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A B S T R A C T

Metformin hydrochloride (MH) is a widely used oral biguanide antihyperglycemic (antidiabetic) drug with poor
bioavailability which necessitates the development of novel drug delivery systems such as PEGylated solid lipid
nanoparticles for improving its therapeutic activity. The aim of this study was to formulate, characterize and
evaluate in vitro and in vivo pharmacodynamic properties of metformin–loaded PEGylated solid lipid nanoparticles
(PEG-SLN) for improved delivery of MH. The lipid matrices (non-PEGylated lipid matrix and PEGylated lipid
matrices) used in the formulation of both non-PEGylated (J0) and PEGylated SLNs (J10, J20, J40) were prepared by
fusion using beeswax and Phospholipon ® 90H at 7:3 ratio with or without polyethylene glycol (PEG) 4000 (0, 10,
20 and 40% w/w), respectively. Representative lipid matrices (LM and PEG-LM) were loaded with MH by fusion
and then characterized by differential scanning calorimetry (DSC) and Fourier transform infrared (FT-IR) spec-
troscopy. The PEG-SLNs were prepared by high shear hot homogenization using the lipid matrices (5% w/w),
drug (MH) (1.0% w/w), sorbitol (4% w/w) (cryoprotectant), Tween ® 80 (2% w/w) (surfactant) and distilled
water (q.s to 100% w/w) (vehicle). The non-PEGylated and PEGylated SLNs (J0, J10, J20, J40)) were characterized
with respect to encapsulation efficiency (EE%), loading capacity (LC), morphology by scanning electron micro-
scopy (SEM), mean particle size (Zav) and polydispersity indices (PDI) by photon correlation spectroscopy (PCS),
compatibility by FT-IR spectroscopy and in vitro drug release in biorelevant medium. Thereafter, in vivo antidi-
abetic study was carried out in alloxanized rats’ model and compared with controls (pure sample of MH and
commercial MH- Glucophage®)). Solid state characterizations indicated the amorphous nature of MH in the drug
loaded-lipid matrices. The PEG-SLNs were mostly smooth and spherical nanoformulations with Zav and PDI of
350.00 nm and 0.54, respectively, for non-PEGylated SLNs, and in the range of 386.80–783.10 nm and 0.592 to
0.752, respectively, for PEGylated SLNs. The highest EE% and LC were noted in batch J20 and were 99.28% and
16.57, respectively. There was no strong chemical interaction between the drug and excipients used in the
preparation of the formulations. The PEGylated SLN (batch J40) exhibited the highest percentage drug released
(60%) at 8 h. The PEGylated SLNs showed greater hyperglycemic control than the marketed formulation (Glu-
cophage ®) after 24 h. This study has shown that metformin–loaded PEGylated solid lipid nanoparticles could be
employed as a potential approach to improve the delivery of MH in oral diabetic management, thus encouraging
further development of the formulations.
1. Introduction

Diabetes is a group of metabolic diseases characterized by hyper-
glycaemia resulting from defects in insulin secretion, insulin action, or
u.ng, chimafrankduff@yahoo.com

November 2021; Accepted 9 Mar
evier Ltd. This is an open access a
both [1]. The resultant hyperglycaemia produces severe complications
and the classical symptoms of polyuria, polydipsia and polyphagia [2].
Diabetes is one of the leading causes of mortality, posing a huge chal-
lenge to the global community due to its escalating cost of management.
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Table 1. Formulation composition of lipid matrices for PEGylated and non-
PEGylated SLNs preparation.

Sample Ingredients (%w/w)

LM (7:3) Beeswax (70) and Phospholipon® 90H (30)

PEG-LM (0:10) PEG 4000 (0) and LM (100)

PEG-LM (1:9) PEG 4000 10 and LM (90)

PEG-LM (2:8) PEG 4000 (20) and LM (80)

PEG-LM (4:6) PEG 4000 (40) and LM (60)59

Table 2. Optimized formula for the preparation of the non-PEGylated and
PEGylated SLNs.

Lipid matrix 5.0% w/w

Metformin 1.0% w/w

Polysorbate® 80 (Tween® 80) 2.0% w/w

Sorbitol 4.0% w/w

Water q.s. to 100% w/w
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According to the International Diabetes Federation (IDF) atlas 2019 up-
date, about 463 million adults (20–79 years) worldwide are living with
diabetes and this is projected to rise to 700 million (51%) by 2045 [3],
majority of those living with diabetes, lives in low-and middle-income
countries. In Africa, about 19 million are living with diabetes with a
Figure 1. Differential scanning calorimetry

Figure 2. Differential scanning calorimetry (DSC)
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prevalence rate of 3.9%. This however, is projected to increase by
143.3% by 2045 [3]. This region also accounts for the highest proportion
of undiagnosed diabetes, with most of the populace unaware of their
condition. Worthy of note is that both the number of cases and the
prevalence of diabetes have been steadily increasing over the past few
decades. Diabetes accounts for 6.8 % of mortality rate in Africa, with an
annual expenditure of 9.5 billion USD on diabetes-related health
expenditure [3]. For a disorder that has been extensively researched on,
with an armamentarium of drugs, such prevalence, number of cases and
mortality are highly undesirable and worrisome.

Biguanides are one of the classes of drugs used in the management of
diabetes. Metformin is the only available biguanide. It is the most pop-
ular oral glucose-lowering medication, widely viewed as ‘foundation
therapy’ for individuals with newly diagnosed type 2 diabetes mellitus
[4]. Metformin acts by increasing insulin sensitivity and decreasing
gluconeogenesis. Metformin belongs to class III drugs in the biophar-
maceutical classification system (BCS), drugs in this class are character-
ized by low permeability and high solubility. Metformin's widespread use
is however plagued by a plethora of problems and undesirable side ef-
fects that limits its therapeutic efficiency including low bioavailability,
high dose, frequent dosage, gastrointestinal side effects and poor intes-
tinal absorption due to the cationic biguanide structure, thus the trans-
membrane transport of metformin is highly dependent on the organic
cation transporter (OCTs) [5, 6, 7, 8]. In order to surmount these prob-
lems and side effects associated with metformin use, several formulation
techniques have been utilized to deliver metformin however most of this
(DSC) thermogram of beeswax (BW).

thermogram of Phospholipon® 90H (P90H).



