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Introduction: Metformin hydrochloride (metformin HCL), a first-line drug treating diabetes type II, was known to cause severe
gastritis, so seeking a non-oral dosage form was the new trend. Bilosomes are bilayer nano-vesicles of non-ionic surfactants
embodying bile salts. In our study, bilosomes were investigated as an acceptable novel carrier for active targeting transdermal delivery
of metformin HCL, circumventing its side effects.

Methods: Twelve bilosome formulations were prepared with solvent evaporation method with slight modification according to a 3'.22
full factorial design, and the optimized formulation was determined using Design -Expert 13 software (Stat-Ease, Inc., Minneapolis,
Minnesota, USA) studying the effect of surfactant and bile salt types on the entrapment efficiency (EE), vesicle size (VS), polydispersity
index (PDI), zeta potential (ZP), percentage of drug released within 24 h (R), and flux of drug permeated within 6 h (Jss) of vesicles. In
addition, the optimized formulation was further evaluated to Fourier-transform infrared spectroscopy (FTIR), deformability index (DI),
and transmission electron microscope (TEM) to ensure bilosomes formation, elasticity, and spherical shape, respectively.

Results: The resulting vesicles publicized EE from 56.21% to 94.21%, VS from 183.64 to 701.8 nm, PDI values oscillating between 0.33
and 0.53, ZP (absolute value) from 29 to 44.2 mV, biphasic release profile within 24 h from 60.62 and up to 75.28%, and permeation flux
enhancement (198.79—431.91 ng cm 2 h™') in comparison with the non-formulated drug (154.26 ng cm > h™"). Optimized formulation
was found to be F8 with EE = 79.49%, VS =237.68 nm, ZP =40.9 mV, PDI = 0.325, R =75.28%, Jss =333.45 ng cm > h!'and DI=6.5
with spherical self-closed non-aggregated vesicles and non-superimposed bands of its components in the FTIR.

Conclusion: Overall results showed that bilosome incorporation of metformin HCL improved permeation and offered a new nano-
carrier for active transdermal delivery.

Keywords: metformin HCL, bile salts, bilosome, Design-Expert 13, permeation study, edge activators

Introduction
Metformin HCL is the first-line oral therapy of diabetes type II, which proved recently with an effect on the
treatment of cancer, obesity, fatty liver, and cardiovascular diseases.! Metformin HCL many formulations were
studied such as conventional tablets, sustained release tablets,” floatable gastro-retentive tablets.> The main
common side effect of metformin HCL is causing gastrointestinal tract (GIT) disturbance that can affect the
patient compliance in the long term,* so seeking a transdermal delivery system for metformin attracted
researchers’ interest recently.’

The transdermal route has many advantages over the oral one as it does not affect GIT and avoids the first-pass
hepatic effect.” As with most drugs, metformin HCL cannot easily penetrate the stratum corneum obstacle of the skin.®

Metformin HCL was recently investigated for its transdermal delivery;’ a hydrogel micro-needles® of metformin HCL
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Metformin HCL Bilosome

based on hyaluronic acid required preparation at 60°c for drug release occurrence, as no release noticed at 40°c.%®
Besides, the known disadvantages of micro-needles: accurate dosing inquiry and dependency on the stratum corneum
thickness that may differ from one person to another.” Metformin HCL loading on bilosomes as a nano-carrier can
overcome this permeation problem avoiding the microneedle disadvantages, bilosome lipid structure, and ability to be
absorbed in the interface and permeate through the lipid structure of the skin, altering its barrier function.'®

Bilosomes are bi-layered bile salts-based vesicles that involve non-ionic surfactants and show superior enhancement
of transdermal delivery over other nano-vesicles such as liposomes and niosomes.'® Bile salts act as edge activators with
fluidizing effects and electrostatic stabilizers by the surface charge density addition, so yield highly stable vesicles for
transdermal delivery.!' Bilosomes can be prepared by the solvent evaporation method.'”

In this study, several variables were used to evaluate and finally detect the optimized formulation of metformin HCL
bilosomes and evaluate the drug permeation flux using rat skin.

