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Abstract: The objective of this work was to prepare an oil/water glimepiride (GM)
microemulsion (ME) for oral administration to improve its solubility and enhance its bioavailability. Based on a solubility study, pseudoternary phase diagrams, and Box–Behnken design,
the oil/water GMME formulation was optimized and prepared. GMME was characterized by
dynamic laser light scattering, zeta potential, transmission electron microscopy, and viscosity. The in vitro drug release, storage stability, pharmacodynamics, and pharmacokinetics
of GMME were investigated. The optimized GMME was composed of Capryol 90 (oil),
Cremophor RH40 (surfactant), and Transcutol (cosurfactant), and increased GM solubility up to 544.6±4.91 µg/mL. The GMME was spherical in shape. The particle size and its
polydispersity index were 38.9±17.46 nm and 0.266±0.057, respectively. Meanwhile, the
GMME was physicochemically stable at 4°C for at least 3 months. The short-term efficacy
in diabetic mice provided the proof that blood glucose had a consistent and significant
reduction at a dose of 375 µg/kg whether via IP injection or IG administration of GMME.
Compared with the glimepiride suspensions or glimepiride-meglumine complex solution, the
pharmacokinetics of GMME in Wistar rats via IG administration exhibited higher plasma
drug concentration, larger area under the curve, and more enhanced oral bioavailability.
There was a good correlation of GMME between the in vitro release values and the in vivo
oral absorption. ME could be an effective oral drug delivery system to improve bioavailability of GM.
Keywords: glimepiride, microemulsion, solubility, pharmacodynamics, pharmacokinetics
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Diabetes is a metabolic disease with hyperglycemia, and oral antidiabetic drugs are
rapidly being developed to meet the needs of patients.1–3 Glimepiride (GM), a thirdgeneration sulfonylurea drug, is effective for the treatment of type 2 diabetes mellitus
and acts by stimulating pancreatic β-cells to produce more insulin and lower the blood
glucose level (BGL).4,5 GM has shown several advantages such as being highly protein
bound and long acting and allowing for concomitant use with insulin. However, the
drawback for the use of GM as oral dosage forms is attributable to its low aqueous solubility (1.6 μg/mL) and slow dissolution rate, which lead to low oral bioavailability.6,7
Hence many studies have tried to enhance its solubility, and several reports including
those where nanocrystals,8 cosolvency,9 spray congealing,10 solid self-nanoemulsify,11
solid dispersions,12 micelles,13 and inclusion complexation14,15 were used have been
published. These techniques have acquired limited success.16–18
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Microemulsion (ME) has recently attracted much attention in pharmaceutical research because of its simplicity
of manufacturing, spontaneous formation, solubilization
capacity of lipophilic solutes, and improved bioavailability
of hydrophobic drugs.19,20 This system could be composed of
oil, surfactant, cosurfactant, and aqueous phase and has been
used as drug delivery vehicles for oral, transdermal, topical, nasal, intravenous, and other administration routes.20–23
For example, it has been reported that docetaxel ME could
improve oral bioavailability and area under the curve (AUC)
of the drug in rats, and a five-times larger bioavailability/AUC
was obtained than that of orally administrated Taxotere®.24
An attempt has thus been made to design, develop, and characterize a novel oil/water ME system of GM that may improve its
oral bioavailability. Glimepiride microemulsion (GMME) was
prepared according to pseudoternary phase diagrams and Box–
Behnken design and characterized by zeta potential, viscosity,
DLS, and transmission electron microscopy (TEM). The in vitro
drug release and storage stability of GMME was evaluated. The
BGL fluctuation of diabetic mice after administrated GMME
was studied. Moreover, compared with the GM suspensions
or glimepiride-meglumine (GM-MU) complex solution, the
pharmacokinetics of GMME were also assessed. The potential
in vitro–in vivo correlation between the in vitro release values
and the oral absorption pharmacokinetics was studied.

Materials and methods
Materials
GM was purchased from Kangbaotai Chemical Co., Ltd.
(Hubei, People’s Republic of China). Labrafil M 1944
CS, Capryol 90, Lauroglycol 90, and Maisine 35-1, Plurol
Oleique CC497 were received as gifts from Gattefossé Co.
(Saint Priest, Cedex, France), while Labrasol and Transcutol
were purchased from the same company. Cremophor EL
and Cremophor RH40 were obtained from BASF Co.
(Ludwigshafen, Germany). Oleic acid, Tween 80, Propylene
glycol (PG), and PEG 400 were purchased from Sinopharm
Group Co., Ltd. (Shanghai, People’s Republic of China).
Alloxan was obtained from Sigma Chemical Co. (St Louis,
MO, USA). Meglumine was purchased from Suzhou Jingye
Medicine and Chemical Co., Ltd (Suzhou, People’s Republic
of China). Methanol was HPLC grade and supplied by
Kermel Chemical Co., Ltd. (Tianjin, People’s Republic
of China). Double-distilled water was used throughout the
study. All other chemicals were of analytical grade.

