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Abstract: Antibiotic resistance is a critical global health concern, driven by biofilm formation and the
declining effectiveness of conventional therapies. This study investigates polymer-lipid hybrid
nanoparticles (PLNs) as an innovative drug delivery system to enhance the antibacterial efficacy of
gentamicin (Gen) while addressing challenges related to its hydrophilicity and encapsulation. Using
an optimized double-emulsification/solvent-evaporation technique, PLNs were designed to improve
drug entrapment efficiency (EE%) and loading capacity (DL%). The resulting formulations were
characterized for particle size, polydispersity, zeta potential, and encapsulation efficiency.
Transmitted electron microscopy (TEM) provided insights into particle morphology, while
antibacterial activity was tested against multiple bacterial strains, including resistant isolates. The
optimized formulation (F4) demonstrated significant improvements, achieving an EE% of 42%, a
DL% of 7.2%, and uniform particle sizes (~143.4 nm) with high stability (zeta potential ~-38 mV) and
a monodisperse distribution. TEM analysis confirmed Gen encapsulation within the lipid-polymer
matrix. F4 exhibited notably enhanced antibacterial performance, particularly against Methicillin-
resistant Staphylococcus aureus (MRSA-59) and Pseudomonas aeruginosa (PA-78), with up to a 160-
fold reduction in minimum inhibitory/bactericidal concentrations (MIC/MBC) compared to free Gen.
These findings underscore the potential of PLNs as a robust platform for targeted drug delivery,
offering a promising strategy to combat antimicrobial resistance.

Keywords: polymer-lipid hybrid nanoparticles; gentamicin; double-emulsification/solvent-
evaporation technique; entrapment efficiency

1. Introduction

Antibiotic resistance is a major global concern worldwide [1,2]. Over 500,000 infections were
caused by antibiotic-resistant bacteria, resulting in more than 30,000 deaths in 2015 in Europe alone
as The European Centre for Disease Prevention and Control reported [3]. According to the US Centers
for Disease Control and Prevention (CDC), at least 23,000 people in the US die from antibiotic-
resistant diseases each year, which impact over two million people annually [4]. As the effect of
antibiotics are diminished, infections such as tuberculosis, pneumonia, and gonorrhea are becoming
challenging and even impossible to treat [1,5-7].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202501.1317.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 January 2025 d0i:10.20944/preprints202501.1317.v1

2 of 16

One of the strategies used by bacteria resistant to antibiotics is the production of biofilms [3,9].
The term “biofilm” first mentioned in a publication authored by Costerton et al. [10]. Later, they
defined it as an ordered population of microorganisms that are clinging to a surface and are enclosed
in a framework of polymers that the bacteria produces [11]. Chronic infections caused by biofilm-
forming bacteria are characterized by persistent tissue damage and inflammation that persists even
after multiple antibiotic treatments [12]. Furthermore, mutations, horizontal gene transmission, and
anaerobic conditions inside biofilms all contribute to the reduction of antibiotic susceptibility in
biofilms [12,13].

Aminoglycosides are broad-spectrum antibiotics with bactericidal activity that were among the
first to be identified and used in clinical practice (14). They are mostly used to treat infections brought
on by aerobic gram-negative organisms such Serratia spp., Klebsiella pneumoniae, and E. coli [14,15].
They function by blocking the bacterial ribosome's 30S subunit from attaching to messenger RNA,
which inhibits the synthesis of proteins [16]. They are frequently used as first-line therapy for diseases
like meningitis, endocarditis, and some respiratory infections [15]. However, their clinical use has
been limited due to their established toxicities that includes nephrotoxicity, irreversible ototoxicity,
and neuromuscular blockade [17-19].

Due to their extremely small size, high surface area-to-volume ratio, and capacity to permeate
biological fluids and membranes, nanoparticles (NPs) possess special qualities as drug delivery
systems [20,21]. They often increase the duration of drug circulation in the body, increase
bioavailability, reduce toxicity, and circumvent the difficulties encountered by traditional
administration methods since they are larger than the cut-off size of nephrons [21,22].