Materials and Methods

Experimental Factorial Design

Using Design-Expert 13 software (Stat-Ease, Inc., Minneapolis, Minnesota, USA), a 3' 2% full factorial multilevel-
category design (Table 1) was adopted. The experimental design was used to investigate the response surfaces of the
different independent factors giving a polynomial equation for the model and numerical determination of diverse
solutions for the optimized formulation.'*'* Three independent factors combined effect (independent variables): surfac-
tant type with two levels (S40 and S60), edge activator type (bile salts) with three levels (SC, SDC, and STC), and two
levels of edge activator amount (8 and 14 mg). In addition, dependent variables (responses) included were: entrapment
efficiency (EE), vesicle size (VS), polydispersity index (PDI), zeta potential (ZP), drug release percentage within 24 h
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Table | Design Matrix Depicting the Experimental Runs and Values of Response Variables Obtained for Prepared Metformin HCL

Bilosomes
Run Factor | Factor 2 Factor 3 Response | Response | Response | Response | Response Response
(Surfactant (Edge (Edge I (EE)% 2 (VS)nm 3 (PDI) 4 (ZP)mV 5 (R)% 6 (Jss) ng
type) Activator Activator cm-2 h™!
Type) Amount)
| Span 60 Sodium 14 mg 75.94 701.80 0.434 32.00 64.60 410.22
taurocholate
2 Span 40 Sodium 14 mg 63.21 459.10 0.431 29.00 66.40 311.00
taurocholate
3 Span 40 Sodium 8 mg 63.66 183.64 0412 35.40 61.45 266.29
cholate
4 Span 60 Sodium 8 mg 70.45 505.52 0.511 28.70 74.99 431.91
taurocholate
5 Span 60 Sodium 8 mg 69.77 336.73 0.400 41.90 70.78 246.98
cholate
6 Span 60 Sodium 14 mg 9421 198.64 0414 44.20 68.36 207.54
deoxycholate
7 Span 40 Sodium 14 mg 93.76 274.00 0.422 37.60 64.03 198.79
deoxycholate
8 Span 60 Sodium 8 mg 79.49 237.68 0.325 40.90 75.28 33345
deoxycholate
9 Span 60 Sodium 14 mg 81.24 551.20 0.535 39.40 60.62 214.27
cholate
10 Span 40 Sodium 8 mg 56.21 207.88 0.345 32.60 74.80 299.54
deoxycholate
] Span 40 Sodium 8 mg 64.95 219.92 0.422 29.00 71.58 33293
taurocholate
12 Span 40 Sodium 14 mg 74.64 315.60 0.472 30.00 58.74 226.82
cholate

Abbreviations: EE, Entrapment efficiency; VS, Vesicle size; PDI, Polydispersity index; ZP, Zeta potential; R, Drug release; Jss, Flux of drug permeated.

(R), and flux of drug amount permeated within 6 h (Jss) was investigated. One—way ANOVA test was used to analyze the

data for significance evaluation and interactions, p-value <0.05 was considered statistically significant.

Preparation of Metformin HCL Bilosomes

Metformin HCL bilosomes were prepared using the solvent evaporation method with slight modification.'*'> Briefly,
metformin HCL (600 mg) and cholesterol (14 mg) were dissolved in methanol: methylene chloride (1:2) after addition of
surfactant and edge activator according to the design of each formulation (Table 1). Then, solvents were allowed to
evaporate on a magnetic stirrer (IKA, C-MAG HS 7 digital, Germany) at 60°c with continuous agitation. After complete
solvent evaporation, the resulting residue was hydrated with phosphate citrate buffer pH 4 to obtain the bilosome
suspension. Skin pH range is from (4 to 6),'® and bilosome formulations were prepared and characterized using

phosphate citrate buffer pH 4 due to metformin HCL’s tendency to be more soluble in acidic media.'”
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Entrapment Efficiency Percentage (EE %) of Metformin HCL Bilosomes

The efficiency of metformin HCL entrapment in bilosomes was evaluated in-directly using the ultra-centrifugation
technique.'* Briefly, 1 mL of each bilosome formulation was centrifuged using cooling centrifuge apparatus (Sigma
Laborzentrifugen D-37520, Osterode—am-Harz, Germany) at 4°C and 14,000 rpm for 90 min. The supernatant was
separated and then analyzed for the free drug using a UV spectrophotometer (Shimadzu, UV-2401 PC, Kyoto

151819 at X max = 233 nm (the specified metformin HCL wavelength according to the performed calibration

Japan)
curve). The entrapped drug concentration was determined using the regression equation of the standard curve developed
in phosphate citrate buffer pH4'>'¢ using a blank to avoid any interference. EE% was calculated using the following

equation (Eq.1):

DT — DS
EE% = ———X100 1
% DT (1)

Where DT is the theoretical amount of metformin HCL, and DS is the detected amount.

