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ABSTRACT

Aim: This study aimed to develop a topical antibiotic drug delivery system using aquasomes for
enhanced treatment of skin and soft tissue infections (SSTls). Materials & methods: Cephalothin
was loaded into aquasomes using a multi-step process and optimized using design of experiment.
The aquasomes were characterized for FT-IR, SEM and zeta potential analysis. Entrapment efficacy,
In vitro drug release studies, antibacterial assays and stability study was performed to evaluate the
efficacy of the formulated aquasomes. Results & conclusion: The formulated cephalothin-loaded
aquasomes exhibited stable properties, controlled drug release and significant antibacterial activity
against bacteria. This proves that the developed aquasome-based delivery system has the potential
for sustained treatment of SSTIs.

Plain language summary: Cephalothin is a medicine that helps fight bacteria, but it doesn’t work
well on the skin because it does not come in a gel form. We created a special way, called a magic
vehicle, to help the medicine reach the skin better. Infections on the skin and in soft tissues, caused
by germs. We found that our new way of giving the medicine is small, strong and fights germs very
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well. This could be a great way to treat skin infections and help people feel better.

1. Background

Skin and soft tissue infections (SSTI) are very commonly
caused by bacterial (viral and fungal are less compared
with bacterial) that enters through the cuts in the skin and
occurs majorly at subcutaneous tissue and connective
tissues [1,2]. Staphylococcus aureus, Pseudomonas. and
Streptococcus. are the most common infectious agents
of SSTI which shows symptoms such as fever, nausea,
vomiting and even leads to increase heart beat rates
and severe pain [3-5]. Existing diagnosis methods for
SSTl includes colony isolation from blood, biopsy, x-ray,
Ultrasound, & CT scan; and therapeutics options includes
antibiotics course for a period of time [6]. penicillin
v, ciprofloxacin, amoxicillin, clindamycin and cephalexin
are antibiotics commonly used for mild SSTIs and for
severe infections, antibiotics such as penicillin g, van-
comycin, cephalothin, ceftriaxone and ceftaroline are gen-
erally used [7-10]. Among several types of antibiotics,
cephalosporins such as cephalothin, cephalexin, ceftri-
axone & ceftaroline are commonly used in SSTI infec-
tions [11]. Additionally, the cephalothin (commonly called
as Cefalotin) is most used first-class antibiotics that has

B-lactam rings and acts against wide range of bacterial
infections[12,13]. cephalothinis a potent antibiotic which
is a thiophene-2-acetic acid derivative that acts against
Staphylococcus and Streptococcus infections in SSTI, and
even shows potent activity against resistance bacterial
strains [14]. Cephalothin binds with penicillin binding
proteins (PBPs) and disrupts the cellular architecture and
ultimately inhibit the cell wall synthesis of the infectious
bacterial pathogens [15].

Antimicrobial resistance (AMR) has become a major
burden and chronic health problem worldwide due to the
over usage of antibiotics [16]. Accumulating evidences
indicates that the antibiotics used against the skin and
soft tissue infections are also becoming resistant and thus
it has to be properly addressed [17,18]. Instead of looking
for new antibiotics development which consumes time
and requires huge amount of funds, the existing antibi-
otics can be delivered specially to the site of infection
with controlled release manner [19]. Aquasomes are 3-
layered vesicular nano carriers used to specially delivery
the drugs to the site of target which has been used in var-
ious diseases such as cancer, cardiovascular diseases and
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infections [20,21]. In general, the aquasomes consists of
ceramic core which coated with polyhydroxy compound
to which the drug molecule will be loaded [22]. Though
the cephalothin exhibits poor soluble property and it can
be overcome by loading them into the aquasomes to
increase their bioavailability and therapeutic efficacy [23].
In the present study, we have formulated a cephalothin
loaded aquasomes and characterized it through Scan-
ning Electron Microscope (SEM) analysis, Fourier Trans-
form Infrared Spectroscopy (FT-IR) analysis, followed by
zeta potential and particle size analysis. Further, they were
tested for their antibacterial potential against strains such
as respectively.

2. Materials & methods
2.1. Chemicals & Reagents

The drug was purchased from Orchid HealthCare Pvt.
Ltd Chennai, Tamil Nadu. Calcium chloride, disodium
hydrogen phosphate, trehalose was purchased from Sisco
Research Laboratories Pvt. Ltd Chennai, Tamil Nadu.

2.2. Preparation of aquasomes

Aquasomes are prepared by spinal method [24], calcium
phosphate is used as backbone (core material), coating it
with trehalose and finally adsorption of the drug.

