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Abstract

The combination of herbal drugs with a topical antibacterial for managing a chronic disease like acne vulgaris has emerged
lately to settle side effects and bacterial multidrug resistance. Mixed micelles (MMs) incorporated into nanogel were explored
for hybrid delivery of curcumin (Cur) and fusidic acid (FA) combination presenting a multi-strategic treatment. Curcumin-
fusidic acid—-loaded mixed micelles (Cur-FA-MMs) were assessed for size, surface charge, compatibility, in vitro release,
and encapsulation. The selected formula was further loaded into nanogel and investigated for viscosity, ex vivo permeation,
and in vivo potential. Cur-FA-MMs exhibited uniform nanosized spherical morphology, and negative surface charge afford-
ing high encapsulation for both drugs with a biphasic in vitro release over a period of 48h and good colloidal stability. The
attained Cur-FA-MM-loaded nanogel had optimum viscosity with remarkable permeation coefficient values nearly 2-fold that
related to plain nanogel. The pharmacodynamic effect of Cur on FA was pronounced by the significant improvement of the
skin’s degree of inflammation, epidermal hypertrophy, and congestion in animals treated with Cur-FA-MM-loaded nanogel.
In conclusion, micellar nanogel could enable the progressive effect of Cur (an antioxidant with reported antibiotic activity)
on FA (antibiotic) and decrease the risk of emerging antibiotic resistance by enhancing the solubility and permeation of Cur.
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Introduction

Acne vulgaris is a distinctive chronic skin infection that
affects face, neck, and upper part of chest exhibiting lesions
which resulted from excessive sebum production, altered
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keratinization, and inflammation of pilosebaceous follicular
units as well as colonization of bacterial biofilm [1, 2]. It has
been known that acne affects about 80% of individuals through
their lives accompanied with drastic impacts on their social
and psychological life, loss of self-confidence, anxiety, and
depression [3, 4]. Genetics, hormonal disturbance, dietary fac-
tors, cosmetics, stress, and drawbacks of certain medications
are all important factors that can prompt acne vulgaris [5].

Based on level of acne lesions and severity of inflamma-
tion, different types of therapies are selected [6]. Topical
and oral medical treatments such as antibiotics and retinoids
are the most popular treatments used for mild and moderate
acne [7]. However, those remedies have demonstrated some
disadvantages which bother patients, as GIT upset, ulcera-
tive colitis, depression, teratogenicity, extreme dryness, skin
peeling, erythema, and dermatitis [8—10].

Fusidic acid (FA) is a bacteriostatic agent with a steroi-
dal chemical nature, recommended for treating primary and
secondary skin diseases and ocular infections [11]. FA is
characterized by its narrow spectrum bacteriostatic activ-
ity (Gram-positive bacteria) whereas many infections trig-
gered by multi-resistance species of bacteria can highly
hinder its pharmacological activity. It is available in oral,
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parenteral, and topical dosage forms, and each is associated
with numerous hazards and hitches [12]. Recognizing the
severe drawbacks accompanied with commercially avail-
able acne vulgaris therapy including FA different topical
dosage forms, it has been becoming increasingly important
to focus on new strategies to limit these side effects. The
combination of herbal drugs with topical antibacterial treat-
ment for the efficient and safe management of acne vulgaris
has been investigated lately in order to overcome side effects
and multidrug resistance reaching the optimum therapeutic
regimen [13-16].

Herbal remedies gained their popularity owing to their
various advantages including safety, abundancy in nature,
few side effects, better therapeutic action, more patient com-
pilance, and cost-effectiveness [17]. They can be utilized
alone or in combination with other drugs for better effect,
declining the side effects of other drugs. Among herbal rem-
edies, curcumin (Cur) is considered the most potent medici-
nal plant, widely used owing to its broad pharmacological
actions like antioxidant, anti-inflammatory, antimicrobial,
anticancer, and immunomodulatory activity which are all
related to its unique structure [18-20].

Referring to the previously mentioned activities, it can be
used for treatment of several skin conditions such as acne
vulgaris, atopic dermatitis, eczema, and psoriasis with few
adverse effects [21]. Moreover, Cur safety has been proved
in animal studies as well as clinical trials [22]. Additionally,
Cur displayed worthy accessibilty and bioactivity of com-
bination therapy mainly after merging in novel preparations
making it tolerable therapeutic agent for healing of topical
skin disorders [21].

Different nanosized-based formulations were developed
as effective alternative drug delivery to conventional topi-
cal skin treatments providing high drug loading capacity,
targeting effect, improving drug permeability, and removing
characteristic signs of acne vulgaris [6].

Mixed micelles (MMs) have raised distinct interest as
nano-sized carriers due to their exceptional physical and
chemical characteristics. The benefits of those carriers
especially in antibacterial preparations comprise high load-
ing capacity with good solubilization, and extended drug
release, targeting drug delivery to the infection site with
abundant stability [23]. MMs also improved cellular inter-
nalization attaining hyper sensitization towards multidrug-
resistant cells with minimum systemic side effects than of
the individual components [24]. Moreover, the utilized sur-
factants perform as permeation enhancer and can enhance
drugs flux by decaying skin stratum corneum structure [25].