Figure 3. Differential scanning calorimetry (DSC) thermogram of structured lipid matrix (BW: P90H) (7:3) (LM1).

Figure 4. Differential scanning calorimetry (DSC) thermogram of PEG 4000.
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formulation strategies demonstrated varying degrees of failures hence
the need to brainstorm for more efficient method of delivering this drug.
Recent advances in nanotechnology and nanoparticulate systems for
improved drug delivery shows great potential for the administration of
wide variety of active pharmaceuticals [9].

Several attempts have been made to enhance the oral delivery of
metformin; some of which includes liposomes [10], PEGylated-mucin for
oral delivery [11], alginate nanoparticles [12], hyaluronic acid nano-
particles [13], chitosan nanoparticles [14], chitosan/eudragit nano-
complex [15], niosomes [16], topical gel for dermal delivery [17], solid
lipid microparticles [5], solid lipid nanoparticle for transdermal delivery
[18]. Some other lipid-based drug delivery systems include lipid drug
conjugates (LDC), solid lipid nanoparticles (SLN), nanostructured lipid
carrier (NLC). Lipid nanoparticles's extensive use in drug delivery
3

systems is due to the fact that lipid matrices are safe, biocompatible,
non-toxic, easily manufactured industrially and versatile rendering it to
be suitable for different routes of administration marking the
pre-requisites for any ideal drug delivery vehicle [19, 20, 21]. Solid lipid
nanoparticles (SLNs) developed in the early 1990s as alternative delivery
systems to liposomes, emulsions, and polymeric nanoparticles [22, 23,
24], are at the forefront of the rapidly developing field of nanotechnology
with several potential applications in drug delivery, clinical medicine,
and research [25]. They are mainly composed of solid lipids (with
melting point above 40 �C), surfactant (stabilizer), co-surfactant
(water/solvent) and active ingredients [26,27] with mean particle size
within the submicron range typically ranging between 50-1000 nm [28],
and lipid concentration varying from 0.1% to 30% and surfactant con-
centration from 0.5 to 5% [19]. This minuscule size of SLNs permits them



Figure 5. Differential scanning calorimetry (DSC) thermogram of PEGylated lipid matrix (PEG-LM1).

Figure 6. Differential scanning calorimetry (DSC) thermogram of metformin.
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to cross tight endothelial cells and escape from the reticuloendothelial
system (RES) thus bypassing the liver and spleen filtration [29,30]. SLNs
have high drug entrapment capability and the drugs entrapped within its
lipid matrix is stable. Since the lipids used in SLN formulations have
melting points above that the human body temperature, the solid lipid
nanoparticles remain as solids after administration, they give a prolonged
released of the drug over time.

PEGylation is one of the most promising and extensively studied
strategies for improving the performance of drugs and bioactives, it is
mainly characterized by the use of very small quantities of substance for
therapy [31]. Modifying nanoparticles by PEGylation can significantly
change drug metabolic process in blood by protecting it frommetabolism
[32, 33, 34]. The use of polyethylene glycol (PEG) in nano formulations
imparts stealth properties on the nanoparticles [35], reduces the ten-
dency of elimination by the reticuloendothelial system (RES), improves
the bioavailability and half-life of drug used in the formulation [36]. PEG
is hydrophilic thus its hydrophilic properties could prevent interaction
4

with other nanoparticles via sterical hindrance, thereby improving the
stability of nanoparticles [37]. Claims also show that PEG enhances the
mucoadhesive properties of nanoparticles [38], metformin being a class
III drug in the BCS classification have high solubility and low perme-
ability thus formulating it as a PEGylated lipid nanoparticle will help
impart a lipophilic character to the hydrophilic metformin, this will help
better membrane permeability [39] thereby increasing its bioavail-
ability. This technique have been used to enhance the therapeutic effi-
cacy of drugs by enabling increased drug concentration and longer
dwelling time at the site of action [40,41]. Thus, PEGylation could be
utilized in the enhancement of the delivery of metformin. The novelty
embodied in this study is the use of PEGylated nanocarrier to enhance the
antidiabetic activity of metformin via improved half-life, reduced dosage
and dosing frequency as well as through enhanced permeability across
the biological membrane.

Although PEGylated carriers of metformin have been developed by
our research group [11,42], there is currently a dearth of information in



Figure 7. Differential scanning calorimetry (DSC) thermogram of metformin-loaded lipid matrix (Drug-loaded LM1).

Figure 8. Differential scanning calorimetry (DSC) thermogram of metformin-loaded PEGylated lipid matrix (Drug-loaded PEG-LM1).
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the literature on the use of PEGylated solid lipid nanoparticles for oral
delivery of metformin for enhanced treatment of diabetes mellitus.
Nano-sized formulations offer tremendous benefits over conventional
PEGylated systems. Therefore, the investigation of PEGylated lipid
nanoparticles for enhanced metformin delivery to optimize the efficacy,
intestinal absorption, bioavailability, biological half-life, and reduce drug
dose, dosing frequency and drug adverse effects, informs the aim of this
study. Thus, the objective of this study was to formulate, characterize and
evaluate in vitro and in vivo pharmacodynamic properties of metfor-
min–loaded beeswax based PEGylated solid lipid nanoparticles
(PEG-SLN) for improved delivery of metformin hydrochloride.

