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Abstract

Purpose This study developed a new formulation for silver sulfadiazine (SSD) nanocrystal-based hydrogels for in vitro
antimicrobial activity.

Methods SSD nanocrystals were prepared by using a wet-mill apparatus; effects of polymers, surfactants and lipid-based
carriers were investigated. The gel-forming chemicals were subsequently dispersed in the SSD nanocrystal nanosuspensions,
resulting in homogeneous hydrogels. The antibacterial activities of new formulations were tested in-vitro.

Results The final SSD nanocrystal formulation (less than 300 nm, PDI: 0.300) containing glyceryl monostearate (GMS)
or lecithin (Lec), combining with hydrophilic polymers (hydroxypropyl methyl cellulose and polyvinyl alcohol). The arti-
ficial neural network was utilized to confirm the effects of lipid ingredients in wet-milling process. Hydroxyethyl cellulose
was chosen to formulate the hydrogel which formed the white, smooth, homogeneous, and stable hydrogel after 4 weeks
at the room condition. The hydrogel also presented higher and more sustained drug release using Franz’s diffusion cells as
compared with reference marketed drug and control hydrogels. The efficacy of antibacterial activity shown on the biofilm
demonstrated effect of particle size, lipid carriers, and probably interaction between SSD with biofilm membrane.
Conclusion These findings implied a potential application of SSD nanocrystal-lipid carrier-based hydrogels in clinical
practice.

Keywords Silver Sulfadiazine - Nanocrystals - Hydrogels - Biofilm Permeation - Antimicrobial Activity - Artificial
Neural Network
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hindering bacterial respiration and production, contributed
significantly to the antibacterial effects [3, 4].

Unfortunately, the application of SSD is restricted
because of its physical properties [5, 6]. Due to the com-
plexation of silver with the weak sulfonic acid, SSD is insol-
uble in both water (neutral pH) and several popular solvents
such as ethanol or ether [7, 8]. Because of its poor solubility
in both hydrophilic and hydrophobic fluids, SSD is difficult
to permeate biological membranes such as bacterial cell-
wall or biofilm [5, 6]. SSD is insoluble in water and ethanol
as well as other popular solvents such as acetone and ether,
that caused difficulties in the preparation process of the con-
ventional semi-solid dosage form. Actually, commercial
products used micro-sized SSD for O/W cream (1% SSD in
Silvadene® cream). Therefore, nanoparticles of SSD can be
proposed to both facilitate the preparation of topical drugs
and improve its anti-bacterial effects.

In case of infection on wound area, efficacy of antibiotic
is limited. The antibiotics remain in a short time on (or into)
the skin, leading to an inconsistent concentration of antibi-
otics [4, 9]. Especially, prolonged use of topical medications
on the skin can lead to the activation of antibiotic resis-
tance in bacteria. In which resistance emerges through the
formation of biofilm, a bio-membrane composed of poly-
saccharides, polymer complexes, and cell-wall fragments
[9]. Bacteria inside these biofilms will be protected from
anti-bacterial agents and host defense mechanisms, thereby
reducing the therapy effectiveness. Nanoparticle of SSD is
hypothesized to penetrate biofilm, to reverse this situation.
Thus, reducing particle size of SSD material to nanosized is
reasonable to enhance solubility, permeability, particularly
biofilm permeability, and pharmacological activities [10].
In fact, Venkataraman or Gao L et al. used a high-pressure
homogenization technique for preparing SSD nanosuspen-
sions (367.85 nm), in which SSD (0.5%) nanogel were
more effective in burn in-vivo model in comparison with
the marketed creams [11, 12]. By preparing into lipid-based
nanoparticles (50 to 500 nm) of SSD loaded in hydrogels,
the % SSD permeation and % accumulation were higher
than the commercial cream [13, 14], which implied a less
frequency of gel application. While there are publications
that suggest the role of nano-sized SSD, none of them have
carried out experiments of the biofilm permeability yet.

In this study, SSD nanoparticles prepared by the wet-
milling technique were regarded as a practical method in
both laboratory and industry [10, 15]. Compared to hot-melt
homogenization [14] or micro-precipitation [11], the wet-
milling technique can easily apply to SSD, as the substance
is insoluble in both organic solvents and water. Furthermore,
the wet-milling process is easily scalable due the availabil-
ity of machine scale, making it suitable for large-scale pro-
duction [12, 15, 16].
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Among the preparations to be applied on damaged skin
(e.g. burn wound, chronic wound...), gels have shown its
preeminent as it can provide a moist environment for the
wound and release the drug to the wound bed concurrently
[12]. In addition, the gel materials support to constitute a
water-soluble film on damaged skin after drying, which sup-
plies prolonged antimicrobial activity and are removed eas-
ily whilst the bandage changes are executed. Therefore, we
developed an SSD nanocrystal loaded lipid carrier - hydro-
gel using wet milling technique, in which the role of lipid
ingredient was illustrated. Also, the therapeutic effects on
bacterial biofilm and in-vitro antibacterial activities of the
obtained nanoparticle-loaded hydrogels were evaluated in
this work.

Materials and Methods
Chemicals and Reagents

SSD was obtained from Indian Phosphate Limited (Ujain,
India). Hydroxypropyl methyl cellulose E6 (HPMC E6),
polyvinyl alcohol (PVA), and hydroxyethyl cellulose
(HEC) were purchased from Zhejiang Zhongbao Co. (Bei-
jing, China). Sodium carboxymethyl cellulose (CMC) was
purchased from Daicel Corporation (Tokyo, Japan). Carbo-
pol® 940 (Cbp940) was obtained from Lubrizol Corpora-
tion (USA). Tween 80 was obtained from Xilong Scientific
Co., Ltd. (Shanghai, China); Sodium lauryl sulfate (SLS)
was purchased from Merck & co. (Darmstadt, Germany).
Sodium docusate (SD) was procured from Sigma-Aldrich
Pte., Ltd. (Darmstadt, Germany). Poloxamer 407 was pur-
chased from BASF (Darmstadt, Germany). Precirol ATOS
was obtained from Gattefosse S.A. (France). Lecithin was
procured from Kanto Chemical Co. (Kanto, Japan). Glyc-
eryl monostearate (GMS) was obtained from Thai Duong
(Ha Nam, Viet Nam). Phosphoric acid, ammonia, and
HPLC-grade acetonitrile were purchased from Merck Co.
(Darmstadt, Germany). All other reagents and solvents were
of analytical grade and used without further purification. Sil-
virin® cream containing 1% SSD as a reference marketed
drug was obtained from Raptakos Brett Co., Ltd. (India).