Solid lipid nanoparticles (SLNs) are nanoparticulate system made entirely from lipids with
melting points higher than common environmental and biological temperatures [23]. Among their
many benefits are biocompatibility, protection from harsh environmental conditions, and ease of
large-scale synthesis using high-pressure homogenization [24,25]. However, SLNs have drawbacks,
including a non-uniform biphasic drug release profile with a high burst effect due to their perfect
crystalline structure, which can cause drug expulsion during storage and poor drug loading
efficiency limited by the drug's solubility in the particles' lipid matrix [26]. Many attempts in the
literature showed the success of drug-loaded SLN in enhancing the activity of many anticancer and
antibacterial drugs [27-29].

Polymeric nanoparticles are nanoscale drug carriers that are typically made of biodegradable
and biocompatible polymers. They provide more control over drug release, decreased side effects,
and improved therapeutic efficacy [30]. Their chemical and physical stability surpasses that of lipid-
based nanoparticles, and they offer enhanced stability for drugs, protecting them from degradation
by enzymes or environmental factors [31]. Furthermore, their biodegradability nature ensures their
safe fate within the body causing no long-term accumulation or toxicity. Polymeric lipid hybrid
nanoparticles (PLNs) have been developed to provide advantages over the drawbacks of both lipid
and polymeric nanoparticles. The polymer provides better control on drug release while lipids would
enhance drug penetration within biological membranes [32,33]. This can result in having
nanoparticles with superior biopharmaceutical properties that can be used to achieve the delivery
needs of various drugs and drug combinations [34].

Formulating Gen into nanoparticles, which often rely on lipophilic or amphiphilic interactions
for drug loading, is extremely difficult due to its great hydrophilicity and low log P (partition
coefficient). Effective drug loading is hampered by the mismatch between Gen's water-loving nature
and the typically lipophilic character of many nanoparticle carriers [35]. PLN have several advantages
that makes it standout compared to other nanoparticle types, but one of its main drawbacks is that is
that they poorly encapsulate hydrophilic drugs due to drug leakage from the nanoparticles during
the emulsification process [36]. The goal of this study is to optimize the incorporation of Gen into
PLN aiming to maximize loading capacity and enhance antibacterial activity while minimizing
toxicity.
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2. Materials and Methods

2.1. Materials

Gentamyrcin, polycaprolactone (PCL, Mw 42,000 Da), polyvinyl alcohol, stearic acid, Span 80
and Tween 80 were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA) through local
distributer in Saudi Arabia. Dynasan 118 were purchased from Sasol Germany GmbH (Witten,
Germany). Mueller Hinton Agar was obtained from HiMedia Laboratories Pvt. Ltd. (Mumbai, India).

2.2. Methods

2.2.1. Preparation of PLN Drug Formulation

The double-emulsification/solvent-evaporation method described earlier by Omer et al. [37] was
employed with minor modifications for the co-encapsulation of Gen into an optimized PLN. Briefly,
an organic phase was developed by dissolving certain weights of PCL, stearic acid, and Span 80 in 10
mL chloroform. Certain weights of Gen and Tween 80 was dissolved in 2 mL of water as an aqueous
phase. PVA solutions were used as secondary emulsification agent. The aqueous phase was
emulsified in the organic phase by probe-sonication for 3 min at 60% voltage efficiency under ice bath
utilizing Q700; Qsonica LLC, (Newton, CA, USA). The formed primary emulsion was mixed with
certain volume of PCL solution and a secondary emulsion was developed using a second probe-
sonication cycle for 5 min. The prepared double emulsion was left overnight under continuous
stirring till complete removal of chloroform. The formed PLN was collected by centrifugation for 30
min using 15,000 relative centrifugal force (RCF), and the residue was washed twice to remove un-
encapsulated drug. The washed residue was dispersed in a small volume of distilled water and
freeze-dried using a Christ freeze-dryer model Beta 2-8 LD Plus (Martin Christ, Germany). The exact
composition and formulation parameters are listed in Table 1. In order to increase the Gen
entrapment efficiency (EE) %, number of approaches was employed including reducing the volume
of water in the double emulsion, increasing the Gen concentration in the aqueous phase, and
minimizing the chloroform evaporation time to only one hour by using the rotary evaporator
(BUCHLI, Flawil, Switzerland). Figure 1 represents a detailed diagram for the finally optimized