2. Materials and methods

2.1. Materials

Metformin hydrochloride pure sample was obtained as a gift from
May and Baker PLC (Ikeja, Lagos State, Nigeria). Phospholipon® 90H
(P90H) (Phospholipid GmbH, K€oln, Germany), sorbitol (Caesar& Loretz,
5

Hilden, Germany), polyethylene glycol 4000 (PEG 4000) (Ph. Eur. Carl
Roth GmbH þ Co. KG Karlsruhe, Germany), beeswax (Carl Roth, Karls-
ruhe, Germany), Polysorbate 80 (Tween® 80) (Acros Organics, Geel,
Belgium), Alloxan (Merck KGaA, Darmstadt, Germany), Glucophage®

(Merck), distilled water (Lion water, University of Nigeria, Nsukka,
Nigeria) and other solvents and reagents were used as procured from
their manufacturers without further purification. Adult albinoWistar rats
of both sexes were procured from the Faculty of Veterinary Medicine,
University of Nigeria, Nsukka.

2.2. Methods

2.2.1. Preparation of non-PEGylated and PEGylated lipid matrices
The base lipid matrices were prepared by fusion method [43] using

beeswax (BW) and Phospholipon® 90H (P90H) followed by PEGylation.
The lipids were used at 7:3 ratio (i.e., 21.0 g of beeswax and 9.0 g of
Phospholipon® 90H (P90H). Briefly, 21.0 g of beeswax and 9.0 g of P90H
were weighed using an electronic balance (Mettler H8, Switzerland),
poured into a crucible and melted together at 70 �C on a



Figure 9. DSC thermographs of MT (a) and MT-loaded non-PEGylated and PEGylated lipid matrices (Drug-loaded LM1) and (Drug-loaded PEG-LM1) (b and c) in
superposition.

F.C. Kenechukwu et al. Heliyon 8 (2022) e09099

6



Table 3. Thermal properties (DSC profiles) of PEG-4000, drugs, plain and drug-
loaded lipid matrices.

Sample Melting peak (�C) Enthalpy (mW/mg) Type of peak

Beeswax
Phospholipon® 90H (P90H)
LM1

73
122.1
88.6

-55.3
-38.9
-32.5

Endothermic
Endothermic
Endothermic

PEG-4000 74.5 -3.8 Endothermic

PEG-LM1 94.3 -14.2 Endothermic

Metformin 265.5 -28.4 Endothermic

LM1þDrug 97.4
252.3

-5.4
-0.8

Endothermic
Endothermic

PEG-LM1þDrug 95.4
254.5

-0.4
3.4

Endothermic
Exothermic
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thermo-regulated oil bath (liquid paraffin) and stirred thoroughly to
obtain an adequate mixing until a homogenous, transparent white
mixture was obtained. The homogenous mixture of the lipid matrix was
stirred further at room temperature and then allowed to cool and solidify.
After 24 h, various quantities (90, 80 and 60%w/w) of the prepared lipid
matrix were melted in the thermo-regulated bath at a temperature of 80
�C, together with corresponding amounts of polyethylene glycol (PEG
4000) (10, 20 and 40% w/w) incorporated at 80 �C over the oil bath to
give PEGylated lipid matrices containing 1:9, 2:8, 4:6 ratios of PEG: lipid
matrix, respectively, which were stirred properly and allowed to solidify.
The non-PEGylated and PEGylated lipid matrices were thereafter stored
in airtight and moisture resistant glass bottles away from light.

2.2.2. Preparation of drug-loaded non-PEGylated and PEGylated lipid
matrices

Representative drug-loaded non-PEGylated and PEGylated lipid
matrices were prepared by fusion using the non-PEGylated and PEGy-
lated lipid matrices and metformin. With target non-PEGylated and
PEGylated lipid concentration of 5.0% w/w and target drug concentra-
tions of 1.0% w/w of metformin in the non-PEGylated and PEGylated
solid lipid nanoparticle to be developed, 2.5 g of each of the lipid
matrices was melted in the thermo-regulated oil bath at a temperature of
80 �C followed by addition of 0.5 g of metformin. Each of the mixture was
stirred continuously until a homogenous, transparent white melt was
gotten. The homogenous mixtures of the drug-loaded lipid matrices (MT-
loaded LM1 and MT-loaded PEG-LM1) were stirred further at room
temperature and allowed to solidify after which they were stored in
airtight and moisture resistant glass bottle in the refrigerator.

2.2.3. Differential scanning calorimetry (DSC) analysis of plain and drug-
loaded non-PEGylated and PEGylated lipid matrices

Thermal properties of beeswax, Phospholipon® 90H (P90H),
beeswax-based P90H-modified lipid matrix (LM1), PEG 4000, PEGylated
beeswax-based P90H-modified lipid matrix (PEG-LM1), metformin and
metformin-loaded non-PEGylated and PEGylated beeswax-based P90H-
modified lipid matrices (MT-loaded LM1 and MT-loaded PEG-LM1) were
determined using a differential scanning calorimeter (DSC Q100 TA In-
strument, Germany). Approximately 5 mg of each sample was weighed
into an aluminum pan, hermetically sealed and the thermal behavior
determined in the range of 20–350 �C at a heating rate of 5 �C/min. The
temperature was maintained at 80 �C for 10 min and thereafter, cooled at
the rate of 5–10 �C/min. Before the determinations, baselines were
determined using an empty pan, and all the thermograms were baseline-
corrected.

2.2.4. Fourier transform infra-red (FT-IR) spectroscopic analysis of drug-
loaded non-PEGylated and PEGylated lipid matrices

The spectroscopic analysis was conducted on metformin and repre-
sentative metformin-loaded non-PEGylated and PEGylated beeswax-
based P90H-modified lipid matrices (MT-loaded LM1 and MT-loaded
PEG-LM1) using a Shimadzu FT-IR 8300 Spectrophotometer
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(Shimadzu, Tokyo, Japan) adopting a wavelength in the region of 4000
to 400 cm�1 with threshold of 1.303, sensitivity of 50 and resolution of 2
cm�1 range. Data collection was performed using a smart attenuated total
reflection (SATR) accessory. For baseline scanning, potassium bromate
(KBr) plate was employed after thorough cleaning with a tri-solvent
(acetone–toluene–methanol at 3:1:1 ratio) mixture. Approximately 0.1
g of each sample was mixed with 0.1 ml nujul diluent, introduced into the
KBr plate and compressed into discs by applying a pressure of 5 tons for 5
min in a hydraulic press. The pellets were placed in the light path and the
spectra collected in 60 s using Gram A1 spectroscopy software, and the
chemometrics were performed using TQ Analyzer 1.