The aim of this investigation was to explore the potential
of lecithin—Tween 80 mixed micellar system incorporat-
ing Cur-FA combined bitherapy, to overcome drawbacks
and limitations associated with topical FA. The MMs
were developed using thin-film dispersion method and the
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optimized mixed micelle dispersion was then loaded into
nanogel which their physical assets, viscosity, and ex vivo
permeation were studied. An in vivo model was conducted
to assess anti acne activity for curcumin-fusidic acid—loaded
mixed micelles (Cur-FA-MM)-loaded nanogel compared to
conventional free drug—loaded nanogels.

Materials and Methods
Materials

Cur was obtained via Sigma-Aldrich Co (St. Louis, MO,
USA). FA was kindly gifted by EVA pharmaceuticals, Giza,
Egypt. Tween 80 was supplied by MP Biomedicals (Santa
Ana, CA, USA). Lecithin was gifted from NODCAR, Egypt.
Sodium hydroxide and Potassium dihydrogen orthophos-
phate were bought from El-Nasr Pharmaceutical Chemicals
Co., Egypt. Methanol and double-distilled water were used
throughout the study. Carbopol 934 and Triethanolamine
(HPLC grade) were procured from El- Gomhouria Chemi-
cals Pharmaceutical Company, Egypt.

Methods

Validation of Spectrophotometric Method Used
for Determination of Cur and FA Mixture

The study was based on the simultaneous delivery of Cur
and FA from one nanocarrier system; therefore, it was a
must to ensure absence of overlapping, accredit validity,
and precision of the method used for measurement of drug
concentrations. Using UV-VIS spectrophotometer (JASCO
V-530 double beam), individual solutions of known concen-
trations of Cur and FA as well as a mixture of both drugs
were scanned at a UV range 200-400nm. After determi-
nation of the characteristic UV wavelength for each drug,
calibration curves were constructed for each one. Validation
of the method established was investigated by different stud-
ies like repeatability and intermediate precision. In repeat-
ability (intra-day), the amounts of Cur and FA in a mixture
were estimated on the same day three times at 2-h intervals.
In intermediate precision (inter-day) study, the amounts of
drugs in mixture were estimated on three successive days.

Fabrication of MMs Loaded with Combined Cur/FA

MMs including both Cur and FA were formulated by a
thin-film dispersion technique [26]. Accurately weighed
amounts of Cur, FA, lecithin, and Tween 80 were solu-
bilized into blend of methanol and dichloromethane at
ratio (3:7;v/v) then under reduced pressure at 40°C at 200
rpm using rotary evaporator (IKA, HBIO basic, RV10B
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S99, Deutschland, Germany); the obtained mixture was
converted into a thin film. The film was then subjected to
three steps; firstly, the film was allowed to dry overnight
in room temperature to remove the excess methanol. Sec-
ondly, Sml distilled water was added for film hydration
followed by another 5ml for washing off the remaining
[27]. Then, the film was dispersed via water bath sonica-
tor with frequency 30 kHz for 7 min leading to production
of micellar dispersion. The dispersion was then subjected
to centrifugation at 12,000 rpm for 15min and the super-
natant was collected containing the Cur-FA-MMs [26].
The effect of different concentrations of FA, Tween 80,
and lecithin was studied at constant concentration of Cur
as presented in Table I.

Characterization of Prepared MMs

Micelle Size, PDI, Surface Charge The size is a vital clue
in the assessment of nanocarrier delivery systems. The mean
size, polydispersity, and zeta potential of Cur-FA-MMs were
detected by Zetasizer at an angle of 90° (Malvern Instru-
ments, Malvern, UK) [28]. The samples were diluted using
double-distilled water prior each measurement. All the tests
were performed in triplicate at room temperature (25°C).

Efficiency of Encapsulation and Drug Loading The
amounts of Cur and FA in Cur-FA-MMs encapsulated were
quantified at 426 nm and 238 nm, respectively. The formu-
lated micellar solution was mixed with anhydrous methanol
before determination. Both drug loading (DL%) and encap-
sulation efficiency (EE%) were calculated by the subsequent
equations [29]:

Amount of drug entrapped in micelles

%DL =
v Total weight of raw materials in micelles

100

Amount of drug actually present

% EE = x 100

Total amount of drug added

Tablel Components of the Prepared Cur-FA-MMs

Formulae code Fusidic acid  Curcumin  Tween 80 Lecithin
mg mg g g
(wlv) (wiv) (wlv) (w/v)
F1 15 80 0.25 0.04
F2 15 80 0.5 0.07
F3 15 80 0.25 0.05
F4 15 80 0.5 0.06
F5 30 80 0.25 0.04
F6 30 80 0.5 0.06
F7 30 80 0.25 0.05
F8 30 80 0.5 0.05

Selection of the Best Micellar Formula

The formula that accomplished highest % DL, % EE, and
zeta potential accompanied with minimum particle size,
PDI, was selected for further investigations.