In the first step of the aquasome formulation, a ceramic
core was prepared using the co-precipitation technique
with sonication. This involved slowly adding a 0.75M dis-
odium hydrogen phosphate solution in water to a 0.25M
calcium chloride solution under sonication for 2 h, lead-
ing to the reaction:

2 Na2HPO4 + 3 CaCl2 + H20 — Ca3(P0O4)2
+4 NaCl 4+ 2 H2 + CI2 4+ (O) (nascent oxygen)

Subsequently, in the second step, the ceramic core
(200 mg) was coated with trehalose (0.06M) through son-
ication for 90 min. The resulting mixture was filtered,
freeze-dried and stored at 2°C. Moving on to the third
step, drug loading was performed by dispersing the
coated core particles in drug solution. Aquasomes are
colloidal drug delivery systems that can improve drug
stability and bioavailability. The drug concentration of
200 ug/ml may ensure effective antimicrobial activity
against a broad spectrum of bacteria. The preparation
of the aquasomes involved loading a cephalothin solu-
tion (200 wg/ml) cephalothin solution with a 7.2 pH
buffer. The dispersion was left overnight at 2°C for a
24-h drug adsorption process, followed by lyophilization
to obtain drug-loaded aquasomes. These distinguished

steps collectively constitute the formulation process of
aquasomes [25-28].

2.3. Statistical analysis

Design expert 13 software was used to optimize the for-
mulation. Thirteen runs were conducted to optimize the
experimental design, using a 2-level-factors Central Com-
posite Design (CCD). The factors are calcium phosphate
mixture (gm) and trehalose (mg) coded as Y1 and Y2,
respectively. The experimental factors and levels are pre-
sented in Table 1. The obtained data were analyzed using
CCD to fit a quadratic polynomial equation, correlating
the Design of Experiment (DOE) variables (Y1 and Y2) to
the equation.

A=oay—oyYy+ oY)+ o 0 — oy,

Where A represents the predicted response, «, stands
for the intercept, the linear coefficient denotes «, and
o,. while (a; 1), (o 5, (@4 ,) denotes the quadratic coeffi-
cient [29].

2.4. FTIR analysis

The Fourier transform infrared spectroscopy (FTIR) anal-
ysis was performed for calcium phosphate core, tre-
halose coated core and cephalothin loaded aquasome
using Shimadzu FTIR analyzer. Potassium bromide pel-
let method was followed by mixing the samples with
KBr in 1:100 ratios and subjected to FTIR analyzer. Happ-
Genzel apodization was employed and the spectra were
recorded between 4500 to 400 cm™' ranges, with a reso-
lution of 4 cm™ [30].

2.5. SEM analysis

The morphological characteristics of the calcium phos-
phate core, trehalose coated core and cephalothin
loaded aquasome were analyzed using Hi-Resolution
Scanning Electron Microscope (HR-SEM), Thermoscein-
tific Apreo S. Alongside, the quantitative analysis of ele-
ments present in the samples were also analyzed using
energy-dispersive spectroscopy (EDS). Everhart-Thornley
detector (ET detector) was used for the analysis with a
voltage of 20 kV [31,32].

2.6. Zeta potential & particle size analysis

The zeta potential and particle size of the calcium
phosphate core, trehalose coated core and cephalothin
loaded aquasome were determined using Zeta Sizer
Malvern/Nano ZS-90. Dynamic light scattering (DLS) tech-
nique was employed to determine the mean particle size
and zeta potential. For zeta potential analysis, the disper-



Table 1. Factor and levels of formulation.
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Factor 1 Factor 2 Response 1 Response 2
Std Run A:Ca3(P0O4) (gm) B:Trehalose (mg) Entrapment efficacy In vitro drug release %
%

6 1 44 150 19.2 47.5

2 2 4 100 19 453

12 3 3 150 23 57.2

7 4 3 79 21.2 48.2

4 5 4 200 19.2 50.2

8 6 3 220 234 62.3

1 7 3 150 234 573

3 8 2 200 35 62

10 9 3 150 23.1 57.2

1 10 2 100 30 50

5 1 1.5 150 21 55

13 12 3 150 23 57

9 13 3 150 23.2 57.3

Factor 1: Represents the first factor studied in the experiment (A:Ca3(PO4)). Factor 2: Represents the second factor studied in the experiment (B: Trehalose).
Std Run: Standard Run number for the experiment. A:Ca3(PO4): Amount of Ca3(PO4) used in the formulation. B: Trehalose: Amount of Trehalose used in the
formulation. Response 1: Entrapment efficacy of the aquasome formulation. Response 2: In vitro drug release from the aquasome formulation.

