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Dual-targeting sepsis-associated inflammation
and infection using linoleic acid-based
lipid–polymer hybrid nanoparticles
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Mohammed A. Gafar,ad Eman A. Ismail,ae Lucy W. Kiruri,f Bongani B. Nkambule,g

Irene Mackrajg and Thirumala Govender*a

Bacterial sepsis is a critical and life-threatening condition resulting from a dysregulated host immune

response to infection and remains one of the foremost causes of mortality worldwide. In this study, a

biomimetic hybrid lipid–polymer nanocarrier (VCM-LIN-P2O NPs) was designed to target the ADAM10

and TLR2 receptor pathways through integrating linoleic acid (LIN) and poly(2-ethyl-2-oxazoline) (P2O).

This engineered nanoplatform attenuates excessive inflammation via concurrent binding to ADAM10 and

TLR2 while ensuring targeted delivery of vancomycin (VCM) to infection sites. The potential of LIN to

competitively bind to ADAM10 and TLR2 was initially examined through molecular docking and

subsequently validated using microscale thermophoresis (MST), confirming the potential ability of LIN to

downregulate the inflammation associated with ADAM10 and TLR2 activation. The optimized VCM-LIN-

P2O NPs displayed desirable physicochemical characteristics, excellent biocompatibility, and high

stability, along with a sustained drug release profile extending up to 48 hours. Furthermore, the

nanocarrier exhibited enhanced in vitro antibacterial performance compared to bare VCM, along with

significant antioxidant and anti-inflammatory activity, in LPS-stimulated macrophages. In a murine

MRSA-induced sepsis model, treatment with VCM-LIN-P2O NPs resulted in marked bacterial clearance

from major organs and the bloodstream, accompanied by a significant reduction in TNF-a, IL-1b, and

IL-18 levels, thereby alleviating organ damage. Therefore, these findings establish VCM-LIN-P2O NPs as

a promising multifunctional nanoplatform for targeted antibiotic delivery and effective sepsis therapy.

1. Introduction

Bacterial sepsis is a systemic condition resulting from a dysre-
gulated immune response to bacterial invasion and is one
of the leading causes of global mortality and morbidity, accord-
ing to the World Health Organization (WHO).1,2 Recent

epidemiological data indicate that sepsis accounts for approxi-
mately 20% of all global deaths annually.3 Although antibiotics
remain the primary treatment for sepsis, the emergence of
antimicrobial resistance, coupled with a decline in the devel-
opment of new antibiotics, pose a serious challenge to effective
management.4 Moreover, the complex pathophysiology of sep-
sis often necessitates the use of multiple adjunctive therapies,
beyond antibiotics, to control inflammation and mitigate oxi-
dative stress-induced organ damage, potentially reducing
patient compliance.5,6 Consequently, there is an urgent need
for more effective and multimodal therapeutic strategies to
enhance the treatment outcomes of sepsis.

Recent advances in nanotechnology have significantly
enhanced therapeutic outcomes for various diseases, including
bacterial infections and sepsis.5,7 Nanocarriers with well-
optimized physicochemical characteristics have addressed
many limitations associated with conventional drug delivery
systems, such as enhancing the solubility of hydrophobic
drugs, enabling prolonged systemic circulation, and promoting
selective accumulation at infection sites.6,8 Nevertheless,
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several challenges remain unresolved, including inadequate
target specificity, especially with complex diseases such as
sepsis, which necessitates the use of biomimetic materials to
target multiple pathways besides the invading pathogen, high-
lighting the need for continued research and innovation.9

Notably, the pathogenesis of bacterial sepsis is mediated
through the activation of multiple immunopathological path-
ways. The sepsis microenvironment is also characterized by
bacterial virulence factors, such as alpha-hemolysin, which
facilitate persistent infection.10 One promising strategy for
attenuating sepsis associated with bacterial infection involves
the design of multifunctional biomimetic nanocarriers that
mimic natural substrates of overexpressed receptors and bac-
terial enzymes within the sepsis milieu. These bioinspired
systems could provide dual functionality: targeted antibiotic
delivery and modulation of the hyperinflammatory response.11

However, research in this domain remains at an early stage,
particularly in the context of bacterial infections and sepsis.
Only a limited number of studies have explored the develop-
ment of multifunctional biomimetic nanoparticles for targeted
antibacterial therapy.12–15 Therefore, this emerging field holds
significant potential for advancing antibiotic delivery strategies
against bacterial sepsis and addressing the global challenge of
antimicrobial resistance.

For instance, toll-like receptor (TLR) signaling, particularly
through TLR2, and A Disintegrin and Metalloprotease 10
(ADAM10), which contributes to the activation of the NOD-
like receptor family pyrin domain-containing 3 (NLRP3) inflam-
masome, are among the key pathways involved in initiating the
innate immune response against bacterial sepsis.16–18 These
pathways play a critical role in recognizing toxins released by
bacteria, such as peptidoglycan (PGN) and alpha-hemolysin
(a-H), thereby initiating a rapid immune response aimed at
controlling the infection. However, during severe infections,
dysregulated or excessive activation of these receptors contri-
butes to systemic inflammation and multi-organ damage,
exacerbating disease progression.16–18 Modulation of these
inflammatory pathways using biomimetic strategies represents
a promising and innovative approach for the treatment of
inflammatory diseases, such as sepsis.11,12 A variety of synthetic
and natural compounds have been investigated for their
potential to inhibit TLR2 and ADAM10-mediated inflammatory
responses.19–21 However, to our knowledge, no biomimetic
nanodrug delivery system (NDS) has yet been developed to
specifically target the ADAM10 receptor for the modulation of
inflammation associated with sepsis. Furthermore, there are no
existing reports describing the simultaneous targeting of both
TLR2 and ADAM10 signaling pathways in the context of bacter-
ial infections or other inflammatory diseases. This dual-
targeting approach holds significant promise for enhancing
therapeutic outcomes by increasing the specificity and efficacy
of nanocarrier-based interventions, particularly in the treat-
ment of MRSA-induced sepsis and related inflammatory
disorders.

Among the diverse NDS, hybrid lipid–polymer nanoparticles
(HLPNs) have gained considerable attention as an advanced

platform for drug delivery, particularly in the management of
bacterial infections and associated inflammatory conditions.22

The integration of lipid and polymer constituents within
HLPNs offers enhanced drug encapsulation efficiency and
structural stability, supporting the delivery of both hydrophilic
and hydrophobic therapeutics.23 Their structural versatility also
facilitates the incorporation of biomimetic materials, rendering
HLPNs suitable for applications in anticancer, antimicrobial,
and gene therapy.22–24 Recently, our research group engineered
innovative biomimetic HLPNs composed of tannic acid and
oleylamine for the targeted delivery of ciprofloxacin in the
context of bacterial sepsis.25 Despite these advancements, to
our knowledge, no biomimetic HLPNs have been reported that
concurrently target ADAM10 and TLR2 receptors, representing
a novel strategy in sepsis therapy.

The identification and application of materials with intrin-
sic biomimetic properties capable of simultaneously targeting
multiple disease pathways represent a promising strategy for the
development of HLPNs. In this regard, linoleic acid (LIN), a
polyunsaturated fatty acid known for its inherent antioxidant26

and anti-inflammatory properties,26–28 presents a promising
candidate for the design of biomimetic HLPNs, although its
precise anti-inflammatory mechanisms remain unclear. We
hypothesize that LIN may mimic bacterial toxins, thereby com-
petitively inhibiting ADAM10 and TLR2 signaling pathways,
ultimately leading to the attenuation of sepsis-associated inflam-
mation. Additionally, poly(2-ethyl-2-oxazoline) (P2O), an FDA-
approved polymer, exhibits intrinsic antibacterial activity by
mimicking host defense peptides.29 Integrating the antibacterial
properties of P2O with the multifunctional bioactivity of LIN
within a biomimetic HLPNs system offers a novel and promising
therapeutic approach for the treatment of bacterial infection and
its associated sepsis.

Therefore, this study aimed to develop multifunctional
biomimetic HLPNs specifically engineered to target the inflam-
matory cascade associated with bacterial sepsis by modulating
TLR2 and ADAM10 and augmenting the antibacterial efficacy of
the loaded antibiotic. The engineered HLPNs consist of a lipid–
polymer matrix integrating LIN, a polyunsaturated fatty acid
with well-established systemic anti-inflammatory and antioxi-
dant properties, and P2O, a newly FDA-approved polymer
exhibiting intrinsic antibacterial activity. This nanoplatform,
designated as VCM-LIN-P2O NPs, is designed to enable targeted
delivery of vancomycin free base (VCM) for the treatment of
bacterial sepsis. VCM was selected as a model drug because,
although it is the first-line antibiotic for treating MRSA infec-
tions, resistance to it has been reported.30 We hypothesize that
the nanosystem may inhibit TLR2 and ADAM10 activity,
thereby attenuating the excessive inflammatory response char-
acteristic of sepsis and offering a novel therapeutic approach.
To the best of our knowledge, the combination of LIN and P2O
in the formulation of HLPNs has not been previously reported
for the treatment of any disease. The results of LIN binding
affinity, assessed through molecular docking and in vitro vali-
dation, are presented alongside the formulation and optimiza-
tion of VCM-LIN-P2O NPs. In addition, comprehensive in vitro
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characterization, including antibacterial, antioxidant, and anti-
inflammatory evaluations, followed by in vivo assessment of
antisepsis efficacy, are also reported.