method.
Dispersing the mixtures by
probe sonication under ice
a Polymer (240 mg Aqueous medium
PCL) containing surfactant
+ Lipid and Gentamicin (60 mg)
+ Surfactant
in chloroform / E
B \ Add an aqueous surfactant
3 .,. J ) solution to stabilize
‘\ ) / K J emulsion,
o & - e ﬂ _ - _ Probe sonicate again to
create secondary
ey se (@) Bporseusos @it e magnete
dispersion Chloroform. stirrer
Figure 1. The double-emulsification/solvent-evaporation method diagram.
Table 1. The exact composition of each of the prepared formulations.
Formula Drug Polymer Lipids Primary Surfactant and Secondary Surfactant
Code co-surfactant

Gen PCL Dyansan SA Tween 80 Span 80 PVA Tween
80
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FO (Void) * 0 240 mg 25mg 25mg 50 mg 50 mg 15 mL (1%) X
F1 5mg 150 mg 25 mg 25mg 25 mg 50 mg X 30 mL
(1%)
F2 5mg 150 mg 25mg 25mg 25mg 50 mg 40mL (1.5%) X
E3 40 mg 150 mg 25 mg 25mg 25 mg 50 mg 40 mL (1%) X
F4 60 mg 240 mg 25mg 25mg 50 mg 50 mg 15 ml (1%) X

* FO or Void batch was prepared in accordance with F4 method. Abbreviations: Gen, Gentamicin; PCL,
Polycaprolactone; SA, Stearic Acid; PVA, Polyvinyl alcohol.

2.2.2. Evaluation of the Physical Characteristics of the Prepared PLN

e  Determination of particle size and Polydispersity index:

The particle size and polydispersity of all the formed PLN were measured after dilution with
distilled water to almost 0.1% w/v concentration of nanoparticles dispersion utilizing a Brookhaven
ZetaPALS (Brookhaven Instruments Corporation, Holtsville, NY, USA). A 90° angle was adjusted for
all measurements.

e  Determination of zeta-potential:

ZetaPALS was also employed for zeta potential measurement for all the diluted samples
applying the mode of the laser Doppler velocimetry.

e  Particle morphological features:

A sample from the freeze-dried PLN was weighed and dispersed in distilled water to give 1
mg/L dispersion. The dispersions were sonicated for 10 min. in ultra bath sonicator to render their
original particle sizes. Then, one droplet of each dispersion was placed onto a carbon-coated copper
grid of 400-mesh and allowed to dry at room temperature. Particle morphology and composition
were inspected using a JEM-1400 transmitted electron microscopy [TEM], (JEOL, Tokyo, Japan) at
acceleration voltage of 120 KV.

¢  Drugloading (DL%) and entrapment efficiency (EE)%

Both EE% and DL% were calculated indirectly based on the amount of unentrapped Gen
determined in the supernatant of the centrifuged nano-dispersion. Gen was determined by a simple
spectrophotometric method. Simply, a set of Gen standard solutions in distilled water was prepared
by in concentration range from 25 to 100 ug/mL. A standard calibration curve was constructed after
measuring the UV absorbance at Amax = 255 nm utilizing a Thermo Fisher Scientific Evolution 60S
UV/Visible Spectrophotometer (Waltham, Massachusetts, United States). The standard curve
showed high linearity in this concentration range with R? value = 0.9983. The method was validated
by repeating the standard curve at 3 different times within the same day (intra-day) and at three
different days (inter-day). The EE% and DL% for each formulation were calculated using the
following equations:

initial drug weight—unentrapped free drug
EE% = X100 1)

initial drug weight

initial drug weight—unentrapped free drug
DL% = X 100 )
initial drug weight+weight of PCL+weight of lipids

e  Physical stability of the prepared PLN:

PLN dispersion 1% in distilled water from F4 was stored in refrigerator for 25 days. Samples
were taken periodically and the particle size and PDI were determined for each sample.
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2.2.3. Evaluation of the Antibacterial Activity

e  Tested bacteria and growth conditions:

We evaluated a range of bacterial strains, including both ATCC and clinical isolates,
representing gram-positive and gram-negative species. The bacteria were initially cultured from
glycerol stocks stored at -40°C and plated on Luria-Bertani (LB) agar, followed by incubation at 37°C
for 18-20 hours to obtain fresh cultures. For the microtiter minimum inhibitory concentration (MIC)
assay, Mueller-Hinton Broth (MHB) was used to propagate the bacteria. Subsequently, the minimum
bactericidal concentration (MBC) was determined by performing the assay on Mueller-Hinton Agar
(MHA) plates. All experimental plates were incubated at 37°C for 18-20 hours [38].

e  Antibacterial assays
1. Minimum inhibitory concentration (MIC)

MIC was determined using a 96-well microtiter plate, following the 2003 EUCAST/ESCMID
guidelines with minor modifications [39]. Briefly, 100 uL of MHB was added to each well of the
microplate. Two-fold serial dilutions of the Gen Formula were prepared by transferring 100 uL of the
formula into the subsequent wells. The concentration range for the Gen Formula was 12.5 to 0.39
pg/mL, while the free Gen was tested at concentrations ranging from 32 to 1 pg/mL. The bacterial
inoculum was adjusted to a 0.5 McFarland standard using 0.9% saline and further diluted in MHB to
achieve the target bacterial concentration of 5 x 10° CFU/mL in the test wells. MHB alone served as
the negative control (sterility check), while the positive control consisted of MHB and the bacterial
suspension. The microplates were incubated in a rotary shaker incubator at 90 rpm.

2. Minimum bactericidal concentration (MBC)

Following 18-20 hours of incubation, a loopful from each test well was transferred onto Mueller-
Hinton Agar (MHA) plates using a 1pL inoculating loop. The plates were then incubated for an
additional 18-20 hours. The concentration at which 99% inhibition was observed was recorded as the
MBC.

3. Results

3.1. Formulations and Method Development

Table 1 shows the exact modifications and difference between the four formulations. Four PLN
formulations were prepared varying a number of factors including; drug to PCL ratio, lipids to PCL
ratio, the secondary surfactant type and volume, and the amount of Tween 80. The variation in those
factors was attempted to improve the EE% of Gen and the characteristics of the produced NPs. The
double emulsification—solvent evaporation method was employed in the preparation of PLN. In
formulation 4, rota-evaporator was used to shorten the time of chloroform removal as well as the
volume of the aqueous phase was tremendously reduced in order to minimize the escape of Gen into
the aqueous phase and subsequently increase the EE%. Figure 1 represents a diagram illustrating the
method employed for PLN preparation.

3.2. Polymer-Lipid Hybrid Nanoparticle Characterization

3.2.1. Particle Size and Polydispersity Index

All formulations displayed nanoparticle sizes ranging from 1434 to 339.9 nm, with
polydispersity (PDI) indices between 0.18 and 0.9 as shown in Table 2 and Figure 2. The particle size
was influenced by the type and concentration of the secondary surfactant. Both F3 and F4, which
were formulated with 1% PVA as the secondary surfactant, showed particle sizes of 251.5 nm and
143.4 nm, respectively. These sizes were notably smaller compared to F1 and F2. When the
concentration of Tween 80 was doubled to equalize Span 80 and the volume of PVA was reduced
from 40 mL (as in F3) to 15 mL (as in F4), a significant decrease in particle size was observed. In
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contrast, using 1% Tween 80 as the secondary surfactant (in F1) led to a higher PDI of 0.9. However,
all formulations containing PVA demonstrated excellent particle size uniformity, as indicated by PDI
values < 0.25. This is also clear from the size distribution curves represented in Figure 2 C&D where
they display single narrow peaks indicating high uniformity in particle sizes.

Table 2. The measurements for each formulation characteristics: mean particle size, polydispersity index (PDI),

zeta potential, percent entrapment efficiency (EE%), and drug loading (DL%).