Preparation of ME
To find out appropriate components for the ME, the solubility of GM in various vehicles was measured. An excess of
3778
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GM was mixed with 2 mL each of oil phase, surfactant and
cosurfactant and was then shaken at 37°C for 72 hours. After
the suspension was centrifuged for 10 minutes at 10,000 rpm,
the supernatant was filtered through a membrane filter
(0.45 µm) and the drug concentration was determined by
HPLC after appropriate dilution with methanol. A Hypersil
BDS C18 column (Thermo Fisher Scientific, Waltham, MA,
USA) (4.6×250 mm, 5 µm) and UV detector (λ=227 nm)
was used for the HPLC analysis. The mobile phase (CH3OH:
0.025 mol/L NH4H2PO4 =75:25, v/v) was delivered at a flow
rate of 1 mL/min.
Pseudoternary phase diagrams were constructed using
water titration method. Surfactant and cosurfactant with
specific weight ratios (Km) of 1:1, 1:2, 2:1, 5:2, and 3:1 were
vortexed vigorously to make the surfactant mixture (Sm).
The oil phase was mixed with the Sm at a ratio of 9:1, 8:2,
7:3, 6:4, 5:5, 4:6, 3:7, 2:8, and 1:9 (w/w), then water was
added drop by drop under magnetic stirring to obtain a clear
and transparent ME.
Based on the results of pseudoternary phase diagrams,
GMME with oil, Sm, and water at different ratios was prepared. The excess amount of GM was dissolved into the
oil and Sm, the required quantity of water was added, and
incubated with shaking at 37°C for 72 hours. Excess GM was
removed by centrifugation at 10,000 rpm for 10 minutes, and
then the concentration of GM in the MEs was determined by
HPLC after appropriate dilution with methanol. The formulation that showed high solubility of GM was finally selected
for further investigation.
A three-factor, three-level Box–Behnken design was
applied to optimize the formulation factors and evaluate main
effects on the solubility of GM in the ME. The 17 experiments
involving three factorial points and five replicates at the center
points were designed with the Design Expert (Version 8.0,
Stat-Ease Inc., Minneapolis, MN, USA). The proportion of
oil (X1), Sm (X2), and water (X3) was identified as key factors
responsible for the content of GM in the ME. The independent
variables were selected according to the results from pseudoternary phase diagrams. The respective responses were observed,
and a second-order polynomial equation was given by Design
Expert software. In this study, the nonlinear quadratic model
shown in Equation 1 was used:
Y = b0 + b1 X 1 + b2 X 2 + b3 X 3 + b12 X 1 X 2 + b13 X 1 X 3
+ b23 X 2 X 3 + b11 X 12 + b22 X 2 2 + b33 X 32 ,

(1)


Where Y is the measured response, X1, X2, and X3 are the
coded levels of independent variables, b0 is the intercept,
b1 to b33 are regression coefficients, X i 2 (i=1, 2 or 3) and
International Journal of Nanomedicine 2016:11

Dovepress

X1X2, X1X3, X2X3 represent the squared and interaction terms,
respectively.25 The models were statistically evaluated by the
analysis of significant coefficients and R2 values.
Optimal conditions and the maximum predicted solubility
of GM in ME were obtained by Box–Behnken design. The
practical experimental values achieved under the optimal
conditions were quantitatively compared with the predicted
values to confirm the validity of model. The optimal GMME
that showed high solubility of GM was used in the later
experiments.

Preparation of GM-MU complex
GM-MU complex was prepared according to the method
described in literature.26 Briefly, the mixture of GM and
meglumine (1:3, w/w) was dissolved in 5 mL distilled water
at 80°C in a water bath until the mixture was completely dissolved. The solution was lyophilized by using a freeze dryer
(FD-1A-50, Beijing Boyikang Laboratory Instruments Co.,
Ltd, Beijing, People’s Republic of China) until the GM-MU
complex powder was obtained.

