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A B S T R A C T

Metformin hydrochloride (MTH) has been associated with poor/incomplete absorption (50–60%), low
bioavailability, short half-life (0.4–0.5 h), high dosage and dose-related side effects. To overcome these barriers
and improve oral bioavailability and efficacy of MTH, surface-modified nanostructured lipid carriers (NLCs) were
developed. Lipid matrices composed of rational blends of beeswax and Phospholipon® 90H (as solid lipids) and
Capryol-PGE 860 (as liquid lipid) were prepared by fusion, and the resultant lipid matrices were PEGylated to give
10, 20 and 40% PEGylated lipid matrices. MTH-loaded non-PEGylated and PEGylated NLCs were prepared via
high-shear hot homogenization and characterized regarding particle properties and physicochemical perfor-
mance. The encapsulation efficiencies (EE%) and loading capacities (LC) of the MTH-loaded NLCs were deter-
mined while the in vitro drug release was evaluated in phosphate buffered saline (PBS, pH 7.4). Antidiabetic and
pharmacokinetics properties of the NLCs were ascertained in an alloxan-induced diabetic rats model after oral
administration. The MTH-loaded NLCs were nanomeric (particle size: 184.8–882.50 nm) with low polydispersity
index (0.368–0.687) and zeta potential (26.5–34.2 mV), irregular shape, amorphous nature with reduced crys-
tallinity. The EE% and LC were >90 % and 16%, respectively. The formulations showed >65 % release over 12 h
in a greater sustained manner than marketed MTH formulation (Glucophage®) as well as enhanced pharmaco-
kinetics properties and sustained blood glucose lowering effect, even at reduced doses with PEGylated NLCs than
Glucophage®. Thus, PEGylated NLC is a promising approach for improved delivery and oral bioavailability of
MTH thus encouraging further development of the formulation.
1. Introduction

Metformin is a widely prescribed antidiabetic drug [1], belonging to
the class III biopharmaceutics classification system (BCS), characterized
by high solubility and low permeability [2], which lowers basal and
postprandial blood glucose concentrations. In recent treatment guide-
lines for diabetes management issued by the American Diabetes Associ-
ation and European Association for the Study of Diabetes, metformin is
indicated as the first-line pharmacotherapeutic agent for the treatment of
type 2 diabetes mellitus [1]. Despite its wide usage, upon oral adminis-
tration, metformin is known to be associated with low and incomplete
gastrointestinal absorption (40–60 %), comparatively high pre-systemic
oparticles" Special issue.
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clearance – resulting into low bioavailability, and relatively short bio-
logical half-life (0.4–0.5 h). These pharmacokinetic properties of met-
formin culminate into high dose administrations and dosage frequency,
increased incidence of dose-related side effects, and reduced patients’
compliance [3, 4, 5]. As measures which provide certain levels of solu-
tions and improvements, formulation and biomaterial scientists have
designed, developed and explored several novel delivery systems with
modifications through chemical and physical methods [5]. Amongst
these measures are lipid drug delivery systems (solid lipid microparticles,
lipid-drug conjugates, solid lipid nanoparticles, nanostructured lipid
carriers, etc.) and surface modification (such as PEGylation) or
functionalization.
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This study investigated the pharmacodynamic effects of metformin
delivered orally through a surface modified-lipid-based drug delivery
system – PEGylated nanostructured lipid carriers (NLCs). NLCs are
nano-delivery systems made up of rational mix of solid lipids with
spatially incompatible liquid/fluid lipids, preferably in ratios of 70:30
to 99.9:0.1, presenting as imperfect-type, amorphous-type or multiple-
type NLC. NLC was developed as a result of the search by formulation
scientists for the solutions to the failures/limitations of solid lipid
nanoparticles (SLNs) and other colloidal carriers viz., nanoemulsion,
polymeric nanoparticles, liposomes, etc. Such limitations, including
low payload, drug expulsion during storage, and high water content,
have been surmounted by the whole set of unique advantages of NLCs
[6]. These advantages include enhanced drug loading capacity, pre-
vention of drug expulsion, improved flexibility for drug release, and
versatility for various routes of administrations. Also, NLC matrices
accommodate more drug molecules than solid lipid nanoparticles. This
is due to the special spatial arrangements of different lipid molecules –
liquid and solid lipids – within NLC matrix, which increases the
imperfection of the matrix, thus allowing NLCs to load more drug
molecules [7, 8].

