as an ingredient of the nanocarrier
likely contributed to the augmented fluorescence inten-
sity observed in the samples treated with VCM-HNLCs.
This augmentation supports the reduction in MIC values
and the potentiation of VCM’s activity upon incorpora-
tion into HNLCs containing TS. Existing literature has
reported the promising efflux pump inhibition activity of
TS, primarily targeting NorA and NorB, chromosomally
encoded efflux pumps found in gram-positive bacteria
[46], which may underlie the observed inhibition of efflux
pumps in MRSA [42-44]. Therefore, TS may act syner-
gistically with VCM in the formulated VCM-HNLCs to
combat resistant S. aureus strains and could serve as an
adjunct for effective antibiotic therapy, addressing anti-
bacterial resistance attributed to efflux pumps and treat-
ing associated conditions such as sepsis.

Excessive production of ROS elicited in response to
inflammation precipitates oxidative stress, a significant
contributor to the heightened mortality rates observed in
sepsis [82]. Therefore, counteracting ROS generated dur-
ing the inflammatory cascade is paramount in mitigating
oxidative stress and ameliorating the deleterious ramifi-
cations of sepsis on physiological systems. The radical
scavenging ability of the nanosystem was evaluated using
the DPPH assay. The findings underscored a concentra-
tion-dependent capacity of all tested samples to scav-
enge DPPH radicals, with maximal antioxidant efficacy
recorded at a concentration of 1000 pg/mL. Among the
individual excipients, Lys and HA-Lys conjugate exhib-
ited superior scavenging activity compared to TS across
all concentrations. This observation may be attributed to
the comparatively diminished hydrogen-donating capa-
bility of TS compared to the other excipients. Vitamin E
derivatives, including TS, have been reported to manifest
reduced DPPH scavenging activity relative to pure vita-
min E (tocopherol), potentially due to interference from
salts in DPPH measurements, consequently diminishing
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their antioxidant efficacy [115, 116]. Conversely, the
heightened antioxidant potential of pure Lys and the
synthesized HA-Lys polymer may be ascribed to the
presence of free amino groups in Lys units, facilitating
electron donation to stabilize and neutralize DPPH radi-
cals [117, 118]. Furthermore, the antioxidant efficacy of
VCM-HNLCs may be attributed to the synergistic inter-
play between TS and HA-Lys, with the HA-Lys conjugate
exerting a notable influence over TS. Consequently, the
protective role conferred by HA-Lys and its hybrid nan-
oformulation against DPPH radicals holds promise for
attenuating oxidative stress and lipid peroxidation asso-
ciated with inflammatory cascades and septic conditions
[36, 39].

Given that effective treatment of bacterial sepsis relies
on eliminating the causative bacteria and modulating the
immune response mediated by bacterial toxins such as
LPS, we evaluated the anti-inflammatory activity of the
formulated VCM-HNLCs by utilizing the HepG2 cell
line [55, 68]. To investigate the anti-inflammatory poten-
tial of HA-Lys conjugate and VCM-HNLCs formulations
against LPS-induced inflammation, we measured cell via-
bility and IL-6 levels using the MTT assay and enzyme-
linked immunosorbent assay (ELISA), respectively. The
MTT assay revealed that treatment with HA-Lys and
VCM-HNLC:s significantly improved cell viability in LPS-
stimulated cell lines compared to the untreated group.
These results indicate that HA-Lys and VCM-HNLCs
possess the capability to protect cells from LPS-induced
damage. This protective effect may be attributed to the
antioxidant properties of lysine, which facilitates the
scavenging of reactive oxygen species (ROS) and miti-
gates oxidative stress, thereby alleviating cellular injury
[36, 39]. Additionally, HA has been reported to provide
protection against LPS-induced cellular damage in previ-
ous studies [119-121]. Consequently, the HA-Lys conju-
gate and its nanoformulation show promise as potential
therapeutic agents for preventing cellular damage caused
by sepsis.