2. Materials and methods
2.1 Materials

Details of the materials used are provided in the SI.

2.2 Molecular docking

For this study, we obtained the X-ray crystal structures of ADAM10
[PDB ID: 6BE6], alpha-hemolysin (a-H) [PDB ID: 3ANZ], and
Human TLR2 (PDB ID: 6NIG) from the RCSB Protein Data
Bank.31 In all cases, only chain A was used for efficient computa-
tional analysis. Biologically relevant metal cofactors (Zn in
ADAM10) were retained, and water molecules were removed.
Missing hydrogens were added using AutoDockTools-1.5.7 soft-
ware, and partial charges were assigned using the Kollman
method. The ligands peptidoglycan (PGN) (CID: 5462260), lipotei-
choic acid (LTH) (CID: 137349712), and linoleic acid (LIN) (CID:
5280450) were retrieved from PubChem. The structures were then
subjected to energy minimization using the MMFF94 force field,
which employs the steepest descent algorithm using Avogadro
1.2.0.32 Binding affinities and protein–ligand interactions were
obtained using the AutoDock Vina v.1.2.0. For Human TLR2 Vina
docking, the search box centers and sizes were set to (x, y, z) = 8,
11, 80, and (size_x, size_y, size_z) = 36, 41, and 46 Å; exhaustive-
ness = 32; num_modes = 20. For ADAM10-LIN docking, the setting
was as follows; the search box centers and sizes were set to (x, y, z)
= 31, 18, 35 and (size_x, size_y, size_z) = 22, 24, and 17 Å;
exhaustiveness = 32; num_modes = 20. Protein–protein docking
of ADAM10 (chain A, Zn-retaining) and the 3ANZ receptor was
performed using HADDOCK v2.5-2025.08,33,34 which involves
three steps. First, there are random orientations of the proteins
followed by energy minimizations to remove steric clashes.
Secondly, a flexible refinement step follows using torsion-angle
dynamics, and finally, optimization in explicit solvent to improve
interface geometry and stability. For ADAM10, alanine (Ala331)
and leucine (Leu328 and Leu330) residues and the ligand binding
pocket of 3ANZ were mentioned as ‘‘active’’ residues involved in
the intermolecular interaction, while ‘‘passive’’ residues were
defined as residues surrounding the active ones before submitting
the docking job. Only one cluster was selected from seven clusters
obtained from the HADDOCK results based on the HADDOCK
score, Z-score and lowest RMSD. Software’s UCSF Chimera,35

PyMOL,36 and LigPlot+37 were used to analyze the docked
complexes.

2.3 In vitro binding to TLR2 and ADAM 10

To experimentally substantiate the molecular docking out-
comes and confirm the proposed biomimetic mechanism, the
binding affinity of LIN for the ADAM10 and TLR2 receptors was
analyzed using microscale thermophoresis (MST) on a Mono-
lith NT.115 system (NanoTemper Technologies, Germany). In
this assay, alpha-hemolysin (a-H) was used as the physiological

substrate for ADAM10, whereas peptidoglycan (PGN) and lipo-
teichoic acid (LTH) were employed as standard ligands for
TLR2. Both ADAM10 and TLR2 proteins were fluorescently
tagged with RED-NHS 2nd generation dye (NanoTemper Tech-
nologies, Germany) following the manufacturer’s protocol, and
adjusted to a working concentration of 50 nM in phosphate-
buffered saline (0.1 M PBS, pH 7.4) containing 0.05% Tween 20.
Serial two-fold dilutions of each ligand (10 mL per dilution) were
prepared in the same buffer and mixed with an equal volume of
labeled protein solution, followed by a brief 5 minute incuba-
tion. The mixtures were then loaded into premium-coated
capillaries and analyzed at 25 1C under excitation and MST
powers of 70% and 40%, respectively. Dissociation constants
(Kd) were calculated using MO-Affinity Analysis Software (v2.1.3,
NanoTemper Technologies, Germany). Each measurement was
performed in triplicate to confirm reproducibility and accuracy.

2.4 Preparation of VCM-LIN-P2O NPs

VCM-LIN-P2O NPs were prepared using a modified nanopreci-
pitation method,38 a widely employed technique for fabricating
nanocarriers such as polymeric nanoparticles and previously
reported for VCM encapsulation.11 Briefly, predetermined
amounts of VCM, P2O, and the selected surfactant were dis-
solved in 10 mL of Milli-Q water to form the aqueous phase.
The organic phase was prepared by dissolving LIN in 2 mL of
acetone. Under continuous stirring at 600 rpm, the organic
phase containing LIN was added dropwise to the aqueous
phase containing VCM (1 mg mL�1). The resulting emulsion
was stirred for 24 hours to ensure complete acetone evapora-
tion. Blank formulations (LIN-P2O NPs) were obtained using
the same procedure, excluding VCM. The nanoformulations
were stored at 4 1C until further characterization. Furthermore,
to optimize the stability of VCM-LIN-P2O NPs, different surfac-
tants (Tween 80, Tween 20, Poloxamer 407, Poloxamer 188, and
Span 20) were screened. Subsequently, formulation parameters,
including lipid-to-surfactant ratio, drug-to-system mass ratio,
and lipid-to-polymer mass ratio, were systematically evaluated.
The optimal formulation, defined by the smallest particle size
(PS), lowest polydispersity index (PDI), and the highest entrap-
ment efficiency (EE%) and drug-loading capacity (DL% w/w),
was selected for further studies. Each formulation batch was
prepared in triplicate.

2.5 Physicochemical characterization of VCM-LIN-P2O NPs

2.5.1 Determination of particle size, polydispersity index,
and zeta potential. The PS, PDI, and ZP of the prepared VCM-
LIN-P2O NPs were characterized using dynamic light scattering
(DLS). Measurements were carried out on a Zetasizer Nano ZS90
instrument (Malvern Instruments, UK) equipped with a 633 nm
laser and a 1731 backscattering detection system. Prior to
analysis, each sample was suitably diluted with distilled water
to prevent multiple scattering effects. All measurements were
performed at 25 1C, and each sample was analyzed in triplicate
to ensure accuracy and reproducibility.19

2.5.2 Surface morphology. The morphological characteris-
tics of VCM-LIN-P2O NPs were examined using transmission
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electron microscopy (TEM) (JEOL JEM-1010, Japan). Briefly, a
drop of appropriately diluted formulation was placed onto a
coated copper grid and allowed to dry at room temperature. The
sample was then stained with 2% phosphotungstic acid for
1 min and imaged at an accelerating voltage of 75 kV to obtain
TEM images.

2.5.3 Determination of entrapment efficiency (EE%) and
drug loading capacity (DLC% w/w). The EE% and DLC% (w/w)
of VCM incorporated into VCM-LIN-P2O NPs were analyzed
using a combined centrifugation and ultrafiltration
approach.25 For this purpose, 2 mL of each nanoparticle
suspension (containing 1 mg mL�1 of VCM) was placed in
Amicons Ultra-4 centrifugal filter devices (Millipore, USA) with
a 10 kDa molecular weight cut-off membrane and centrifuged
at 3000 rpm for 30 minutes. The amount of unentrapped VCM
in the filtrate was determined through high-performance liquid
chromatography (HPLC) (Shimadzu, Japan) fitted with a photo-
diode array (PDA) detector operating at 280 nm. Chromato-
graphic analysis was carried out using a Geminis 5 mm NX-C18
110 Å (250 � 4.6 mm) column. The mobile phase consisted of
0.1% trifluoroacetic acid in water and acetonitrile (15 : 85, v/v),
delivered at a flow rate of 1 mL min�1 under low-pressure
gradient conditions, with an injection volume of 100 mL.
Quantification was based on a standard calibration curve
generated from the regression equation y = 16 329x + 410.19
with a correlation coefficient (R2) of 0.999. Each analysis was
performed in triplicate, and the EE% and DLC% values were
derived using the respective standard equations:

EE% ¼ Total weight of VCM�Weight of free VCM

Total weight of VCM
� 100

DLC% ¼ Total weight of VCM�Weight of free VCM

Total weight of nanoparticles
� 100

2.5.4 Thermal profile. Differential scanning calorimetry
(DSC) was carried out using a Shimadzu DSC-60 instrument
(Shimadzu, Japan) to record the thermal profiles of P2O,
PLX407, free VCM, trehalose, physical mixture, and lyophilized
VCM-LIN-P2O NPs using a previously reported method.19

Approximately 5 mg of each sample was accurately weighed
into an aluminum pan, sealed with a crimping press, and
subjected to heating from room temperature to 500 1C at a
constant rate of 10 1C min�1 under a nitrogen atmosphere. An
empty sealed aluminum pan was used as a reference.