Characterization of ME
The droplet size and zeta potential of optimized ME or
GMME were determined in triplicate using DLS (Malvern
Instruments Ltd., Zeta sizer 2000, Worcestershire, UK).
The MEs were placed on carbon-coated 400 mesh copper
grids and negatively stained with 2% phosphotungstic
acid. Then, the morphology of ME and GMME was
investigated using TEM (JEM-100 C, JEOL Ltd, Tokyo,
Japan) after the grids were dried at room temperature.
The viscosity of the system was measured with a NDJ-5S
rotary viscosity meter (Shanghai Precision & Scientific
Instrument Co. Ltd, Shanghai, People’s Republic of
China). The speed of the spindle CPE-4 was adjusted to
30 rpm and a single run was performed at 20°C±0.5°C.
To study the stability of GMME, the resulting ME was
tightly sealed and stored at 4°C for 3 months. The occurrence of phase separation or precipitation was periodically
observed, and the drug content in the ME was determined
once a month.

In vitro drug release from ME
The in vitro release of GM from the ME was conducted
by dialysis method in pH 7.4 saline solution at 37°C. An
aliquot of each GMME was placed into dialysis bags and
dialyzed against the release media at 37°C±0.2°C in an air
bath shaker at 100 rpm. At predetermined time intervals,
the release medium was collected and fresh release media
added. The concentration of GM was determined by HPLC.
International Journal of Nanomedicine 2016:11
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The accumulative release percentage (Q%) of GM released
from the ME was calculated by the following Equation 2.
CnV + Vi ∑ i = 0Ci
i=n

Q% =

W0

(2)

,


where Cn is the sample concentration at Tn, V is the total
volume of release medium, Vi is the sample volume at Ti, Ci
is the sample concentration at Ti (both V0 and C0 were equal
to zero), Tn is sampling at the Nth time, and W0 is the total
weight of the drug.26

Pharmacodynamic study
Adult male (22–24 g) and female (18–22 g) ICR mice were
made diabetic by tail vein injection of alloxan saline solution at a
dose of 90 mg/kg body weight of the animals. The control group
was treated with single IV dose of normal saline. All animals
were allowed to stabilize for 7 days and fed with normal diet
and water. Mice were considered diabetic when BGL exceed
16.7 mmol/L, and these mice were used in the study. Diabetic
mice were carefully observed for symptoms, and changes in
body weight and food intake were monitored. Throughout the
study, mice had free access to water and food as per Institutional
guidelines. All animal experiments were performed according
to project license approved by Institutional Authority for Laboratory Animal Care and Use of Hebei University. The housing
and food conditions of the animals used followed a guideline
from the same institutional review board.
Pharmacodynamic study was carried out in diabetic mice
which were randomly divided into five groups with three male
and three female mice per group. Groups I, II, and III were
administered GMME by intraperitoneal (IP) at the dose of 750,
375, and 200 µg/kg respectively, whereas groups IV and V
were given GMME by (IG) administration at the dose of 375
and 200 µg/kg, respectively. Blood was withdrawn from tail
vein at 0, 1, 1.5, 2, 3, 4, 6, 8, 12, and 24 hours in all the groups,
and BGL estimated using the FreeStyle Glucometer (Abbott
Diabetes Care Inc, Alameda, CA, USA).

Pharmacokinetic study
The pharmacokinetic study was carried out in healthy
female Wistar rats weighing between 200 and 250 g that
were administered GM at a dose of 5 mg/kg body weight.
Before the experiment, the rats were fasted overnight for
12 hours with access to water ad libitum, and no change
was made in their natural homeostasis. Animals were
randomly divided into three groups, each with six rats,
and then were administered the GM suspensions, GM-MU
submit your manuscript | www.dovepress.com
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complex solution, and GMME, respectively, via the IG route.
All animal experiments were performed according to project
license approved by Institutional Authority for Laboratory Animal Care and Use of Hebei University. The blood
samples were collected with heparinized tubes at selected
times (t=0.167, 0.33, 0.66, 1, 1.5, 2, 3, 4, 6, 8, 12, 24, 36,
and 48 hours) and centrifuged at 4,000 rpm for 15 minutes
to separate the plasma. The plasma (200 µL) was acidized
by adding 1.0 mol/L hydrochloric acid for 10 minutes and
then homogenized and extracted with 1.2 mL acetonitrile–
dichloromethane (5:1, v/v) on a vortex mixer for 2 minutes.
After centrifugation at 10,000 rpm for 10 minutes, the
organic layer was transferred and evaporated under nitrogen
gas flow at 50°C. The residue was redissolved with 50 µL of
anhydrous methanol and mixed for 5 minutes. The solution
was centrifuged for 5 minutes at 10,000 rpm, and 20 µL of the
supernatant was injected into the HPLC system for analysis.
The pH of the mobile phase was adjusted to 3.52. The main
pharmacokinetic parameters were calculated.