Nanoparticles are known to possess chemical and physical properties
which affect their pharmacokinetics and biodistribution. The size, sur-
face charge and surface chemistry of nanoparticles affect their intracel-
lular uptake and internalization, and this also culminates into increased
serum protein (opsonins) binding through a process called opsonization
and the resultant uptake and internalization by macrophage - also called
reticuloendothelial system (RES) or the mononuclear phagocytes system
(MPS) [9]. Hence, nanoparticles and the drug molecules loaded in them
are lost from the circulation. To improve the plasma circulation time of
nanoparticles and prevent unnecessary drug loss, formulation scientists
employ the methods of nanoparticle surface modification and/or func-
tionalization [10]. One of the most popular methods of
nanocarriers-surface modification is PEGylation [9].

PEGylation is a process that involves the use of polyethylene glycol
(PEG), a non-toxic, non-irritant, inert hydrophilic polymer, which is
conjugated on the surface of the nanoparticles by covalent grafting,
entrapping or adsorbing of PEG chain [5, 10]. The PEG chains provide
steric hindrances against plasma protein binding; thus, improve the sta-
bility of nano-drug delivery systems. The resultant effect is improved
pharmacokinetics and pharmacodynamics of nanoparticles and drugs,
improved biodistribution and dwelling time at the site of action, and
increased therapeutic efficacy due to increased drug concentration.
PEGylation has made possible the optimized delivery of both hydrophilic
and hydrophobic drugs [5, 9, 11].

Metformin is a hydrophilic drug, always recommended to be
administered orally with food to improve its absorption and bioavail-
ability. A clinical trial conducted to determine the effect of food on the
pharmacokinetics of metformin has proven that the bioavailability of
metformin is significantly increased when administered with fatty meal
[12]. This informed our choice of lipid-based delivery system as our
proposed potential carrier for enhanced delivery of metformin. Over
the years, formulation scientists have employed NLCs as novel
lipid-based delivery vehicle for therapeutic molecules – including hy-
drophobic and hydrophilic drug molecules [13] – thus achieving smart,
targeted, controlled and/or sustained drug release for improved effi-
cacy/potency [14, 15, 16, 17]. More so, PEGylation has also proven to
be an effective means of enhancing the properties of NLCs in the de-
livery of drugs [18, 19, 20, 21, 22, 23]. More recently, a comparative
study carried out by Qushawy [2] involved the use of Capryol 90-based
NLC to investigate optimization of formulations for controlled release
of metformin and enhanced metformin penetration. However, the
paucity of information in the literature on the potential merits of using
PEGylated Capryol-polyglycerol ester (PGE) 860-based NLCs based on
beeswax for the delivery of metformin necessitated this investigation.
Capryol-PGE 860 (propylene glycol monocaprylate), a monoester of
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caprylic acid, is semi-synthetic oil which is used as the liquid lipid for
the preparation of the NLC lipid matrices. It has self-emulsifying
properties, bioavailability-enhancing properties due to its inhibitory
actions on CYP3A4 enzyme, as well as prevents agglomeration in for-
mulations [24]. The significance is that PEGylated NLC would impart a
lipophilic character to the hydrophilic metformin, this will help better
membrane permeability thereby increasing its antidiabetic efficacy and
oral bioavailability. This technique has been used to enhance the
therapeutic efficacy of drugs by enabling increased drug concentration
and longer dwelling time at the site of action via various routes [20, 21,
22, 23]. The novelty embodied in this research is that this is the first
report on the use of PEGylated NLCs based on solidified reverse micellar
solutions (SRMS) of beeswax and Phospholipon® 90H (a phospholipid)
template with Capryol-PGE 860 for enhanced antidiabetic activity and
oral bioavailability of metformin. The NLCs formulated were charac-
terized based on morphology, thermal properties, compatibility studies,
particle sizes, and polydispersity indices. Also, the encapsulation effi-
ciency (EE %) and in vitro drug release patterns of the NLCs were
evaluated. Furthermore, the in vivo pharmacodynamic (antidiabetic)
properties of the NLC formulations were evaluated using
alloxan-induced diabetic animal model, in comparison with a com-
mercial metformin sample (Glucophage®).

2. Materials and methods

2.1. Materials

The pure sample of metformin used 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, Hilden,
Germany), sorbic acid (Foodchem Int. Co., China), polyethylene glycol
4000 (PEG 4000) (Ph. Eur. Carl Roth GmbH þ Co. KG Karlsruhe, Ger-
many), beeswax (Carl Roth, Karlsruhe, Germany), Polysorbate 80
(Tween® 80) (Acros Organics, Geel, Belgium), Capryol-PGE 860
(Gattefoss�e, Saint – Priest Cedex, France), Glucophage® purchased from
model pharmacy University of Nigeria, Nsukka (Merck KGaA, Darmstadt,
Germany), Alloxan (Merck KGaA, Darmstadt, Germany) and double
distilled water (Lion water, University of Nigeria, Nsukka, Nigeria) and
other solvents and reagents were used as procured from their manufac-
turers without further purification. Adult albino Wistar rats of both sexes
were procured from the Faculty of Veterinary Medicine, University of
Nigeria, Nsukka, Nigeria.