Vesicle Size (VS), Polydispersity Index (PDI), and Zeta Potential (ZP) of Metformin HCL Bilosomes
The dynamic light-scattering technique was used to determine VS, PDI, and ZP for all bilosome formulations after a

suitable dilution with distilled water using zeta seizer (Malvern ZetaSizer3000, UK) at a fixed angle of 90° at 25°C.%°

In-Vitro Release of Metformin HCL Bilosomes

The amount of metformin HCL released from prepared bilosomes was determined using the modified USP
Dissolution Tester apparatus I method (Paddle type-Erweka DT-720, Germany).'* Glass tubes with open endings
were closed from one end with a well-tied 4.5 cm” stretched cellophane membrane (immersed 24 h in the release
medium) as a diffusion membrane, and bilosomes equivalent to 1 mg were then added. The tubes replaced the
dissolution apparatus paddles, and the apparatus speed was set at 100 rpm. The temperature was maintained at 32
+ 0.5°C using 500 mL of phosphate citrate buffer pH 4 as a release milieu.'>'® Samples of 3 mL volume were
withdrawn at a predetermined time interval (0.08, 0.16, 0.25, 0.5, 1, 2, 3, 4, 22, and 24 h) and immediately
replenished with an equal volume of fresh milieu. UV spectrophotometer (Shimadzu, UV-2401 PC, Kyoto

15,18,19

Japan) was used to analyze samples at A max = 233 nm. R % was calculated from the linear regression

equation (Eq. 2):
y=0.112x (2)

Permeation Study of Metformin HCL Bilosomes

The permeation profile of each bilosome formulation was determined using USP Dissolution Tester apparatus II (Paddle
type-Erweka DT-720, Germany).'>' The same method and experimental conditions of release test were used, replacing
the cellophane membrane with a shaved abdominal area (4.5cm?) of male albino rat skin. A 200+20 g weight of albino
rats was obtained from Nahda university animal facility and sacrificed by cervical dislocation, and then the abdominal
area shaving and dissection were done with a razor. The skin was soaked in phosphate citrate buffer solution pH = 4'>'¢
at 4°C for 1 h before the experiment’s launch.'*'> Experimental protocol was done according to Beni-Suef Animal
Facility guidelines approved by the Pharmacology and Toxicology Department (Faculty of Pharmacy, Beni-Suef
University, on 20 June 2009). In addition, it was based on the guidelines suggested by recommendations of the
National Institutes of Health Guide for Care and Use of Laboratory Animals (Publication No 85-23, revised 1985).'°
The cumulative percentage of permeated metformin HCL was calculated using Fick’s law (Eq.3):

do)/dr
T4

Jss 3)

Where J, is the steady-state flux, dQ/dt is the permeation rate, (Q) is the cumulative permeated amount of metformin
HCL at a time (¢), and (4) is the application area (4.5 cm?). In other words, it was calculated from the slope of the plot of
the cumulative amount of drug permeated per cm?.
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Measurement of Vesicular Elasticity in Term of Deformability Index (DI) of Metformin HCL Bilosomes
Extrusion method®? was used to measure the elasticity of the optimized bilosome formulation after suitable dilution of
the vesicles (about 10 folds). The extrusion process was done using a 200 nm pore size nylon filter (Jinteng Experiment
Equipment Co., Ltd, Tianjin, China)'' under the constant pressure of 2.5 bar (Haug Kompressoren AG; Biichi
Labortechnik AG, Flawil, Switzerland). The experiment was performed in triplicate to obtain the average value. The
following equation was used to calculate the DI (Eq.4):*

2
DI=J <Q> )
P

Where DI is the deformability index, J is the weight of extrusion dispersion in 10 min, 7, is the size of the extruded
vesicles (nm), and r, is the membrane pore size (nm).

Fourier Transform Infrared Spectroscopy Study (FTIR) of the Optimized Metformin HCL Bilosome
Formulation

Different components of the optimized bilosome formulation (F8) were analyzed using FTIR Spectrophotometer
(BRUKER-ALPHA, Specac, Germany).'” In brief, 0.5 mL of the sample was placed just below the fixed probe of the
FTIR and scanned over 3500-1000 cm ™' wavenumber region.

Transmission Electron Microscope (TEM) of the Optimized Metformin HCL Bilosome Formulation

The morphology of bilosome vesicles was observed by a high-resolution transmission electron microscope (HRTEM)
(JEOL Co., JEM-1400, Japan) using the negative stain technique. A drop of optimized bilosome formulation was placed
over a carbon-coated copper grid after suitable dilution with distilled water and using a phosphotungstic stain at an
accelerating voltage of 160 KV."!