Animals and Bacteria

Male Sprague-Dawley rat skins were supplied from Mili-
tary Medical University (Hanoi, Vietnam) for in vitro and
ex vivo studies. The bacterial Staphylococcus aureus ATCC
33,591, (Gram +) and Escherichia coli ATCC 25,922 (Gram
-) were used as tested microorganisms.
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Preparation of SSD Nanocrystal Formulations,
Hydrogels and Controls

Prepare SSD nanocrystal suspension:

SSD nanocrystals were prepared by a wet milling method
(Fig. 1); different compositions of ingredients were listed
in Table 1. Solid and liquid lipids (Table 1) were melted at
70 °C in a glass beaker, then SSD was subsequently dis-
persed in the lipid mixture to generate a uniform mixture
(the lipid phase). Other ingredients (polymers, stabilizers,
and surfactants) were dissolved in water (the water phase).
Finally, all liquid and aqueous phases were placed into
milling chambers (Tencan XQM-2 A, Hunan, China). The
milling process was set up with the following parameters:

Fig. 1 Illustration of SSD nano-
crystal preparation

solution

Solid and liquid
lipid materials

Stabilizer

Speeds of 500 rpm, continuous operating times with 10 min
of interval after each 1 h running, the size of the zirconia
milling balls (300 g) of 5.0 mm. The SSD nanocrystal sus-
pensions were obtained through ball milling progressing for
periods ranging from 2 to 5 h.

Prepare SSD nanoparticle hydrogel.:

SSD Nanoparticle Hydrogel Afterwards, gel-forming agents
(HEC, or CMC, or Cbp940, mentioned in Table 2) were dis-
persed into formed SSD nanosuspensions (1000 rpm, mag-
netic stirring). The hydrogels were prepared at a scale of
10 g (equivalent to 1% SSD, w/w).

Melting (70°C)

Stirring (until room
temperature)

Wet milling

SSD
nanocrystals
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Table 1 Composition of different SSD nanocrystal formulations

Formulations SSD HPMC E6 PVA Tween 80 SLS SD Poloxamer GMS Precirol Lecithin Variable
(%) (%) (%) () (%) (%) 407 (%) (%) ATOS (%) (%) types
F1 2 1 0.5 - - - - - - - HPMC:
F2 2 1 1 - - - - - - - PYA
F3 2 0.5 1 - - - - R . . ratios
F4 2 0.5 0.5 - - - - - - -
F5 2 0.5 1 0.25 - - - - - - Sur-
F6 2 0.5 1 - 0.25 - - - - - factant
F7 2 0.5 1 - - 0.25 - - - - types
F8 2 0.5 1 - - - 0.25 - - -
F9 2 0.5 1 - 0.1 - - - - - SLS
F10 2 0.5 1 - 0.2 - - - - con.cen-
F11 2 0.5 1 - 0.35 - - - - _ trations
F12 2 0.5 1 - - - - 1 - 0.5 Lipid
F13 2 0.5 1 - - - - 2 - 0.5 types
F14 2 0.5 1 - - - - - 1 0.5
F15 2 0.5 1 - - - - - 2 0.5
F16 2 0.5 1 - - - - 3 - 0.5 GMS
F17 2 0.5 1 - - - - 4 - 0.5 concen-
F138 2 0.5 1 - - - - 5 , 0.5 trations
F19 2 0.5 1 - - - - 3 - 0.1 Lecithin
F20 2 0.5 1 - - - - 3 - 0.25 concen-
F21 2 0.5 1 - - - - 3 - 0.75 trations
F22 3 0.5 1 - - - - 3 - 0.5 SSD
F23 4 0.5 1 - - - - 3 - 0.5 concen-
F24 5 0.5 1 - - - - 3 - 0.5 trations
F25 6 0.5 1 - - - - 3 - 0.5

SSD raw suspension: SSD raw material (D90: 133 um,
span 2.419 pm, measured by Mastersizer Micro, Malvern
Panalytical., Cambridge, United Kingdom) was dispersed
in water together with the same ingredients using ceramic
pestle and mortar. The formed micro suspensions were used
as a control to compare with the SSD nanosuspension (pre-
pared by the wet-milling process).

SSD Solution Hydrogel SSD raw material was dissolved in
28% aqueous ammonia (equivalent to 1% SSD, w/w). Then
chosen gelling agent was dispersed into the above SSD
solution; formed hydrogels were used as a control to com-
pare with the SSD nanosuspension (prepared by the wet-
milling process).

Characterization of SSD Nanocrystals and Hydrogels
Measure Average Particle Size (Dynamic Light Scattering)

The average particle size, polydispersity index (PDI) of SSD
nanocrystals were measured at 25+2 °C by using Zeta-

sizer Ultra Nano ZS90, Malvern, UK. All prepared samples
were diluted 10 times with water; each measurement was
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performed in triplicate with a count rate in the range of
200-400 keps.

Assay Drug Content

SSD concentrations were determined by high performance
liquid chromatography (HPLC, Agilent Technologies 1260
Infinity, Agilent Technologies, Santa Clara, CA, USA). The
HPLC column used was Inert Sustain C18 (250%x4.6 mm;
5 um). HPLC conditions were 1.2 mL/min flow-rate, 10
pL injection volume; the mobile phase was a mixture of
99:1:900 (v/v/v) acetonitrile, phosphoric acid, and water.