Formulation Drug:Polymer Mean particle PDI Zeta EE % DL%
ratio
size (nm) Potential
(Mean * SD) (mV)
FO (Void) - 178.1 (+ 4.50) 0.34 - . .
F1 1:30 317.43(+11.85) 0.9 -38.0 1.7% 0.04%
F2 1:30 339.98 (+ 3.81) 0.18 -38.1 2.4% 0.06%
F3 1:3.75 251.56 (+ 3.14) 0.21 -11.9 4.8% 0.8%
F4 1:4 143.42 (£ 3.69) 0.25 -379 42.1% 7.2%
®FO(Void) mF1 mF2 =F3 mF4
A oi ) C 10 1
: I : ; !y
- . 2 w0 I
<
& [
178.1 = =
“ \
0+ r — T !
1.0e+1 1.0e+2 1.0e+3
PARTICLE SIZE (NM) Diameter (nm)
B = FO (Void) F1 F2 F3 wF4 D 100 "
Z &0 &
3
£ 3 F4
034 )
1.0e+1 1.0e+2 1.0e+3
POLYDISPERSITY INDEX Dmte‘ [m]

Figure 2. The mean of particle size and polydispersity index (PDI) for all PLN formulations. Notes: (A) The mean
+ standard deviation in nm of the particle size for all formulations, (B) The mean + standard deviation of the
polydispersity index (PDI) for all formulations, (C) DLS spectrum showing light scattering intensity percentages
of F4, (D) DLS spectrum showing light scattering intensity percentages of F3.

3.2.2. Zeta Potential

Figure 3 illustrates the zeta potential values for the four formulations. All formulations
displayed similar values around -38 mV, except for F3, which had a zeta potential of -11.94 mV. The
high zeta potential in the other formulations indicates strong particle stability and resistance to
aggregation. In contrast, the lower value for F3 suggests it may be more susceptible to aggregation,
potentially resulting in a shorter shelf life and diminished performance.
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ZETA POTENTIAL

EF1 =mF2 =F3 "F4

-38
-38.07
-37.94

Figure 3. Histogram of the zeta potential values for all PLN formulations.

3.2.3. Drug Loading (DL%) and Entrapment Efficiency (EE%)

The encapsulation efficiency (EE%) in F1 was found to be very low, at only 1.7%, presenting a
significant challenge. Replacing Tween 80 with 1.5% PVA as the stabilizer in F2 did not result in a
noticeable improvement in EE%. Reducing the PVA concentration to 1% and increasing the amount
of Gen (40 mg) while lowering the drug-to-PCL ratio in F3 led to a slight increase in EE% to 4.7%, but
this was still considered very low. However, by minimizing the water volume in both the primary
and secondary emulsions and shortening the time for chloroform removal using a rotary evaporator,
a substantial improvement in EE% was observed in F4, reaching 42%. In terms of drug loading (DL%),
values were below 1% for all formulations except F4, which had a DL% of 7.2%.

3.2.4. Morphological Analysis

The results presented in Figure 4 provide insightful details regarding the morphology and
structure of F4 PLN (lipid-polymer conjugate particles) across different magnification levels. Image
A offers a broad overview of the particle distribution, revealing a dense population of particles with
relatively uniform sizes. This size range is notably smaller than those observed through light
scattering techniques, which likely highlights the superior resolution and sensitivity of the imaging
method employed. The particles exhibit spherical to slightly oval shapes, typical for lipid-polymer
conjugate particles. Images B, C, and D provide more detailed views of selected particles, showing
variations in black and white intensity. The presence of varying black and white intensities within
the particles suggests the potential for heterogeneous internal distribution of components. These
intensity differences highlight multiple dark spots in the particles' cores, suggesting the
encapsulation of Gen within the particle matrices.
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Figure 4. TEM Micrographs of the Gentamicin-Loaded PLN Formulation (F4). Notes: (A) Wide-field view

showing a high density of particles. (B) Closer view with particle diameter measurements. (C, D) Higher
magnification focusing on individual particles.