Results and Discussion

Factorial Design Analysis

Full factorial design is a suitable way to study the effect of different variables and interactions with the least number of
trials.** In this study, a 3' 0.2 full factorial design was implemented and statistically analyzed using Design-Expert 13
(Multilevel- categoric factorial) software (Stat-Ease, Inc., Minneapolis, Minnesota, USA). The main effect was picked as
the design model.

The coefficient of determination (R?) and the coefficient of variation (CV %) values provide valuable perceptions
regarding the regression model. R* (the goodness-of-fit of statistical analysis) does not indicate the precision or the
causation relationship between the independent and dependent variables. CV% represents the ratio of the standard
deviation to the mean that can be used in comparing variation degrees between different data series. Means can differ
from one another, so both R? and CV% should be considered with other variables in the statistical model.?

Adequate precision rates the signal-to-noise ratio. Precision >4 is desirable and mean the model can navigate the
design space.'®?® In our study: R*, CV%, and adequate precision as listed in (Table 2) were used to evaluate the perfect
insight and fitness of the design model to the experimental data.

The fitted models could be illustrated as regression equations (Eq. 4-9). A positive sign in the polynomial equations
reveals that increasing the factor cause increase in the response and vice versa.'” 3D-response surface plots were
scrutinized to understand the interaction if present (Figure 1). Recognizing the analysis manner occurs using Box-Cox
for power transformation (Figure 2) that determines the higher and lower confidence intervals (C.1.) of lambda (Table 3),
the current lambda = 1. Accordingly, the statistical analysis was done on the original data.

Characterization of Bilosome Preparations

Entrapment Efficiency Percentage (EE %) of Metformin HCL Bilosomes

Despite metformin HCL’s hydrophilic nature, the prepared formulations showed EE from 56.21% to 94.21% (Table 1),
which mirrors acceptable loading on the bilosome vesicles and minimal drug loss during preparation, that can be
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Table 2 Analysis of Variance and Fit Statistics of the Factorial Model

Responses Source SS DF | MS F- P-value cv R? Adequate
value @ % ® Precision
EE (%) Model 1079.800 4 269.950 4.13 0.0499 | Significant | 10.94 | 0.702 6.602
A-SAA 249.070 | 249.070 3.8l 0.0920
B-Bile salts 317.600 2 158.800 243 0.1582
C-Amount of BS 513.130 | 513.130 7.84 0.0265
Residual 458.040 7 65.430
VS (nm) Model 2.350E+05 4 | 58,754.610 5.65 0.0236 | Significant | 29.19 | 0.764 7.933
A-SAA 63282.520 I | 63,282.520 6.09 0.0430
B-Bile salts 1.172E+05 2 | 58,599.940 5.64 0.0348
C-Amount of BS 54536.040 I | 54,536.040 5.25 0.0558
Residual 72,765.430 7 | 10,395.060
PDI Model 0.023 4 0.006 2.65 0.1232 | Not 11.04 | 0.602 4.807
significant
A-SAA 0.001 | 0.001 0.49 0.5039
B-Bile salts 0.015 2 0.008 3.45 0.0908
C-Amount of BS 0.007 | 0.007 322 0.1158
Residual 0.016 7 0.002
ZP(mV) Model 277.790 4 69.450 7.26 0.0123 | Significant 8.82 | 0.806 7.689
A-SAA 93.520 | 93.520 9.78 0.0167
B-Bile salts 183.130 2 91.560 9.57 0.0099
C-Amount of BS 1.140 | 1.140 0.12 0.7400
Residual 66.960 7 9.570
R (%) Model 340.940 4 85.240 15.21 0.0015 | Significant 3.50 | 0.897 12.006
A-SAA 25.900 | 25.900 4.62 0.0686
B-Bile salts 137.710 2 68.860 12.29 0.0051
C-Amount of BS 177.330 | 177.330 3l.64 0.0008
Residual 39.230 7 5.600
Jss (ng cm->h") Model 54,204.96 4 13,551.24 797 0.0096 | Significant | 14.22 | 0.819 8.445
A-SAA 3640.08 | 3640.08 2.14 0.1869
B-Bile salts 40,791.64 2 20,395.82 11.99 0.0055
C-Amount of BS 9773.24 | 9773.24 5.75 0.0477
Residual 11,907.77 7 1701.11