Differential Scanning Calorimetry

Samples of Cur, FA, lecithin, and Cur-FA-MM optimum
formula were captured and sealed in an aluminum pan with
a flat-bottom crimped on lid using an empty pan as a refer-
ence (Shimadzu DSC-50, Japan). The samples were located
on the sample holder and heated in the presence of nitrogen
with a constant heating rate of 10 °C/min using temperature
that ranged from 5 to 300°C.

Fourier Transformation Infrared Spectroscopy

For further evaluation of possible interactions between drug-
excipient and excipient-excipient, potassium bromide was
mixed with all tested samples at ratio 100:1 prior to exami-
nation. The IR spectra of Cur, FA, lecithin, and Cur-FA-
MMs samples were detected between 400 and 4000 cm™' by
an IR affinity Spectrophotometer (Shimadzu, Kyoto, Japan).

Morphology Using TEM

The morphological examination was conducted for the
selected micellar formula using TEM (JEOL, JEM-1230,
Japan). Freshly prepared micellar dispersion was suitability
diluted with 0.1M phosphate buffer and dropped onto Cu
grid then marked using 2% w/v phosphotungestic acid. The
stained sample was inspected, and photographs were cap-
tured with suitable magnifications [30].

In Vitro Release Study

The pattern of drugs release phosphate buffer (pH 7.4) from
mixed micelles was investigated via membrane dialysis
(molecular weight cutoff: 12—-14 kDa, Livingstone, Sydney,
Australia). Taking the sink condition in consideration, an
accurate volume of pure Cur, pure FA, and Cur-FA-MMs was
located into a previously hydrated dialysis bag. Dispersions
of an equal content of Cur and FA were also studied. The tied
dialysis bag was put into a flask containing 50 ml of phos-
phate buffer at 37°C and stirring 120 rpm. At planned time
intervals, 1 ml of the medium was taken from the flask and
replaced with 1 ml of fresh medium. The samples withdrawn
were clarified through 0.22-pym Cameo Acetate membrane
filter (Millipore Co., Billerica, MA), and the filtered liquid
was measured spectrophotometrically at both 426 and 238
nm for detection of released Cur and FA, respectively [31].
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Preparation of Cur-FA-MM-Loaded Nanogels

The selected Cur-FA-MMs were formulated as nanogel
based on Abd el-Rashid ef al. (2019) method [32]. Briefly,
Carbopol 934 (1% w/w) was precisely weighed and soaked
in deionized water under continuous stirring overnight until
swelling. A dispersion of micellar formula was added por-
tionwise to the swollen polymer with continuous stirring at
3000 rpm until homogeneous dispersion is obtained. By the
end of the addition, an appropriate quantity of triethanola-
mine was added and magnetic stirring was maintained to
neutralize the pH 6.8 attaining nanogel. For an efficient com-
parative investigation, another nanogel formula was prepared
using equivalent amount of free FA and Cur suspension.

Characterization of Cur-FA-MM-Loaded Nanogels
Visual Appearance

The formulated nanogels were visually inspected for their
clarity, appearance, homogeneity, and incidence of any
lumps [30].

Determination of pH

An accurate amount of the prepared nanogels was dispersed
in 40 ml distilled water followed by measurement of the
nanogels pH via a calibrated digital Mettler Toledo MP 220
(Switzerland) [33].

Measurement of Viscosity

The viscosity of Cur-FA-MM-loaded nanogel was scruti-
nized using Brookfield viscometer (Brookfield DV-III, spin-
dle 7, Ultra R/S+ Rheometer, MA, USA) at 25 + 10 °C.
The spindle of the viscometer was dripped into the nanogel
and rotated at different speeds and the viscosity readings in
centipoises (cps) were recorded in triplicate. For compara-
tive purpose, the viscosity of pure drug—loaded nanogel was
estimated with the same manner [34].

Ex Vivo Skin Permeation Study

Drug permeation from the prepared nanogels through
skin was investigated employing Franz diffusion cells.
A freshly shaved abdominal skin extracted from one rat
referring to the rules of Ethical Committee of Faculty of
Pharmacy, Helwan University (acceptance code 14A2022).
The skin was attached between two compartments of ver-
tical Franz diffusion cells where the stratum corneum
fronted the donor compartment with 1.76 cm? as an actual
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permeation area. On the other hand, the receptor was filled
with 100 mL of pH 7.4 phosphate buffer at 37 + 0.5°C
(in-simulation to blood pH) and continuously stirred at
100 rpm. One gram of Cur-FA-MM-loaded nanogel and
free drug—loaded nanogel was introduced to the donor
compartment. Over 24-h samples were periodically with-
drawn from receptor compartment and substituted with
fresh medium then evaluated for drug content spectropho-
tometrically at 426 and 238 nm [33, 35].

To study the deposition of Cur and FA on the rat skin
after completion of permeation, a cotton cloth soaked in
ethanol was used for thorough cleaning of the skin seg-
ments, followed by immersed of skin segments in ethanol
for 6 h under constant stirring. The skin dispersions were
then centrifuged at 5000 rpm for 20 min and clarified by
0.22-pm filter. The obtained filtrates were measured at 426
and 238 nm (UV-Visible Spectrophotometer Thermo-Sci-
entific, USA, model Genesys 180) [36]. A curve for the
cumulative amounts of drugs was plotted per unit area as
a function of time to calculate the drug steady state flux
(J¢o)- The drugs permeability coefficient (kp) from Cur-
FA-MM-loaded nanogel and free drug—loaded nanogel was
determined as follows:

kp=Jss/C

J is the drug steady-state flux and C is the concentra-
tion of drug in donor compartment.