3.3. Physical Stability of PLN

Figure 5 illustrates the change in both particle sizes and PDIs with time upon storage of 1%
dispersion of F4 in distilled water in a refrigerator for 25 days. As shown in Figure 5 A, the particle
size increased to 363 nm after 6 days and then reduced to 308 nm at the end of the 25 days. However
the PDI gradually reduced reaching 0.09 at the end of the 25 days indicating excellent particle
uniformity or a monodisperse (Figure 5 B).
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Figure 5. Physical stability of PLN F4 aqueous dispersion for 25 days. A represents change in particle sizes, B
represents the change in PDI.
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3.4. Antimicrobial Analysis

The antibacterial activity of the optimized PLN formulation, F4, was evaluated by comparing its
MIC and MBC values to those of pure Gen at equivalent concentrations against seven bacterial
strains, including two ATCC strains and five clinical isolates, two of which were resistant to Gen. The
results, summarized in Table 3, highlight the enhanced efficacy of the F4 formulation. Notably, F4
reduced the MIC of Methicillin-resistant S. aureus (MRSA-59), a resistant clinical isolate, by more
than 80-fold (3.125 mg/L) compared to free Gen (256 mg/mL), while the MBC was reduced by over
160-fold. Against the clinical isolate Pseudomonas aeruginosa (PA-78), F4 significantly lowered both
MIC and MBC values by more than four-fold. Similarly, for the resistant clinical isolate E. coli (EC-
219), F4 achieved a more than two-fold reduction in both MIC and MBC values. However, for E. coli
ATCC-25922, MRSA-60, and EC-157 strains, no significant reduction in MIC or MBC was observed
with the F4 formulation compared to free Gen. These results underscore the potential of F4 in
enhancing antibacterial activity, particularly against resistant strains.

Table 3. Antibacterial Activity of gentamicin-loaded polymer-lipid hybrid nanoparticles formulation (F4).

Free GEN F4 Formula
AST
No. Bacteria (mg/L) (mg/L)
Profile
MIC MBC MIC MBC
Staphylococcus aureus ATCC
1 Susceptible 2 4 0.78 1.56
29213
Methicillin-resistant S. aureus
2 Resistant 256 512 3.125 3.125
MRSA-59
3 MRSA-60 Susceptible 2 4 1.56 3.125
4  Escherichia coli ATCC 25922 Susceptible 2 4 1.56 3.125
5 E. coli EC-157 Susceptible 2 4 1.56 3.125
6 E. coli EC-219 Resistant 8 16 3.125 6.25
7  Pseudomonas aeruginosa PA-78 Susceptible 8 16 1.56 3.125

Gen: gentamicin; MIC: minimum inhibitory concentration; MBC: minimum bactericidal concentration. AST
profile: Antibiotic susceptibility Test, which are recorded according to The European Committee on
Antimicrobial Susceptibility Testing. Breakpoint tables for interpretation of MICs and zone diameters. Version
13.0, 2023. http://www.eucast.org, Access Date: 20 November 2023.

4. Discussion

The observed nanoparticle sizes and PDIs align with the trend reported in the literature, where
surfactant selection and concentration play crucial roles in determining the final characteristics of
nanoparticles. In particular, particle size and distribution can be significantly influenced by the choice
of surfactants used during the formulation process, as well as their concentration [40]. One of the key
findings in this study is the impact of the secondary surfactant on particle size. Specifically,
formulations containing PV A as a secondary surfactant, such as F2, F3 and F4, displayed smaller PDIs
and particle sizes. Reducing the concentration of PVA to 1%, as in F3 and F4, resulted in significant
reduction in particle sizes compared with F2 prepared using 1.5% PVA. This result is consistent with
findings from several studies that suggest higher concentrations of PVA can increase the viscosity of
the formulation, thereby hindering the dispersion of nanoparticles and leading to larger sizes [41,42].
On the other hand, the formulation using 1% Tween 80 as a secondary surfactant (F1) exhibited the
largest particle size and the highest PDI. This is in line with literature that suggests that Tween 80,
while effective at stabilizing nanoparticles, can result in a broader size distribution at higher
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concentrations [43,44]. The higher PDI observed in F1 indicates greater heterogeneity in the
nanoparticle size distribution, which is typically a result of insufficient stabilization or aggregation
during formulation. The results regarding particle size uniformity are promising, as all formulations
containing PVA (i.e., F3 and F4) displayed excellent particle size uniformity, as indicated by PDI
values <0.25. This finding aligns with the literature, where PVA is frequently employed as a stabilizer
due to its excellent ability to reduce particle aggregation and enhance dispersion, resulting in
narrower size distributions [45,46].