2.2.5. Preparation of non-PEGylated and PEGylated solid lipid nanoparticles
Non-PEGylated and PEGylated solid lipid nanoparticles encapsulating

metformin (J0, J10, J20, J40) were prepared using the drug, non-
PEGylated and PEGylated lipid matrices, Polysorbate® 80 (Tween® 80)
(mobile surfactant), sorbitol (cryoprotectant) and distilled water
(vehicle) by the high shear hot homogenization method [26,44]. Briefly,
specified quantity of each of the lipid matrix (5% w/w of the PEG-SLN
formulations) was placed in glass beaker and melted at 80 �C in the
temperature-regulated heater (IKA instrument) and the drug (1.0% w/w
of metformin) was added to the melted lipid matrix. At the same time, an
aqueous surfactant solution consisting of sorbitol (4% w/w) and poly-
sorbate® 80 (2% w/w) were prepared in a separate beaker and heated at
the same temperature. The hot aqueous surfactant phase was then
dispersed in the hot lipid phase (oily phase) using an Ultra-Turrax T25
(IKA-Werke, Staufen, Germany) homogenizer at 1000 rpm for 5 min. The
obtained pre-emulsions were homogenized at 15,000 rpm for 30 min,
and allowed to cool or re-crystallize at room temperature. The formula-
tion compositions of the non-PEGylated and PEGylated lipid matrices as
well as the formulation compositions of the non-PEGylated and PEGy-
lated SLNs are shown in Table 1 and Table 2, respectively.

2.2.6. Characterization of the non-PEGylated and PEGylated SLNs

2.2.6.1. Particle size and polydispersity indices. The particle properties
[average particle diameter, Z. Ave (nm) and polydispersity indices (PDI)]
of the formulations were measured using a zeta sizer nano-ZS (Malvern
Instrument, Worceshtire, UK) equipped with a 10 mw He-NE laser
employing the wavelength of 633 nm and a backscattering angle of 173�

at 25 �C. Before the photon correlation spectroscopic (PCS) analysis, each
sample was diluted with double-distilled water to obtain a suitable
scattering intensity.

2.2.6.2. Scanning electron microscopy (SEM). The morphological char-
acteristics of the formulations (representative batch) were determined by
a scanning electron microscope (JEOL-JSM-6 360, Japan) at different
magnifications. One drop of sample was placed on a slide and excess
water was left to dry at room temperature. The slide was attached to the
specimen holder using double coated adhesive tape and gold coating
under vacuum using a sputter coater (Model JFC-1100, JEOL, Japan) for
10 min, and then investigated at 20 kV.

2.2.6.3. Compatibility study by fourier transform infra-red (FT-IR) spec-
troscopy. The procedure for the FT-IR analysis of the non-PEGylated and
PEGylated SLNs is same as stated in section 2.2.4 except that a 0.1 ml
volume of each of the formulation was mixed with 0.1 ml nujul diluent
and introduced into the KBr plate and compressed into discs by applying
a pressure of 5 tons for 5 min in a hydraulic press.

2.2.6.4. Encapsulation efficiency determination. The encapsulation effi-
ciency of each formulation was determined. A 5 ml volume of each solid
lipid nanoparticles dispersion was placed in a centrifuge tube and was
centrifuged for 30 min at an optimized speed of 4000 rpm in order to
obtain two phases (the aqueous phase and lipid phase). A 1 ml volume of



Figure 10. FT-IR spectra of MT (a) and MT-loaded beeswax-based non-PEGylated and PEGylated lipid matrices (Drug-loaded LM1) and (Drug-loaded PEG-LM1) (b and
c) in superposition.
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the aqueous phase was measured with the aid of a syringe and then
diluted 10,000-fold using distilled water. The absorbance of the dilutions
was taken using a UV spectrophotometer (JENWAY 6405, UK) at a
wavelength of 231.5 nm and the amount of drug encapsulated in the
PEG-SLNs was calculated with reference to standard Beer-Lambert's plot
for metformin to obtain the EE % using Eq. (1) [45].
8

EE%¼ Actual drug content
Theoritical drug content

� 100% (1)
2.2.6.5. Loading capacity. Loading capacity of drug in lipid carriers de-
pends on the type of lipid matrix, solution of drug in melted lipid,
miscibility of drug melt and lipid melt, chemical and physical structure of



Figure 11. Combined particle size analysis result of the metformin-loaded beeswax-based non-PEGylated and PEGylated solid lipid nanoparticles.

Figure 12. Representative of the morphology scanning electron micrograph,
(SEM) of metformin-loaded PEGylated solid lipid nanoparticles (batch J20).
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solid lipid matrix and the polymorphic state of the lipid material [43].
Loading capacity (LC) is expressed as the ratio between the entrapped
drug by the lipid and the total quantity of the lipids used in the formu-
lation [5]. It was calculated using Eq. (2).