2.2. Methods

2.2.1. Preparation of non-PEGylated and PEGylated lipid matrices
Non-PEGylated and PEGylated lipid matrices were prepared by fusion

method [25] using beeswax (BW) and Phospholipon® 90H (P90H) (as
solid lipids) in combination with Capryol-PGE 860 (as liquid lipid) fol-
lowed by PEGylation. The solid lipids and liquid lipid were used at 7:3
ratio (i.e. 21.0 g of BW/P90H admixture and 9.0 g of capryol-PGE 860).
First of all, the solid lipids (21.0 g of beeswax and 9.0 g of P90H) were
weighed, added in a glass beaker placed in an oil bath (liquid paraffin)
and melted together in the temperature-regulated bath at a temperature
of 70 �C. The combination mixture was vigorously mixed consistently
until a transparent white melt which was homogenous was obtained. The
homogenous mixture of the lipid matrix (LM1) was mixed further at room
temperature until it solidifies. This lipidmatrix (LM1) wasmelted after 24
h in a thermo-controlled bath at a temperature of 80 �C followed by
addition of the liquid lipid [9.0 g or 8.98 ml of capryol-PGE 860]. The
mixture was stirred further to get a homogenous, transparent white melt
[lipid matrix (LM3)] which was allowed to solidify also at room tem-
perature. Moreso, after 24 h, various quantities (90, 80 and 60 %w/w) of
the latest prepared non-PEGylated lipid matrix (LM3) were melted
together with corresponding amounts of polyethylene glycol (PEG 4000)



Table 1. Optimized formula for the preparation of the non-PEGylated and
PEGylated NLCs.

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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(10, 20 and 40 %w/w) incorporated at 80 �C over the oil bath to give
PEGylated lipid matrices (PEG-LM1, PEG-LM2 and PEG-LM3) containing
1:9, 2:8, 4:6 ratios of PEG: lipid matrix, respectively, which were stirred
properly and allowed to solidify also. The non-PEGylated and PEGylated
lipid matrices were thereafter stored in airtight and moisture resistant
glass bottles away from light until used.

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 [14] using the non-PEGylated and
PEGylated lipid matrices and metformin. With target non-PEGylated
and PEGylated lipid concentration of 5.0 %w/w and target drug con-
centrations of 1.0 %w/w of metformin in the non-PEGylated and
PEGylated nanostructured lipid carriers to be developed, 2.5 g of each
of the lipid matrices was melted in the temperature-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, trans-
parent white melt was obtained. The homogenous mixtures of the
drug-loaded lipid matrices (MTH-loaded LM3 and MTH-loaded
PEG-LM3 or Drug-loaded LM3 and Drug-loaded PEG-LM3) were stirred
further at room temperature, allowed to solidify and thereafter stored
in airtight and moisture resistant glass bottle in the refrigerator until
used.

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

Thermal properties of beeswax, Phospholipon® 90H (P90H),
beeswax-based P90H-modified lipid matrix (LM1), capryol-containing
non-PEGylated beeswax-based P90H-modified lipid matrix (LM3),
PEG 4000, capryol-containing PEGylated beeswax-based P90H-modi-
fied lipid matrix (PEG-LM3), metformin and metformin-loaded non-
PEGylated and PEGylated beeswax-based P90H-modified lipid matrices
(MT-loaded LM3 and MT-loaded PEG-LM3 or Drug-loaded LM3 and
Drug-loaded PEG-LM3) were determined using a differential scanning
calorimeter (DSC Q100 TA Instrument, Germany). About 5 mg of each
sample was weighed into an aluminum pan, hermetically sealed and the
thermal behavior ascertained 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 de-
terminations, 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 lipid matrices

The spectroscopic analysis was conducted on metformin and repre-
sentative metformin-loaded capryol-containing non-PEGylated and
PEGylated beeswax-based P90H-modified lipid matrices (MTH-loaded
LM3 and MTH-loaded PEG-LM3 or Drug-loaded LM3 and Drug-loaded
PEG-LM3) using a Shimadzu FT-IR 8300 Spectrophotometer (Shi-
madzu, Tokyo, Japan) at the wavelength 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 done using a smart attenuated total reflection (SATR)
accessory. Approximately 0.1 g of each sample was mixed with 0.1 ml
nujul diluent. The solution was introduced into the potassium bromate
(KBr) plate, which was initially cleaned with a tri-solvent (aceto-
ne–toluene–methanol at 3:1:1 ratio) mixture for baseline scanning, 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 spectra
collected in 60 s using Gram A1 spectroscopy software, and the chemo-
metrics were performed using TQ Analyzer1.