Stability of the Formed Nanogels

Cur-FA-MM-loaded nanogel stability was evaluated by
storage of three samples in sealed, amber-colored screw-
capped bottles for 3 months at different temperatures: 4°C,
room temperature 25 °C, and 37 °C keeping humidity 75%
+5%. Obtained nanogels were visually checked at the end
of storage period for appearance alteration, followed by
determining drug content [32]. In order to detect statistical
significance at p< .05, Student’s #-test was employed using
SPSS software 22.0 (SPSS Inc., Chicago, IL).

In Vivo Study

Animal studies were permitted by Faculty of Pharmacy
Ethical Committee, Helwan University (acceptance code
14A2022). In vivo anti-acne potential of the selected Cur-
FA-MM-loaded nanogel was evaluated using Rat model for
acne [37-39]. The in vivo model shows analogous physio-
logical events of acne genesis in rats similar to that showed
in human and it is very valuable to explore the anti-acne
activity of the formulated bitherapeutic micellar nanogel
on the skin. The study was performed by induction of a
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chronic skin inflammation using staphylococcus aureus
(ATCC 29737), obtained by bacterial intradermal injec-
tion into ears of female Sprague Dawley rats weighing
150-200 g [40]. Fifty microliters of bacterial cultivates
was injected intradermal to back side for rats’ left ear,
shaved previously, and pre-fixed using double-sided tape.
In a similar way, into the right ear, 50 uL of phosphate-
buffered saline was injected as a negative control. Then, a
day later, constant volume of Cur-FA-MMs nanogel, free
FA nanogel, and free drug combination-loaded nanogel
were given topically once daily through four successive
days to their animal groups. Experimental design: the rats
were divided into the following 5 groups (n = 10): group
I, negative control group; group II, positive control; group
I11, received fusidic acid gel; group I'V taken combinatorial
drug nanogel; and finally, group V, treated with Cur-FA-
MM-loaded nanogel.

Determination of Anti-inflammatory Potential and Ear
Thickness Inflammatory signs as redness, pustules, lesions,
or comedones on skin surface were observed. The thickness
of rats’ ears was measured as well using peacock dial thick-
ness gauge [39].

Histopathological Examinations Skin samples were taken
from ear dorsum part of rats and placed in 10% formalin saline
for 24h, then clipped off and desiccated in serial dilutions of
alcohol, cleaned in xylol, and inserted in paraffin wax. Serial
paraffin sections (6—8 um thick) were fixed on glass slides
after cutting. For histopathological inspection using electron
microscope, tissue sections were dewaxed and marked by
hematoxylin and eosin (H&E) dye [41]. Outcomes of histo-
pathological were assessed by graded scores: (no abnormal-
ity) clarified by — sign, + indicates (mild), ++ referred (mod-
erate) fluctuations observed in the investigated smears [42].

Statistical Analysis

Obtained results of different investigations examined by
paired sample #-test for significant difference at p < 0.05
utilizing SPSS 16.0 program (Chicago, IL, USA).

Results and Discussion

Validation of UV-Spectrophotometric Method
for Determination of Drugs

Screening for Cur and FA showed that each of them had a
unique characteristic peak that does not overlap with the other
(Fig. 1). Cur and FA were measured at A max of 426 nm and
238 nm, respectively. Standardization curves of both drugs in
either methanol or phosphate buffer (pH=7.4) followed Beer’s

07/26/22 23:57 BT WAL |

J A max=426nm

[ A max=238 nm

uo 300 400

Fig.1 UV-spectrum illustrate the distinctive peaks of FA at A
max=238nm and Cur at A max= 426nm

law in range of 540 mg/ml for FA and 0.5-5 pg/ml for Cur
with a regression coefficient (R?) of approximately 0.999.
The percentage recovery was ranged between 98 and 103%
for both drugs in their either free or binary form at different
concentrations. The low values of standard deviation and %
relative standard deviation (<1%) were confirmed high preci-
sion and accuracy of the determination method.

Micelle Size, PDI, and Zeta Potential

Micelle size, PDI, and ZP results for the formulated Cur-FA-
MMs were presented at Table II. The obtained sizes strongly
allow efficient drug delivery, drug deposition, and permeabil-
ity to biological cell owing to their nanometric size range [43].
The mean size for Cur-FA-MMs ranged from 58 + 3.63nm
and 95+1.63nm. The Cur-FA-MM formulas (F5, F6, F7,
and F8) displayed an increase in average particle size com-
pared to F1, F2, F3, and F4 owing to the high concentration
of FA incorporated and possible hydrophobic—hydrophobic
interaction of FA and lecithin at constant Cur concentration
[44]. The results obviously displayed that the micelles’ aver-
age size decreased as the concentration of surfactant (Tween
80) increased which mainly correlated to Tween 80 ability
to narrow the micelle size with more uniform size and shape
by high stabilization to the system formed efficiently [45].
Also the presence of lecithin was good for Cur as well as FA,
and accomplished good solubilization and appropriate self-
emulsification which attained small micelle size [46]. Both
Tween 80 and lecithin complete each other to form stable
micelle; Tween 80 has high tendency to form stable micelle by
reducing electrostatic repulsion between present ionic heads
of lecithin, hence declining critical micelle concentration
(CMC) [47]. All the developed micelles also revealed narrow
size distributions with uniformity, homogeneity, and physical
stability due to their PDI values which ranged from 0.2 to 0.54