Notes: (a) Implies model is significant. (b) Percentage coefficient of variation (calculated as SD/mean*100). (c) Indication of noise ratio (ratio of 4 and more is desirable).
Abbreviations: EE, Entrapment efficiency; VS, Vesicle size; PDI, Polydispersity index; ZP, Zeta potential; R, Drug release; Jss, Flux of drug permeated; DF, degree of
freedom; SS sum of squares; MS, mean square (MS = SS/DF); F, Fisher’s ratio (F = MS Factor/MS Residual).
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Figure | 3D response surface plots showing the influence of surfactant type, bile salt type and bile salt amount of metformin hydrochloride bilosomes on different
responses of EE: entrapment efficiency (A); VS: vesicle size (B); PDI: polydispersity index (C); ZP: zeta potential (D); R: drug release (E); Jss: flux of drug permeated (F).
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Table 3 Box-Cox Confidence Intervals of Different Responses

Responses Confidence Interval (Cl) Current Lambda (1)
Low High
EE (%) —-3.65 4.90 |
VS (nm) —-1.94 1.53 |
PDI —4.76 3.25 |
ZP(mV) —6.28 4.00 |
R (%) —6.89 8.03 |
JSS (ng cm->h™") -3.14 2.52 I

Abbreviations: EE, Entrapment efficiency; VS, Vesicle size; PDI, Polydispersity index; ZP, Zeta potential; R, Drug release; Jss, Flux of drug permeated.

accredited to cholesterol addition that increases the bilosome bilayer viscosity and rigidity.?” Results showed a significant
effect (p < 0.05) of the design model on EE % (Table 2).

Type of surfactant showed a positive impact on EE % (Eq. 5); bilosomes prepared using S60 exhibited higher EE %
than those of S40 (Figure 1A), this may be attributed to three reasons: first, S60 longer saturated alkyl chain (C14) that
gives a more stable bilosome bilayer,”® second, its lower HLB (Hydrophilic lipophilic balance) value (4.7) than S40
(HLB 6.7) that make it more hydrophobic and give better EE,?’ and the third reason can be its room temperature solidity
and higher phase transition temperature T°c (53°CT).*°

The anionic nature of bile salts gives the vesicles negative charges leading to a high repulsion force that increases the
bilosome inner core so highly entrap the hydrophilic drugs.*' Bilosomes prepared using SC and STC showed lower EE%
than SDC. SDC increases the bilayer membrane elasticity and the drug solubility into the membrane due to its surface-
active property>> and ability to integrate into the surface of the bilayer membrane, thus increasing the EE. The lower
HLB value of SDC (16) compared to that of STC (22.1) and SC (18.0), this higher hydrophobicity acted as a barrier
retarding the drug leakage from vesicles follow-on higher EE%.*® The average EE% in twelve formulations were 80.9%,
72.3%, and 68.6% for SDC, SC, and STC, respectively. Still, the bile salt effect found was insignificant (p = 0.15).

On the other hand, the bile salt amount showed a significant positive effect (p < 0.05) on EE% as the more bile salt
amount (14mg), the more the entrapped drug obtained (Eq. 5). Increasing the bile salt increases the drug solubility in the
dispersion media by forming mixed micelles and enhancing drug entrapment into the bilosome vesicles.'> Adequate
precision for EE% was equal to 6.602 (Table 2), considered a good signal that this model can be used to navigate the
design space. The final coded factor equation is:

EE = +73.96 +4.56 A — 1.63 B[1] + 6.96 B[2] + 6.54C (5)

Vesicle Size (VS), Polydispersity Index (PDI), and Zeta Potential (ZP) of Metformin HCL Bilosomes
Bilosomes VS of all formulations was found to be in a plausible nano-range of (183.64—701.8 nm) (Table 1) regarding
the VS coded regression equation (Eq.6) the design model showed a significant effect (p < 0.05) on the bilosomes VS
that graphically illustrated as response 3-D plots (Figure 1B). Surfactants can decrease the size of vesicles by micelle
formation and interfacial tension reduction.** The more HLB value of the surfactant, the more the VS due to higher
surface free energy.”>~°

Moreover, the increased surfactant hydrophilicity resulted in more water uptake leading to an increase in the bulk size
of vesicles."> However, S60 (HLB 4.7) exhibited larger VS bilosomes than S40 (HLB 6.7), which may be attributed to
the higher ZP of S60 vesicles as increasing ZP increases the repulsion force between bilosome bilayer leading to much
increase in the VS.''’
Bile salt presence affects the VS by decreasing the surface tension,>® and the interfacial tension between vesicle

bilayer, consequently, the space among vesicle bilayer.38 However, increasing bile salt amount in a high concentration
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Figure 3 Release profile of metformin HCL from different bilosome formulations within 24 h.