The above procedure was extended to the determination of the
compatibility of non-PEGylated and PEGylated NLC formulations by FT-
IR spectroscopy. However, in this case, approximately 0.1 ml volume of
each of the formulation was mixed with 0.1 ml nujul diluent, introduced
into the KBr plate before compression into discs.
3

2.2.5. Preparation of non-PEGylated and PEGylated nanostructured lipid
carriers

Non-PEGylated and PEGylated nanostructured lipid carriers encapsu-
lating metformin (G0, G10, G20, G40) 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 [7, 14, 25, 26]. Briefly,
specified quantity of each of the lipid matrix (5 %w/w) was placed in glass
beaker and melted at 80 �C in the temperature-regulated heater (IKA in-
strument) 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 Polysorbate® 80 (2 %w/w) was 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 a high speed homogenizer (Ultra-Turrax T25, IKA-Werke, Staufen,
Germany) at 1000 rpm for 5 min. The resulting pre-emulsion was ho-
mogenized at 15,000 rpm for 30min, and allowed to cool properly at room
temperature. In this manner, non-PEGylated lipid matrix (LM3), as well as
PEGylated lipid matrices (PEG-LM1, PEG-LM2 and PEG-LM3) were used to
prepare non-PEGylated NLC (G0) as well as PEGylated NLC (G10, G20, and
G40), respectively. The formulation compositions of the non-PEGylated and
PEGylated NLCs are shown in Table 1.
2.3. Characterization of non-PEGylated and PEGylated NLCs

2.3.1. Determination of particle sizes, polydispersity indices and surface
charges

The particle properties [average particle diameter, Z. Ave (nm) and
polydispersity indices (PDI)] of the formulations were measured using a
zetasizer nano-ZS (Malvern Instrument, Worceshtire, UK) equipped with
a 10 mw He-NE laser employing the wavelength of 633 nm and a back-
scattering angle of 1730 at 25 �C. Prior to the photon correlation spec-
troscopic (PCS) analysis, each sample was diluted with double-distilled
water to obtain a suitable scattering intensity.

Zeta potentials or surface charges (ζ) of metformin-loaded PEGylated
and metformin-loaded non-PEGylated nano lipid carrier formulations
were estimated using dynamic light scattering (DLS) (Malvern In-
struments, Japan). In each case, samples were diluted with deionized
water) to avoid multiple scattering and to maintain the number of counts
per second in the region of 600, and measured at angle of 90� and
temperature of 25 �C. All measurements were performed in triplicate and
averaged.

2.3.2. Scanning electron microscopy (SEM)
The morphological characteristics 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.

2.3.3. Determination of encapsulation efficiency (EE %) and loading
capacity (LC %)

The encapsulation efficiency of each formulation was determined.
Approximately 5 ml volume of each formulation was placed in a centri-
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fuge tube and the tubes assembled in a centrifuge (TDL-4 B. Bran Sci-
entific and Instru. Co. England) and centrifuged for 30 min at an opti-
mized speed of 4000 rpm to obtain two phases (the aqueous and lipid
phases). A 1 ml volume of the aqueous phase was measured out using a
syringe and then diluted 10, 000 - fold using distilled water. The absor-
bance readings of the dilutions were obtained using a UV-VIS spectro-
photometer (6405 Jenway, Dunmow, UK)) at a predetermined
wavelength of maximum absorption of 231.5 nm. The amounts of drug
encapsulated in the NLCs were calculated with reference to the standard
Beer-Lambert’s plot for metformin in distilled water, while the EE % was
calculated using Eqs. (1) or (2):

Encapsulation efficiency ðEE %Þ¼ Actual drug content
Theoritical drug content

� 100 Eq. (1)

EE %¼ ½Total drug � Drug in aqueous phase�
½Total drug load� � 100 Eq. (2)

LC is expressed as the ratio between the entrapped drug by the lipid
and the total quantity of the lipids used in the formulation. This was
calculated using Eq. (3):

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

� 100

Eq. (3)