%: Percentage; gm: Gram; mg: Milligram.

sant refractive index was set at 1.33, Viscosity cP (cen-
tipoise) was set at 0.88, dispersant dielectric constant was
set at 78.5, temperature was set at 25°C and measure-
ment position was set at 2 mm respectively. For particle
size analysis, same dispersant refractive index and Viscos-
ity cP (centipoise)ranges was followed. While, the material
refractive index was set at 1.59 and material absorption
was set at 0.01 respectively [33].

2.7. Invitro drug release of drug-loaded aquasomes

In the in vitro drug release studies, a Franz diffusion cell
was employed to assess the release of the aquasome for-
mulation. The cellophane membrane, fitted between the
donor and receptor compartments, served as the appli-
cation site for the aquasome formulation. The dissolution
medium utilized was a phosphate buffer with a pH of 7.2.
To maintain a consistent temperature of 37°C, water cir-
culation in the outer jacket of the cell was employed. The
entire setup was placed on a magnetic stirrer, ensuring
continuous stirring using a magnetic bead. At specified
time intervals, 5 ml samples were withdrawn, diluted to
10 ml with the same solvent and replaced with fresh dis-
solution media to sustain sink conditions. Spectrophoto-
metric analysis at 237 nm (nanometer) was performed
on the withdrawn samples to calculate the percentage
cumulative drug release (%CDR). The drug release study
was conducted in triplicate for consistency [34].

2.8. Drug release kinetics

In order to understand kinetic principles, data obtained
from in vitro drug release studies are plotted in a vari-
ety of kinetics models. MS Excel statistical functions are
used to process the data for regression analysis. Zero

Order and First Order Kinetics models, Higuchi’s model
and Korsmeyer-Peppas models are used to analyze in vitro
drug release data [35].

2.9. Entrapment efficacy

To determine the percentage entrapment efficacy (% EE)
of the drug in aquasomes, 1 ml of formulation centrifuged
at 15,000 rpm for 1 hour to separate entrapped from un-
entrapped drug. After supernatant removal, the sediment
was spectrophotometrically analyzed at 237 nm using a
UV spectrophotometer to quantify the loaded drug, The
cephalothin loaded aquasome was determined by the fol-
lowing formula [36].

% Entrapment Efficacy =

Actual drug content
Theoretical drug content

) x 100%

2.10. Antibacterial activity

A diffusion assay, designed to evaluate the antibacterial
effectiveness of nanoparticles containing a therapeutic
compound, commenced with the cultivation of bacterial
cultures in sterile nutrient broth at 37°C within a shak-
ing incubator. Subsequently, a bacterial culture suspen-
sion was evenly distributed over sterile Mueller-Hinton
agar plates, allowing a five-minute interval for optimal
culture absorption. To assess the antibacterial potential
of the nanoparticles, precisely measured 5 mm wells were
created in the agar plates using a gel puncture technique.
Subsequently, drug-loaded aquasomes and pure drug for
both bacterial species were placed inside the wells. The
prepared plates underwent a 24-hour incubation period
at 37°C. After incubation, zones of inhibition, reflective of
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bacterial growth suppression, were measured in centime-
tres. For comparative purposes, cephalothin (at a concen-
tration of 10 mg/ml) served as a positive control to gauge
the experimental results [37].

2.11. Stability study

According to ICH qlc guidelines aquasome stability
was observed over 3 months in the stability cham-
ber. Cephalothin-loaded aquasomes were prepared and
stored in amber glass vials. Samples were subjected to
stability testing at 4°C 4 0.20°C for durations of 1, 2 and
3 months. The following parameters were monitored at
each time point: particle size, percentage encapsulation
efficiency (%EE) and physical appearance. The physiologi-
cal changesin drug-loaded formulations were thoroughly
investigated [38].