2.6 In vitro biocompatibility

2.6.1 In vitro cytocompatibility. The cytocompatibility of
the developed VCM-LIN-P2O NPs was assessed using the MTT
assay in accordance with previous reported procedures.9 RAW
264.7 murine macrophage-like cells, HEK 293 human embryo-
nic kidney cells, and HepG2 human hepatocellular carcinoma
cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 2.5% HEPES buffer, 1% (v/v)
penicillin–streptomycin, 1% L-glutamine, and 10% (v/v) fetal
bovine serum. The cells were maintained at 37 1C in a

humidified incubator under 5% CO2, and the medium was
refreshed every two days. Once optimal confluence was
achieved, cells were seeded into 96-well plates and incubated
for 24 hours to allow adhesion. Thereafter, the medium was
replaced with the test formulations at different concentrations
(20, 40, 60, 80, and 100 mg mL�1). Following the exposure
period, the formulations were removed, and 20 mL of MTT
solution (5 mg mL�1 in PBS) together with 100 mL of fresh
medium were added to each well. Cell viability was evaluated
based on the mitochondrial enzyme-driven conversion of MTT
to insoluble formazan crystals. After 4 hours of incubation, the
medium was discarded, and the crystals were solubilized with
100 mL of DMSO. The absorbance was then measured at 570 nm
using a microplate reader (Spectrostar Nano, Germany) follow-
ing a 1 hour incubation. Untreated cells served as positive
controls, while medium without cells served as negative con-
trols. All experiments were performed in triplicate, and cell
viability (%) was calculated using the equation below:

% Cell viability ¼ A570nm treated cells

A570nm untreated cells
� 100

2.6.2 In vitro hemocompatibility. The hemocompatibility
of VCM-LIN-P2O NPs was evaluated using a modified protocol
adapted from a previously established method.19 Fresh
sheep blood was collected and washed three times with sterile
phosphate-buffered saline (PBS) by centrifugation at 4000 rpm
for 15 minutes to isolate red blood cells (RBCs). Subsequently,
0.2 mL of the RBC suspension was mixed with 1.8 mL of VCM-
LIN-P2O NPs dispersions prepared at different concentrations
(0.02–0.1 mg mL�1 in PBS). Distilled water and PBS were used
as positive and negative controls, respectively. The samples
were incubated at 37 1C for 1 hour, followed by centrifugation
at 3000 rpm for 10 minutes at 4 1C using an ultracentrifuge
(Centurion Scientific, UK). The absorbance of the supernatant
was then recorded at 540 nm using a UV-Vis spectrophotometer
(SpectraMax M2, USA). All assays were performed in triplicate,
and the percentage of hemolysis was determined using the
following equation:

% Hemolytic activity ¼ 100� ABS�ABSo

ABS100 �ABSo

where ABS is the absorbance of the sample, ABS100 is the
absorbance of the positive control, and ABS0 represents the
absorbance of the negative control.

2.7 In vitro drug release profile and kinetic modeling

The in vitro release behavior of VCM from VCM-LIN-P2O NPs
was investigated using a modified dialysis technique.39 Con-
cisely, 2 mL of either a VCM aqueous solution (1 mg mL�1) or a
nanoparticle suspension containing an equivalent VCM
concentration was placed into cellulose dialysis membranes
(molecular weight cut-off = 14 kDa). Each bag was immersed in
40 mL of phosphate-buffered saline (PBS, 0.1 M, pH 7.4) and
maintained at 37 1C under constant agitation at 100 rpm in a
thermostatic shaker. At predetermined time points, 3 mL of the
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release medium was withdrawn and replaced with an equal
volume of fresh PBS to sustain sink conditions. The amount of
VCM released at each interval was quantified by HPLC follow-
ing the same analytical conditions used for determining the
entrapment efficiency. All experiments were carried out in
triplicate. To characterize the release mechanism, the cumula-
tive release data were fitted to various kinetic models (zero-
order, first-order, Higuchi, Korsmeyer–Peppas, Hixson–Cro-
well, and Weibull) using the DDSolver Excel add-in.40 The
model exhibiting the highest correlation coefficient (R2) and
the lowest root mean square error (RMSE) was considered the
best to describe the release kinetics.

2.8 Short-term physical stability

The short-term physical stability of the VCM-LIN-P2O NPs was
examined for 90 days under two storage conditions (ambient
temperature and 4 1C). Variations in visual characteristics, PS,
PDI, and ZP were periodically recorded. Each analysis was
carried out in triplicate.

2.9 In vitro antibacterial efficacy

2.9.1 Evaluation of minimum inhibitory concentration.
The minimum inhibitory concentration (MIC) of bare VCM,
the blank nanosystem, and VCM-LIN-P2O NPs was determined
against both methicillin-sensitive and methicillin-resistant Sta-
phylococcus aureus (SA and MRSA) using the broth microdilu-
tion method.9,41 In brief, overnight cultures of SA and MRSA
were adjusted in Mueller–Hinton broth (MHB) to a turbidity
equivalent to the 0.5 McFarland standard, verified using a
densitometer (DEN-1B McFarland, Latvia). These suspensions
were subsequently diluted with MHB to yield a final bacterial
density of 5 � 105 CFU mL�1. Serial dilutions of the formula-
tions and bare VCM were prepared in MHB within 96-well
plates to a final volume of 100 mL, after which 100 mL of the
bacterial inoculum was added to each well. The plates were
incubated at 37 1C under agitation (100 rpm). At 24, 48, and
72 hours, aliquots from each well were spotted onto Mueller–
Hinton agar (MHA) plates, which were further incubated at
37 1C for 24 hours to assess bacterial growth and determine
MIC values. All experiments were conducted in triplicate.

2.9.2 Kinetics of bacterial killing. The time-kill kinetics of
VCM-LIN-P2O NPs were investigated using a colony-counting
method previously described in the literature.42 Briefly, an
overnight culture of MRSA was adjusted to a final bacterial
density of 5 � 105 CFU mL�1 and subsequently treated with 5 �
MIC of either bare VCM or VCM-LIN-P2O NPs. PBS was
included as a negative control. The cultures were incubated
in a shaker incubator at 37 1C with agitation at 100 rpm for
24 hours. At specified time intervals, 0.1 mL aliquots were
withdrawn, serially diluted, and plated onto MHA plates. The
plates were incubated at 37 1C for an additional 24 hours, after
which colony counts were recorded. All experiments were
carried out in triplicate, and the results were expressed as
logarithmic (log10) CFU mL�1 values.

2.9.3 MRSA cell membrane disruption. The membrane-
disruptive effects of VCM-LIN-P2O NPs in comparison to bare

VCM were examined using TEM based on a previously reported
methodology.9 Briefly, MRSA suspensions prepared in PBS at a
density of 1.5 � 108 CFU mL�1 were combined in a 1 : 1 volume
ratio with either bare VCM or VCM-LIN-P2O NPs, each applied
at 10-fold their MIC. The mixtures were incubated at 37 1C for
2–4 hours under shaking conditions. Following incubation,
aliquots were placed onto copper grids and examined using a
JEOL JEM-1010 TEM (Japan) under brightfield, darkfield,
and scanning transmission electron microscopy (STEM)
diffraction modes.

2.10 In vitro antioxidant activity

2.10.1 DPPH scavenging activity. The antioxidant potential
of LIN, P2O, and VCM-LIN-P2O NPs was assessed using a
modified version of a previously reported DPPH assay.19 A
0.5 mM solution of DPPH in methanol was freshly prepared,
while LIN and P2O were dissolved at 2 mg mL�1, corresponding
to their concentrations in the VCM-LIN-P2O NPs formulation.
Subsequently, 1.5 mL of each test solution was mixed with an
equal volume of the DPPH solution and incubated in the dark
at 37 1C. DPPH solution alone was used as the negative control,
whereas ascorbic acid served as the positive control. After
1 hour of incubation, the absorbance of each reaction mixture
was measured at 517 nm using a UV-vis spectrophotometer
(SpectraMax M2, USA). All experiments were performed in
triplicate, and the antioxidant activity was expressed as a
percentage, calculated using the following formula:

% DPPH radical scavenging ¼ A517 control � A517 sample

A517 control
� 100

2.10.2 ROS scavenging at the mitochondrial level. RAW
264.7 cells were employed to evaluate the mitochondrial reac-
tive oxygen species (ROS) scavenging capacity of VCM-LIN-P2O
NPs, following the method reported by Zhan et al. (2019) with
minor modifications.43 Briefly, the cells were cultured as out-
lined in Section 2.5.1 and subsequently seeded onto coverslips
placed in six-well plates at a density of 7 � 105 cells per well,
followed by a 24 hours incubation. To stimulate an inflamma-
tory response, the cells were pre-treated with lipopolysacchar-
ide (LPS) at a concentration of 1 mg mL�1,44 which represented
the highest concentration that maintained cell viability above
90% for 4 hours, as shown in Fig. S5. Thereafter, they were
exposed to the nanoparticle formulation (100 mg mL�1) for an
additional 14 hours. After treatment, the cells were rinsed three
times with PBS and incubated with MitoSOXTM Red (2.5 mM;
Thermo Fisher Scientific, USA), a mitochondrial superoxide
indicator, for 20 minutes in the dark. Fluorescence signals
were then examined using a fluorescence microscope.