2.4. In vitro drug release study

The USP XXII rotating paddle apparatus (Erweka, GmbH Germany)
was employed for this release study using the dialysis technique [27].
The release medium consisted of 500mL of freshly prepared phosphate
buffered saline (PBS, 0.1 M, pH¼ 7.4) maintained at 37� 1 �C by means
of a thermostatic water bath. The polycarbonate dialysis membrane
(length 7 cm, diameter 4 cm, MWCO 10,000; Spectrum, Los Angeles,
USA) used as a release barrier was pre-treated by soaking in the release
medium for 24 h prior to the commencement of each release experiment.
In each case, 2 ml of the drug-loaded non-PEGylated and PEGylated
NLCs, and one (500 mg) commercially available metformin hydrochlo-
ride tablet (Glucophage®) was placed in the dialysis membrane, securely
tied with a thermo-resistant thread and then immersed in the release
medium under agitation provided by the paddle at 100 rpm. At pre-
determined time intervals (30, 60, 120, 180, 240, 300, 360, 420, 480 and
600 min), 5 mL portions of the release medium were withdrawn and
replaced with equal volume (5 mL) of the medium, thermostatically
heated to the same temperature to maintain a sink condition), filtered
with a pore size of 0.22 mm (Millipore filter, Delhi, India), and analyzed
spectrophotometrically (6405 Jenway, Dunmow, UK)) at a wavelength of
maximum absorption of 231.5 nm. The amount of drug released at each
time interval was determined with reference to the standard Beer’s plot
for metformin in PBS. The percentage of metformin released was plotted
against time.

2.5. In vivo studies

2.5.1. 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 Institu-
tional Animal Care and Use Committee of the University of Nigeria,
Nsukka. 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_017X) 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 temperature of 37 � 1 �C using warming lamps and left for one
4

week to acclimatize with the new laboratory environment while being
fed with standard laboratory low chow diet. All the animals were fasted
for 12 h, but were allowed free access to water before the commencement
of the antidiabetic studies.

2.5.2. Induction of experimental diabetes
Rats of either sex weighing 150–200 g were fasted for 12 h before the

induction of diabetes, which was done by a single intraperitoneal injec-
tion of freshly prepared solution of alloxanmonohydrate in normal saline
(0.9 % NaCl) dosed at 150 mg/kg 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
hypoglycemic phase. The animals were observed and found to have
frequent urination, and after 48 h, blood was withdrawn from the tail
vein of the animals and the blood glucose level measured with a gluc-
ometer (Accu-check, Roche, USA). The diabetic rats (glucose level above
200 mg/dl) were selected and separated to be used in the evaluation of
antidiabetic activity and randomly divided into ten different groups (n ¼
6). Animal ethical procedures were strictly followed in accordance with
the requirements of the Ethical Committee, Faculty of Pharmaceutical
Sciences, University of Nigeria, Nsukka.

2.5.3. Evaluation of anti-diabetic activity
Sixty (60) diabetic (glucose level above 200mg/dl)Wistar rats (either

sex) were used for the evaluation of the anti-diabetic effects of the for-
mulations. The diabetic rats were divided into ten groups of six animals
in each group, and each group of animals was housed in a separate cage.
The sample batches were administered orally to the animals as follows:

❖ Group I: received the test formulation (batch G0) equivalent to 100
mg/kg dose of metformin hydrochloride.

❖ Group II: received the test formulation (batch G10) equivalent to 100
mg/kg dose of metformin hydrochloride.

❖ Group III: received the test formulation (batch G20) equivalent to 100
mg/kg dose of metformin hydrochloride.

❖ Group IV: received the test formulation (batch G40) equivalent to 100
mg/kg dose of metformin hydrochloride.

❖ Group V: received the test formulation (batch G10) equivalent to 50
mg/kg dose of metformin hydrochloride.

❖ Group VI: received the test formulation (batch G20) equivalent to 50
mg/kg dose of metformin hydrochloride.

❖ Group VII: received the test formulation (batch G40) equivalent to 50
mg/kg dose of metformin hydrochloride.

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

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

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

All the samples for treatment were administered orally. Blood sam-
ples of the animals were collected from the tail vein afterwards 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. (4).

% Glycaemic change ¼ Initial Conc – Final Conc
Initial Conc

� 100 Eq. (4)

2.5.4. Oral bioavailability study
Eighteen (18) rats were made diabetics as described in the preceding

section on antidiabetic study, randomly divided into three groups of six
rats each and orally administered with the formulations as follows:

Group I: received the MT-loaded non-PEGylated NLC formulation
(batch G0) equivalent to 100 mg/kg dose of metformin
hydrochloride.
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Group II: received the MT-loaded PEGylated NLC formulation (batch
G20) equivalent to 100 mg/kg dose of metformin hydrochloride.
Group III: received Glucophage® (reference sample) equivalent to 100
mg/kg dose of metformin hydrochloride (positive control).