Statistical analysis

All data were expressed as a mean ± SD. Statistical analysis
was performed using the Student’s t-test, and P,0.05 was
considered as statistically significant.

Medium
Oil
Capryol 90
Maisine 35-1
Lauroglycol 90
Labrafil M 1944CS
Plurol Oleique CC497
Oleic acid
Surfactant
Cremophor RH40
Cremophor EL
Labrasol
Tween 80
Cosurfactant
Transcutol
PEG-400
Ethanol
PG
Oil:Sm:water
F-1/19:22:59a (Km =3:1)
F-2/20:25:55a (Km =5:2)
F-3/16:28:56a (Km =2:1)
F-4/20:26:54b (Km =5:2)
F-5/20:28:52b (Km =2:1)

Solubility of GM (µg/mL)
1,614.90±12.87
735.13±1.79
559.05±2.74
429.85±1.73
358.20±0.34
353.35±10.62
10,043.31±0.84
4,563.25±7.67
4,331.22±2.97
2,025.04±0.14
9,176.53±5.82
1,768.51±2.91
1,669.23±3.08
922.42±1.36
316.26±2.57
363.62±0.61
237.53±2.12
335.74±2.72
347.28±1.17

Notes: aCapryol 90:Cremophor RH40/Transcutol:Water, bCapryol 90:Cremophor
EL/Transcutol:Water.
Abbreviations: SD, standard deviation; GM, glimepiride; Sm, surfactant mixture;
PG, propylene glycol.

Results and discussions
Solubility study

Pseudoternary phase diagram study

In this study, oil phase was selected according to the drug’s
solubility, while the surfactant and cosurfactant were selected
according to their microemulsification efficiency and solubility in oil phase. The drug solubility in the oil phase highly
influenced the capability of the ME to retain drug. Furthermore, low drug solubility in oil led to the addition of a larger
amount of oil so as to attain desired therapeutic doses. To
maintain the miscibility when higher amount of oil is used,
a higher amount of Sm should be added. Consequently, the
toxicity and side effects might increase.27 Therefore, the oil
phase selected should mainly be based on the drug solubility in the oil phase. The solubility of GM in various oils,
surfactants, and cosurfactants was analyzed, and the results
are shown in Table 1. GM showed the highest solubility in
Capryol 90 (1,614.90±12.87 µg/mL) among six kinds of
oils, and this value was at least two-fold larger than that of
other oils. It was also reported that Capryol 90 (as a good oil
phase) was used in docetaxel or curcumin ME to enhance their
bioavailability.24,28 Thus, Capryol 90 was selected as the oil
phase for the development of GM ME formulation.

Pseudoternary diagrams were utilized for describing the
compositional phase behavior and formulating thermodynamically stable MEs. Nonionic surfactant is safe, biocompatible, and nonirritating, and it is less affected by ionic
strength and pH. Therefore, different nonionic surfactants,
namely, Cremophor EL, Cremophor RH40, Tween 80, and
Labrasol were chosen for screening. Moreover, Transcutol,
PG, PEG-400, and ethanol were used as cosurfactants.
Because of volatile characteristics of ethanol, its application was limited as a cosurfactant. A total of twelve phase
diagrams were constructed by pairing four surfactants and
three cosurfactants at a 1:1 (w/w) ratio in the preliminary
experiment. Only Cremophor EL/Transcutol or Cremophor
RH40/Transcuto could form a stable ME. Therefore, it was
considered that the ideal ME might be composed of Capryol
90, Cremophor EL/or Cremophor RH40, and Transcutol, but
this needs to be further investigated.
The pseudoternary phase diagrams with various weight
ratios (Km) of Cremophor RH40 or Cremophor EL to Transcutol are shown in Figure 1. From Figure 1A–E, it can be
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Figure 1 Pseudoternary phase diagrams of Capryol 90, Cremophor RH40/Transcutol (A–E) or Cremophor EL/Transcutol (F, G) and distilled water.
Note: The oil/ water microemulsion should be prepared in the ratios given in the shaded area.
Abbreviation: Sm, surfactant mixture.

seen that the area of ME decreased as the ratio of cosurfactant
increased. Thus, for the following experiments Cremophor
EL and Transcutol were used at weight ratios fixed at 5:2
and 2:1, and then two phase diagrams were constructed
(Figure 1F and G).
Based on the results shown in Figure 1, five formulations
were chosen for further studies. The transparent GMME
could be spontaneously formed by gentle agitation following
aqueous dilution. As shown in Table 1, the higher amount of
oil used led to increased drug content in MEs, and there were