2.11 In vitro anti-inflammatory activity

To further investigate the anti-inflammatory potential of VCM-
LIN-P2O NPs, an in vitro model using the RAW 264.7 cell line
was established, based on the protocol of Zhan et al. (2021),
with minor modifications.44 As outlined in Section 2.5.1, cells
were cultured and subsequently seeded into 96-well plates at a
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density of 5 � 103 cells per well, followed by a 24 hours
incubation. To induce an inflammatory response, the cells
were pretreated with LPS (1 mg mL�1) for 4 hours. After
stimulation, the cells were exposed to either VCM-LIN-P2O
NPs (100 mg mL�1) or bare VCM for 14 hours. The supernatants
were then collected and assessed for pro-inflammatory cyto-
kines, specifically tumor necrosis factor-alpha (TNF-a) and
interleukin-1b (IL-1b), using ELISA kits in accordance with
the manufacturer’s instructions.

2.12 VCM-LIN-P2O NPs in vivo efficacy against the MRSA-
induced sepsis in a mice model

2.12.1 Bacterial culture. Staphylococcus aureus Rosenbach
(ATCCs BAA-70069t), a methicillin-resistant strain (MRSA),
was grown in nutrient broth at 37 1C for 24 hours. The resulting
culture was subsequently diluted in MHB, and its turbidity was
standardized using a densitometer to achieve a final bacterial
concentration of 5.0 � 109 CFU mL�1.

2.12.2 Sepsis model in mice induced by MRSA infection.
An in vivo experiment was performed using a BALB/c mice
model of MRSA-induced sepsis to evaluate the preclinical
therapeutic efficacy of VCM-LIN-P2O NPs. This sepsis model
had been previously optimized and verified by our research
group11,42 and received ethical approval from the Animal
Research Ethics Committee of the University of KwaZulu-
Natal (approval number: AREC/00003417/2021). Male BALB/c
mice weighing between 25 and 30 g were sourced from the
Biomedical Resource Unit at the UKZN Westville Campus and
accommodated in Type III cages under standardized laboratory
conditions. Randomization was carried out by first weighing
the animals and distributing them so that each group included
the full range of body weights, and then randomly assigning
treatments to reduce selection bias. The animals were ran-
domly divided into four groups. Each group contains 6 animals:
(i) uninfected controls administered PBS, (ii) MRSA-infected
controls treated with PBS, (iii) MRSA-infected mice treated with
unformulated VCM, and (iv) MRSA-infected mice treated with
VCM-LIN-P2O NPs. Sepsis was induced through an intraper-
itoneal (I.P.) injection of 200 mL of MRSA suspension prepared
in PBS. One hour post-infection, each group received its
respective intraperitoneal treatment: 400 mL of PBS, unformu-
lated VCM (20 mg kg�1), or VCM-LIN-P2O NPs (equivalent to
20 mg kg�1 of VCM). Throughout the study, the mice were
maintained under controlled environmental conditions (tem-
perature: 19–23 1C; relative humidity: 55 � 10%) with proper
ventilation and were continuously observed for any signs of
discomfort or morbidity. After 24 hours, blood samples were
collected via cardiac puncture to determine bacterial counts
(CFU) and to quantify pro-inflammatory cytokine concentra-
tions. Subsequently, the animals were humanely euthanized
using isoflurane, and major organs, including the liver, lungs,
kidneys, and heart, were excised for bacterial enumeration and
histopathological evaluation. In addition, histological analyses
were conducted under blinded conditions, but since quantita-
tive measurements were collected directly, blinding was not
needed.

2.12.3 Determination of bacterial load. After 24 hours of
treatment, blood samples were obtained through cardiac punc-
ture and transferred into heparinized microtubes for the quan-
tification of MRSA CFUs. Subsequently, the organs were
carefully excised under aseptic conditions and homogenized
in PBS (pH 7.4). The collected blood was diluted at a 1 : 1 ratio,
while serial dilutions of the organ homogenates were prepared
and plated onto MHA plates. The plates were then incubated at
37 1C for 24 hours, after which the resulting bacterial colonies
were counted, and CFU values were calculated using the con-
ventional formula:

CFU mL�1 ¼ Number of colonies�Dilution factor

Volume plated
:

2.12.4 Quantification of cytokine levels. Plasma levels of
sepsis-related cytokines, namely TNF-a, IL-1b, and IL-18, were
measured using the LEGENDplexTM multi-analyte flow assay kit
(Biocom, South Africa) in accordance with the manufacturer’s
instructions. Fluorescence acquisition was performed on a
DxFLEX flow cytometer (Beckman Coulter, USA). Whole blood
samples were centrifuged at 10 000 rpm for 5 minutes, after
which the plasma was carefully collected and stored at �80 1C
until cytokine analysis.

2.12.5 Histological evaluation. For histopathological ana-
lysis, tissue samples from the kidney, lung, liver, and heart of
each experimental group were fixed in 4% formaldehyde pre-
pared in PBS. Following fixation, the tissues were embedded in
paraffin, sectioned, and stained with hematoxylin and eosin
(H&E). The stained sections were then examined under an
ApoTome.2 microscope (Carl Zeiss, Germany), and bright-
field images were captured using Zen Blue 2.5 Pro software.

2.13 Statistical analysis

Data analysis was carried out using GraphPad Prisms software
version 8 (GraphPad Software Inc., USA). Depending on the
experimental design, one-way analysis of variance (ANOVA) or
unpaired Student’s t-tests were employed to evaluate statistical
significance. All experiments were performed in triplicate, and
results are expressed as the mean � standard deviation (SD). A
p-value of less than 0.05 was considered indicative of statistical
significance. Unless otherwise stated, all graphical representa-
tions and illustrations were created using GraphPad Prism 8,
FlowJo, and BioRender.

3. Results and discussion
3.1 Molecular docking

During bacterial infections, such as those caused by Gram-
positive bacteria, a-H activates ADAM10, whereas PGN and LTH
stimulate TLR2 activation.12,16 The concurrent activation of
these receptors disrupts immune homeostasis, resulting in
excessive production of pro-inflammatory cytokines, cellular
injury, and the progression of sepsis.45 Therefore, utilizing
materials capable of simultaneously targeting ADAM10 and
TLR2, thereby preventing the interaction of bacterial toxins
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with their respective receptors, represents a promising thera-
peutic strategy for mitigating bacterial sepsis.

Accordingly, molecular docking analysis was conducted, for
the first time, to explore the potential interactions of LIN with
ADAM10 and TLR2. As shown in Fig. S1, ADAM10 was docked in
the presence of its metal cofactor (Zn) and the substrate a-H.
The interaction interface was stabilized through several key hydro-
gen bonds, including Asp325(A)–Ser159(B), Lys405(A)–Asp4(B),
Asp649(A)/Asp651(A)–Asn105(B)/Lys154(B), Gln442(A)–Ser114(B),
Arg644(A)/Arg646(A)–Ile98(B)/Pro160(B), and Lys591(A)–Ser99(B)/
Asp100(B), with bond lengths ranging from 2.6 to 3.2 Å. Addi-
tionally, multiple hydrophobic residues (Leu654, Ala505, Pro606,
Leu467, etc.) contributed to non-polar stabilization at the binding
interface, supporting the formation of a compact and energetically
favorable ADAM10-3ANZ complex as predicted by HADDOCK. The
top-ranked HADDOCK cluster for ADAM10-3ANZ (HADDOCK
score: �117.2 � 10.7; cluster size: 6; RMSD: 0.6 � 0.4 Å;
Z-score: �1.8) exhibited tight convergence, attributed to extensive
electrostatic and van der Waals interactions among active site
residues.

Subsequent docking of LIN to ADAM10 (Fig. S2) revealed
significant hydrophobic interactions, with a binding affinity of
�5.8 kcal mol�1, indicating its potential to occupy the same
binding pocket as a-H. Furthermore, Fig. 1 depicts the docking
results of LTH, PGN, and LIN with TLR2. LIN demonstrated a
strong affinity toward TLR2, forming two hydrogen bonds along
with several hydrophobic interactions, yielding a binding
energy of �7.9 kcal mol�1. In contrast, PGN and LTH exhibited
binding affinities of �7.1 kcal mol�1 and �6.2 kcal mol�1,
respectively.

Overall, these findings suggest that LIN possesses
the potential to competitively bind to both ADAM10 and
TLR2, thereby inhibiting bacterial toxin binding and attenuat-
ing the inflammatory responses associated with bacterial
sepsis.