3. Results

3.1. Characterization of cephalothin loaded
aquasomes

3.1.1. Optimization of formulation

Thorough statistical analysis was conducted on the aqua-
some formulation to optimize its performance in terms
of entrapped efficacy and in vitro drug release. Two key
factors, Factor 1 (A:Ca3(P0O4)) and Factor 2 (B:Trehalose),
were investigated across 13 runs to elucidate their effects
on the responses. ANOVA was used to assess the signif-
icance of the model statistically. The Table 2 presented
sum of squares (SS), mean square (MS), degrees of free-
dom (DF), p-value, F-value and ANOVA coefficients. The
model’s significance was determined using the Fisher dis-
tribution (F-value and p-value). For entrapped efficacy,
the model indicated significance (p = 0.0391), with Fac-
tor 1 (A: Ca3(P0O4)) exhibiting a notable effect (p = 0.0157),
whereas Factor 2 (B: Trehalose) did not significantly affect
entrapped efficacy (p = 0.4297). However, Lack of Fit was
significant (p < 0.0001), suggesting potential areas for
model refinement. Regarding in vitro drug release, the
model was highly significant (p < 0.0001), with both Fac-
tor 1 (A: Ca3(PO4)) and Factor 2 (B: Trehalose) signifi-
cantly influencing the response. Moreover, interactions
(AB) and squared terms (A2, B?) also played significant
roles. Lack of Fit remained significant (p < 0.0001), indi-
cating the need for further model refinement. Analysis of
the experimental data revealed that higher levels of Fac-
tor 1 (A: Ca3(PO4)) generally corresponded to higher lev-
els of entrapped efficacy and in vitro drug release. Con-
versely, the effects of Factor 2 (B: Trehalose) were less
consistent across the runs. The experimental results pro-
vide the importance of Factor 1 (A: Ca3(PO4)) and Fac-
tor 2 (B: Trehalose) in influencing both entrapped effi-

cacy and in vitro drug release. The data provide valuable
information into optimizing the aquasome formulation to
achieve desired drug encapsulation and release charac-
teristics. Response surface plot and counter plot of formu-
lation shown in Figure 1.

3.1.2. FTIR spectrum

Fourier transform infrared (FTIR) analysis is a significant
tool used to identify the functional groups present in the
sample, which thus determines the structural changes
of the function groups [39]. FTIR spectra of the calcium
phosphate core, trehalose coated core and cephalothin
loaded aquasome was shown in the Supplementary Fig-
ure ST and also, the FTIR peaks along with their wave-
length and functional groups were shown in the Table 3.
From the FTIR results, it is observed that the calcium phos-
phate core showed peak stretching’s that corresponds to
C-l, -CH2 rock, C-O, -NH3+ rock, -CH3 bend, C=C, -OH;
trehalose coated core showed peak stretching’s that cor-
responds to C-I, C-Br, C—C-N, -CH2 rock, C-O, -NH3+
rock, -CH2 twist; and cephalothin loaded aquasome
showed peak stretching’s that corresponds to C-Br, C-C-
N, —CH2 rock, C-0O, -NH3+ rock, —CH2 twist, C-N respec-
tively. The peak stretch at 3200-3400 cm™' ranges corre-
spond to the ~OH group and around 2250 cm™ ranges
corresponds to the C-N group [40]. Likewise, we could
able to find the similar peak stretches at 3226.91 cm™ for
calcium phosphate core and 2355.68 cm™ for cephalothin
loaded aquasome respectively. All calcium phosphate
core, trehalose coated core and cephalothin loaded aqua-
some showed below 500 cm™' range indicating that they
might have a C-l or C-Br bonds and also shows peaks
around 980 cm™ range indicating —~CH2 rock, around
1050 cm™' range indicating C-0, around 1120 cm™' range
indicating NH;™ rock and 1330 cm™ range indicating -
CH, twist, respectively.

3.1.3. SEM analysis

Scanning electron microscopy (SEM) analysis provides a
detailed and magnified view of a formulation and used to
identify their size, shape, chemical composition and other
physicochemical properties [41]. At 50 um field range
the SEM images was captured, and the horizontal field of
view (HFW) for calcium phosphate core, trehalose coated
core and cephalothin loaded aquasome was observed
at 1T um respectively. The magnified morphological view
was shown in the Figure 2. From the SEM analysis, the
average size of the particles of calcium phosphate core,
trehalose coated core and cephalothin loaded aquasome
was observed at 0.5 to 1 um. A similar observation was
reported by Damera DP et al.,, 2019, in which the hydrox-
yapatite (HAP) core was coated with Cellobiose to which
the bovine serum albumin (BSA) was loaded. These aver-



Table 2. Response surface regression: analysis of variance.
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Response 1: entrapment efficacy