Particle size emerges as a pivotal factor influencing both the nanoparticles' systemic circulation
longevity and their capacity for passive accumulation within tissues (47). Previous studies have
highlighted the substantial advantages of nanoparticles falling within the size range of approximately
150 nm for effective systemic drug delivery [47,48]. Our optimum formulation, F4, showed particle
size close to this range indicating its superior quality and suitability for Gen delivery.

The zeta potential values presented in Figure 3 provide important insights into the physical
stability and aggregation resistance of the four formulations. Zeta potential is a critical parameter for
understanding the stability of colloidal systems, as it reflects the electrostatic repulsion between
particles in suspension. In this case, all the formulations exhibited zeta potential values close to -38
mV, indicating that they possess a high degree of stability. This high negative charge suggests a
significant electrostatic repulsion between particles, which would prevent aggregation and enhance
the long-term stability of the formulations. Similar findings have been reported by other studies,
where zeta potential values in the range of -30 to -40 mV were associated with increased stability of
colloidal dispersions [49,50].

This low DL% and EE% are often attributed to the limited solubility of the drug in the carrier,
inefficient encapsulation processes, or the rapid diffusion of the drug into the aqueous phase during
formulation. Studies have highlighted that achieving a high DL% requires careful optimization of the
drug-to-polymer ratio, solvent evaporation time, and stabilizer concentration [5-53]. In this case, the
use of lower PVA concentrations in F1 to F3 likely did not provide sufficient stabilization of the
nanoparticles, which may have hindered the encapsulation efficiency and subsequently led to a low
drug loading. The significant improvement in DL% and EE% observed in F4, can likely be attributed
to the optimization of the formulation conditions. Reducing the water volume in both the primary
and secondary emulsions, doubling the amount of the primary emulsion stabilizer, Tween 80, and
shortening the chloroform removal time may have reduced drug loss during the process and
maintained a higher concentration of the drug within the nanoparticles. This result aligns with
findings by Liu et al. [54], who demonstrated that reducing the volume of the aqueous phase during
emulsification can limit the drug's diffusion into the surrounding water, thus improving drug
loading. Additionally, the time-efficient chloroform evaporation process is known to aid in the
preservation of drug encapsulation by preventing excessive leaching of the drug into the external
phase [52]. These adjustments were guided by previous studies and preliminary experiments, which
demonstrated more efficient formation of PLNs with higher entrapment efficiency [55].

The spherical to slightly oval shapes of the particles observed in TEM images supports the notion
that these particles are indeed lipid-polymer conjugates, as similar particles have been previously
described in the literature for their structural and functional properties [56,57]. These intensity
differences are indicative of regions with higher electron density, which may correspond to
encapsulated substances or areas of lipid aggregation [58]. The dark spots observed in the cores of
the particles are particularly noteworthy, as they imply the encapsulation of Gen within the lipid-
polymer matrices. The matrix structure likely contributes to the stability of the encapsulated Gen, as
lipid-polymer conjugates are known to offer both protection and controlled release properties [56].
This characteristic is particularly advantageous in the context of drug delivery systems, where the
aim is to ensure that the active compound is delivered efficiently to the target site without being
prematurely released.

The increase in particle size of the F4 dispersion in water over a 25-day storage period may be
explained by water diffusion into the PCL matrix, leading to swelling [59]. Another plausible reason
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is Ostwald ripening, a process commonly observed in lipid-based nanoparticles, particularly when
the particles lack sufficient stabilization [60]. Meanwhile, the gradual reduction in PDI to 0.09 by day
25 reflects the transition of the dispersion into a highly monodisperse state. This enhanced uniformity
over time could result from the particles settling into a more homogeneous distribution. Research
indicates that stabilizers such as surfactants or polymers play a vital role in promoting particle
uniformity by preventing aggregation [61].

The enhanced antibacterial efficacy of the optimized polycaprolactone nanoparticle (PLN)
formulation, F4, encapsulating gentamicin (Gen), against various bacterial strains, including
antibiotic-resistant isolates, demonstrates the significant potential of nanoparticle-based drug
delivery systems in combating resistant infections.