International Journal of Nanomedicine 2016:11

no significant differences in the drug concentration when
using Cremophor RH40 or Cremophor EL as surfactant.
However, there was a big difference in the drug solubility
capacity between the two kinds of surfactants (see Table 1).
The surfactant was selected mainly because of its solubility
capacity for oil, and the good solubility capacity for drug was
not related to its good affinity for the oil phase.27 The solubility of GM was higher in Cremophor RH40 than in Cremophor
EL, which might be the main reason that the solubility of
GM in F-2 was greater than that in F-4 and F-5 (see Table 1).
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Among the five ME formulations, F-2 had the highest solubilization capacity, and Cremophor RH40 as a surfactant used
in F-2 led to improve drug solubility. Therefore, the phase
diagram containing Capryol 90 as an oil, Cremophor RH40
as a surfactant, and Transcutol as a cosurfactant (Km =5:2)
was selected for further optimization.

Formulation optimization by
Box–Behnken statistical design
Box–Behnken design is a simple statistical tool to screen
the important variables among several variables in the
medium. A three-factor, three-level Box–Behnken statistical
experimental design was used to optimize the formulation
variables. The independent variables and the responses for
all 17 experiments are given in Tables 2 and 3. The contour
plots and 3D response surface plots were drawn using Design
Expert software and are shown in Figure 2. Based on the
results of the pseudoternary phase diagrams, appropriate
ranges of the components were chosen. The oil phase content of the formed ME was found to be 9%–29%. Previous
reports revealed that Capryol 90 had low-to-medium HLB
(4–5) and could be used in self-emulsifying lipidic formulations, and it had comprehensive regulatory, toxicity,
and handling dossiers (including Type IV DMF).24,29 The
water content was determined to be between 46% and 70%.
The Sm formed clear ME with large area was found to be
15%–31%. Design Expert software was used to optimize
the formulation and develop the mathematical (quadratic)
Table 2 Observed responses in the Box-Behnken design for
microemulsions
Formulation
F-1
F-2
F-3
F-4
F-5
F-6
F-7
F-8
F-9
F-10
F-11
F-12
F-13
F-14
F-15
F-16
F-17

Independent variables
Oil/X1

Sm/X2

Water/X3

-1
1
-1
0
1
-1
0
1
0
-1
1
0
0
0
0
0
0

-1
-1
1
1
1
0
0
0
0
0
0
-1
1
-1
0
0
0

0
0
0
1
0
-1
0
-1
0
1
1
-1
-1
1
0
0
0

Abbreviations: GM, glimepiride; Sm, surfactant mixture.
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GM concentration
(μg/mL)
263.9
358.1
322.6
350.6
493.2
449.6
466.8
541.3
456.6
258.3
451.7
432.4
433.7
207.4
433.1
520.8
476.5

Table 3 Variables in the Box-Behnken design
Independent variables
Oil/X1 (%)
Sm/X2 (%)
Water/X3 (%)

Levelsa
Low (-1)

Medium (0)

High (1)

9
15
46

19
23
58

29
31
70

Note: aLow (-1), medium (0), and high (1) are based on the values given in Table 2.
Abbreviation: Sm, surfactant mixture.

equations shown in Equations 1 and 3. In our experiments,
(Tables 2 and 3) the drug concentration in F-8 was up
to 541.3 µg/mL, which was the highest among the other
formulations.
The responses observed in the 17 formulations were
fit to quadratic models according to software calculations,
and the quadratic polynomial of the response is shown in
Equation 3.
Y = 470.76 + 68.74 X 1 + 42.29 X 2 − 73.63 X 3 − 21.06 X 12
−90.26 X 2 2 − 24.48 X 32 + 19.10 X 1 X 2 + 25.43 X 1 X 3
+35.47 X 2 X 3

(3)