Blood samples of the animals were collected from the tail vein af-
terwards at time intervals of 0, 1, 3, 6, 12, and 24 h using heparinized
hematocrit tubes. The heparinized blood samples were centrifuged at
5,000 rpm for 5 min to separate the plasma, which were stored at -4 �C
till analyzed. For each sample, 0.2 ml of the plasma sample was depro-
teinated by diluting with equal volume of acetonitrile and centrifuged at
2,000 rpm for 5 min. Then 0.1 ml of the supernatant was diluted in
distilled water and assayed for drug content using a digital spectropho-
tometrically (Unico 2102 PC UV/Vis Spectrophotometer, New York,
USA). The plasma from the blood withdrawn at zero hour was similarly
diluted and used as blank and for the preparation of calibration curve.
Amounts of drug in the plasma were plotted against time to obtain the
plasma concentration time curve, which was further evaluated to obtain
the pharmacokinetic parameters including the maximum plasma con-
centration (Cmax) and the corresponding time (Tmax) which were deter-
mined directly from the concentration-time data.

2.6. Statistical analysis

All experiments were performed in replicates for validity of statistical
analysis. Results were expressed as mean � SD. ANOVA and Student’s t-
test were performed on the data sets generated using SPSS. Differences
were considered significant for p-values < 0.05. The pharmacokinetic
parameters were calculated using Phoenix® WinNonlin (version 6.3;
Pharsight, St Louis, MO, USA), based on the average blood drug con-
centration. Area under the curve (AUC) from 0 to 24 h was calculated
using the program’s linear trapezoidal rule. Maximum plasma concen-
tration (Cmax) and time needed to reach the maximum plasma concen-
tration (Tmax) were determined directly from the concentration-time
data.

3. Results and discussion

3.1. Thermal characterization

The thermal properties of beeswax, Phospholipon® 90H, the plain
lipid matrices (LM1 and LM3), PEG – 4000, the PEGylated lipid matrix 3
(PEG - LM3), metformin, the drug-loaded lipid matrix (i.e. LM3) and the
drug - loaded PEGylated lipid matrix (i.e. PEG – LM3) are shown in
Table 2 while their respective DSC thermographs are depicted in
Figures 1a-f and 2. Differential scanning calorimetry (DSC) is commonly
Table 2. Thermal properties of PEG-4000, drug, plain and drug-loaded non-
PEGylated and non-PEGylated lipid matrices.