Loading capacity¼Total quantity of drug entrapped by the lipid
Total quantity of lipid in the formulation

� 100%

(2)

2.2.6.6. In vitro drug release study. The USP XXII rotating paddle appa-
ratus (Erweka, GmbHGermany) was employed for this release study. The
dissolution medium consisted of 500 mL of freshly prepared phosphate
buffer maintained at 37�1 �C by means of a thermo-regulated water
bath. The polycarbonate dialysis membrane used as a release barrier was
pre-treated by soaking it in the dissolution medium for 24 h prior to the
commencement of each release experiment. In each case, 2 ml of the drug
loaded PEGylated NLC was placed in the dialysis membrane, securely
tied with a thermo-resistant thread and then immersed in the dissolution
medium under agitation provided by the paddle at 200 rpm. At pre-
determined time intervals (0.5, 1, 2, 3, 4, 5, 6, 7 and 8 h), 5mL portions of
the dissolution mediumwere withdrawn and replaced with equal volume
of the medium to maintain a sink condition, filtered with a pore size of
0.22 mm (Millipore filter, Delhi, India) and analysed using a spectro-
photometer (Jenway, UK) at 231.5 nm.

2.2.6.7. In vivo antidiabetic study
2.2.6.7.1. Ethical approval and experimental animals. All applicable

international, national and/or institutional guidelines for the care and
use of animals were followed. All experimental protocols were conducted
with strict adherence to the guidelines of the Faculty of Pharmaceutical
Sciences Animal Care and Use Committee of the University of Nigeria,
Nsukka. in line with the International Code of Practice for the care and
9

use of animals for scientific purposes. Ethical clearance approval for in
vivo antidiabetic studies was sought and obtained from the Faculty of
Pharmaceutical Sciences Research Ethics Committee (UNN/FPS/
2019–2020_016X) before the commencement of the in vivo animal
studies.

Wistar albino rats of both sexes weighing between 150 to 200 g were
bred in the Faculty of Veterinary medicine, University of Nigeria,
Nsukka. The animals were housed in standard environmental conditions,
kept at body temperature of 37 � 1 �C using warming lamps and left for
one week to acclimatize with the new laboratory environment while



Figure 13. FT-IR spectra of MT (a) and MT-loaded beeswax-based non-PEGylated and PEGylated solid lipid nanoparticles (J0, J10, J20 and J40) (b–e) in superposition.

F.C. Kenechukwu et al. Heliyon 8 (2022) e09099

10



Table 4. Encapsulation efficiency and loading capacity of PEGylated and non-
PEGylated SLNs.

Formulation Encapsulation Efficiency (%) Loading capacity

J0 97.71 � 3.58 16.35 � 1.87

J10 97.51 � 2.49 16.32 � 3.63

J20 99.28 � 4.01 16.57 � 2.54

J40 97.55 � 2.96 16.33 � 0.98

Table 5. In vitro kinetics of release of metformin from PEG-SLN in phosphate
buffer.

Batch
Code

Zero order
(r2)

First order
(r2)

Higuchi
square
root (r2)

Korsmeyer–Peppas

(r2) n

Glucophage 1.0000 0.8820 0.9827 0.9954 0.76

J0 1.0000 0.8669 0.9768 0.9938 0.83

J10 1.0000 0.8681 0.9778 0.9939 0.82

J20 0.9999 0.8829 0.9819 0.9954 0.76

J40 1.0000 0.8843 0.9824 0.9956 0.76
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being fed with standard laboratory diet. All the animals were fasted for
12 h, but were allowed free access to water, before commencement of the
experiments.

2.2.6.7.2. Induction of experimental diabetes. Adult Wistar rats (either
sex) were used for the evaluation of the anti-diabetic effects of the for-
mulations. The rats were divided into groups of six animals each and each
group of animals was housed in a separate cage. Diabetes was induced by
single intraperitoneal injection of a freshly prepared solution of alloxan
(150 mg/kg) in normal saline for all the groups. After 1 h of alloxan
administration, the animals were fed freely and 5% dextrose solution was
also given orally in a feeding bottle for a day to overcome the early
hypoglycaemic phase. The animals were kept under observation, and
after 48 h, blood was withdrawn from the tail vein of the animals and the
blood glucose level measured with a glucometer (Accu-check, Roche,
USA). The diabetic rats (glucose level above 200 mg/dl) were separated
and divided into ten different groups (n ¼ 6).

2.2.6.7.3. Evaluation of anti-diabetic activity. Sixty diabetic Wistar
rats (either sex) were used for the evaluation of the anti-diabetic effects of
the formulations. The sample batches of the different formulations of the
metformin-loaded non-PEGylated and PEGylated SLN were administered
orally to the animals according to their weight as follows:

❖ Group A: received the test formulation (batch J0) equivalent to 100
mg/kg dose of metformin hydrochloride.
Figure 14. In vitro drug dissolution profile of metformin, metform
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❖ Group B: received the test formulation (batch J10) equivalent to 100
mg/kg dose of metformin hydrochloride.

❖ Group C: received the test formulation (batch J20) equivalent to 100
mg/kg dose of metformin hydrochloride.

❖ Group D: received the test formulation (batch J40) equivalent to 100
mg/kg dose of metformin hydrochloride.

❖ Group E: received the test formulation (batch J10) equivalent to 50
mg/kg dose of metformin hydrochloride.

❖ Group F: received the test formulation (batch J20) equivalent to 50
mg/kg dose of metformin hydrochloride.

❖ Group G: received the test formulation (batch J40) equivalent to 50
mg/kg dose of metformin hydrochloride.

❖ Group H: received Glucophage® equivalent to 100 mg/kg dose of
metformin hydrochloride (first positive control).

❖ Group I: received pure metformin equivalent to 100 mg/kg dose of
metformin hydrochloride (second positive control).

❖ Group J: received normal saline per orally (negative control).

Blood samples of the animals were collected from the tail vein after-
wards at time intervals of 0, 1, 3, 6, 12, and 24 h and tested for blood
glucose level using the glucometer. The post-dose levels of the blood
glucose were expressed as a percentage of the pre-dose level using Eq. (3).
in-loaded non-PEGylated and PEGylated beeswax-based SLNs.
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%glycemic change¼ Initial conc � Final conc
Initial conc

� 100% (3)
2.2.7. Statistical analysis
All experiments were performed in replicates for validity of statistical

analysis. Results were expressed as mean � SEM. Analysis of variance
(ANOVA) was performed on the data sets generated using Statistical
Package for Social Sciences (SPSS) software 16.0. Differences were
considered significant for p-values < 0.05.