The correlation coefficient (R2), adjusted coefficient
(Radj2), and predicted coefficient (Rpred 2) of the quadratic model
were 0.9693, 0.9297, and 0.9089, respectively. A high degree
of correlation between the observed and predicted values
was observed. Meanwhile, the low variation coefficient (CV,
6.31%) clearly indicated a high degree of precision and reliability of the experimental values.
Statistical testing of the model was performed by
ANOVA using Design Expert software, which was required
to test the significance and adequacy of the model. The model
F-value was significant (P,0.05), and the model was found
to be adequate for prediction within the range of experimental
variables. The coefficients (X1, X2, X3) and quadratic term
coefficient (X 2 2) were highly significant (P,0.01); moreover, the interaction term coefficient (X2X3) was significant
(P,0.05). The other term coefficients (X1X2, X1X3, X 12, X 32)
had no significant influence (P.0.05) on response.
As shown in Figure 2, the contour plots and three-dimensional response surface plots were drawn to evaluate the
effects of the independent variables and select the optimal
formulation. Each demonstrated the effect of two factors
while the third factor was fixed at zero level. From Figure 2A
and D, it can be seen that the concentration of GM rapidly
increased when the ratio of the Sm in formula was increased
from 15% to 24%, but beyond 24%, increasing Sm led to
drug concentration decreasing. From Figure 2B and E, it
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Figure 2 Contour plot and corresponding response surface plot showing effect of oil, Sm, and water on the concentration of GM in ME.
Note: The effects of oil, Sm and water on the concentration of GM in ME showed in (A–C) were similar to those in (D–F).
Abbreviations: Sm, surfactant mixture; GM, glimepiride; ME, microemulsions.

can be observed that the maximum concentration of GM
could be obtained when oil and water were mixed at a ratio
of 29% and 46%, respectively. From Figure 2C and F, it
can be seen that the concentration of GM was decreasing
with the water weight increasing; the ideal weight ratio of
Sm in formulations was 15%–24%. The model-predicted

International Journal of Nanomedicine 2016:11

optimal values (coded) of the three most significant variables were X1=1, X2=0.17 and X3=-0.86. Correspondingly,
the values of oil, Sm, and water were 29%, 24%, and 47%,
respectively. The maximum predicted concentration of
GM was 544.4 µg/mL. To confirm the optimized conditions, three additional experiments were performed using
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the predicted conditions. The mean value of GM content
was 544.6±4.91 µg/mL, which was significantly improved
compared to that in aqueous solution (1.6 µg/mL) and agreed
well with the predicted value. This result demonstrated the
validity of the response model.

Characterization of ME
MEs exhibited opalescence, and Tyndall phenomenon was
clearly observed; it also appeared sky-blue opalescent as substantially diluted with water (Figure 3B). The morphologies
of ME and GMME in the transmission electron microscope
photographs are shown in Figure 3. The ME and GMME
were nearly spherical in shape. Particle size distribution is
one of the important parameters that affect the in vivo fate
of a ME and define the rate of drug release.30 A smaller ME
droplet size leads to a larger surface area available for the
drug absorption. The average size of optimal GMME was
38.9±17.46 nm, and the polydispersity index value was
0.266±0.057. The prepared ME with a droplet size typically
less than 100 nm would enhance solubility and dissolution
rate, increase mucosal permeability, and guarantee efficient

absorption of drug.31,32 Moreover, the zeta potential of
GMME in distilled water was 0.60±1.33 mV. It was observed
that there were no significant differences in size and zeta
potential between GMME and ME (Table 4). The ME state
was maintained by a delicate balance between the oil, surfactant, and aqueous phase. Thus, the size and zeta potential
of the ME droplet were slightly changed by dilution. Rotary
viscosity of the blank MEs and GMME was 257.8±5.1 and
351.5±6.9 mPa⋅s, respectively.
The GMME was tightly sealed and stored at
4°C for 3 months to investigate its stability. Previous
studies have shown that the stability of ME was affected
by the charge, size, surface characteristics, and chemical
composition of the ME.33,34 Our formulation showed no
precipitation and crystallization during the 3 months of
storage. Moreover, there was almost no change in the value
of drug content in GMME.

In vitro drug release from ME
The in vitro release behavior of GM from ME is shown
in Figure 4. The drug released from MEs was about 70%
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Figure 3 The TEM images and the particle size distribution of ME (A) and GMME (B).
Abbreviations: TEM, transmission electron microscopy; ME, microemulsion; GMME, glimepiride microemulsion.
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Table 4 Size, PDI and zeta potential of ME and GMME (mean ±
SD, n=3)
Sample

Diluted
multiples

Diameter
(nm)

PDI

Zeta potential
(mV)

ME

0
50
100
0
0

41.0±5.22
43.4±2.61
56.2±4.06
38.9±17.46
42.5±16.42

0.296±0.061
0.243±0.072
0.218±0.063
0.266±0.057
0.235±0.083

0.72±1.21
-3.14±1.91
-3.07±2.39
0.60±1.33
0.76±2.05

GMME
GMMEa

Note: aThe GMME stored at 4°C for 3 months.
Abbreviations: PDI, polydispersity index; ME, microemulsion; GMME, glimepiride
microemulsion; SD, standard deviation.

within 12 hours, increasing to 99% at 48 hours. Compared
with the literature26 reported about the GM release profiles
in pH 7.4 PBS, there was no initial burst release. Greater
release of GM from ME formulations may be attributed to
the small spherical size, which increases the surface area
for dissolution.