3.2 In vitro binding determination of linoleic acid to ADAM10
and TLR2

MST is a highly sensitive biophysical method employed to
evaluate the binding affinities between target molecules and

Fig. 1 Docking poses of (A) human TLR2 bound to lipoteichoic acid (LTH) (red), peptidoglycan (PGN) (green), and linoleic acid (LIN) (Blue). (B)–(D) are
binding interactions of human TLR2 to lipoteichoic acid, linoleic acid, and peptidoglycan.
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ligands. This technique allows quantitative assessment by
detecting variations in thermophoretic movement over differ-
ent ligand concentrations.46,47 In this work, MST was applied
to validate the molecular docking result of LIN’s interactions
with ADAM10 compared to a-H, as well as its interactions
with TLR2 in relation to PGN and LTH. The binding profiles
are illustrated in Fig. 2A, which shows the fraction of
ADAM10 bound to LIN and a-H, and Fig. 2B, which depicts
the fraction of LIN, PGN, and LTH bound to TLR2. Binding
affinities were quantified using the dissociation constant
(Kd), where a lower Kd denotes stronger binding, and a higher
Kd indicates weaker affinity.48 As shown in Table 1, LIN
demonstrated stronger binding to ADAM10 (Kd = 0.58396 mM)
compared to a-H (Kd = 19.692 mM). Similarly, Table 2 reveals
that LIN exhibited potent binding to TLR2, with a Kd of
48.02 nM, whereas PGN and LTH displayed significantly

weaker affinities, with Kd values of 29.646 mM and 111.74 mM,
respectively.

Collectively, these findings confirm LIN’s favorable binding
to ADAM10, which may inhibit ADAM10 activation and the
downstream stimulation of NLRP3, while also targeting TLR2
and blocking its signaling cascade. Such dual-targeting activity
suggests that LIN may serve as an effective biomimetic adjuvant
for antibiotic delivery in bacterial sepsis, potentially improving
treatment efficacy.

Fig. 2 (A) Comparative binding fractions of linoleic acid (LIN) and alpha-hemolysin (a-H) to ADAM10, showing that LIN exhibited markedly stronger
binding affinity than a-H. (B) Comparative binding fractions of LIN, peptidoglycan (PGN), and lipoteichoic acid (LTH) to TLR2, demonstrating that LIN
bound with significantly higher affinity relative to PGN and LTH. Data are expressed as mean � SD (n = 3).

Table 1 The binding affinity (dissociation constant, Kd) of LIN and a-H to
ADAM10. All measurements are expressed as mean (n = 3)

Ligand Kd (mm)

LIN 0.58396
a-H 19.692
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3.3 Formulation, optimization, and characterization of VCM-
LIN-P2O NPs

Leveraging LIN’s capacity to bind to ADAM10 and TLR2, HLPNs
were developed. The solvent evaporation method was employed
to successfully produce both blank LIN-P2O NPs and VCM-LIN-
P2O NPs.22,49 As a preliminary step, different surfactants were
screened to identify the most suited for achieving HLPNs with
optimal PS, low PDI, and improved stability (Table S1). Based
on the stability results, poloxamer 407 (PLX 407) was selected
for subsequent experiments.

A one-factor-at-a-time optimization approach was employed
to systematically assess various formulation parameters. First,
the surfactant-to-lipid ratio was varied (1 : 0.5, 1 : 1, and 1 : 2)
while keeping the lipid-to-polymer ratio constant at 1 : 1.
Increasing the surfactant proportion led to a progressive
increase in particle size from 139.2 nm to 230.5 nm (Table 3).
Considering both PS and PDI, the 1 : 1 surfactant-to-lipid ratio
was chosen for further optimization.

Next, the effect of the drug-to-system weight ratio was
examined at 1 : 2, 1 : 4, 1 : 6, and 1 : 8 ratios (Table 4). Increasing
the system weight-to-drug ratio resulted in a corresponding
increase in particle size and a rise in EE% up to the 1 : 4 ratio,
after which EE% declined. Accordingly, the 1 : 4 ratio was
selected for further studies.

Subsequently, the lipid-to-polymer ratio was investigated at
1 : 3, 1 : 1, and 3 : 1 (Table 4). Raising the lipid content from 1 : 1
to 3 : 1 reduced particle size but also lowered EE% (from 53.9%
to 42.6%). Conversely, reducing lipid concentration (1 : 3)
enhanced EE% to 65.1% but markedly increased the PDI from
0.213 to 0.454. These findings align with previous reports that
lipid concentration strongly influences PS and EE% in
HLPNs.25 Based on this evaluation, the 1 : 1 lipid-to-polymer
ratio was considered optimal.

Overall, the optimized VCM-LIN-P2O NPs formulation con-
sisted of a surfactant-to-lipid ratio of 1 : 1, a drug-to-system ratio
of 1 : 4, and a lipid-to-polymer ratio of 1 : 1. The resulting
nanoparticles exhibited a particle size of 141.8 � 10.113 nm,
a PDI of 0.219 � 0.044, a zeta potential of �19.3 � 1.48 mV, an

EE% of 53.9 � 2.215%, and a drug loading (DL%) of 10.92 �
0.250%.

3.4 Surface morphology determination of VCM-LIN-P2O NPs

To further characterize the engineered VCM-LIN-P2O NPs, their
surface morphology was examined. As illustrated in Fig. 3, the
TEM image revealed uniformly spherical particles with well-
defined structure, showing a size distribution that closely
correlated with the results obtained from DLS.

3.5 Thermal profile analysis

DSC is a widely employed thermal analysis technique in bio-
medical nanotechnology, particularly for evaluating drug incor-
poration within nanocarriers. It provides insight into the
physical state of the encapsulated drug by monitoring enthalpic
transitions as a function of temperature.50 The DSC thermo-
grams of P2O, PLX407, trehalose, free VCM, their physical
mixture, and lyophilized VCM-LIN-P2O NPs are presented in
Fig. S3. Trehalose displayed two characteristic endothermic
transitions around 105 1C and 202 1C,51 while VCM exhibited
a sharp endothermic peak around 69 1C followed by a broad
decomposition profile.52 Additionally, PLX407 showed two
characteristic endothermic peaks at approximately 71 1C and
393 1C, while P2O demonstrated remarkable thermal stability,
remaining stable up to 415 1C.53 In contrast, the thermogram of
VCM-LIN-P2O NPs did not show distinct melting peaks corres-
ponding to VCM or trehalose. The absence of these character-
istic transitions suggests that VCM was no longer present in its
crystalline form but was instead molecularly dispersed or
amorphous within the nanoparticle matrix. On the other hand,
the thermogram of the physical mixture retained some of the
individual peaks of its constituents, indicating the lack of
significant intermolecular interactions in the absence of nano-
particle formation.

This thermal behavior collectively confirms successful
encapsulation of VCM within the nanosystem, with molecular
dispersion contributing to the stability and potential bioavail-
ability advantages of the formulation.

3.6 In vitro biocompatibility studies

3.6.1 In vitro cytocompatibility. Biosafety and biocompat-
ibility are fundamental prerequisites for the clinical translation
of any novel compound in biomedical and pharmaceutical
applications.54 In this study, the cytocompatibility of VCM-
LIN-P2O NPs was assessed using the MTT cell viability assay
in HEK-293, HepG2, and RAW264.7 cell lines (Fig. 4A). The

Table 2 The binding affinity (dissociation constant, Kd) of LIN, PGN, and
LTH to TLR2. Measurements are expressed as mean (n = 3)

Ligand Kd

LIN 48.02 nM
PGN 29.646 mM
LTH 111.74 mM

Table 3 Size, PDI, and ZP for different surfactant-to-lipid weight ratios used in the optimization of VCM-LIN-P2O NPs. Results represented as mean �
SD (n = 3)

Optimization parameter Size (nm) PDI ZP (mV)

Surfactant-to-lipid ratio Fixed lipid polymer ratios (1 : 1) with total system 70 mg
1 : 0.5 139.2 � 2.516 0.340 � 0.007 �24.3 � 5.32
1 : 1 141.18 � 10.81 0.213 � 0.007 �19.8 � 0.400
1 : 2 230.5 � 2.987 0.465 � 0.034 �27.3 � 5.85
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nanoparticles maintained cell viability above 75% across all
tested concentrations, with no clear dose-dependent cytotoxi-
city observed except in HEK-293 cells. Even in this case, cell
viability remained above 90% at the highest concentration.
Specifically, VCM-LIN-P2O NPs exhibited viability values ran-
ging from 91.4% to 98.6% in HEK 293 cells, 83.4% to 75.02% in
HepG2 cells, and 119.3% to 92.8% in RAW264.7 cells. Interest-
ingly, in the RAW264.7 cell line, the nanoparticles appeared
to support normal cellular function and progression, indi-
cating not only survival but also maintenance of metabolic
activity. According to the International Organization for

Standardization (ISO) guidelines on biomedical product bio-
compatibility, materials are considered non-cytotoxic if they
retain Z70% cell viability.55 Based on these criteria, VCM-LIN-
P2O NPs can be classified as non-toxic, supporting their safety
and potential as promising NDS for biomedical applications.