3. Results and discussion

3.1. Thermal properties of plain and drug-loaded lipid matrices

Figures 1, 2, 3, 4, 5, 6, 7, 8, 9 shows the DSC thermogram of beeswax,
Phospholipon® 90H, structured lipid matrix (LM1), PEG 4000, PEGylated
lipidmatrix,metformin,metformin-loadedlipidmatrix(Drug-loadedPEG-
LM1) and metformin-loaded PEGylated lipid matrix (Drug-loaded LM2)
while Table 3 shows the thermal properties of the drug, lipids, PEG 4000
and all the matrices. Polymorphic transition and crystallization tempera-
tureof lipidsused in the formulationof SLNsare importantparameters. For
amorphous substances or crystals that are less ordered, lesser energy is
required to melt the substance than in a substance with perfect crystalline
structure in which higher energy is required to overcome lattice forces.
Therefore, highermelting enthalpy valueswould suggest a higher ordered
lattice arrangement [46]. The slight presence or total absence of amelting
12
peak in the DSC of a pharmaceutical formulation indicates that the drug is
partly or completely amorphous/molecularly dispersed [47,48]. Metfor-
min and Phospholipon® 90H thermograms showed a single sharp endo-
thermic peak at 265.5 and 122.1 �C with enthalpy of -28.4 and -38.9
mW/mg, respectively, corresponding to theirmeltingpoints, an indication
of thehighly crystallinenatureof thesematerials.TheDSCthermogramsof
beeswax and PEG 4000 showed melting peak at 73 and 74.5 �C with
enthalpy of -55.3 and -3.8 mW/mg, respectively, indicating their crystal-
line nature. However, the thermograms of LM1 and PEG-LM1 showed
melting peaks at 88.6 and 94.3 �C with enthalpies at -32.5 and -14.2
mW/mg respectively, this indicates that lipid matrices are less crystalline
than the individual components used in the formulation due to their lower
enthalpy values. This means that there is a distortion of the crystal
arrangement of the lipids after melting and solidification thus generating
an imperfect matrix leaving spaces for drug encapsulation. The DSC ther-
mogram of the drug-loaded lipid matrix (LM1þDrug) and
metformin-loaded PEGylated lipidmatrix (drug loaded PEG-LM2) showed
twomeltingpeakseach.Thedrug-loaded lipidmatrix(LM1þDrug)showed
endothermic peak at 97.4 and 252.3 �C, the second peak at 252.3 �Cwas a
weak peak showing that metformin is either partly amorphous or molec-
ularly dispersed in the lipidmatrix. Themetformin-loadedPEGylated lipid
matrix (drug loaded PEG-LM1) also showed two peaks, one endothermic
peak at 95.4 �C with enthalpy of -0.4 mW/mg and an exothermic peak at
254.5 �C with enthalpy of 34 mW/mg. The exothermic peak at 254.5 �C
could be due to the molecules arranging themselves to a lower energy
configuration or due to chemical cure.
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3.2. Fourier transform infra-red spectroscopy of drug and drug-loaded lipid
matrices

FT-IR spectroscopic analysis is usually carried out to evaluate any
possible molecular interactions between the drug and the matrices in the
solid state [49]. The infrared (IR) spectrum of any given compound is
always unique and characteristic of that compound [31]. The FT-IR
spectra of metformin, metformin-loaded lipid matrix (MT-loaded LM1)
and metformin-loaded PEGylated lipid matrix (MT-loaded PEG-LM1) are
presented in Figure 10. The FT-IR spectrum of pure metformin sample
showed principal characteristic absorption bands at 3456.55 cm�1 (N–H
stretching), 2931.90 cm�1 ((CH3)2–N absorption), 1643.41 cm�1 (N–H
deformation), 1396.51 cm�1 (N–H deformation), 1219.05 cm�1 (C–O
vibration), 1130.74 cm�1 (C–N stretching), 1103.32 cm�1 (C–N
stretching), 771.56 cm�1 (N–Hwagging), 601.81 cm�1 (C–H out of plane
bending) and 547.8 cm�1 (C–N–C deformation). The FT-IR spectra of
metformin-loaded lipid matrix (MT-loaded LM1) showed principal
characteristic absorption bands of metformin at 3441.12 cm�1 (N–H
stretching), 2916.47 cm�1 ((CH3)2–N absorption), 2854.74 cm�1

((CH3)2–N absorption), 1728.28 cm�1 (conjugated C¼C bond vibration),
1465.95 cm�1 (symmetric N–H deformation), 1404.22 cm�1 (N–H
deformation), 1219.05 cm�1 (C–O vibration), 1080.17 cm�1 (C–N
stretching), 964.44 cm�1 (N–H out of plane bending), 833.28 cm�1 (NH2
rocking), 725.26 cm�1 (C–H out of plane bending) and 524.66 cm�1

(C–N–C deformation). The FT-IR spectra of metformin-loaded PEGylated
lipid matrix (MT-loaded PEG-LM1) showed principal characteristic ab-
sorption bands of metformin at 3387.11 cm�1 (N–H stretching), 2916.47
cm�1 ((CH3)2–N absorption), 2854.74 cm�1 ((CH3)2–N absorption),
2337.80 cm�1 (-C¼C- stretching), 1975.17 cm�1 (aromatic –C¼O bond
vibration), 1720.56 cm�1 (conjugated C¼C bond vibration), 1458.23
cm�1 (N–H deformation), 1219.05 cm�1 (C–O vibration), 1064.74 cm�1