Sepsis is intricately linked with dysregulated cytokine
expression, which is pivotal for modulating the host
immunological response [122]. Among these cytokines,
interleukin-6 (IL-6) holds particular significance in the
pathogenesis of sepsis, notably serving as an early indi-
cator of inflammation [123]. The anti-inflammatory
efficacy of the synthesized HA-Lys and VCM-HNLCs),
and their impact assessed on the expression of the pro-
inflammatory cytokine, IL-6, in LPS-stimulated HepG2
cells. The results indicated that IL-6 levels were signifi-
cantly reduced after treatment with varying concentra-
tions of HA-Lys or VCM-HNLCs formulations (50 and
100 pg/mL) compared to the group treated solely with
LPS (P-value <0.0001). This observation underscores the
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capacity of both HA-Lys and the hybrid nanocarrier to
modulate LPS-induced IL-6 levels, thereby potentially
mitigating tissue damage resulting from an exaggerated
immune response. The outcome corroborates the antag-
onistic action of both HA-Lys and the hybrid NLCs on
TLR4, as their augmented anti-inflammatory effects may
be ascribed to their robust and competitive binding to
TLR4, as demonstrated in vitro through MST investi-
gations conducted in this study. A similar trend of IL-6
reduction was noted in two studies by Farajzadeh et al.
(2018) and Cardoso et al. (2022), which unveiled the
significant anti-inflammatory properties of HA-based
nanoparticles (NPs) and HA-based nanogels against
LPS-triggered inflammatory responses, respectively [124,
125]. Consequently, both HA-Lys and VCM-HNLCs
emerge as promising candidates for modulating IL-6
levels and curtailing the inflammatory cascade in septic
conditions. Further studies are warranted to evaluate the
effect of VCM-HNLCs on other inflammatory markers.
For proof of concept, in vivo mice model of systemic
infection was employed to determine the efficacy of
VCM-HNLCs. Obtained results indicated that treatment
with VCM-HNLC:s resulted in a 100% survival rate com-
pared to bare VCM, which exhibited a 50% survival rate
after 100 h, as illustrated by the Kaplan—Meier curve in
Fig. 15A. This mirrors previous reports of survival rates
associated with VCM-loaded liposomes [126]. Addition-
ally, in comparison to free VCM, treatment with VCM-
HNLCs led to a significant reduction in MRSA burden
across multiple organs. The most substantial decrease
in CFU count was observed in the blood, followed by
the heart, liver, and lungs, respectively. This pronounced
reduction in systemic bacteriemia can be attributed to
the sustained effect of the nanosystem in the circulation,
facilitated by HA, which is recognized for its prolonged
circulatory properties [127]. Literature reports suggest
that HA is distributed in the heart and metabolized in the
liver, potentially explaining the reduced MRSA burden in
these organs, specifically upon the treatment with VCM-
HNLCs compared to bare VCM [128]. These findings
suggest that VCM-HNLCs have the potential to clear sys-
temic MRSA infection more effectively than bare VCM.

Conclusion

In recent years, there has been a burgeoning interest in
developing advanced, multifunctional biomimetic and
stimuli-responsive nanocarriers aimed at enhancing
antibiotic delivery for combatting bacterial infections
and sepsis. In this study, our objective was to fabricate
a novel hyaluronic acid-lysine polymer (HA-Lys) for the
construction of biomimetic pH-responsive hybrid nano-
structured lipid carriers (HNLCs) capable of facilitating
the delivery of vancomycin to address bacterial-induced

Page 26 of 30

sepsis. The HA-Lys conjugate was successfully synthe-
sized and characterized by FTIR and 'H NMR. Subse-
quently, vancomycin-loaded HNLCs (VCM-HNLCs)
were prepared via a hot homogenization and ultrasoni-
cation method. Characterization techniques confirmed
satisfactory physicochemical properties, biocompatibility
and strong targetability to human TLR2 and TLR4 recep-
tors, as demonstrated by MST studies. Furthermore,
VCM-HNLCs exhibited a pH-triggered drug release
profile, superior pH-sensitive antibacterial and biofilm
eradication capabilities, and significant inhibitory effects
against MRSA efflux pumps, substantial free radical scav-
enging capacities, as well as notable cytoprotective and
anti-inflammatory effects against LPS-induced inflam-
mation compared to the unencapsulated VCM. These
characteristics hold promise for enhancing the anti-viru-
lence efficacy of VCM and improving outcomes in sepsis
treatment.

While the study demonstrates promising results for the
use of VCM-HNLCs as a potential treatment for bacte-
rial sepsis, further research is needed to confirm their
antibacterial activity against a broader range of bacterial
strains. Additionally, investigations into the purity, long-
term stability, pharmacokinetics, and potential toxicity of
VCM-HNLCs are essential for their clinical application.
The development of preclinical sepsis models that closely
resemble human septic conditions is crucial. Addition-
ally, evaluating the effects of VCM-HNLCs on various
tissues through pathohistological investigations, assess-
ing their in vivo anti-inflammatory effects, and exploring
the biological behavior and mechanistic molecular phar-
macodynamics of the system will be essential for advanc-
ing their clinical potential. The outcomes of this research
lay the foundation for developing novel nanoplatforms to
manage bacterial sepsis and combat multidrug-resistant
bacteria, contributing to the expansion of hybrid nano-
structured lipid carriers with antivirulence properties
that integrate biomimetic and stimuli-responsive strate-
gies to enhance antibiotic therapy against sepsis-inducing
pathogens.
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