Source Sum of squares df Mean square F-value p-value
Model 116.28 2 58.14 4.56 0.0391 Significant
A-Ca3(PO4) 107.65 1 107.65 8.44 0.0157
B-Trehalose 8.63 1 8.63 0.6772 0.4297
Residual 127.51 10 12.75
Lack of fit 127.40 6 21.23 758.33 <0.0001 significant
Pure error 0.1120 4 0.0280
Cor total 243.79 12
Response 2: in vitro drug release
Source Sum of squares df Mean square F-value p-value
Model 356.27 5 71.25 5341 <0.0001 Significant
A-Ca3(P0O4) 91.85 1 91.85 68.85 <0.0001
B-Trehalose 169.65 1 169.65 127.17 <0.0001
AB 12.60 1 12.60 9.45 0.0180
A? 76.62 1 76.62 57.43 0.0001
B2 12.10 1 12.10 9.07 0.0196
Residual 9.34 7 133
Lack of fit 9.28 3 3.09 206.18 <0.0001 Significant
Pure error 0.0600 4 0.0150
Cor total 365.61 12

Statistical analysis results showing the significance of factors A (Ca3(PO4)) and B (Trehalose) on Response 1 (Entrapment efficacy) and Response 2 (in vitro drug

release), with p-values indicating significance levels.
Ca3(po4): Calcium phosphate; df: Degree of freedom.

age size of BSA Loaded Aquasomes was observed to be
between 200 and 1000 nm. From our SEM analysis we
could observe the dense occurrence in the cephalothin
loaded aquasome indicating the cephalothin antibiotic
was adsorbed in the prepared aquasome.

Energy-dispersive x-ray spectroscopy (EDS) analysis
provides a better understanding of elements present in
formulation and also provides their relative abundance in
the whole composition [42]. It has a huge impact on the
development of nanoparticles, which evaluates the detri-
mental effects produced by the nanoparticles at molec-
ular level and also helps in the identification of chemical
composition of the drug delivering nanoparticle to var-
ious diseases [43,44]. The EDS analysis of calcium phos-
phate core, trehalose coated core and cephalothin loaded
aquasome along with their weight % among overall com-
position was shown in the Figure 2. From our analysis,
we could able to observe that calcium phosphate core
has elements such as O, P, Ca; while trehalose coated core
and cephalothin loaded aquasome has elements such
as O, P, Ca and C-N. This indicates the coated material
and the antibiotic loaded aquasomes has the carbon sup-
port in their structure with 2.1 and 3.9 weight % respec-
tively. Also, the atom% of C in trehalose coated core,
and cephalothin loaded aquasome was observed to be
3.7 and 7 respectively, indicating the antibiotic loaded
aquasome has more carbon support when loaded on the
coated core.

3.1.4. Zeta potential & particle size determination
Zeta potential determines the stability of the particle
and is governed by the electrostatic force whether by
attraction of repulsion between the particles [45]. The
zeta potential and particle size analysis of the calcium
phosphate core, trehalose coated core and cephalothin
loaded aquasome was determined using Zeta Sizer
Malvern/Nano ZS-90 and the results were shown in the
Supplementary Figure S2. Also the zeta potential analysis
values such as Zeta Potential (mV), Zeta Deviation (mV),
Conductivity (mS/cm) and the particle size analysis val-
ues such as Z-Average (d. nm), Polydispersity index (PDI),
Intercept, Size (d. nm), St Dev (d. nm) were tabulated in the
Table 4 & Supplementary Table S1 respectively. In general,
the zeta potential can be positive or negative but should
not be zero to stay away from the aggregation of parti-
cles in the environment [46,47]. The zeta Potential and
conductivity of calcium phosphate core was observed as
-6.66 mV and 3.95 mS/cm; while the trehalose coated
core showed -10.3 mV and 0.948 mS/cm, and cephalothin
loaded aquasome showed -14.6 mV and 0.282 mS/cm
respectively. Interestingly, our results didn't show any
zero values indicating particle aggregation is not present
and also indicates the stability of the cephalothin loaded
aquasome as showed in the Supplementary Figure S2.
This phenomenon can indeed be attributed to the
surface modification of the particles during the coating
and loading processes toward a stronger repulsive force
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Figure 1. Response surface plot and counter plot of relationship between A:ca3(po4) and B:trehalose on entrapment efficacy(l & Il) and
in vitro drug release (Ill & IV) of formulation.

Indicates the magnitude of entrapped efficacy (%), Contour lines: Represent levels of drug release (%) corresponding to different
combinations of Factor 1 and Factor 2.
ca3(po4): Calcium phosphate, color scale.