Short-term stability test via centrifugation:

As SSD was insoluble in the carrier, the short-term sta-
bility of SSD suspensions are tested. The mild centrifuga-
tion (1000 rpm, 5 min) was conducted to test the stability of
the formed nanosuspension. After centrifugation, the con-
centration of drug in the supernatant was assayed to com-
pare with the total SSD amount in the nanosuspension. The
%drug centrifugation was calculated as:

%drug (centri fugation) =
Concentration of SSD in supernatant X 100 (%)
Total SSD in nanosuspension !
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Table 2 Particle size, PDI, and SSD content after centrifugation of dif-
ferent SSD nanocrystal formulations (mean +SD, n=3)

Formulation = Size PDI Short-term stability (*)
% SSD content
Fl1 318+5  0.171+£0.014  47.24
F2 313+6  0.169+0.035  48.19
F3 304+4  0.209+0.028  56.92
F4 326+4  0.178+0.026  41.06
F5 294+12  0.242+0.024 35.15
F6 248+6  0.288+0.006  45.33
F7 289+7  0.192+0.008  40.70
F8 290+2  0.251+0.010 39.62
F9 267+6  0.274+0.033 41.42
F10 269+9  0.268+0.025  44.88
F11 253+8  0.259+0.024 41.26
F12 288+4  0.249+0.024  49.83
F13 278+6  0.156+0.036  65.23
F14 3072  0.245+0.060  43.07
F15 286+ 11 0.299+0.081  42.99
F16 272+5  0.219+0.026  66.47
F17 264+8  0.253+0.029  71.28
F18 285+3  0.219+0.015 79.95
F19 305+8  0.262+0.065 51.87
F20 3006  0.244+0.023  60.27
F21 309+10  0.222+0.058  65.68
F22 290+2  0.215+0.010 58.74
F23 293 +1 0.231+£0.061  59.23
F24 293 +1 0.199+0.058  60.82
F25 297+5 0.217+0.031  59.93

(*)short-term study, %SSD remained in the supernatant after cen-
trifugation at 1000 rpm for 10 min.

Fourier-Transform Infrared Spectroscopy (FT-IR)

FT-IR spectra were measured by Jasco FT-IR 6700 spec-
trophotometer (Jasco International Co., Ltd., Japan) over
the region of 4000400 cm™'. To obtain the dry powder,
SSD nanocrystals or the hydrogel of SSD nanosuspension
were freeze-dried at a pressure of 0.1 mbar and a temper-
ature of -40 °C in 24 h using Alpha 1-2 LDplus (Martin
Christ GmnH, Harz, Germany). Subsequently, the sample
was separately mixed with KBr at a ratio of 1:20 (analyte,
w/w). The obtained mixture was compressed into thin plate
before measuring.

Differential Scanning Calorimetry (DSC) and X-ray Powder
Diffraction (XRPD) Analyses

The DSC analysis was performed using Mettler Toledo
DSC 1 (Mettler Toledo, Switzerland). Samples (3—8 mg)
were placed in sealed aluminium pans. The heating rate of
10°C/min was used in the temperature range from 0°C to
350°C with a nitrogen air rate of 50 mL/min.

The XRPD analysis was performed for SSD raw mate-
rial, PMs, and freeze-dried SSD nanocrystal using a D8
Advance diffractometer (Bruker, Germany) with Cu Ka
radiation (A= 1.5406) between 5° and 50° (20) at room tem-
perature (2542 °C).

Visual Appearance and pH

Visual appearance of SSD nanocrystal-based hydrogels was
observed for transparency and uniformity. The pH of hydro-
gels was determined by measuring the 10-time-in-water
diluted solution gel (pH meter, Mettler Toledo, Switzerland).

Stability of SSD Nanocrystals and Hydrogels

The stability of SSD nanocrystals was assessed through
determining particle size and PDI, SSD content in the
hydrogel, visual appearance, and pH of the hydrogel of the
samples after 1 week to 4 weeks storage under different con-
ditions: (i) 2 to 8 °C, (ii) 30 °C —75% RH, and (iii) 40 °C,
75% RH.

Scanning Electron Microscopy (SEM) Characterization

The surface morphology of SSD nanocrystal-based hydro-
gels was determined using Hitachi S4800 (Hitachi Co.,
Kyoto, Japan). Samples were placed on a stub and sputter-
coated with a thin platinum layer (Ion sputter E-1045; Hita-
chi) before field emission SEM analysis.

In vitro Drug Release

To perform in vitro drug release studies from SSD nano-
crystal-based hydrogels, reference, and controls, mem-
brane diffusion method was adopted using Franz’s diffusion
cells in Hanson Research system with magnetic stirrers at
32+0.5 °C and 400 rpm (Hanson Research Corporation,
USA). Cellulose acetate (CA) membranes were firstly
soaked in phosphate buffer (pH 7.4) prepared for 6 receptor
compartments and placed between receptor and donor com-
partment before transferring hydrogel samples. Secondly,
0.3 g hydrogels were transferred into each donor compart-
ment. Then, 1 mL of sample was withdrawn from receptor
compartments at time interval of 1, 2, 3, 4, 6, 8, 10, 24 h
respectively, and immediately replaced with fresh buffer
medium. Finally, the sample was filtered through a 0.45-um
membrane before assaying.

Ex-vivo Skin Permeation Study

This experiment was conducted via dorsal skin of Sprague-
Dawley rats. A six-cell Hanson Research diffusion system
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(Teledyne Hanson Research, USA; a diffusion area of
1.767 cm? and a receptor volume of 7.0 mL) was used. The
receiver part was maintained at 32 °C filled with phosphate
buffer (pH 7.4). An amount of 0.3 g of SSD nanocrystal-
based hydrogel or controls were placed onto the donor part.
At the specific time points (0, 1, 2, 3,4, 6, 8, 10 and 24 h), a
1-mL sample was withdrawn from the receptor, and imme-
diately replaced with fresh buffer medium; the collected
sample was then filtered through a 0.45-um membrane
before assaying.

Skin Retention Study

After the completion of the in vitro skin permeation study,
rat skin was collected and washed with excess phosphate
buffer (pH 7.4). The retained SSD in the skin was extracted
by using 2.8% ammonia solution, which was then diluted
up 10 times with the mobile phase before HPLC as saying.