(C–N stretching), 964.44 cm�1 (N–H out of plane bending), 833.28 cm�1

(NH2 rocking), 725.26 cm�1 (C–H out of plane bending), 594.10 cm�1

(C–N–C deformation) and 524.66 cm�1 (C–N–C deformation). The peak
intensity of vibrations in the metformin-loaded lipid matrix and
metformin-loaded PEGylated lipid matrix may be reduced due to the
presence of hydrogen bonding [50]. All the characteristic peaks of met-
formin were present, although some had slightly reduced intensity,
signifying that there was no significant chemical interaction between the
drug-lipid or drug-polymer [51]. The presence of other peaks in the FT-IR
spectra of metformin-loaded lipid matrices indicates the presence of the
polymer (PEG 4000) and the lipids (beeswax and Phospholipon® 90H).
3.3. Mean particle size and polydispersity indices of the SLNs formulations

The combined particle size analysis and polydispersity index of the
formulations is shown in Figure 11. The solid lipid nanoparticles size was
found to be minimum (350.00 nm) for J0 and maximum (783.10 nm) for
the J10 batch. The PDI value of batch J0 and J40 was found to be 0.54 and
0.752 showing the minimum and maximum PDI in the formulation
respectively. The particle size distribution was normal and this was
confirmed by the polydispersity index. These results showed a unimodal
size distribution of the different particle sizes, indicating that the for-
mulations are stable [5]. Polydisperse systems have greater tendency to
aggregation than monodisperse system thus J0 is the most stable
formulation.
3.4. Scanning electron microscopy (SEM) of drug-loaded non-PEGylated
and PEGylated solid lipid nanoparticles

Figure 12 shows the image obtained for J20 (representative formu-
lation) by SEM. The image showed that the particles were segregated,
uniform in size and spherical/semi-spherical in shape which is the typical
morphological aspects of nanoparticles.
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3.5. Fourier transform infra-red spectroscopy of drug-loaded SLNs
formulations

The FT-IR spectra of metformin, metformin-loaded beeswax-based
non-PEGylated and PEGylated solid lipid nanoparticles (J0, J10, J20 and
J40) (b-e) in superposition are presented in Figure 13. The FT-IR spectrum
of pure metformin sample showed principal characteristic absorption
bands of metformin described previously. The FT-IR spectra of
metformin-loaded non-PEGylated SLN (J0) showed principal character-
istic absorption bands of metformin at 3371.68 cm�1 (N–H stretching),
2060.04 cm�1 (carboxylic acid C¼O vibration), 1643.41 cm�1, 1550.82
cm�1, 1411.94 cm�1 (N–H deformation), 1280.78 cm�1 (C–O vibration),
1072.46 cm�1 (C–N stretching), and 563.23 cm�1 (C–N–C deformation).
The FT-IR spectra of metformin-loaded PEGylated SLN (J10, J20, J40)
showed principal characteristic absorption bands of metformin and is
summarized as follows:

J10: 3363.97 cm�1 (N–H stretching), 2939.61 cm�1 ((CH3)2–N ab-
sorption), 2129.48 cm�1 (Carboxylic acid C¼O vibration), 1651.12 cm�1

(N–H deformation), 1504.53 cm�1 (N–H deformation), 1265.35 cm�1

(C–O vibration), 1064.74 cm�1 (C–N stretching) and 586.38 cm�1

(C–N–C deformation). J20: 3363.97 cm�1 (N–H stretching), 2931.90
cm�1, 2870.17 cm�1 ((CH3)2–N absorption), 2114.05 cm�1 (Carboxylic
acid C¼O vibration), 1643.41 cm�1 (N–H deformation), 1489.10 cm�1

(symmetric N–H deformation), 1226.77 cm�1 (C–O vibration), 1080.17
cm�1 (C–N stretching) and 563.23 cm�1 (C–N–C deformation). J40:
3379.40 cm�1 (N–H stretching), 3009.05 cm�1 ((CH3)2–N absorption),
1697.41 cm�1 (N–H deformation), 1234.48 cm�1 (C–O vibration),
1111.03 cm�1 (C–N stretching), 879.57 cm�1 (NH2 rocking), 748.41
cm�1 (N–H wagging), 632.67 cm�1 (C–H out of plane bending) and
586.38 cm�1 (C–N–C deformation). Overall FT-IR results suggested the
presence of no incompatibility between metformin and the excipients
used in the formulation.
3.6. Encapsulation efficiency and loading capacity of PEGylated and non-
PEGylated SLNs

The results of the encapsulation efficiency (EE%) and loading ca-
pacity (LC) of the SLNs are shown in Table 4. The encapsulation effi-
ciencies were in the range of 97.51–99.28% for SLNs, with the
formulation J20 showing the highest EE% while J10 had the least. How-
ever, all batches of the SLNs had good EE% (97.51–99.28%). The loading
capacity of all the batches of SLNs showed similar pattern. The loading
capacity (LC) of the SLN batches was in the range of 16.32–16.57 g of
metformin per 100 g of lipid. The SLN batch J20 had the highest loading
capacity while J10 had the least.

The drug loading efficiency could be affected by the drug's molecular
weight, volumetric size of the carrier, chemical interactions between the
drug and the carrier, solubility of the drug in the carrier andmiscibility in
the lipid matrix, and the lipid phase polymorphic state [17,20,52].
Increasing the crystalline order in the lipid matrices has a great impact on
the drug loading capacity, since an increase in order reduces the ability to
incorporate different molecules [20]. Thus, in order to decrease the de-
gree of lipid phase crystallinity and to increase loading capacity, Phos-
pholipon 90H (P90H), an amphiphilic phospholipid was incorporated
into the lipid matrix. Metformin has a high tendency to escape from lipid
matrix due to its high solubility in water [53] and may result in lower
drug loading. PEG-lipids, when added in high concentration may induce
formation of mixed micelles which may increase drug encapsulation ef-
ficiency [31]. This may account for the high encapsulation efficiency of
the SLNs. Previous studies have shown a reverse relationship between
particle size and loading parameters (loading efficiency and entrapment
efficiency). Formulations with lower particle sizes had higher encapsu-
lation efficiency and drug loading capacity, this is consistent with pre-
vious reports.
14
3.7. In vitro drug release from the metformin-loaded PEGylated and non-
PEGylated SLNs