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

Type of peak

Beeswax 73 -55.3 Endothermic

Phospholipon® 90H (P90H) 122.1 -38.9 Endothermic

88.6 -32.5 Endothermic

LM1 107.5 -4.5 Endothermic

LM3 278.3 2.1 Exothermic

PEG-4000 74.5 -3.8 Endothermic

PEG-LM3 90.5 -14.2 Endothermic

Metformin 265.5 -28.4 Endothermic

Drug-loaded LM3 93.5 -4.0 Endothermic

257.0 -7.6 Endothermic

Drug-loaded PEG-LM2 85.6 -3.2 Endothermic

93.5 -2.1 Endothermic

256.0 -4.9 Endothermic
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used to measure the heat loss or gain resulting from physical or chemical
changes within a sample as a function of temperature. This provides a
means through which the state, melting/thermal and crystallization
properties of lipid nanoparticles, including NLCs, can be studied and
characterized. The mixing pattern/behaviors of the component solid and
liquid lipids of NLC, as well as those of other components of the formu-
lation can be investigated using DSC [8, 18, 28]. The melting endotherm
of LM1 (mixture of solid lipids i.e. beeswax, BW and Phospholipon® 90H,
P90H) was observed to be 88.6 �C with an enthalpy of – 32.5 mW/mg
while that of LM3 was observed to be 107.5 �C with an enthalpy of – 4.5
mW/mg Figure 1c and 1d show that with LM1 (solid lipids only), the peak
was a steep slope – a sharp endothermic peak - (in Figure 1c) while with
LM3 (having the liquid lipid – Capryol PGE 860 – in the lipid blend), the
peak gradually broadened (showing an increase in the width of melting
area, mostly from the onset point to the end of the melting process) – (in
Figure 1d). This increase/broadening indicates more imperfection in the
crystal structure and normally pronounced in lipid-based drug delivery
systems such as NLCs with higher content of the liquid lipid [8, 28]. The
DSC profile of PEG – 4000 showed a sharp endothermic peak corre-
sponding to a slightly low melting peak of 74.5 �C. However, when the
lipid matrix (LM3) was PEGylated, the PEG reduced the melting point of
the resulting combination to 90.5 �C with an enthalpy of – 14.2 mW/mg.
This melting point depression is normally observed when one compound
dissolves in another compound, and indicates good miscibility of the
components and can be attributed to the ability of the PEG to reduce the
crystallinity of the lipids [28]. The melting endothermic peak of met-
formin was obtained as 265.5 �C with an enthalpy of - 28.4 mW/mg
(Figure 2a). The drug – loaded LM3 was observed to have a melting
endothermic peak of 93.5 �C (Figure 2b) indicating that the
non-PEGylated lipid was able to reduce the crystallinity of the drug while
that for the drug–loaded PEG–LM3 was observed to be 85.6 �C with an
enthalpy of – 3.2 mW/mg (Figure 2c), indicating that the PEGylated lipid
was able to further reduce the crystallinity of the drug (than the
non-PEGylated lipid). The probable distortion of the crystal structure of
the lipids leading to the observed reduction in the endothermic peaks
may be of advantage in drug encapsulation. The DSC thermograms of the
metformin–loaded non-PEGylated and PEGylated lipid matrices showing
no drug melting peak between the ranges of 100 �C–200 �C indicate that
the drug was not in crystalline form but rather in the amorphous form.
These observances are similar to the findings on NLCs reported in the
literature [8, 18]. The amorphous form would have higher energy with
increased surface area, subsequently higher solubility, dissolution rates
and bioavailability, consistent with earlier report [8].

3.2. Fourier transform infra-red (FT-IR) spectroscopy of drug and drug-
loaded lipid matrices

The results for the FT-IR spectroscopic analysis of metformin (MT),
MT – loaded LM3, and MT – loaded PEG – LM3 are presented in Table 3 as
well as in Figure 3. Significant changes in the characteristic bands of the
FT-IR spectra were observed, suggesting an alteration in drug micro-
milieu. The diagnostic absorption peaks and the type of bonds of MT,
when compared to that of MT-loaded LM3, showed that the absorption
bands at 1219.05 cm�1 (C–O vibration) and 601.81 cm�1 (C–H out of
plane bending) obtained with MT is absent with MT-loaded LM3. This
suggests an interaction between the two components, which might
facilitate the effective solubilization and incorporation of MT into the
lipid materials. Interestingly, the PEGylation of LM3 resulted in the
restoration of the absorption band at 1219.05 cm�1 (C–O vibration), and
may be ascribable to the formation of non-covalent bonds (e.g., hydrogen
bond, hydrophilic interaction) between the groups containing an elec-
tronegative nitrogen (N) atom of MT and the ether oxygen group of PEG,
and the generation of the absorption band 964.44 cm�1 (N–H out of
plane bending). Also the diagnostic absorption peaks and the type of
bonds of MT-loaded LM3, when compared to that of MT-loaded PEG-LM3,
showed that the absorption bands at 2345.52 cm�1 (-C¼C- stretching)



Figure 1. Differential scanning calorimetry (DSC) thermograph of (a) beeswax (BW), (b) Phospholipon® 90H (P90H), (c) structured lipid matrix (BW:P90H) (7:3)
(LM1), (d) Phospholipid-modified beeswax-based lipid matrix structured with capryol-PGE 860 (LM3), (e) PEG 4000, and (f) PEGylated lipid matrix (PEG-LM3).
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obtained with the former is absent in the later. This also suggests an
interaction between PEG and the lipid matrix which might facilitate the
conjugation of PEG onto the lipid matrix through the formation of a
covalent bond (e.g., lipophilic interaction). Hence, other major peaks
present in MT and in the MT-loaded LM3, except for those mentioned
above, were also observed in the combinations, indicating areas of no
significant chemical interaction. Also, no peaks indicating in-
compatibilities resulting from the formation of an entirely different/new
entity were observed in the FT-IR spectrums; thus, indicating compati-
bility between the drug and excipients used in the formulations.