In vitro Antimicrobial Activity Assay

The fresh culture of each of the two bacteria, which was sus-
pended in sterile phosphate buffer saline (PBS) to an opti-
cal density of 10® bacteria/mL, was inoculated on Mueller
Hinton agar plates. The original suspension was diluted 100
times with Muller Hinton Broth medium (MHB, CA-MHB,
Sigma-Aldrich, St. Louis, MI, USA) to get the working bac-
terial suspensions (10° bacteria/mL).

Measure the Zones of Growth Inhibition

Measurement of the zones of growth inhibition of experi-
mental samples was evaluated by the plate diffusion method
on Muller-Hinton agar. HEC gel formulation without SSD
was used as controls.

All SSD samples were diluted to 512 pg/mL and 256 pg/
mL using PBS medium before adding to each well. Sub-
sequently, 50 pL of the working bacterial suspension was
pipetted into each well. Then the 96-well was placed in the
incubator (37 °C) for 24 h. Each assay was performed in
triplicate. The results were recorded by measuring the zones
of growth inhibition surrounding the wells using a Panme
calliper (Mitutoyo, Japan) with an accuracy of 0.1 mm.

Determination of Minimum Inhibitory Concentration (MIC)

MICs were measured using Broth microdilution method on
96-well plate (Science Prolab, SPL, Miramar FL, USA).
Briefly, the experimental samples were diluted in water to
achieve a range of concentrations of 128, 64, 32, 16, §, 4, 2,
1, 0.5, and 0.025 mg/L, respectively. Then diluted solutions
of all samples were added separately to the setting wells.
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Then, a volume of 100 pL working bacterial suspension
was pipetted into each well. The plates were incubated at
37 °C for 24 h. Each assay was performed in triplicate. The
MIC values was assessed visually by comparing the culture
turbidity.

Biofilm Study

Biofilms (Staphylococcus aureus) were grown in 96-well
plates at the inoculum of 0.005, OD 620 nm, in Tryptic
Soy Broth (TSB) supplemented with 1% glucose and 2%
sodium chloride for 24 h at 37 °C.

Then, the biofilm samples were treated with different
SSD samples at different concentrations (32, 64, 128, 256,
512, and 1024 pg/mL) for 24 h at 37 °C. The treated bio-
film samples were gently washed and sonicated for 5 min
to release bacteria from biofilm matrix. Bacterial aliquot(s)
were spread on TSB to count colony-forming unit (CFU)
after 24 h incubation. The effect of different samples were
shown based on CFU. Effects of samples were presented in
form of Log (CFU/mL), in which, the control sample was
the biofilm sample without SSD treatment [17].

Data Analysis

All results were presented as averages and standard devia-
tion (SD) calculated by SPSS 2016 software (IBM Corpo-
ration, NY, USA). The analysis of all data was conducted
using JMP 17 Pro (JMP Statistical Discovery LLC, Cary,
NC, USA).

Results and Discussion

Preparation and Characterization of SSD
Nanocrystal Formulation

Preparation of SSD Nanocrystals

As the wet milling process prepares nanocrystals at a high
surface energy, the formed suspension was at a high risk of
agglomeration and instability [ 10]. Different surfactants and
polymers were investigated for nanoparticle stabilizers.
Polymeric HPMC E6 and PVA were selected for wet-
milling preparations (Table 1). From F1 to F4, different
ratios of two polymers were investigated (from 0.5 to 1%).
Among them, F3 exhibited the smallest particle size and a
higher % SSD in short-term stability (Table 3). Hence, the
HPMC: PVA ratio of 1:2 (w/w) was fixed in all formula-
tions. In this case, both HPMC and PVA are steric stabilizer
[10, 18], which provide a static barrier for formed nano-
crystals. However, polymeric stabilizers are related to such



Journal of Pharmaceutical Innovation (2024) 19:24

Page 7 of 14 24

Table 3 Effect summary of formulation factors on responses (JPM 17
Pro)

Effect summary

Source Factor type Logworth P value
GMS Continuous 2.339 0.00459
Variable type(s) Categorical 1.451 0.03537
Lecithin Continuous 1.345 0.04517
PVA Continuous 1.245 0.05686
HPMC E6 Continuous 1.088 0.08166
Precirol ATO Continuous 0.958 0.11021
Surfactant type(s) Categorical 0.677 0.21050
SLS(0,0.5) Continuous 0.565 0.27256
SSD(2,6) Continuous 0.209 0.61835
Root mean squared error (RMSE)

Particle size Response 0.93 0.0061
PDI Response 0.85 0.0757
%SSD Response 0.96 0.0004
Overal Response

a high viscosity, that reduces milling efficiency. Normally,
surfactants should be added into the milling processes.

The effects of non-ionic and ionic surfactants were inves-
tigated (F5: Tween 80, F6: SLS, F7: SD, and F8: Poloxamer
407). The F6 product (prepared with SLS) exhibited the best
results (particle size of 248 nm, PDI of 0.288, and high-
est % SSD content (short-term stability) after centrifugation
(45.33%). In nanosuspensions, SLS raises nanoparticle sta-
bilization through increasing electrostatic repulsion among
nanoparticles [19]. The driving force is formed when the
charged surfactant molecules were absorbed onto the crys-
tal surface, which facilitates quick diffusion, intense absorp-
tion, and sustained time for desorption of polymer [18].
However, when adding surfactants, the %SSD contents in
short-term stability of these formulations were consider-
ably lower than that of F1-F2-F3. As a result, a different
approach should be considered.

Effect of Lipid in Preparing SSD Nanocrystals

Aiming for topical application, lipid ingredients were
hypothesized to not-only increase the physicochemical sta-
bility of the nanosuspensions, but-also modify the bioavail-
ability of dosage forms [20]. Liquid lipid (soybean lecithin)

and solid lipids (GMS and Precirol ATOS) were used (F12
to F15, Table 1).

For short-term study, F13 formulation, in which solid
lipid (2% GMS) combining with liquid lipid (0.5% Leci-
thin) increased % SSD content (65%) after centrifuga-
tion along with low particle size and PDI (Table 3). Then,
increasing solid GMS (3, 4, and 5%, F17-F18, Tables 1 and
3) did increase the %SSD in short-term study. About parti-
cle size, relatively small particle sizes (300 nm) were main-
tained. Finally, with the highest %SSD, F18 was selected
for further studies.