3.6.2 In vitro hemocompatibility. Hemocompatibility is a
crucial factor in evaluating the biosafety of nanomedicines
intended for intravenous administration.56,57 To assess this,
the effect of the synthesized VCM-LIN-P2O NPs on erythrocytes
was examined using freshly collected and washed sheep blood,
with the results shown in Fig. 4B. The nanoparticles induced

Table 4 Size, PDI, ZP, EE%, and DL% for different lipid: polymer mass ratios and sonication times used in the optimization of VCM-LIN-P2O NPs. Results
represented as mean � SD (n = 3)

Optimization parameter Size (nm) PDI ZP (mV) EE% DL% w/w

Drug-to-system weight ratio Fixed VCM weight (10 mg)
1 : 2 133.1 � 1.051 0.189 � 0.008 �20.6 � 0.557 49.25% 9.84%
1 : 4 141.18 � 10.81 0.213 � 0.007 �19.8 � 0.400 53.95% 7.71%
1 : 6 155.5 � 0.1528 0.194 � 0.006 �18.6 � 1.68 50.611% 5.62%
1 : 8 179.4 � 3.075 0.221 � 0.021 �17.7 � 0.874 44.07% 4.01%

Lipid-to-polymer mass ratio Fixed system weight (70 mg), with VCM 10 mg and surfactant 20 mg
1 : 3 144.1 � 0.3786 0.159 � 0.036 �16.7 � 1.14 42.6% 6.09%
1 : 1 141.18 � 10.81 0.213 � 0.007 �19.8 � 0.400 53.95% 7.71%
3 : 1 89.97 � 0.0723 0.454 � 0.010 �18.6 � 0.569 65.151% 9.31%

Fig. 3 TEM image of VCM-LIN-P2O NPs.
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less than 3% hemolysis at all tested concentrations, confirming
their non-hemolytic nature and favorable safety profile. These
findings are consistent with the previously demonstrated cyto-
compatibility of VCM-LIN-P2O NPs, further supporting their
suitability for safe intravenous application.

3.7 In vitro drug release and kinetics

The release kinetics of VCM from VCM-LIN-P2O NPs were
investigated in vitro over 48 hours using the dialysis bag
diffusion method, with bare VCM included as a control. The
cumulative release of bare VCM at 1, 6, 12, and 24 hours was
20.1%, 70.06%, 95.2%, and 100%, respectively. In contrast,
VCM-LIN-P2O NPs exhibited cumulative release values of
17.24%, 44.68%, 61.67%, and 81.4% at the same time points
(Fig. 5). These data demonstrate a statistically significant
difference in release rates between the bare VCM and the
nanoformulation. Overall, bare VCM exhibited a rapid release
profile, achieving complete drug diffusion across the dialysis

membrane within 24 hours. Conversely, the nanoformulation
displayed a sustained release pattern, attributed to the gradual
diffusion of drug molecules through the lipid–polymer matrix,
which prolongs VCM retention.58 This sustained release beha-
vior is consistent with previously reported findings, which
showed that approximately 50% of VCM entrapped within
HLPNs was released within 24 hours.19,58

To further characterize the release mechanism of VCM from
VCM-LIN-P2O NPs under physiological conditions, the cumu-
lative release data were fitted to various kinetic models using
the DDSolver software40 (Table S2). The release profile was best
described by the Weibull model, as indicated by the highest
correlation coefficient (R2 = 0.9990) and the lowest root mean
square error (RMSE = 0.7770). The calculated Weibull exponent
parameter (b) was 0.814, reflecting the mechanism of drug
transport through the nanoparticle matrix. According to Papa-
dopoulou et al. (2006), a b value between 0.75 and
1.0 indicates that drug release is governed by a combination

Fig. 4 (A) Cell viability percentages of HEK-293, HepG2, and RAW264.7 cell lines following exposure to different concentrations of VCM-LIN-P2O NPs
compared with controls. (B) Hemolytic activity of VCM-LIN-P2O NPs at various concentrations (DW = distilled water; PBS = phosphate-buffered saline,
pH 7.4). All values in the graphs are presented as mean � SD (n = 3).
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of Fickian diffusion and case II transport, whereas a b value
below 0.75 suggests predominantly Fickian diffusion.59 Based
on this criterion, the release of VCM from VCM-LIN-P2O NPs
can be attributed to a mixed mechanism involving both Fickian
diffusion and case II transport.

3.8 Physical stability of VCM-LIN-P2O NPs

The physical stability of VCM-LIN-P2O NPs was assessed over a
three-month period under two storage conditions: refrigerated
condition (4 1C) and room temperature (RT). This evaluation
aimed to investigate the influence of storage temperature and
duration on critical physicochemical attributes, including PS,
PDI, and ZP, as well as macroscopic indicators of stability, such
as aggregation and sedimentation (Table 5). Under both storage
conditions, the formulation maintained excellent physical sta-
bility throughout the study, as indicated by the absence of
visible signs of instability and statistically insignificant varia-
tions in PS, PDI, and ZP (p-value 4 0.05). These results
demonstrate that VCM-LIN-P2O NPs remain physically stable
under both refrigerated and normal (RT) conditions for up to
three months. Future investigations should include chemical
stability studies of VCM within the formulation to provide
comprehensive stability data and inform further optimization.

3.9 In vitro antibacterial activity

3.9.1 Determination of MIC. The MICs of bare VCM, blank
LIN-P2O NPs, and VCM-LIN-P2O NPs were determined by the
microdilution assay against both methicillin-sensitive and
methicillin-resistant SA (SA and MRSA). As summarized in
Table 6, the MIC of bare VCM and VCM-LIN-P2O NPs against
SA remained comparable, with values of 1.95 mg mL�1 main-
tained up to 72 hours. These results indicate that the nanofor-
mulation successfully retained the intrinsic antibacterial activity
of VCM while offering the additional advantages of prolonged
systemic circulation and the potential to mitigate dose-related
adverse effects. Against MRSA, both bare VCM and VCM-LIN-P2O
NPs initially exhibited similar MICs (7.812 mg mL�1) at 24 hours.
However, by 48 hours, bare VCM showed a loss of antibacterial
activity, as evidenced by an MIC increase from 7.812 mg mL�1 to
15.63 mg mL�1. In contrast, the MIC of VCM-LIN-P2O NPs
remained unchanged over 48 and 72 hours, representing a
two-fold enhancement in efficacy relative to bare VCM. The
superior and sustained antibacterial activity of VCM-LIN-P2O
NPs against MRSA is likely attributable to the sustained release
of VCM, in addition to the presence of P2O, which has been
reported to possess inherent anti-MRSA properties.29 These
findings are consistent with previous reports demonstrating
sustained MIC values for VCM-loaded HLPNs and polymeric
nanocarriers against both SA and MRSA.11,60

3.9.2 MRSA-killing kinetics. To evaluate the bactericidal
activity of bare VCM and VCM-LIN-P2O NPs against MRSA, an
in vitro time-kill assay was conducted. As shown in Fig. 6A, the
bacterial killing kinetics revealed that VCM-LIN-P2O NPs exhib-
ited markedly superior efficacy, achieving complete (100%)
eradication of MRSA within 24 hours. In contrast, bare VCM
failed to fully eliminate the bacterial population even after
24 hours of incubation, underscoring the significantly enhanced
antibacterial activity of the nanoparticle formulation. These
findings are consistent with previously reported NDS for VCM

Fig. 5 Comparative releases of VCM from VCM-LIN-P2O NPs and bare
VCM under physiological pH (7.4). data are expressed as mean� SD (n = 3).

Table 5 Effect of storage conditions and duration on the physical stability of VCM-LIN-P2O NPs. Data are presented as mean � SD (n =3)

Storage condition Ambient temperature (25 1C) 4 1C

Time (days) PS (nm) PDI ZP (mV) PS (nm) PDI ZP (mV)

0 118.3 � 0.08185 0.257 � 0.007 �13.5 � 1.61 118.3 � 1.08185 0.257 � 0.007 �13.5 � 1.61
30 118.4 � 0.8183 0.266 � 0.009 �11.3 � 0.985 115.2 � 1.6028 0.274 � 0.008 �11.9 � 2.11
60 120.8 � 2.08 0.266 � 0.008 �8.35 � 1.36 114.4 � 2.55 0.289 � 0.004 �11.5 � 0.586
90 120.7 � 2.004 0.277 � 0.003 �9.6 � 1.03 114.0 � 2.6506 0.270 � 0.0917 �12.5 � 1.17

Table 6 In vitro antibacterial activity of bare VCM, VCM-LIN-P2O NPs,
and blank LIN-P2O NPs, expressed as MIC values (mg mL�1) against Gram-
positive bacteria (MRSA and SA) at pH 7.4. All measurements are shown as
mean � SD (n = 3)

SA (MIC mg mL�1) MRSA (MIC mg mL�1)

24 48 72 24 48 72

VCM 1.95 1.95 1.95 7.8125 15.625 15.625
VCM-LIN-P2O NPs 1.95 1.95 1.95 7.8125 7.8125 7.8125
BLANK-LIN-P2O NPs NA NA NA NA NA NA
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delivery, which demonstrated notable improvements in bacterial
clearance rates. For instance, Osman et al. (2024) reported total
eradication within 8 hours at pH 6, although eradication was not
achieved at pH 7.4,61 whereas Nwabuife et al. (2023) observed
complete clearance within 12 hours.62 Collectively, these results
highlight the potential of VCM-LIN-P2O NPs as a promising
strategy for the effective treatment of MRSA infections and the
prevention of severe outcomes such as sepsis. The enhanced
antibacterial efficacy may enable dose reduction and shorter
treatment durations, ultimately improving therapeutic outcomes
and minimizing the risk of resistance development.