Table 3. FTIR peaks of calcium phosphate core, Trehalose coated core and cephalothin-loaded aquasome.
Formulation Wavelength (cm™ Groups
Calcium phosphate core 507.28,983.70, 1051.20, 1120.64, 1330.88, Cl, -CH, rock, C-0, -NH, * rock, -CH, bend, C=C,
1631.78,3226.91 -OH
Trehalose coated core 387.69,516.92, 875.68, 987.55, 1055.06,
1122.57,1348.24
Cephalothin loaded aquasome

C-I, C-Br, C-C-N, -CH, rock, C-O, —NH3Jr rock, -CH,
twist
513.07, 856.39, 987.55, 1051.20, 1120.64, C-Br, C-C-N, —CH2 rock, C-0, —NH3+ rock, —CH2 twist,
1348.24,2355.08

C-N
The formulations exhibit distinct peaks at specific wavelengths, indicative of the presence of particular functional groups.
cm-1: Reciprocal wavelength.
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Figure 2. SEM (left panel) and EDX (right panel) analysis of calcium phosphate core (A), trehalose coated core (B) and Cephalothin
loaded aquasome (C).

SEM, which shows the presence of spherical calcium phosphate core in the nano range.

wum: Micrometer; KeV: Kilo-electron volt; SEM: Scanning electron microscopy.

between the particles. The surface modification through
trehalose coating and cephalothin loading enhances the
stability of the aquasome, which may leads to increase in
Zeta potential. From our results, the size and Z-Average
of calcium phosphate core was observed to be 265 d.
nm and 414 d. nm; while for trehalose coated core it was
observed as 309 d. nm and 670 d. nm, and for cephalothin
loaded aquasome it was observed as 452 d. nm and 849 d.
nm respectively. Thus, it is clearly indicating that the par-
ticle size was increased to 452 d. nm in the cephalothin
loaded aquasome as showed in the Figure 3.

3.2. Drug release studies of cephalothin-loaded
aquasomes

The in vitro drug release was investigated through Franz
diffusion cells employing cellophane membranes, reveal-
ing a drug release rate of 60.72% over a period of
approximately 10 h for the drug-loaded aquasomes
Supplementary Figure S3. This result showed that the
formulated aquasomes exhibited a controlled and sus-
tained release of the drug. Based on the analysis of drug
release kinetics, the coefficient of determination (R2) val-
ues for zero-order, first-order, Higuchi and Korsmeyer
release models were determined to be 0.970, 0.950,
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Table 4. Particle size of calcium phosphate core, Trehalose coated core and cephalothin-loaded aquasome.

Characteristics Calcium phosphate core

Trehalose coated core Cephalothin loaded aquasome

Z-Average (d.nm) 414
Polydispersity index (PDI) 0.350
Intercept 0.929
Size (d.nm) 265
St Dev (d.nm) 28.8

670 849
0.237 0.200
0917 0.828

309 452

315 41.7

The cephalothin-loaded aquasome exhibits smaller particle sizes and a more uniform size distribution.

nm: Nanometer; PDI: Polydispersity index.

Zeta size and Zeta potential

1000
900
800
700
600
500

Size and Z-average (nm)

Calcium Phosphate Core

B Size (d. nm)

400
300
200
100

0

Trehalose Coated Core

Cephalothin Loaded
Aquasome

Particle types

W Z-Average (d. nm)

Figure 3. The size and Z-Average of calcium phosphate core, Trehalose coated core and cephalothin-loaded aquasome.
Comparison of particle sizes in each step of preparing drug loaded aquasomes.

nm: Nanometer.

0.993 and 0.613, respectively. The high R2 value of 0.993
obtained for the Higuchi model indicates a strong corre-
lation between the observed and predicted drug release
profiles. Hence, it can be concluded that the release
of cephalothin from the aquasome formulation follows
Higuchi release kinetics.

3.3. Antibacterial potential of cephalothin-loaded
aquasomes

The well diffusion method was employed to assess the
antibacterial efficacy of drug-loaded aguasomes against
both Gram-positive (Staphylococcus aureus, S. aureus)
and Gram-negative (Escherichia coli, E. coli) bacteria. The
antibacterial activity, as indicated by the zone of inhibi-
tion, showed impact of cephalothin-loaded aquasomes,
with a zone of 38 + 3 mm against Staphylococcus
aureus and 20 £ 5 mm against Escherichia coli shown in
Supplementary Table S2. The experimental results states
that Staphylococcus aureus was more susceptible to the
drug-loaded aquasomes compared with Escherichia coli.
This susceptibility of Staphylococcus aureus attributed to
factors such as cell wall plasmolysis or the separation
of cytoplasm from the cell wall. Additionally, the outer

membrane of Gram-negative bacteria influences molecu-
lar permeability, potentially contributing to the observed
variation in susceptibility between Gram-positive and
Gram-negative bacteria.