Pharmacodynamic study
The optimized GMME consisting of 29% Capryol 90,
17% Cremophor RH40, 7% Transcutol, and 47% water (w/w)
was prepared and used for in vivo evaluation. Figure 5 shows
the BGL curves obtained from diabetic mice after administration of GMME via IP (see Figure 5A) or IG (see Figure 5B)
routes at different doses. As shown in Figure 5, there were
significant differences in the BGL curves of the five diabetic
mice groups that were administered different doses via different administration routes. The higher concentration of the
GM was related to the greater viscosity of the GMME – group
I administered 750 µg/kg by IP did not show the best BGL

&XPXODWLYHGUXJUHOHDVH






















7LPH K





Figure 4 Release profile of glimepiride from microemulsions determined by the
dialysis method in a pH 7.4 saline solution at 37°C (mean ± SD, n=3).
Abbreviations: SD, standard deviation; h, hours.
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curve because the viscosity might prevent the drug from
rapid release within 24 hours. Moreover, the absorption of
GM within 2 hours was faster on IP administration than by
IG administration. Also, diabetic mice groups administered
200 µg/kg (whether by IP or IG) did not show ideal BGL
curve within 24 hours, but GMME IG at 375 µg/kg caused
a continuous reduction in BGL, which decreased BGL at
least 14.2%–37.5%. All these results demonstrated that
GMME had the potential to control hyperglycemia whether
administered IP or IG

Pharmacokinetic study
Pharmacokinetic study was carried out in healthy female
Wistar rats. Figure 6 shows the plasma concentration–time
curves of GM after IG administration of the GM suspensions,
GM-MU complex solution, and GMME at a dose of 5 mg/kg
respectively. The three concentration–time curves were fit
with the two-compartment model, and the corresponding PK
parameters are summarized in Table 5.
From the pharmacokinetic study of Wistar rats, it was
found that GMME demonstrated a higher Cmax (14.84 μg/mL,
17.06 times), a larger AUC0→48 h (6,242.76 μg⋅min/mL,
7.28 times), and a longer t1/2 (4,687.8 minutes, 2.77 times)
compared with the control group of GM suspensions,
whereas the clearance and volume of distribution of
GM was decreased 0.0008 L/kg/min, 7.25 times, in rats.
GMME was well absorbed, reaching maximum plasma
concentration within 74.6 minutes, whereas it appeared
somewhat earlier (37.6 or 36.3 minutes) in GM suspensions or GM-MU complex solution. There was no significant difference in Tmax between GM suspensions and
GM-MU complex solution. Moreover, it was evident
that the AUC-values for GM-MU complex solution and
GMME were higher than the corresponding values of GM
suspensions (Table 5). The AUC0→48 h value of GMME was
approximately 1.84-fold of the GM-MU complex solution,
indicating an enhancement of GM’s bioavailability when
given orally. Therefore, formulating insoluble GM as
GMME had a significant effect on the drug solubility and
bioavailability, which guarantee steady therapeutic effect
and low side effect.
Based on the Biopharmaceutics Classification System,
drug substances are classified into four categories according to their solubility and permeability properties. For the
drugs of Biopharmaceutics Classification System Class II,
the rate-limiting process of absorption is the drug dissolution step.35 Therefore, even though such compounds have
powerful pharmacological activity, the expected clinical
efficacy is sometimes not experienced.36 Dosage forms play
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Figure 5 BGL of diabetic mice following IP (A) and IG (B) administration of different doses of GMME (mean ± SD, n=6).
Abbreviations: BGL, blood glucose level; GMME, glimepiride microemulsion; SD, standard deviation; h, hours.
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a major role in determining the rate and extent of absorption
of such drugs from the gastrointestinal tract.37 GM exhibits
very poor solubility at 37°C (,0.004 mg/mL) in acidic
and neutral media and has relatively high permeability
(30.4×106 cm/s) in Caco-2 cell monolayers. Thus, GM is
categorized as a Class II drug by the Biopharmaceutics
Classification System.38,39 Therefore, choosing appropriate pharmaceutical techniques to increase GM’s solubility
plays a key role in improving its bioavailability. However,
recent studies have shown that enhanced apparent solubility, which is because of micellarization or complexation,
does not induce an enhanced permeation rate of a poorly
soluble drug in vitro.26,40–44 The solubility–permeability
interplay cannot be ignored when using solubility-enabling
formulations.45,46 As mentioned earlier, we can draw a
conclusion that increasing drug solubility utilizing pharmaceutical techniques does not necessarily lead to improved
bioavailability.