3.9.3 MRSA membrane disruption. P2O has been reported
to possess inherent antibacterial activity by mimicking host
defense peptides, leading to membrane lysis in MRSA.29 This
membrane-disruption property is particularly advantageous, as
it lowers the likelihood of bacteria developing resistance.
Building on this characteristic, the ability of VCM-LIN-P2O
NPs to disrupt MRSA cell membranes was examined using
TEM. MRSA cultures were incubated for 4 hours with either
bare VCM or VCM-LIN-P2O NPs at concentrations corres-
ponding to five times their MIC values, while PBS (pH 7.4)
served as the negative control. Fig. 6B compares the structural
morphology of bacterial membranes across the different treat-
ment groups. Both the PBS-treated control and bare VCM-
treated groups displayed intact bacterial envelopes with
smooth surfaces and uniformly distributed cytoplasm. In con-
trast, MRSA exposed to VCM-LIN-P2O NPs exhibited severe

membrane damage, including surface disruption, loss of struc-
tural integrity, and marked cytoplasmic disorganization.

Taking all together, these findings demonstrate that VCM-
LIN-P2O NPs exert a stronger membrane-disruptive effect than
bare VCM, underscoring their potential as a more potent
antibacterial strategy for combating MRSA infections.

3.10 In vitro antioxidant activity

3.10.1 DPPH scavenging assay. Sepsis microenvironment
is characterized by excessive production of reactive oxygen
species (ROS) as a consequence of a dysregulated immune
response to infection. This overproduction of ROS contributes
to cellular injury, organ dysfunction, and increased mortality.63

Addressing this challenge, the development of NDS with
ROS-scavenging capability could help mitigate inflamm-
ation, improve sepsis management, and reduce associated
complications.

The antioxidant potential of VCM-LIN-P2O NPs and their
individual components (LIN and P2O) was assessed using a
DPPH radical scavenging assay, with ascorbic acid (AS) serving
as the positive control. Fig. 7A shows the percentage of DPPH
radical scavenging for AS, LIN, P2O, and VCM-LIN-P2O NPs
following incubation at 37 1C in the dark. The scavenging
activities were quantified as 28.99 � 4.30% for P2O, 30.80 �
4.06% for LIN, and 35.88 � 3.60% for VCM-LIN-P2O NPs.
Although P2O exhibited moderate scavenging activity, it’s likely
a result of nonspecific physical interactions with DPPH radicals

Fig. 6 (A) Time-kill kinetics of MRSA following exposure to 5 � MIC of bare VCM, VCM-LIN-P2O NPs, or PBS (pH 7.4) as a negative control,
demonstrating the superior bactericidal activity of the nanoparticle formulation. All values are presented as mean � SD (n = 3). (B) TEM image of MRSA
cells: PBS-treated and bare VCM-treated groups display intact cell membranes with preserved morphology, whereas VCM-LIN-P2O NPs treatment
results in extensive membrane disruption, loss of structural integrity, and cytoplasmic disorganization.

Journal of Materials Chemistry B Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 6
:0

4:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tb00207b


6694 |  J. Mater. Chem. B, 2026, 14, 6681–6701 This journal is © The Royal Society of Chemistry 2026

rather than direct chemical neutralization. In contrast, the
significantly higher scavenging observed for VCM-LIN-P2O NPs
can be primarily attributed to LIN, whose potent antioxidant and
anti-inflammatory properties have been well-documented.26

3.10.2 ROS scavenging at the mitochondrial level. Previous
studies have demonstrated that scavenging excessive ROS
can alleviate the severity of sepsis and improve disease
management.63,64 To further investigate the antioxidant
potential of VCM-LIN-P2O NPs, RAW 264.7 cells were pre-
treated with LPS, 1 mg mL�1, for 4 hours to induce intracel-
lular ROS production and an inflammatory response.
Following this induction phase, the cells were exposed to
VCM-LIN-P2O NPs and incubated for an additional 14 hours.

Mitochondrial ROS levels were assessed using the Mito-
SOXTM Red probe, and fluorescence was visualized under a
fluorescence microscope. As shown in Fig. 7B, LPS-stimulated
cells exhibited intense red fluorescence, confirming elevated
mitochondrial ROS production. In contrast, cells treated with
VCM-LIN-P2O NPs displayed fluorescence levels comparable to
those of untreated controls, indicating effective ROS scaven-
ging. Moreover, the observed ROS-reducing effect of VCM-LIN-
P2O NPs aligns with previous reports on nanocarriers designed
to target intracellular ROS in other oxidative stress-related
conditions, such as diabetic foot injury.64

Based on the above, these results confirm the robust ROS-
scavenging activity of VCM-LIN-P2O NPs, in agreement with the
DPPH assay findings, and highlight their potential to attenuate
oxidative stress and improve therapeutic outcomes in sepsis
management.

3.11 In vitro anti-inflammatory activity

Sepsis is characterized by a vast release of pro-inflammatory
cytokines, which play a central role in driving tissue injury and
accelerating the progression to multi-organ failure.63 Conse-
quently, quantifying these cytokines is a critical step in assessing
the ability of NDS to mitigate sepsis-associated inflammation.
Among the major mediators involved, IL-1b and TNF-a are well-
established contributors to sepsis pathophysiology.65 In this
study, we examined the capacity of VCM-LIN-P2O NPs to inhibit
the secretion of IL-1b and TNF-a in RAW264.7 cell line chal-
lenged with bacterial LPS, comparing their performance to that
of bare VCM. This evaluation aimed to determine whether the
nanoformulation could more effectively attenuate the excessive
inflammatory response characteristic of sepsis. Exposure of RAW
264.7 cells to LPS (1 mg mL�1) triggered a robust increase in IL-1b
and TNF-a levels (p-value o 0.0001), as shown in Fig. 8.
Treatment with VCM-LIN-P2O NPs significantly suppressed the
production of both IL-1b (p-value o 0.0001) and TNF-a

Fig. 7 In vitro antioxidant activity. (A) The ability of VCM-LIN-P2O NPs to neutralize DPPH radicals, compared with their individual components (P2O,
LIN) and ascorbic acid (AS), which served as the positive control. All values are shown as mean� SD (n = 3). (B) Visualization of mitochondrial ROS levels in
RAW 264.7 cells using MitoSOXTM Red under a fluorescence microscope. Treatment with VCM-LIN-P2O NPs after LPS stimulation led to a clear drop in
red fluorescence intensity, bringing ROS levels close to those seen in the untreated control group.
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(p-value = 0.00130). By contrast, bare VCM elicited only a
moderate but statistically significant reduction in IL-1b levels
(p = 0.0114) and had no significant effect on TNF-a secretion. The
pronounced anti-inflammatory activity observed with VCM-LIN-
P2O NPs may stem from their strong and competitive interac-
tions with ADAM10 and TLR2 receptors, as supported by both
computational and experimental evidence in this work.

Overall, these findings highlight VCM-LIN-P2O NPs as a
promising therapeutic strategy for regulating pro-inflammatory
cytokine release and mitigating the dysregulated immune
response associated with sepsis.

3.12 In vivo antisepsis potential of VCM-LIN-P2O NPs in
MRSA-induced sepsis in a mice model

To translate the promising in vitro outcomes into a preclinical
setting, an in vivo study was performed using a BALB/c mice
model of MRSA-induced sepsis. As depicted in Fig. 9A, mice were
infected with MRSA and, one hour later, received intraperitoneal
injections (I.P.) of either PBS, bare VCM (20 mg kg�1), or VCM-LIN-
P2O NPs containing an equivalent VCM dose (20 mg kg�1). After
24 hours, blood was collected via cardiac puncture. Whole blood
samples were used to determine bacterial burden, while plasma,
separated by centrifugation, was analyzed for inflammatory cyto-
kine concentrations. Subsequently, the animals were humanely
euthanized, and vital organs (kidneys, lungs, liver, and heart) were
collected for bacterial load determination and histopathological
evaluation.