F4 achieved a remarkable reduction in MIC and MBC values against Methicillin-resistant
Staphylococcus aureus (MRSA-59), with MIC decreasing by over 80-fold and MBC by more than 160-
fold compared to free Gen. This improvement can be attributed to the enhanced penetration and
sustained release properties of the nanoparticle formulation, which allow higher intracellular
antibiotic concentrations and help overcome resistance mechanisms. Similar findings have been
reported for Gen combined with threonine amino acid, which significantly enhanced bactericidal
activity against MRSA USA300_FPR3757 [62]. Additionally, Gen-loaded chitosan nanoparticles have
demonstrated enhanced efficacy against S. aureus, further supporting the observed results [63].

Against Pseudomonas aeruginosa (PA-78), F4 reduced both MIC and MBC values by more than
four-fold. The resistance of P. aeruginosa is often attributed to its robust defense mechanisms, such
as efflux pumps and biofilm formation. The nanoparticle-based delivery of Gen likely enhances its
ability to penetrate biofilms and evade efflux mechanisms, thereby increasing antibacterial activity.
This aligns with the findings of Abdelghany et al. [64], who demonstrated that Gen-loaded
poly(lactide-co-glycolide) nanoparticles reduced colony-forming units and interleukin-6 levels in a
peritoneal murine infection model of P. aeruginosa, despite higher MIC and MBC values.
Furthermore, co-encapsulation of Gen and ascorbic acid into chitosan nanoparticles has been
reported to significantly reduce MIC and MBC against P. aeruginosa [65]. Enhanced efficacy of Gen
has also been demonstrated with Gen-conjugated gold nanoparticles against multiple bacterial
strains [66,67].

For the resistant clinical isolate Escherichia coli (EC-219), F4 achieved more than a two-fold
reduction in both MIC and MBC values. This improvement can be attributed to better interaction of
the nanoparticles with bacterial membranes and the controlled release of Gen, maintaining
therapeutic concentrations over time. A recent study reported that co-encapsulation of Gen with
thymoquinone into liposomes significantly reduced MIC and MBC values against resistant E. coli
strains by four-fold [68]. However, for E. coli ATCC-25922, MRSA-60, and EC-157 strains, no
significant reduction in MIC or MBC was observed with the F4 formulation compared to free Gen.
This indicates that the efficacy of nanoparticle-encapsulated antibiotics may vary depending on
specific bacterial characteristics, such as membrane permeability, the presence of resistance genes, or
biofilm-forming capabilities. Similar findings were observed with other Gen-nanoparticles, such as
calcium carbonate and poly(lactide-co-glycolide), which showed MIC values comparable to pure Gen
[69,70]. These results highlight the need for tailored approaches when developing nanoparticle-based
therapies to target different bacterial pathogens effectively.

5. Conclusions

The emulsification-solvent evaporation method was successfully optimized to achieve a high
loading of Gen into PLN, addressing the significant challenge posed by the drug's extreme
hydrophilicity. Key modifications, such as reducing water volume, increasing surfactant
concentration, and shortening the organic solvent removal time, effectively minimized drug loss and
enhanced drug retention within the nanoparticles. The resulting nanoparticles exhibited highly
uniform, small particle sizes and demonstrated excellent physical stability. This study underscores
the critical influence of surfactant type and concentration on nanoparticle formation, as reflected in
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the observed particle sizes and PDIs. The use of PVA, particularly at lower concentrations, produced
smaller and more uniform nanoparticles, highlighting its effectiveness as a stabilizer. The high zeta
potential values across formulations confirm strong physical stability, while TEM analysis verified
the successful encapsulation of Gen within the nanoparticle core. The optimized F4 PLN formulation
exhibited exceptional antibacterial efficacy, particularly against resistant bacterial strains such as
MRSA-59, showecasing its promise as a potent therapeutic option. This study introduced a novel
approach for preparing Gen-loaded PLN, characterized by distinct physical properties, high drug
loading capacity, and significantly improved antibacterial activity against resistant pathogens. These
findings underscore the potential of this formulation strategy in developing tailored nanoparticles,
tackling the critical challenge of antimicrobial resistance, and paving the way for effective therapeutic
interventions.
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