*0VXVSHQVLRQV
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Table 5 PK parameters after IG administration of the GM
suspensions, GM-MU complex solution and GMME at a dose of
5 mg/kg (n=6)
PK parameters
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Figure 6 Plasma concentration–time curves after IG administration of the GM
suspensions (--), GM-MU complex solution (--) and GMME (--) at a dose of
5 mg/kg in rats (n=6).
Abbreviations: GM, glimepiride; GM-MU, glimepiride-meglumine; GMME, glime
piride microemulsion; h, hours.
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In a recent study, we reported that meglumine as a hydrotrope
could form a stable complex with GM, thus improving the
solubility/bioavailability of GM.26 Because meglumine
exhibited extensive H-bonding with all possible H-bond
acceptors in the GM molecule, this extensive H-bonding
between the two species appears to regulate the mobility
of GM molecules in amorphous systems. Unlike other
solubilization techniques, it has been shown that using
the amorphous form allows to increase both molecularly
solubility and drug flux through the membrane. That is, the
amorphous state of GM played a significant role in enhancing the solubility/absorption. This result is consistent with
the previous literature.43,44 Compared to GM solubility in
water (1.6 µg/mL), the solubility of an optimized GMME
formulation increased up to 340 times (544.6±4.91 µg/mL).
Meanwhile, a noticeable enhancement in GM dissolution
was observed in the GM-MU complex – the solubility of
GM was found to increase up to 24,000 times.26 It is interesting that the hydrotropy technique improves GM solubility
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t1/2α (min)
t1/2β (min)
Tmax (min)
Cmax (μg/mL)
AUC0→48 h (μg⋅min/mL)
CL(s) (L/kg/min)

IG administration
GM
suspensions

GM-MU
complex solution

GMME

29.6
1,690.5
37.6
0.87
857.43
0.0058

96.0
1,107.8
36.3
5.93
3,384.20
0.0015

73.9
4,687.8
74.6
14.84
6,242.76
0.0008

Abbreviations: GM, glimepiride; GM-MU, glimepiride-meglumine; PK, pharmaco
kinetic; GMME, glimepiride microemulsion; max, maximum; h, hours; min, minutes;
AUC, area under the curve; CL(s), clearance.
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much better than the ME technique, whereas the AUC of
GMME is superior to that of GM-MU complex solution.
The enhanced bioavailability of GMME was probably
attributed to the following effects: first, the solubility of
GM in GMME was significantly improved. The higher
solubility would increase the drug permeation rate in the
intestinal cell. Meanwhile, the nanoscale particles and
larger surface area of GMME played a key role in increasing drug release.47 The GMME drops were entrapped easily by many duodenum and jejunum villi. Therefore, the
enhanced bioavailability is attributed to direct uptake of
dispersed nanoparticles through the gastrointestinal tract.
The oil/water ME was efficiently absorbed by lymphoid
system of intestine, and the drug of ME could bypass the
liver first-pass metabolism.48–50 Moreover, GM-loaded ME
prevented its rapid clearance from systemic circulation and
provided protection against physicochemical and enzymatic
degradation.23,32 Second, the synergistic effect of oil phase
and surfactants in the ME could increase cell membrane
fluidity and open the tight junctions between cells to
enhance the drug absorption.24,51 As already mentioned,
the largest AUC among three pharmaceutical techniques
was obtained in GMME, mostly due to its unique absorption pathway. Therefore, it is very important to choose an
appropriate technique that will improve drug solubility and
bioavailability.

In vitro–in vivo correlation
For investigation of in vitro–in vivo correlation of GMME,
the accumulative AUC in vivo (y, μg⋅min/mL) was plotted
versus the accumulative release amount in vitro (x, μg) at
the same time. Based on the regression analysis, the quadratic polynomial equation is shown in Equation 4. The
correlation coefficient (R2) was 0.9815, indicating a close
correlation between the in vitro release and in vivo absorption of the drug.
y = –0.0014 x 2 + 0.71x – 18.62 

(4)

Conclusion
The optimized oil/water ME formulation containing Capryol
90, Cremophor RH40, and Transcutol significantly enhanced
the solubility of GM up to 544.6±4.91 µg/mL. Additionally, the pharmacokinetic and pharmacodynamic studies
in vivo showed that GMME improved the bioavailability
of GM and controlled the GBL in diabetic mice. Thus, the
developed ME may be an effective vehicle for oral administration of GM.
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