3.4. Stability study

The stability study was carried out by maintaining the
temperature within the specified range of 4°C 4 0.20°C
throughout the three-month experimental period. The
size of cephalothin-loaded aquasomes remained con-
stant, and minimal fluctuations was observed over
time. The percentage of encapsulation efficiency (%EE)
remained slightly unchanged indicating that cephalothin
has effective entrapment efficacy and the physical
appearance of the samples remained constant through-
out the study, there were no visible signs of aggregation
or decay as shown in Table 5.

4. Discussion

Skin and soft tissue infections (SSTI) are common and
frequent which are caused by bacteria such as Staphy-
lococcus, Pseudomonas. and Streptococcus. occurring at



Table 5. Result of stability study.
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Time (months) Temperature (°C) Size (nm) %EE Physical appearance
1 440.20 457 +10 62% =+ 2 Normal
2 4+0.20 458 +13 60% =+ 3 Normal
3 440.20 460 +9 62% =+ 2 Normal

The table presents data collected over a three-month period, where each row cor

responds to a specific time point. The parameters recorded include the tem-

perature (maintained at 4°C & 0.20°C), the size of the particles (reported in nanometers + standard deviation), the percentage of encapsulation efficiency

(%EE + standard deviation) and the physical appearance of the samples.
%EE: Percentage entrapment efficacy; °C: Degree celsius; nm: Nanometer.

the connective tissues. cephalothin (or Cefalotin) is a first-
generation antibiotic belonging to cephalosporin class is
commonly used against SSTIs due to their potent activity
even against resistant bacterial strains. However, its thera-
peutic efficacy toward topical application is limited by its
poor solubility [48]. Aquasome a 3-layered vesicular nano
carriers consisting of ceramic core that can be coated
with polyhydroxy compound to which the drug molecule
will be loaded is significant strategy to overcome the
solubility issue, as well as it improves the bioavailabil-
ity of the drug and ultimately increase their therapeu-
tic effect [49]. In this study, we developed a cephalothin-
loaded aquasome and subjected it to optimized using
design of experiments. The aquasome was character-
ized using Fourier transform infrared spectroscopy (FT-IR),
scanning electron microscope (SEM), zeta potential, zeta
particle size analysis and percentage entrapment effi-
cacy. Additionally, we conducted in vitro antibiotic release
studies, assessed antibacterial activities, and evaluated
short-term stability [50]. Our results revealed that the
cephalothin loaded aquasome has a size range from 10 to
1000 nm have functional groups that enables significant
bonding, and zeta potential value that enables electro-
static interactions in the biological environment. Thus, we
conclude that the formulated cephalothin loaded aqua-
some is stable and significant against bacterial infections.
While our study focuses particle size analysis and formu-
lation design, we have included a comprehensive stabil-
ity study section to cover other important aspects of the
experiment’s integrity and performance. However, lim-
ited assessment of antimicrobial activity of clinically rel-
evant antimicrobial agents, in animal models or clinics
experiments.

5. Conclusion

This study aimed to enhance the bioavailability and sol-
ubility of cephalothin for treating SSTIs by using a sus-
tained release approach at the infection site. Aquasomes
were formulated and optimized using a 2-factorial design
approach in experimental design. FTIR analysis confirmed
the presence of functional groups for bond formation in
the cephalothin-loaded aquasome. SEM analysis revealed
a formulation size ranging from 0.1 to 1 um, while zeta

potential analysis confirmed values conducive to elec-
trostatic interactions in biological environments. Entrap-
ment efficacy was determined to be 35%. Moreover,
drug release studies demonstrated sustained release
of cephalothin from the aquasome formulation, follow-
ing (Matrix Diffusion-Controlled Release) Higuchi kinet-
ics (R2 = 0.993), indicating a strong correlation between
observed and predicted release profiles. Additionally, the
formulation exhibited significant antibacterial potential
against both Gram-positive (Staphylococcus aureus) and
Gram-negative (Escherichia coli) bacteria, with greater
susceptibility observed in Staphylococcus aureus. Stabil-
ity studies over a three-month period at 4°C £+ 0.20°C
revealed satisfactory physical and chemical stability of the
cephalothin-loaded aquasomes. These findings support
the potential utility of the formulation for further phar-
maceutical applications. Future directions of this study
include invivo investigations using animal models or clini-
cal trials to validate the efficacy and safety of cephalothin-
loaded aquasomes. Exploring the formulation’s perfor-
mance against a broader range of bacterial strains, includ-
ing resistant ones, would enhance its applicability. Fur-
thermore, long-term stability assessments, biocompat-
ibility evaluations and comparative studies with other
antibiotics could provide comprehensive insights. Opti-
mization of drug loading capacity could further advance
the potential of these aquasomes for treating skin and
soft tissue infections. In conclusion, our study focused on
developing cephalothin-loaded aquasomes and optimiz-
ing their formulation, highlighting their promising poten-
tial as effective treatment strategies for SSTIs. Further
research is warranted to fully realize their clinical applica-
bility.