It is important to note that this short-term study is not
to determine encapsulation efficiency. This test is used for
quickly evaluating the physical stability of nanosuspen-
sions, %SSD in short-term stability test shown here reflects
sedimentation speed of SSD nanoparticles in suspension.
In which, the force from mild centrifugation (1000 rpm,
5 min) induces the faster sedimentation of nanoparticles
or nanocrystals than without the nanosuspension without
centrifugation. The smaller the particle size, the slower sed-
imentation, and the longer the physical stability of nanosus-
pensions. Therefore, higher %SSD implies a better physical
stability in this test.

Data Analysis in Preparing SSD Nanocrystals by Artificial
Neural Networks

Previously, different suspension formulations (F1 to F25)
containing SSD were prepared. However, the experiment
design was based on experience, in which the 25 formula-
tions were categorized into 7 groups (column “Variables” in
Table 1). By exploiting the capabilities of neural networks,
we utilized JIMP® (version 17) to derive coefficient values
to ascertain the presence of statistically significant factors.
This section is only as a screening tool, from which the
functions of various ingredients were illustrated. Particu-
larly, the assessment of input effects on outputs were pre-
vented from the human biases during experiments.

Table 4 shows significant variation between these experi-
ments, while a low standard deviation within the repeated
measurements was observed. In which, higher Logworth
and lower P-value implied a higher significance of the fac-
tors. Interestingly, we can show that the critical factors in

Table 4 Particle size and PDI of F18 over 1 week to 4 weeks under different conditions

Time Storage conditions

2-8°C 30°C (75% RH) 40 °C (75% RH)

Particle size PDI Particle size PDI Particle PDI

size

After 1 week 3102 0.247+0.028 334+6 0.309+0.029 381+10 0.384+0.058
After 2 weeks 299+4 0.242+0.010 324+1 0.283+0.024 373+6 0.352+0.023
After 3 weeks 324+7 0.302+0.043 335+2 0.320+0.008 405+1 0.338+0.033
After 4 weeks 308+2 0.316+0.037 344 +12 0.342+0.025 439+7 0.441+0.050
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this SSD suspension preparation belong to GMS, Lecithin,
and variable types. The “variable type” is a self-defined def-
inition that reflects Table 1. We began experiments using a
“base formulation” of HPMC and PVA, referred to previous
publications [12, 21]. Based on results, we added several
surfactant and lipid components. The high effect of “vari-
able type” is somehow confirming the validity and role of
experience in pharmaceutical studies.

Previously, wet milling was often conducted by adding
both polymeric stabilizers and surfactants (usually, ionic
ones) to increase its efficiency. What a novelty here is that
the data suggested to use higher hydrophobic lipids for spe-
cific SSD. In fact, the effects of “surfactant types” or SLS
concentrations were relatively low compared to lipid ingre-
dients and polymeric ingredients (HPMC or PVA).

Based on the Root Mean Squared Error, the highly valid
values of R? and p-values confirmed the predicted model
and the actual values for particle size and %SSD (short-
term study). Therefore Fig. 2, effects of different ingredients
were shown. In brief, SSD concentrations from 2 to 6%,
or surfactants and SLS concentrations did not affect all the
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outcomes. Surfactants and SLS concentrations might reduce
the particle size as discussed before, but surfactant and SLS
might not affect the %SSD. On the other hand, HPMC and
PVA (polymeric stabilizers) played as a stabilizer, which
lower PDI values (due to the high viscosity, adding HPMC
or PVA can improve the monodispersed range of the size,
but lower milling efficiency might increase the particle size).

Last, but not least, while particle size was not impacted
by GMS and lecithin, these lipid substances did improve
%SSD (shown in Fig. 2). Actually, GMS stabilizes polar
and nonpolar substances; these qualities of GMS also make
it helpful as a dispersant for forming a reservoir as emul-
sions for SSD (a substance is insoluble in both alcohol and
water) [14, 20, 22]. In addition, the mixture of GMS and
lecithin facilitated the nanoparticles containing SSD with
GMS to make it more stable (as a result, a higher %SSD
after centrifugation).

Stability Study of the Optimal SSD Nanocrystal Formulation

As selected as the final formulation, F18 was conducted
triplicate (n=3), particle size was 286.3 +23.8 nm, PDI:
0.285+0.064; this result (the average value of three
batches) was consistent with F18 in the Table 3 (screening
experiment). Size distribution(s) by intensity (measured by
Zetasizer Ultra Nano ZS90, Malvern, UK) were presented
in Fig. 3D. Then, 3 different samples were mixed, then
divided into samples for stability study.

The formulation appearance was unchanged (maintain-
ing a homogenous liquid, without aggregation or floccu-
lation) after 4 weeks. Regarding particle size and PDI (as
shown in Table 5), when formulations displayed a rising
tendency, using a 2—-8 °C refrigerator is the optimal con-
dition. Enduring ambient and accelerated temperatures
(3040 °C with 75% RH), the particle size and PDI were
increased at a higher rate. From this result, it suggested that
F18 should be in storage condition from 2 to 8 °C to ensure
its physicochemical properties and stability.

Physical States and Chemical Interactions of SSD in
Nanosuspension

As the Fig. 3A, XRD ofthe SSD sample (black line) has two
strong peaks (8.8° and 10.2°), which was reported before
[23]. In the freeze-dried SSD nanocrystal F18 (red line), the
intensity values of two peaks are less than that of PM. This
result showed that the physical states of SSD nanoparticles
were in both the amorphous state and the crystalline state,
which is also a specific characteristic of wet-milling tech-
nique [15, 16, 21].