Estimating risk of micelles aggregation could be easily
detected by the assessment of the zeta potential [48]. The
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Table Il Micellar Size, PDI, Zeta Potential (ZP), DL%, and EE% of Cur-FA-MMs
Formulations Micellar size PDI 7P % DL % EE

Cur FA Cur FA

F1 78+2.9 0.29+2.4 —19+1.66 18+1.8 5.7+1.4 63.5+1.2 66+ 3.2
F2 58+ 3.63 0.22+1.5 —34.5+1.8 21.5+2 9.5+2.1 85+ 0.79 88+3.7
F3 80+3.33 0.33+2 —27.8+2.4 17+£1.77 6+1.2 65+0.9 59+1.7
F4 68+1.9 0.46+1.9 —22.5+1.64 11.8+2 5+1.5 80+0.85 7142
F5 90+0.67 0.54+0.98 -30.2+1.98 16+2.34 8 +1.6 70+1.8 65.3+3.1
Fo6 78+2.6 0.37+1.55 —26.4+0.87 10.5+2 6.4+2.1 72+0.58 73+2.8
F7 95+1.63 0.45+2 —20.7+2 14+1.88 7.8+0.78 59+0.65 52.5+3.1
F8 79+1.87 0.51+2.2 —23.1+2.23 9.5+0.9 7+0.99 67+1.9 75.5+1.66

negative surface charge for Cur-FA-MMs was extended
between —18+ 2.1 and —35+ 3.72 mV which may be
ascribed to phosphatidylcholine amphiphilic surfactant.
The higher negativity for surface charge values for devel-
oped micelles suggested high resistance against aggrega-
tion and good stability. Beside the electrostatic repulsion,
interactions among other hydrophilic chains of prepared
mixed micellar system might inhibit micelle accumulation
affording stability for the system [47].

Efficiency of Entrapment (EE %) and Drug Loading
(DL %) for Fabricated Cur-FA-MMs

The EE % as well as DL% of Cur and FA among obtained
micelles is displayed at Table II. The fabricated Cur-FA-
MMs profit high DL% (5+1.5 to 21.5+2) for both Cur and
FA. The high loading capacity related to the drugs’ lipid
solubility and their hydrophobic—hydrophobic interaction
with micelle core forming interpenetrated network chain
capture drugs deeply. The % EE for Cur was extended
between 59+ 0.65 and 85 + 0.79 and the % EE for FA was
within the range of 52.5+3.1 to 88 + 3.72. Generally, the
high % EE of both Cur and FA could be due to their high
lipophilicity (log P 2.5 and log P 5.2, respectively) which
fruitfully encapsulated into the mixed micelles pulp cav-
ity [49]. The results clarified that the % EE for both Cur
and FA increased by increasing Tween 80 concentrations
which generally shrinkage surface tension of combined
polymer and consequently increase the encapsulating
efficiency. Besides, the high solubilization capacity of
Cur and FA with the longer hydrophobic chain of leci-
thin attained higher compatibility with inner core of the
formulated micellar system and hence high DL% and
EE% [50]. Moreover, the high chemotactic between Cur
and FA and lecithin allowed them to embedded firmly
into the inner hydrophobic core compartment [24, 51].
Additionally, the tendency of Tween 80 in reducing repul-
sion between ionic heads and lower CMC consequently
increase intermolecular polymerization.

@ Springer

Best Formula Selection

The principles for election were depending on earning (high
%DL and EE% with smallest size, PDI, and ZP). According
to previous results, F2 could be elected as prime Cur-FA-
MMs as it revealed small values in size (58 nm), and PDI
(0.22) as well as ZP (—34.5mV) which consequently harmo-
nized with maximum %EE (85% and 88% for Cur and FA,
respectively, Table II). This could be attributed to the affinity
of the lecithin/Tween 80 mixed micelle as a nanocarrier to
embed natural and lipophilic drugs into inner hydrophobic
core which afford high space capacity for drug encapsulation,
and maximize therapeutic efficacy with optimum stability.
Therefore, F2 was subjected to subsequent investigations.

Compatibility Studies
DSC

Figure 2 shows pure Cur, FA, lecithin, and selected Cur-
FA-MMs (F2) thermograms. Differential scanning calorim-
etry (DSC) thermograms of pure Cur and pure FA showed
a sharp endothermic peak at 186°C and 188°C, respectively
referring to their characteristic melting points [52, 53]. The
sharp endothermic peaks of pure drugs proposed their pure
crystalline states. The thermogram of the optimum Cur-
FA-MMs displayed complete disappearance of both Cur
and FA characteristic peaks revealing that drug molecules
were encapsulated inside the micelle hydrophobic core in
amorphous or molecular form which subsequently indicates
absence of unentrapped drug on the surface of micelle.