6. Future perspective

Future research on cephalothin-loaded aquasomes
should prioritize the following areas to enhance their
efficacy for treating skin and soft tissue infections (SSTIs):

- Clinical trials: conduct extensive clinical trials to validate
safety, efficacy, optimal dosage and application proto-
cols in human subjects.
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- Antimicrobial testing: broaden testing to include multi-
drug resistant strains to provide a comprehensive effi-
cacy profile.

- Combination therapy: explore combination therapies
with other antibiotics to leverage potential synergistic
effects.

- Long-term stability studies: conduct rigorous stabil-
ity studies under various environmental conditions to
ensure robustness during storage and transportation.

« In vivo studies: perform detailed in vivo studies using
animal models to assess pharmacokinetics, biodistribu-
tion and therapeutic performance.

« Scale-up and manufacturing: address challenges asso-
ciated with large-scale production to ensure consis-
tency, quality and cost-effectiveness.

- Exploration of other drugs: investigate the aquasome
system for delivering other antibiotics or therapeutic
agents to broaden its application scope.

Article highlights

Background

- Objective: The study aimed to formulate and characterize a
topical antibiotic drug delivery system using aquasomes to
enhance the treatment of skin and soft tissue infections (SSTIs).

Materials & methods

Drug selection and loading: cephalothin, a first-generation

cephalosporin, was chosen and loaded into aquasomes through a

multi-step process.

Aquasome structure: aquasomes are three-layered vesicular

nanocarriers with a ceramic core coated with a polyhydroxy

compound, specifically trehalose, for drug delivery.

Preparation: the ceramic core was coated with trehalose, followed

by the adsorption of cephalothin. A 2-Factor design was utilized to

optimize the formulation.

Characterization

- Fourier transform infrared spectroscopy (FTIR): FTIR confirmed the

presence of functional groups in the calcium phosphate core,

trehalose-coated core and cephalothin-loaded aquasomes.

Scanning electron microscopy (SEM): SEM revealed the

morphology of the aquasomes and demonstrated the adsorption

of cephalothin onto the surface.

Zeta potential analysis: the analysis indicated the electrostatic

stability of the aquasomes.

Drug release studies

- Controlled release: the aquasomes exhibited controlled and
sustained release of cephalothin, with a release rate of 60.72% over
approximately 10 h.

« Release kinetics: the Higuchi model best fit the release data of the
formulation, indicating a diffusion-controlled release mechanism.

« Entrapment efficiency: the formulation showed a 35% entrapment
efficacy and demonstrated stable properties.

Antibacterial Activity

- Efficacy against pathogens: antibacterial assays revealed

significant efficacy of cephalothin-loaded aquasomes against

Staphylococcus aureus and Escherichia coli.

Comparison with pure drug: cephalothin-loaded aquasomes

produced larger zones of inhibition compared with pure

cephalothin, highlighting the enhanced antibacterial activity.

Antimicrobial resistance: the study addresses the challenge of

antimicrobial resistance by providing a sustained delivery system

for existing antibiotics.

Stability studies

« Physical stability: the cephalothin-loaded aquasomes
demonstrated good stability over a three-month period,
evidenced by consistent temperature maintenance, constant size,
minimal fluctuations in encapsulation efficiency and unchanged
physical appearance.

Discussion & conclusion

- Potential for other antibiotics: the aquasome delivery system could
be explored for other antibiotics and therapeutic agents to combat
antimicrobial resistance in various infections.

« Clinical applications: this study provides valuable insights into the
development of an effective topical antibiotic delivery system with
potential clinical applications in treating SSTIs.

Implications

« Enhanced treatment: the innovative use of aquasomes for the

sustained release of cephalothin offers a promising approach for

improving the efficacy of topical antibiotics.

Future research: further research is suggested to explore the

broader application of this delivery system for various antibiotics

and to conduct clinical trials to validate its effectiveness in a clinical
setting.
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