Figure 3B shows the DSC curve of SSD raw material
(black line) shows two peaks: Endothermic (261 °C) and
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Fig. 3 (A) DSC thermograms of SSD raw material, PMs, and freeze-
dried SSD nanocrystal; (B) XRPD spectrum of SSD raw material,
PMs, and freeze-dried SSD nanocrystal; (C) FT-IR spectra of SSD raw
material, HPMC E6, PVA, GMS, Lecithin, PMs, and freeze-dried SSD

exothermic (280 °C). The endothermic peak attributed to
the melting point, while the exothermic peak is attributed
to decomposition of the prepared reagent; this finding is
complied with reported before [6]. In the PMs (blue line),
there are also two endothermal and exothermal peaks of
SSD at 261 and 280 °C. Herein, a large endothermal peak
is attributed to the melting point of GMS (58 °C). However,
melted GMS (at lower temperature) dissolved SSG into lig-
uid state, that is the reason why the endothermal peak of
SSD (in Physical mixture, blue line) had a lower intensity.
Interestingly, when preparing in form of nanoparticles, the
endothermal peak of SSD in the red line was not detected.
The result implied that SSD-nano system had a uniformity
dispersion of SSD in GMS than physical mixture.
Chemical interactions among components in F18 were
characterized by FT-IR spectra (Fig. 3C). SSD raw mate-
rial produced characteristic absorption peaks at wavelengths
of 3391 cm™" and 3343 cm™' (N-H bond), 1232 cm™! and
1126 cm™! (S=0 bond), which is similar to the previous
report [23]. The characteristic absorption bands of GMS
were at 2918 cm™! and 2855 cm™! (C-H bond), 1735 cm™!
(C=0 bond). The FT-IR spectra of physical mixture (PMs)

nanocrystal; (D) Particle size of F18 triplicate batches [* Notes on the
Fig: SSD raw (SSD raw material), SSD-Nano (freeze-dried SSD nano-
crystal (F18), SSD-Physical mixture (PMs)]

and freeze-dried SSD nanocrystal F18 showed character-
istic absorption peaks of SSD and GMS by cause of the
large amount of the two ingredients. The analysis of FT-IR
spectra described no interactions between SSD with other
excipients used in the preparation.

Preparation and Characterization of SSD
Nanocrystal-based Hydrogel

Selection of Gelling Excipients

Gel-forming excipients were selected based on their vis-
cosity at different contents for preparing SSD nanocrystal-
based hydrogel including HEC (0.5%, 1%, 1.5%), Cpb940
(0.2%, 0.3%, 0.4%), and CMC (0.5%, 1%, 1.5%) [24]. At
the initial time (t=0), the formulation G3, G4, G5, G6, and
G9 showed smooth, and homogeneous states with pH values
in the range of 6.0 to 8.0. Based on visual appearance of the
3 formulations in the two accelerated conditions (after cen-
trifugation at 5000 rpm in 15 min, and after storage at 40 °C
in 1 week), G3 (HEC 1.5%), G4 (Cbp940 0.2%), and G9
(CMC 1.5%) were chosen for further evaluations (Table 2).

@ Springer
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Table 5 Composition and characterizations (visual appearance, pH) of
different SSD nanocrystal-based hydrogels

Formulations  Gelling Visual appearance pH
excipi- Initial  After cen- After
ent (%) time trifugation at  storage at

5000 rpmin  40°Cin 1
15 min week

Gl HEC + + + 6.27
(0.5)

G2 HEC ++ ++ ++ 6.14
(1.0)

G3 HEC  +++ 44+ +++ 6.34
(1.5)

G4 Cbp940  +++  +++ +++ 7.64
0.2)

G5 Cbp940  +++  +++ +++ 7.23
(0.3)

G6 Cbp940  ++++ ++++ ++++ 7.41
(0.4)

G7 CMC + + + 6.28
(0.5)

G8 CMC + + + 6.45
(1.0)

G9 CMC ++ ++ ++ 6.51
(1.5)

+, ++, +++, ++++ Different levels of completed visual appearance
(lower to higher)

In vitro drug release profiles of SSD nanocrystal-based
hydrogels (G3, G4, and G9) were depicted in Fig. 4A. After
24 h, G3 showed the highest release extent (around 80%),
whilst G9 and G4 released 77% and 52% of SSD, respec-
tively. As seen in Fig. 4A, the drug release profiles of 3

757 T -~ G3 (1.5% HEC)
-m G4 (0.2% Carbopol)

% drug permeated

501 &+ G9 (1.5% NaCMC)
25
0 T T T 1
0 6 12 18 24
Time (h)
801

-¥ G12 (F4in 1.5% HEC)
-8~ G3 (F18in 1.5% HEC)
-®- G10 (SSD solution gel)

% drug permeated
=3
<

0ss T >1 T 1
0 6 12 18 24

Time (h)

Fig. 4 Effects of lipid ingredients on drug permeability study: (A)
select gelling agents; (B) permeability profiles via cellulose acetate
membranes, (C, D) ex-vivo profiles and drug retention (after 24 h) via

@ Springer

—A- G11 (SSD raw suspension gel)

formulations were characterized by 2 phases: time-depen-
dent phase at early time points (over 50% drug release), fol-
lowed by a sustained release phase at latter time points. In
the sustained release phase, drug release was at the plateau
stage. G3 and G9 reached the plateau state after 10 h, mean-
while, G4 presented the saturated SSD release at 4 h. From
the above results, G3 (HEC 1.5%) was the chosen SSD
nanocrystal-based hydrogel in this study.

Drug Release of Hydrogels and Reference

The effect of SSD nanoparticles was investigated, in which,
the permeation study of HEC gels with different SSD
preparations: G12 (F4 in HEC, without lipid ingredients),
G3 (F18 nanoparticles with lipid ingredients), G10 (SSD
prepared in ammoniac solution), and G11 (SSD raw sus-
pension). A commercial marketed drug was conducted as
reference for the test.

Figure 4B shows that the % SSD released (after 10 h and
24 h) were in the following order: G10>G3 (F18)>G12
(F4)>GI11>R. The extremely low SSD release result of
reference (9%) could be explained by the fact that topical
cream encountered remarkable challenges for liberating
SSD out of the excipient matrix including hydrophobic and
hydrophilic ingredients when using Franz’s diffusion cells.
Clearly, the solubility of SSD itself (insoluble in both water
and alcohol) caused the drug to impermeable (or incompat-
ible) with cellulose acetate membranes.