FTIR

Pure Cur, FA, and lecithin as well as optimum Cur-FA-MMs
(F2) Fourier transformation infrared spectroscopy (FTIR) spec-
tra are demonstrated in Fig. 3. FTIR band for free Cur was
characterized by an intense peak at 3509 cm™! related to stretch-
ing vibration of phenol-OH. The C=0 and C=C stretching
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Fig.2 DSC thermograms of free Cur, FA, lecithin, and selected
Cur-FA-MMs

vibrations were also noted at 1628 cm™" [53]. For FA spec-
trum, large vibration with great intensity observed at 3446 cm™!
allied to O—H bond stretching. Besides, both stretching of C=0
(symmetrical and asymmetrical) with intense vibrations at 1686
and 1742 cm™" were also detected [54]. In lecithin spectrum,
symmetric CH, alkane bonds at 2854 cm™! and asymmetric for
CH, at 2928 cm™! were demonstrated. Other intense band was
located at 3400cm ™! associated with the stretching vibrations of
—OH in carboxylate. The selected Cur-FA-MM spectrum exhib-
ited the same site for free Cur and FA characteristic peaks with-
out any changes settling no interaction possibly occur among
drugs and other excipients.

TEM

A demonstrative TEM photomicrograph of optimum Cur-
FA-MMs (F2) is clarified in Fig. 4. The micelles were like

3400 em™!

Fig.4 TEM image of the optimum Cur-FA-MMs

unilamellar disc with scattered rod-like particles formed
due to lecithin-Tween 80 mixed micelle formation. The
TEM examination also revealed almost uniform tiny spheri-
cal size or spheroid look with high homogeneity. Attained
result was consistent with zeta sizer records.

In Vitro Release Study

To simulate in vivo process, the in vitro release study was
accomplished as a mirror. As shown in Fig. 5, both Cur and
FA displayed slow release from Cur-FA-MMs (F2) over a
period up to 48h; only 39% and 41% of Cur and FA, respec-
tively, were released from MMs within the first 6 h. On
contrast, more than 80% of the Cur and FA were released
from their suspensions during the same time. The Cur-FA-
MM s release displayed a biphasic pattern with initial burst %
release of 30 + 2.4 and 34 + 1.9 for Cur and FA, respectively,
followed by sustained release up to 48h. Primarily, rupture
effect could be attributed to accelerate release of little amount
of drugs (Cur and FA) fixed at the outer hydrophilic shell of

M 1k
Iy v

| ' i “ }' i \.
2956 cm™! "‘
J'

—Cur

—FA

~—— Lecithin

——Cur-FA-MMs
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the micelle, while the sustained release could be associated
with most Cur and FA embedded into the inner hydrophobic
core compartment via hydrophobic interaction and/or hydro-
gen bonds make them persisted inside micelle firmly pre-
senting delay release [51]. Additionally, the amorphous state
as confirmed by the DSC of Cur and FA inside the mixed
micelle encourages sustained release [55]. The released
mechanism of both Cur and FA from micelle might be allied
to the drug diffusion as well as polymer swelling and degra-
dation [27]. Moreover, the release of Cur with FA at the same
time could make boosted effects on FA. The slow sustained
release modality of bitherapeutic from mixed micelle is ben-
eficial in enhancing drug residence, and lessening the times
of administration eliminating annoyance from direct contact
between drug and skin improving patient compliance [56].

Characterization of Cur-FA-MM-Loaded Nanogel
Visual Appearance
Figure 6a and b illustrate the visual inspection of free drug

combination and micellar nanogels. The micellar nano-
gel exhibited light yellow color with elegant transparent

Fig.6 a, b Visual appearance of
Cur-FA-MM nanogel and free
drug nanogel

a-Cur-FA-MMs nanogel

@ Springer

appearance with clear lack of lumps and aggregations. High
homogeneity, excellent consistency, and absence of phase
separation were also detected (Fig. 6a). On the contrary,
the free drug nanogel was turbid, and coalesced, with non-
homogenous dull appearance and low consistency (Fig. 6b).

pH and Viscosity

The obtained pH for nanogels was extended from 5.7 to 6.2
that agreed with skin pH excluding the risk of skin irritation
[57]. Besides, values obtained were adequate to obtain clear
and transparent gels with optimum viscosity [58]. Hence,
the prepared nanogel was suitable for topical applications.