makes it tend to aggregate itself.*” Bile salts anionic nature and steroid structure increase the VS by dual effect; the first
is by increasing the internal aqueous core space, and the second is the high steric repulsive force between the bilosome
bilayers that might boost the bilosomes bulkiness.?’° The final coded factor equation is:

VS = +349.31472.62 A —2.52 B[1] — 119.76 B]2] 4 67.41C (6)

PDI values from 0 to 0.4 supports a homogeneous VS distribution; PDI values near to 1 reflect particles aggregation,*” in
our study PDI values oscillating between 0.33 and 0.53 (Table 1) that signposts a good uniform VS distribution. Both the
type of surfactant and the type of bile salt showed a positive effect (increasing) on the PDI according to the polynomial
equation, while the amount of bile salt showed a negative one (Eq.7). ANOVA of the design model revealed an
insignificant effect on the PDI for all factors (Figure 1C). The final coded factor equation is (Eq.7):

PDI = 40.4269 + 0.0096 4 + 0.0278 B[1] — 0.0504 B[2] + 0.0244C (7

Bilosomes are electrostatic stabilizers,*' and their good stability was assured by the negative zeta potential values
obtained. Absolute values were used to avoid misunderstanding (29 to 44.2 mV) (Table 1). ZP value around +30 mV
indicates electric repulsion between vesicles and good suspension stability with less agglomeration ability during
storage.*> Negative charge results can be attributed to the bile salt anionic nature that supports the skin penetration
ability of bilosomes.**

The regression equation of ZP (Eq.8) showed a synergistic effect of all factors on ZP but, only the type of surfactant
and the type of the bile salt showed a significant effect (p = 0.0167, 0.0099 respectively) (Table 2). STC gives the lowest
ZP values (Figure 1D) due to the strongly acidic taurine group. High ionization of STC will release more sodium ions in
the solution raising the electrolyte concentration and consequently the bilayer compression due to counter ions
gathering.** The final coded factor equation is:

ZP = +35.06 + 2.794 + 1.62 B[1] + 3.77 B[2] + 0.3083C (8)

In-vitro Release of Metformin HCL Bilosomes
The release profile of all bilosome formulations (60.62 and up to 75.28% % within 24 h) was biphasic. Initial rapid
release followed by a slower one proceeding with a maintainable rate characteristic of nano-carriers (Figure 3). *° The
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Table 4 In vitro Skin Permeation Parameters of Different Bilosome Formulations

Formulation Qat4h Qat 6 h (Last Q) | Jss (ngcm2h™') | P(cm h™") El Lt (h) Fen
Fl 843.67 1783.13 410.22 0.0004 2.66 1.83 2.15
F2 1055.56 1673.12° 311.00 0.0003 2.02 0.57 2.02
F3 989.04 1673.12 2 266.29 0.0003 1.73 0.15 2.02
F4 113927 * 1982.67 431.91 0.0004 2.80 135 2.39
F5 999.29 1567.96 246.98 0.0002 1.60 0.46 1.89
F6 952.98 1516.61 ° 207.54 0.0002 135 0.82 1.83
F7 685.04 1176.63 198.79 0.0002 1.29 0.35 1.42
F8 127292 * 1763.80% 333.45 0.0003 2.17 0.42 2.13
F9 1269.39 1585.38 21427 0.0002 1.39 1.6 191
FI10 847.16 1519.46 299.54 0.0003 1.95 1.22 1.83
Fll 1095.91 1438.69 * 332.93 0.0003 2.16 0.80 1.73
F12 9l6.4l 1312.00 226.82 0.0002 1.47 0.24 1.58
Un -formulated metformin HCL solution 525.03 829.42 154.26 0.0002 - 0.47 -

Notes: (°) is a significant different at p < 0.05, when compared with unformulated metformin HCL solution. Q: amount of drug permeated, Jss: flux of drug permeated (slope
of linear relationship obtained by plotting ng/cm? against time), P: Permeation Coefficient (=Jss/Ci), El: Enhancement Index (= P of formulation /P of plain drug), Lt: lag time,
Fen: enhancement factor (= amount of drug permeated at last time/amount permeated from plain drug at last time).

drug’s preliminary rapid dissolution occurred to the adsorbed amount on the bilosome vesicles. In contrast, the slow one
occurs due to the barricade effect of vesicles.*> ANOVA results indicate a significant impact (p < 0.05) of both bile salt
type and amount with a p = 0.0051 and 0.0008, respectively, on the release percentage (Table 2).