-}
2 75—
©
U
g 5 + G12 (F4in 1.5% HEC)
; 1 e -e- G3 (F18 in 1.5% HEC)
-g 25 /"/L/v/ — -¥- Reference
° f 3 —% -#- G10 (SSD solution gel)
0+ T T T 1 —& G11 (SSD raw suspension gel)
0 6 12 18 24
Time (h)
o]
€
) 2004
=
§ 1507 B G12 (F4in 1.5% HEC)
s
& 100- Bl G3 (F18in 1.5% HEC)
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50
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0_
Groups

dorsal skin; “G3”: F18 in HEC gel, “G12”: F4 (nano without lipid) in
HEC gel, “reference”: marketed drug, “G10”: SSD solution in 1.5%
HEC gel, “G11”: SSD suspension in HEC gel
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Table 6 Stability characterizations of SSD nanocrystal-based hydrogel
G3 over 1 week to 4 weeks of storage (mean + SD, n=3) (30 °C. 75%)

Time Visual pH Theoretical
appearance SSD content
(%)

Initial time +++ 6.34 109.74+0.49
After 1 week +++ 6.31 106.65 +0.85
After 2 weeks +++ 6.35 108.24+0.39
After 3 weeks +++ 6.32 108.74 +0.87
After 4 weeks +++ 6.29 105.14+0.77

+++ Completed visual appearance (white, smooth, and homoge-
neous state)

Meanwhile, Fig. 4B showed that wet-milled nanoparti-
cles (F4 and F18) significantly improved permeability of the
drugs compared to SSD raw suspension (in which SSD was
milled by pestle and mortar). Interestingly, while cellulose
acetate is a hydrophilic substance, F18 (with GMS and leci-
thin) exhibited a better permeability profile compared with
F4. It can be said that the lipid ingredients should have some
effects as a diffusion enhancer or lipid ingredient did cover
surface of SSD to produce a better permeability.

Drug Release and Retention in Ex-vivo Skin Studies

Figure 4 (C and D) shows the drug release in ex-vivo study.
This result was correlating to Fig. 4B (in vitro drug release
via cellulose acetate membrane). The result can be explained
by skin physiology, SSD lipid and water insolubility, par-
ticle size and SSD nanostructure. The corneum, epidermis
layers contain tight junction of epidermal cell matrix are
like Cellulose-acetate membrane in the in-vitro test. Thus,
the ability of raw SSD (at the micro-scale) to permeate
was limited, whereas the permeation rate of SSD nanopar-
ticles was higher. However, compared to cellulose-acetate
membrane, the adjacent-cell area contained lipid bilayer
which suppressed the permeation of both lipophilic and
hydrophilic substance [25], which prevents the penetration

of water-insoluble-drug loaded lipophilic nanoparticles.
Figure 4B showed that the ex-vivo permeation of SSD
loaded-lipid nanoparticle was in a slower rate than in in-
vitro experiment (Fig. 4B). In which, SSD nanoparticles
were supposed to be in fatty layers and accumulated in the
outer epithelial junctions of the skin (right above the subcu-
taneous layers). Again, when compared G12 (F4 nanosus-
pension without lipid ingredients) and G3 (F18), the lipid
ingredients did enhance the permeation of drug via the skin.
In Fig. 4D, the drug retained in the skin was in a similar
trend to the permeation study.

Characterization and Stability of the Chosen Hydrogel

Characteristics including visual appearance, pH, and theo-
retical drug content of the chosen SSD nanocrystal-based
hydrogel were shown in Table 6. The chosen SSD nanocrys-
tal-based hydrogel was stable with no observable change in
physical properties in 4 weeks of storage under a tempera-
ture of 30 °C and relative humidity of 75% (Table 6). How-
ever, there was a reducing trend in term SSD content (from
109 to 105%).

Surface Morphology of the chosen SSD nanocrystal-
based hydrogel containing 1.5% HEC was shown in Fig. 5.
These SEM images determined that HEC played an impor-
tant role in forming a homogeneous and stable network con-
taining SSD nanocrystal particles. The particle sizes of SSD
crystals were about 300 nm, which was appropriate to SSD
nanocrystal particle sizes measured by a dynamic light scat-
tering analyzer (Zetasizer Ultra Nano ZS90).

SSD nanoparticles, composed in lipid matrix of GMS
(discussed in 3.1.5), were dispersed in the gel matrix. In
which, (i) the hydrophilic ingredients (PVA or HPMC) and
also (ii) the mobility of nanoparticles facilitated the SSD
nanoparticle dispersion into the hydrogel. In return, the
lipid-SSD NPs were trapped inside hydrogel matrix, pre-
venting them from aggregation and enhancing its stability

Fig. 5 Representative SEM images of hydrogel G3 (F18 in HEC gel)
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[26, 27]. From pharmaceutical quality, together with the sta-
bility data in 4 weeks (3.1.4), the formed SSD nanoparticles
should be prepared in the gelling agent as soon as possible.

In vitro Antimicrobial Activity Studies

Minimum Inhibition Concentration (MIC) and Zone of
Inhibition

SSD nanocrystal-based hydrogel showed in vitro antimi-
crobial activity on Staphylococcus aureus (S.aureus) and
Escherichia coli (E.coli). The results showed that SSD and
SSD-nanoparticle exhibited a similar MIC values (at 16 and
32 png/mL, respectively for E.coli and S.aureus). This result
is consistent with previous study about SSD, which was
effective in targeting these bacteria [3, 13, 14].