Figure 14 shows the release profiles of metformin from all the batches
of PEG-SLN formulation in phosphate buffered solution (PBS, pH 7.4).
The in vitro release profiles of metformin in PBS indicate significant
release of metformin from all batches of the formulation. The different
batches of the formulations showed high release rate in the trend J40 >

J20 > J10 > J0>Glucophage®. The release rate of the drug was higher in
the formulations than the release in Glucophage®. Metformin was
released in a controlled manner over time. Similar drug release pattern
has been reported earlier [12]. This is expected as solid lipid nano-
particles slow down the mobility of drug out of the particles [54]. A study
by Xu et. al also showed an initial rapid release of metformin from SLNs
and chitosan modified SLN, which was predicted to be due to adsorption
of metformin on the surface of the nanoparticles [55]. Also, as the con-
centration PEG 4000 polymer used in the formulation increased the rate
of drug release increased. Thus, PEGylation enhanced the dissolution and
release rate of the drug from the formulations.

In order to identify a particular release mechanism, experimental data
of statistical significance were compared to a solution of the theoretical
model [56]. Four different mathematical models were used to describe
the kinetics of metformin release from the PEG-SLNs formulations. The
most appropriate model of drug release was selected based on the
goodness-of-fit test. The results showed that all the prepared formula-
tions follow zero-order kinetics as shown in Table 5. The equation is of
this model for batch J40 (representative sample) is

y ¼ 6:4972x þ 0:1697; r ¼ 1:0000

Although the formulations showed good fit into zero order, Kors-
meyer–Peppas, Higuchi and First order with good correlation coefficient
(r2 � 0.8669). Thus, the formulations predominantly followed the
diffusion mechanism of drug release. While zero-order rate describes the
systems where the drug release rate is independent of its concentration,
first-order describes drug release from systems where the release rate is
concentration-dependent. Higuchi kinetics describes drug release from
systems where the drug is dispersed in an insoluble matrix as a square
root of a time-dependent process based on Fickian diffusion [57]. Kors-
meyer–Peppas model also known as power law describes drug release
from a polymeric system. The n value obtained from Korsmeyer-Peppas
plot is important since it is related to the mechanism of drug release
(i.e., Fickian diffusion or non-Fickian diffusion). The values of n for all
batches of the formulations were >0.5 and <1, which indicates the
non-Fickian diffusion transport [58–60].

3.8. In vivo antidiabetic activity

The results of the anti-diabetic studies of the different nano-
formulations administered orally to alloxan-induced diabetic rats, in
comparison with the pure drug and commercially available product are
shown in Figure 15 and Table 6. Figure 15 shows a chart representation
of the percentage reduction in blood glucose whereas Table 6 shows the
time course profile of blood glucose response in the rats. The anti-
diabetic activity of the nanoformulations were assessed by measuring
the percentage reduction blood glucose concentration of the nano for-
mulations (J0, J10, J20 and J40), pure drug and commercially available
product in vivo. The groups treated with 100 mg/kg of the J0, J10, J20
and J40 formulations showed higher and more sustained reduction in
glucose level than those treated with the pure drug, which is an indi-
cation of improved performance produced by the nanoformulations, as
shown in Figure 15. In animal groups treated with 100 mg/kg of these
nanoformulations, the blood glucose reduction effectively commenced
within an hour of oral administration; this may be attributed to high
release rate of metformin adsorbed onto the surface of the lipid
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nanoparticles: burst effect. The maximum blood glucose reduction
(Tmax) was achieved in 3 h in batch J0, J20 and J40 and 6 h in batch J10
after which blood glucose level rose slightly. The percentage reduction
in blood glucose level produced by the nanoformulations (J20, J10, J0
and J40) at these times reduced from 100% to 54.02, 52.35, 44.27 and
41.28%, respectively. Studies have shown that lipids and lipid-based
excipients can influence oral absorption, bioavailability and disposi-
tion of drugs. This influence could be by altering the composition and
character of the intestinal milieu, recruiting intestinal lymphatic drug
transport, and interaction with enterocyte-based transport processes or
other physiological effects, such as retarded gastric emptying [61].
Generally, the nanoformulations dosed at 100 mg/kg in comparison
with pure metformin and the commercial sample, maintained the blood
glucose level of the rats within the normoglycemic level for 24 h. This is
consistent with similar study where metformin hydrochloride-loaded
lipid vesicle showed significant reduction in blood glucose in
alloxan-induced diabetic rats in a sustained pattern when compared
with pure metformin hydrochloride [62].

4. Conclusion

The use of metformin for treatment of diabetes mellitus is limited by
low bioavailability, short biological half-life, requirement for multiple
daily doses, coupled with patient's requirement of life-long treatment
and repeated administrations of doses thus reduced patient compliance.
This study evaluates the potential of metformin–loaded beeswax based
PEGylated solid lipid nanoparticles (PEG-SLN) for enhanced metformin
delivery to treat diabetes mellitus. Metformin–loaded beeswax based
PEGylated solid lipid nanoparticles (PEG-SLN) were successfully pre-
pared by high shear hot homogenization method using structured lipids
(beeswax and Phospholipon® 90H) and PEG 4000 and evaluated for
improved treatment of diabetes mellitus. Solid-state characterization
performed on the lipid matrices used in preparing the formulations
confirmed the suitability of the lipid matrices and their compatibility
with metformin. The present study suggests that PEGylated solid lipid
nanoparticles are suitable carriers for oral delivery of metformin and
other hydrophilic drugs. Hence by the application of these nano-
formulations, bioavailability and duration of metformin can be
increased for efficient treatment of diabetes mellitus. This study has
shown that PEGylated SLNs represent a promising approach for
improving the duration and delivery of metformin for effective treat-
ment of diabetes, thus necessitating further development of the
formulation.
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