Surfactants increase the drug release by increasing the drug solubility.>**® The higher the surfactant HLB value used,
the more rapid is the diffusion to the release medium.*® However, our study did not much agree with these findings, and
the surfactant type effect on the release profile was insignificant (p = 0.0686).

SDC has a synergistic effect on the release profile (+2.98) (Eq. 9); it increases the fluidity and the elasticity of the
vesicle bilayer by incorporating it into the bilayer membrane leading to easy seepage of the drug from the vesicles
besides its permeation enhancement property.*® Conversely, STC decreases the critical micelle concentration (CMC) due
to many bilosome side-chain hydrophobic methylene groups throughout its conjugation with taurine, which delays the
drug release.”® The 3D plot of the release is illustrated in Figure 1E. The final coded factor equation is:

R = +67.64 + 1.474 — 474 B[1] + 2.98 B[2] — 3.84C ©9)

Permeation Study of Metformin HCL Bilosomes
Studying permeation suggests the amount of drug delivered to the systemic circulation.*” Increasing the gradient drug
concentration (driving force) at the interface between the skin and the bilosome pushes the systemic drug delivery
occurrence.*®*’ The design model of bilosome formulations showed a significant effect on permeation (p = 0.0096).
Compared to the un-formulated metformin HCL solution, the amount of metformin HCL permeated within (4 h) from the
prepared bilosomes showed a significant increase (p < 0.05) for F4, F8, and F9 while at (6 h) (last Q) showed a
significant increase (p < 0.05) for all the bilosome formulations except for F7 and F12. The permeation flux (jss) for
bilosome formulations is oscillating between 198.79 and 431.91 ng cm > h™', with (" = 0.86-0.99) while the un-
formulated metformin HCL solution showed a flux of 154.26 ng cm > h™' (Table 4).

This permeation enhancement results can be owed to the vesicles nano-size, high internalization into the lipid matrix.
In addition, anionic surfactants enhance the permeation capacity and increase the hydrostatic pressure, altering the
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Figure 4 Bar representation of formulating and response factors desirability of the optimized metformin HCL bilosome formulation (F8).

subcutaneous layer to make vesicle penetration easier.>? Bile salts pierce the skin intercellular lipids and overcome the

skin blockade property by interacting with the coenocyte’s keratin threads leading it to open. Besides, increasing the

vesicular deformability and elasticity lowers the formulations efflux.>*>? The 3D plot of the permeation is illustrated in

Figure 1F. The final coded factor equation is (Eq.10):

Jss = +289.98 + 17.424 — 51.39 B[1] — 30.15 B[2] — 28.54 C (10)
Table 5 Composition, Responses and Desirability of F8 and the Predicted Optimized Formulation
Item Factor | Factor 2 Factor 3 (Edge Response Response Response Response Response Response 6
(Surfactant (Edge Activator I (EE)% 2 (VS)nm 3 (PDI) 4 (ZP)mV 5 (R)% (Jss) ng cm-2
Type) Activator Amount) h'
Type)
F8 Span 60 Sodium 8 mg 79.490 237.68 0.325 40.90 75.28 333.45
deoxycholate
Predicted Span 60 Sodium 8 mg 78.934 23476 0.362 41.31 75.93 305.79
deoxycholate
Desirability | ! | 0.598 0.90 1.000 0.81 1.00 1.00
Average desirability of responses of F8 0.814

Abbreviations: EE, Entrapment efficiency; VS, Vesicle size; PDI, Polydispersity index; ZP, Zeta potential; R, Drug release; Jss, Flux of drug permeated.
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Figure 5 FTIR spectra of the optimized bilosome formulation (A), metformin HCL (B), Span 60 (C), sodium deoxycholate (D), and cholesterol (E).