The viscosity has a direct relationship with spreadability
and rheology of the gel affording good expectations for gels
residence time. The Cur-FA-MM nanogel formulation vis-
cosity was 13,355+ 200 (cP) that fulfills with recognizable
viscosity range of gel 13,000-16,000 (cP) [59], while the
free drug nanogel showed high viscosity 19,850 + 300 (cP)
which adversely impacts the rate of drug released reducing
its availability for skin permeation. The results clarified the
positive effect of mixed micelles on the rheological proper-
ties of the gel formulation assisting spreadability and reten-
tion on the skin [60].

b-Free drugs nanogel
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Table lll Drug Content (%)

Parameters Cur-FA-MM nanogel
of Formulated Cur-FA-MM
Nanogel through Storage Storage period (temperature/months)
Period (3 months) at Different
Temperatures 4°C, 25°C, and 4°C 25°C 37°C
37°C in Relative Humidity 0 3 0 3 0 3
75+5%
% drug content 97.8 97.3 96.5 96.1 93.9 79.7

Short-Term Stability

After storage period (3 months) at 4°C, 25°C as well as
37°C, Cur-FA-MM nanogel kept its clear, elegant, and
transparent appearance with no color change and sedi-
mentation observed. The drug contents at 4°C and 25°C
were statistically insignificant (p>.05, paired z-test) with
results acquired before storage (Table III) that proved micel-
lar nanogel formulation stability. However, a remarkable
decrease in content was noticed for one kept at 37 °C which
agreed with results obtained in previous study [32].

Ex Vivo Permeation

Ex vivo model (Rat model, 150-200 g) that used animal
skin has been applied among various research studies as
successful mimic for human skin. Accordingly, a rat skin
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Fig.7 Concentrations of a FA and b Cur permeated skin from both
prepared formula and plain nanogel

was selected for studying the effect of drug delivery system
(mixed micelles in nanogel) on permeation and deposition of
FA and Cur combination [52, 61]. Both FA and Cur cumu-
lative permeated amount with abdominal rat skin unit area,
as well as Cur-FA-MM nanogel compared with free drug
nanogel is exhibited in Fig. 7a and b while the parameters
of permeation are shown in Table IV.

Obviously, biphasic release pattern was detected for
both drugs which coincide with in vitro release study
results (Fig. 7). After the first hour, large amounts of Cur
and FA from both formulation and plain nanogel were
measured (1158.49, 707.76, 574.81, and 246.33 pg/ml,
respectively). As clearly shown, the permeation of both
FA and Cur from plain nanogel through rat skin was sig-
nificantly low (p<0.05) in comparison to Cur-FA-MMs
nanogel. Encapsulation of drugs in mixed micelles has
shown nearly 2-fold permeation enhancement related to
plain nanogel. The effect of delivery system was also quite
apparent on the values of permeation coefficient demon-
strated by Cur-FA-MM nanogel (0.043, 0.051 cm/h for
Cur and FA, respectively) related to plain nanogel (0.009,
0.0104 cm/h for FA and Cur, respectively) as shown in
Table IV. The results could be owing to mixed micellar
formulation components (lecithin and Tween 80) which
are known of their permeation enhancement activity. Fur-
thermore, the high permeation through skin for 2 drugs
could also be explained by the entrapment of drugs in
nanosized structure with high flexibility owing to the pres-
ence of surfactant which enables drug permeation through
successive skin layers [35, 62].

From the data presented in Table IV, it could also be
clearly deduced the higher amount of drug combination
retained in skin for Cur-FA-MM nanogel compared to plain
nanogel; this agreed with the nature of the mixed micelle

Table IV Ex vivo Parameters for Micllar and Free Drugs Nanogels

Item Cur-FA-MM
nanogel

Free drug
nanogel

FA Cur FA Cur

Amount deposited in skin (ug/cm?) 405.47 562.07 197.79 308.62
Jss (ug/cm?h) 745 8571 3871 495
Permeability coefficient (cm/h) 0.043 0.051 0.009 0.0104

@ Springer
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and its ability to pass through cell membranes. The amounts
of drugs deposited was 405.47 and 562.07 ug/cm? for FA
and Cur from Cur-FA-MM nanogel, respectively, while
FA and Cur deposited from plain nanogel were 197.79 and
308.62 ug/cm?, respectively.

In Vivo Study

Determination of Anti-inflammatory Potential and Ear
Thickness

In comparison to the negative control (group I), the
inflammation could be detected as a marked increase
in both thickness and redness of the ear of all groups
treated with Staphylococcus aureus. Meanwhile, groups
IV and V faced a significant reduction in inflammation
signs as shown in Fig. 8. It was also found that reduc-
tion of inflammation (ear thickness) was 70% for group
V (treated with Cur-FA-MM nanogel) compared to
47.2% for plain nanogel (group 1V) and 30% for group
III (treated with fusidic acid gel). Additionally, group III

showed least anti-inflammatory potential which could be
justified by the absence of Cur additive effect. Consist-
ently, these results were reinforced via preclinical studies
performed by Liu and Huang, 2012, in rat model of acne
vulgaris which showed that Cur may have strong anti-
bacterial and antioxidant properties leading to significant
reduction of inflammatory cytokine as well as comedone
production [63].

Furthermore, the results emphasized the effect of dual
delivery for both FA (antibacterial) and Cur (antioxidant
with reported antibacterial activity) at the same site of
administration on reducing the risk of emerging antibiotic
resistance.