3.12.1 Determination of bacterial load. Given the strong
link between bacterial burden and sepsis severity, treatment
efficacy was evaluated by quantifying MRSA CFUs in the blood-
stream, kidney, heart, liver, and lung.42,66 As shown in Fig. 9B,
administration of bare VCM did not produce a statistically
significant reduction in blood bacterial load (p-value =
0.4366). In contrast, treatment with VCM-LIN-P2O NPs resulted
in a highly significant decrease in CFUs (p-value o 0.0001),
representing a 90.97% reduction in circulating bacteria.

Similarly, organ-specific bacterial loads were assessed in the
heart, kidneys, liver, and lungs (Fig. 9C–F). bare VCM led to a
significant bacterial reduction only in the kidneys (p-value =
0.0052), with no meaningful effect observed in the other
organs. Conversely, VCM-LIN-P2O NPs achieved significant
bacterial clearance in all organs tested, with p-value o 0.0001
for the heart and kidneys, and p-value = 0.0451 and p-value =
0.0187 for the lungs and liver, respectively. These results clearly
demonstrate that a single dose of VCM-LIN-P2O NPs provides
superior antibacterial efficacy across multiple tissues, includ-
ing blood, kidney, lung, liver, and heart, when compared to
bare VCM. The enhanced therapeutic outcome is consistent
with the in vitro antibacterial findings of this study and may be
attributed to the targeted delivery of VCM to infection sites and
the intrinsic antibacterial activity of P2O.29

3.12.2 Determination of inflammatory marker levels. Dur-
ing sepsis, the uncontrolled release of pro-inflammatory cyto-
kines is a key driver of tissue injury and the cascade leading to
multi-organ failure.67 Given the previously demonstrated ability
of LIN to interact with ADAM10, thereby inhibiting NLRP3
inflammasome activation, and to bind TLR2, collectively redu-
cing the cytokine storm characteristic of sepsis, its anti-
inflammatory potential was further examined in vivo. To this
end, plasma levels of IL-1b and IL-18, two primary markers of
NLRP3 inflammasome activation,21,67 along with TNF-a, a
major inflammatory cytokine implicated in sepsis,42 were mea-
sured to evaluate the therapeutic efficacy of VCM-LIN-P2O NPs.

Fig. 8 Effect of VCM-LIN-P2O NPs and bare VCM on (A) TNF-a and
(B) IL-1b secretion in LPS-stimulated RAW 264.7 cells. Treatment with
VCM-LIN-P2O NPs significantly reduced the secretion of both IL-1b and
TNF-a, whereas bare VCM produced a significant decrease only in IL-1b levels
and showed no measurable effect on TNF-a. Data are presented as mean
� SD (n = 3). Statistical significance is indicated as ****p-value o 0.0001,
**p-value o 0.01, and *p-value o 0.05.

Journal of Materials Chemistry B Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 6
:0

4:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tb00207b


6696 |  J. Mater. Chem. B, 2026, 14, 6681–6701 This journal is © The Royal Society of Chemistry 2026

The study compared the effects of bare VCM and VCM-LIN-P2O
NPs on the modulation of these cytokines in an MRSA-induced
sepsis model.

As depicted in Fig. 10A–C, treatment with VCM-LIN-P2O NPs
significantly reduced all three cytokines compared to infected

but untreated mice, whereas bare VCM failed to produce a
statistically significant decrease. Specifically, VCM-LIN-P2O
NPs administration resulted in a 12.8-fold (p-value = 0.0091),
3.4-fold (p-value = 0.0377), and 4.14-fold (p-value o 0.0001)
reduction in TNF-a, IL-1b, and IL-18 levels, respectively,

Fig. 9 In vivo evaluation of the therapeutic efficacy of VCM-LIN-P2O NPs compared with bare VCM in a BALB/c mice model of MRSA-induced
sepsis. (A) Experimental design: sepsis was induced by intraperitoneal (I.P.) MRSA challenge, followed by I.P. administration of treatments 1 h post-
infection. After 24 h, blood and major organs (heart, lungs, liver, and kidneys) were collected for further analysis. (B) Bacterial burden in blood,
showing 90.97% clearance with VCM-LIN-P2O NPs. (C)–(F) Bacterial loads in the heart, kidneys, liver, and lungs, respectively. VCM-LIN-P2O NPs
eliminated bacteria from the heart and significantly reduced bacterial counts in all other organs. Data are expressed as mean � SD (n = 6); *p o 0.05,
**p o 0.01, ***p o 0.001, ****p o 0.0001.

Fig. 10 Effects of various treatments on plasma levels of sepsis-associated pro-inflammatory cytokines: (A) IL-1b, (B) IL-18, and (C) TNF-a. Treatment
with VCM-LIN-P2O NPs significantly decreased the concentrations of IL-1b, IL-18, and TNF-a. Data are expressed as mean � SD (n = 6).
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compared to bare VCM, which didn’t show any signi-
ficant reduction. This pronounced downregulation of pro-
inflammatory mediators is likely driven by the LIN component
within VCM-LIN-P2O NPs, which demonstrated strong interac-
tions with ADAM10 and TLR2 in both computational and
in vitro assays, thereby exerting potent anti-inflammatory
effects in the context of bacterial sepsis.

3.12.3 Histological assessment. Sepsis induced by MRSA is
associated with severe multiorgan injury, which leads to organ
failure and death.68 To evaluate histopathological changes
associated with sepsis, mice were sacrificed 24 hours post-
infection, and tissues were examined by H&E staining under
a light microscope.

MRSA-infected livers exhibited edema, necrosis, and dis-
organized hepatic plates, which were only slightly improved
by bare VCM but substantially restored by VCM-LIN-P2O NPs
(Fig. 11). Similarly, kidneys from infected mice showed
Bowman’s space disruption and debris accumulation, with
minimal improvement by bare VCM, whereas VCM-LIN-P2O
NPs markedly preserved renal structure. Moreover, cardiac
tissue from infected mice displayed degeneration and
hemorrhage, both of which were alleviated by treatment,
with greater improvement observed in the nanoformulation
group. Furthermore, the lungs of infected mice revealed
congestion, necrosis, and neutrophil infiltration, partially
reduced by bare VCM but significantly improved with VCM-
LIN-P2O NPs.

Taking all together, these findings indicate that VCM-LIN-
P2O NPs confer superior protection against MRSA-induced
histopathological damage compared to bare VCM, preserving
organ architecture and reducing the risk of sepsis-associated
organ failure.

4. Conclusion

The design and application of biomimetic materials that can
selectively target more than one inflammatory pathway offer a
promising avenue for developing next-generation antibiotic
NDS to treat bacterial sepsis. Such advanced systems not only
enable targeted drug delivery but also help regulate dysregu-
lated immune responses, thereby improving overall sepsis
management and reducing complications. In this study, a
novel dual-targeting biomimetic HLPNs was developed by
integrating LIN with P2O to achieve targeted delivery of
VCM against bacterial sepsis. The anti-inflammatory activity
of LIN was investigated through its ability to interact with
ADAM10, inhibiting NLRP3 inflammasome activation, and
simultaneously modulating TLR2 signaling, ultimately attenu-
ating the cytokine storm characteristic of sepsis. A computa-
tional approach study confirmed that LIN binds with high
affinity to human ADAM10 and TLR2 compared with their
natural ligands, and these results were further supported by
in vitro MST analysis. Moreover, the resulting VCM-LIN-P2O
NPs exhibited excellent physicochemical characteristics, high
biocompatibility, a sustained VCM release profile, and potent
antibacterial activity against both methicillin-susceptible and
methicillin-resistant SA. In addition, they demonstrated
strong free-radical scavenging ability and anti-inflammatory
properties in vitro. In vivo evaluation using a murine sepsis
model revealed that VCM-LIN-P2O NPs significantly lowered
bacterial loads in the blood and peripheral organs, including
the liver, kidney, heart, and lung, reduced pro-inflammatory
cytokine levels, and alleviated organ injury. Importantly, these
outcomes surpassed those achieved with untreated controls
and bare VCM treatment.

Fig. 11 Histological examination of heart, lung, kidney, and liver sections from MRSA-infected BALB/c mice (H&E staining, original magnification �20)
following treatment with PBS, free vancomycin (VCM), or VCM-LIN-P2O NPs.
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Although these findings are highly encouraging, further
optimization is needed to improve scalability, reproducibility,
and the long-term chemical and biological stability of the
formulation. In addition, extensive cellular studies to support
mechanistic investigations, including direct assessment of
ADAM10 signaling and TLR2, as well as antioxidant activity,
are needed to substantiate the proposed modes of action.
Moreover, comprehensive biosafety evaluations, including
pharmacokinetic, immunogenicity, and toxicity assessments
in relevant preclinical and clinical models, will be critical
before advancing toward clinical application.

Finally, our results highlight the dual-targeting potential of
LIN, a natural compound with an excellent safety profile, as a
promising component of NDS capable of enhancing antibiotic
delivery while modulating immune responses in bacterial
sepsis. This work lays the groundwork for the rational design
of biomimetic platforms that could reshape the therapeutic
approach to sepsis.
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