Optimization Data Analysis and Validation of the Optimization Model

The experimental solutions numerical optimization and response surface analysis were obtained using Design-Expert 13
(Multilevel- categoric factorial) software (Stat-Ease, Inc., Minneapolis, Minnesota, USA). The formulation with the highest
desirability value was selected based on the maximum EE, absolute ZP, release, and permeation flux in addition to the
minimum VS and PDI values. Depending on the highest desirability (0.814) (Figure 4), F8 was nominated to be the optimized
formulation, it is composed of S60 as a surfactant and 8 mg of SDC as a bile salt with EE = 79.49%, VS = 237.68 nm,
ZP = 40.9 mV, PDI = 0.325, R = 75.28%, and jss = 333.45 ngcm > h ",

The lag time of the optimized formulation was 0.42 h, which is considered enough time for balanced saturation of rat
skin and excellent partitioning of drug between skin and reservoir medium, which may be due to the homogeneous drug
distribution throughout the skin to obtain significant permeation. The composition and responses of F8 and the predicted
optimized formulation are shown in Table 5.
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Measurement of Vesicular Elasticity in Term of Deformability Index (Dl) of Metformin HCL Bilosomes
Vesicle deformability and elasticity are crucial parameters for transdermal drug delivery. Increasing bilosomes deform-
ability allows it to squeeze through smaller diameter skin pores with minimal risk of vesicles’ rupture.”® Oppositely, the
less deformable vesicles must split into smaller ones to trespass the membrane pores.>* F8 (the optimized formulation)
showed a high DI value (6.5) which confirms the hypothesis of the ability of metformin bilosomes to squeeze through
skin pores with high flexibility while maintaining their size.>

Fourier Transform Infrared Spectroscopy Study (FTIR) of the Optimized Metformin HCL Bilosome
Formulation

FTIR spectra assured bilosome vesicle formation by comparing the optimized formulation (F8) (Figure 5A) fingerprint
region (below 1500cm_1) with those of its components (metformin HCL, S60, SDC, and cholesterol), and it was found to
be not overlaid (Figure 5B—E). Metformin characteristic bands are the amine N-H group at 3339, 3274 cm™ ', C-N, C=N
at 1562, 1634 cm™' wavenumbers, respectively, and the C-H bending at 1494 cm ™' (Figure 5B). Span 60 spectra showed
the O-H group at wave number 3330 cm ', alkanes, and aromatic rings at wavenumber 1449 cm ™' (Figure 5C).

The characteristic bands of SDC are shown at wave number 2939 cm ™' (aliphatic C-H) and wave number 1562 cm '
(COO") (Figure 5D). Cholesterol O-H group appears at wave number 3341 cm ' and alkanes, aromatic rings at wave
number 1454 cm™' (Figure SE). FTIR spectra of both metformin HCL and the optimized formulation F8 depicted no
change in their function group regions that confirms the lack of chemical interaction between the drug and other
components of the formulation. On the other hand, the fingerprint regions are not superimposed, which validates physical
character changes.

Transmission Electron Microscope (TEM) of the Optimized Metformin HCL Bilosome Formulation

TEM photomicrograph of optimized formulation (F8) approved the size analysis result but was a little smaller (mean
diameter: 98.00 + 4.02 nm) due to the drying process occurring during TEM imaging. It showed uni-lamellar spherical,
self-closed vesicles with a rough surface. No particle aggregation was observed (Figure 6).

Conclusion

In this study, metformin hydrochloride bilosomes were successfully formulated and evaluated as a novel topical drug
delivery system that enhances its skin permeation and transdermal delivery and helps in avoiding gastritis as a drastic
side effect. Twelve bilosome formulations were prepared by solvent evaporation method according to a 3' .22 full
factorial design to determine the possible optimized formulation. All formulations were evaluated and showed acceptable
EE, nano VS and stable vesicles confirmed by ZP results. In addition, the release profile showed a biphasic pattern, and
the permeation profiles obtained showed a noticeable enhancement in the permeation flux of bilosomes over the
unformulated drug.

Figure 6 Transmission electron micrograph (TEM) of the optimized metformin HCL bilosome formulation (F8).
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Optimized bilosome formulation (F8) was picked by design expert 13 numerical optimization, it composed of S60 as
a surfactant, and 8 mg of SDC as a bile salt. The overall results of this study give a good interest towards bilosomes
enhancement role in the active transdermal delivery of metformin HCL.

Statistical Analysis

The significance of differences was established by two-way analysis of variance using Graph Pad Prism version 6.0 for
Windows, Graph Pad Software (San Diego, CA, USA). The results were expressed in mean, and P-value <0.05 was
considered statistically significant.

Abbreviations

Entrapment efficiency (EE), vesicle size (VS), polydispersity index (PDI), zeta potential (ZP), percentage of drug
released (R), and flux of drug permeated (Jss). DI (Deformability index). Fourier-transform infrared spectroscopy
(FTIR) and vesicle shape using Transmission electron microscope (TEM), Hydrophilic lipophilic balance (HLB).
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