The mixed micellar nanogel could also has a strong
activity in improving anti-inflammatory effects of Cur/
FA combination by elevating their stratum corneum pen-
etration; adhesion firmly on skin surface by its occlu-
sive effect permits the active controlled release increas-
ing effective concentration of encapsulated drugs [64].
In Fig. 8, the visual inspection of rat ears showed the
excessive appearance of redness and papules on day 2

Group I
(Negative
control)

Group II
(Positive control)

Day 1

Day 2

Day 4

Group V
(Cur-FA-MMs
nanogel)

Group IIT
(Fusidic acid

gel)

Group IV
(Plain nanogel)

Fig. 8 Macroscopic morphological changes in rat ear model for detection of ant-inflammatory potential
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TableV Histopathological Findings of Rat Ear Skin

Group V

Group IV

Group III

Group II

Group I

Groups

10

Number of examined fields

Grade

++

++

++

++

++

Abnormal changes

8
9

Inflammatory cell infiltration

1

Thick epidermis (hypertrophy)

10

Dermal congestion

*QGrade of histopathological findings: — (no abnormality), + (slight), ++ (mild)

for group II (positive control). On the other hand, the
group treated with Cur-FA-MMs nanogel showed the
least inflammation signs.

Histopathological Examination

The histopathological findings showed least abnormalities
detected for the group treated with Cur-FA-MM nanogel
compared to other groups as shown in Table V and Fig. 9.
The examination of group II (positive control) showed
high invasion of inflammatory cells in the dermis layer.
The dermis layer showed significant congestion and dis-
array. Epidermal cells exhibited a moderate hyperplasia,
and some regions displayed typical epidermal thickness
with vacuolated epithelial cells with shrinking darkly pig-
mented nuclei. A few places showed many hair follicles
with atrophy sebaceous gland. However, the group treated
with fusidic acid gel showed invasion of inflammatory cells
occurred in the dermal layer at a moderate level. Dermis
showed moderate congestion, certain sebaceous glands
being destroyed.

The histopathological features of skin treated with
combination drugs nanogel (group IV) showed a slight
enlargement of the epidermal cells thickness, and there
appeared to be more epidermal cells overall (hyper-
plasia). Most of the epidermal layers displayed normal
thickness and were covered by thick keratin layers. In the
group treated with Cur-FA-MM nanogel, the dermis, the
layer of tissue under the skin, showed a minimal amount
of congestion and inflammatory cell infiltration. Many
hair follicles were ordinarily connected to sebaceous
glands. Nearly typical thickness of the epidermal layer
was noted.

In conclusion, after being treated with Cur-FA-MM
nanogel, the skin’s degree of inflammatory cell infiltration,
epidermal hypertrophy, and congestion were improved. The
results confirmed the benefits of combinatorial delivery of
Cur and FA from a highly permeable delivery system for
successful treatment of acne vulgaris.

Conclusion

Considering the prospective of combination therapy as an
emerging strategy for overwhelming the settle side effects
and bacterial resistance, this study involved preparation
and characterization of mixed micelles (MMs) incorpo-
rated into nanogel as nanocarrier for delivery of FA and
Cur combination to expand antibacterial efficiency of FA.
Cur-FA-MMs were successfully formulated with uniform
spherical morphology and high %EE for both Cur and FA,
displaying a biphasic release pattern. The Cur-FA-MM

@ Springer
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Group I
Group I1
Group III
Group IV

SR

e

> FI T v\“\‘:‘-“ e

By P
Group V L X

Fig. 9 Histopathological examination of rat ear skin by the end
of experimental study. Group I (negative control), epidermis (E),
normal dermis (D), hair follicle, and epithelial cells are healthy.
Group II (positive control) epidermis (E), disordered dermis (D),
hair follicle (hollow arrow), Congestion (bold arrow), vacuolated
epithelial cell (head arrow), cellular infiltration in the dermis
(arrow), epithelial hyperplasia (double head arrow), sebaceous
gland (bifid arrow), degenerated epithelial cells formed hair folli-
cle (curved arrow). Group III (fusidic acid gel) epidermis (E) mild
inflammatory cells, disordered dermis (D), congestion (moder-

nanogel showed 2-fold permeation enhancements with
low inflammation signs free from redness and papules
which scrutinized in rats ears. The study suggests that the
co-delivery of FA (antibiotic) and Cur (antioxidant with

@ Springer

ate), vacuolated epithelial cell (head arrow). Group IV (plain drug
combination nanogel) epidermis (E), dermis (D), congestion (bold
arrow), vacuolated epithelial cell (head arrow), mononuclear cellu-
lar infiltration in dermis (arrow), hair follicle (hollow arrow), seba-
ceous gland (bifid arrow), vacuolated epithelial cells formed hair
follicle (curved arrow). Group V (Cur-FA-MMS nanogel) epider-
mis (E), dermis (D), intact hair follicle (hollow arrow), congestion
(bold arrow very low), cellular infiltration in the dermis (minimal),
integral sebaceous gland (bifid arrow), vacuolated epithelial cell
(absent)

reported antibiotic activity) in mixed micelle nanocarrier
could emphasize the boosted effect for both drugs at the
same site of administration decreasing the risk of emerg-
ing antibiotic resistance.
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