Effects of different samples were also shown via the zone
of inhibition (disk diffusion experiment on S. aureus and
E.coli cultures). Regarding S.aureus, SSD nanoparticle gel

Fig.6 (A) disc-diffusion anti-
biotic susceptibility test on S. A
aureus (left) and E.coli (right):
(1) SSD solution, (2) SSD nano-
hydrogel, (3) SSD suspension,
(4) Reference; (B) Dose-depen-
dent effect of SSD and SSD-
nanoparticle on biofilm: 128 to
1024 pg/ml, (#) SSD-raw at 512
and 1024 pg/mL were precipi-
tated. (*): p<0.05, ***: p<0.001
(Silver sulfadiazine nanocrystal-
based hydrogels: The impact of
lipid components on in-vitro and
ex-vivo release, bacterial biofilm
permeability, and in-vitro anti-
bacterial activity)

(2.35+0.05 mm) and SSD raw-suspension (2.11 +0.01 mm)
showed a significantly higher effect compared to solution
(1.80£0.02 mm) and market reference (1.38+0.04 mm,
Fig. 6A). A similar trend was obtained with E.coli: SSD
nanoparticle gel (1.76 +£0.04 mm) and SSD raw-suspension
(2.02 £0.07 mm), while the diameter of the inhibition zone
were 0.6 +0.01 mm (reference gel) and 0.6 +0.01 mm (solu-
tion gel) (Fig. 6A). Thus, the finding showed that when pre-
paring SSD in the form of suspension (raw or nanoparticle),
the permeability and diffusion via agar gel were higher than
molecular formulation (solution gel or marketed reference).

Biofilm (Staphylococcus aureus) Experiments

Based on biofilm results as shown in Fig. 6B, SSD solution
and SSD nanoparticles exhibited a dose-dependent CFU-
suppression effect. Solution samples and SSD nanoparticles
exhibited CFU-suppression values at concentrations of 128
and 256 pg/mL. At lower concentration (for example: 64 pg/

Log CFU/mL
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mL), all samples showed no significant effect (-LogCFU
was —0.03+0.085). Compared to MIC values (32 ug/mL
on S.aureus), in the biofilm experiment, the SSD concentra-
tion required to show CFU-suppression effect was higher
(from 256 ng/mL); that was probably due to the effect of
biofilm [28]. Interestingly, while there was not statistically
difference between control and SSD solution at 128 pg/
mL, there was a statistically difference between control and
SSD nanoparticles (p < 0.05). The stronger biofilm-effect of
nanoparticles was probably caused by the increasing perme-
ation and diffusion of nanoparticles via biofilm membrane.
At concentration of 256 pg/mL, the effect of nanoparticles
was subdued by the dose-effect of SSD (there was no sig-
nificant difference between SSD solution and SSD nanopar-
ticle). At higher concentrations (512 and 1024 ng/mL), SSD
nanoparticles displayed significant effects, in which the
CFU-suppressions were less than 1/100 of the control sam-
ple (» <0.05). The delta log CFU/mL of SSD-nanoparticles
(512 and 1024 pg/mL) were —2.29 and —2.94, respectively.
On the other hand, at 512 and 1024 pg/mL concentrations,
SSD in the solution sample were precipitated due to low
solubility, as the experiment was not able to continue and
validified. In contrast, SSD nanoparticles were suspended
and dispersed homogeneously in the 96-well to exhibit a
dose-dependent antibacterial effect. In sum, preparing SSD
nanoparticles did improve antibacterial effect on biofilm
experiments.

About the biofilm experiment, this model was estab-
lished and validated to screen the effect of antibiotics as
well as different antibacterial agents [17, 29]. Here, in-vitro
biofilm requires a higher concentration of SSD to suppress
bacterial growth. That result was complied with previous
publications as biofilm did limit drug-efficacy on bacte-
ria [9, 10]. In terms of the in-vivo experiment and clinical
trials, higher drug concentrations at the target site can be
achieved by using (i) a higher dose at the site of infection
or (ii) an increasing frequence of treatments. As mentioned,
SSD nanoparticles offered an effective way to increase both
permeability and higher concentrations of SSD at the target
site. Particularly, in the in-vitro biofilm test, SSD solution or
raw-suspension were unable to prevent SSD precipitation
at the same concentration, 512-1024 pg/mL. Aiming for
in-vivo experiment in future, our study offered an approach
for improving therapeutic efficacy and safety; future clinical
indications should be based on the extent of the burn injury,
the thickness of the burn, and the patient’s age and weight.

Biofilms are composed of a complex matrix called extra-
cellular polymeric substances (EPS), which include both
hydrophilic and hydrophobic components [28]. Hydrophilic
components are polysaccharides, proteins, and extracellu-
lar DNA in the EPS matrix, while lipids and lipoproteins,
hydrophobic ingredients, contribute to the stability of the

biofilm structure [28, 30]. Hereby, the first nanoparticles of
drug can be designed to be such a small size that allows
them to penetrate the pores and crevices of the EPS matrix.
In this case, the second lipid components of G3 formulation
enhance their interaction with the biofilm’s components,
potentially facilitating penetration. Then, silver ions in SSD
nanoparticles can interact to the negatively charged polysac-
charides in the EPS matrix, leading to the disruption of the
matrix’s structural integrity [30, 31]. Silver ions have been
reported to interfere with quorum sensing, which can lead
to disruptions in biofilm development and the expression
of virulence factors [30, 32]. Interestingly, both silver and
sulfonamides have been reported to affect quorum sensing,
the communication mechanism used by bacteria in biofilms
to coordinate their behavior. Disrupting quorum sensing can
interfere with biofilm development and the expression of
virulence factors. However, silver ions and sulfadiazine’s
effectiveness was limited by their ability to penetrate the
biofilm and reach the bacterial cells [31]. The concentration
and exposure time of sulfadiazine are important factors in
term of both antibacterial effects and antibiotic-resistance
[31, 33]. In this case, preparation of SSD nanoparticles is
a suggestion for clinical application. As discussion, SSD
nanoparticles increased permeation of SSD into the hydro-
philic layers (like CA membranes), which are suitable for
biofilm treatment. Additionally, SSD nanoparticle-loaded
hydrogel only released and retained drug in the epithelial
layers of the skin, which is important to maintain a dose
regime and time-of treatment.

Conclusions

In this our research, SSD nanocrystal-lipid carrier-based
hydrogels were developed for enhanced dermal drug retain-
ing and in vitro antimicrobial activity. The combination
of lipid ingredients in SSD nanoparticle preparation (wet-
milling technology) was proved (via artificial neural net-
works) in terms of physicochemical properties and stability
of nanosuspension, dermal drug retaining and antibacterial
activity in the biofilm model. This finding implied a poten-
tial application of nanocrystal-lipid carrier-based hydrogels
for future pharmaceutical innovation.
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