3.3. Mean particle sizes, polydispersity indices and surface charges of the
developed formulations

The photon correlation spectroscopy (PCS) analysis results (particle
size distribution by intensity) of the capryol-based non-PEGylated and
PEGylated nanostructured lipid carriers are depicted in Figure 4
whereas Figure 5 shows the diagrammatic representation of the mean
particle sizes and the polydispersity indices (PDIs) of the various
batches of the NLC formulations (non-PEGylated and PEGylated). The
6

mean particle sizes for non-PEGylated NLC (G0), PEGylated NLC (G10),
PEGylated NLC (G20), and PEGylated NLC (G40) containing 0, 10, 20
and 40% of PEG-4000, respectively, in the lipid matrix used in the
nanoparticles formulation, were observed as 305.90, 184.80, 268.40,
and 882.50 nm, respectively while their PDIs were 0.368, 0.548, 0.58,
and 0.687, respectively. Particle characterization is essential to ensure
the production of stable colloidal systems of suitable quality [29].
Meanwhile, all the particles were within the nanometer ranges as ex-
pected of a well formulated NLC. Batch PEG – NLC (G10) had the nar-
rowest particle size, and as such would be expected to provide a better
stability with little or no chance for particle growth. Also, it was
observed that the 10 % PEGylated NLC (G10) has reduced mean particle
size compared to the non-PEGylated NLC (G0). This decrease could be
attributed to the properties and actions of PEG on the NLC, and agrees
with findings by other researchers [29, 30, 31, 32]. PEG, being a
non-ionic surfactant has been reported to effect reduction in particulate
sizes when intercalated onto lipid layers. This effect is associated with
the formation of resistant closely packed mixed films on interaction
with lipid layer. These results are consistent with those of previous
findings [29, 30, 31, 32]. The result also showed that increasing the



Figure 2. DSC thermographs of sole MT (a) and MT-loaded non-PEGylated (b) and PEGylated lipid matrices (c).
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Table 3. Fourier transform infra-red (FT-IR) profiles of MT, MT-loaded PEGy-
lated and MT-loaded non-PEGylated lipid matrices.

Sample Principal peak (cm�1) Type of bond

Metformin (MT) 3456.55 N–H stretching

2931.90 (CH3)2–N absorption

1643.41 N–H deformation

1396.51 N–H deformation

1219.05 C–O vibration

1103.32 C–N stretching

1130.74 C–N stretching

771.56 N–H wagging

601.81 C–H out of plane bending

547.8 C–N–C deformation

MT-loaded LM3 3379.40 N–H stretching

2916.47 (CH3)2–N absorption

2345.52 -C¼C- stretching

1728.28 Conjugated C¼C bond vibration

1651.12 N–H deformation

1573.97 N–H deformation

1458.23 N–H deformation

1396.51 N–H deformation

1195.91 C–N stretching

1072.46 C–N stretching

856.42 NH2 rocking

748.41 N–H wagging

717.54 N–H wagging

532.37 C–N–C deformation

MT-loaded PEG-LM3 3387.11 N–H stretching

2916.47 (CH3)2–N absorption

2854.74 (CH3)2–N absorption

1728.28 Conjugated C¼C bond vibration

1651.12 N–H deformation

1581.68 N–H deformation

1458.23 N–H deformation

1396.51 N–H deformation

1219.05 C–O vibration

1103.32 C–N stretching

964.44 N–H out of plane bending

848.71 NH2 rocking

771.55 N–H wagging

717.54 N–H wagging

594.10 C–N–C deformation
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percentage of PEG-4000 in the formulation from 10 % (G10) to 20 %
(G20) and then to 40 % (G40) increased the mean particle sizes from
184.80 to 268.40 and then to 882.50 nm respectively. These increments
due to increasing percentages of PEG in the formulations are thought to
adversely/negatively affect the overall particle behaviors while lower
percentages of PEG show significant improvements in the overall par-
ticle behaviors as supported by previous findings in the literature [32].
Generally, PDI is a measure of the distribution of molecular mass in a
given colloidal formulation [5]. The PDI values were all below 0.7, and
values �0.7 is the range over the distribution algorithms best operates
and implies that the NLC formulations are monodispersed particulate
systems [33].

Furthermore, the formulations had zeta potentials or surface
charges (>25 mV) as shown in Table 4, indicating good stability of the
MT-loaded PEGylated and MT-loaded non-PEGylated NLC formula-
tions. The positive surface charges on the formulations are very
important in that they would aid in easily transporting the PEGylated
and non-PEGylated NLC across cell membranes. More so, they can
interact with negatively charged mucosa walls of the GIT to improve the
8

binding of the positively charged particles to the GIT wall, and thus
prolong drug release for enhanced absorption, consistent with previous
reports [2, 15].

3.4. Scanning electron microscopy (SEM) of capryol-based drug-loaded
non-PEGylated and PEGylated nanostructured lipid carriers

The scanning electron micrograph of a representative formulation of
metformin-loaded capryol-based PEGylated NLC as depicted in
Figure 6, showed that the drug-loaded PEGylated NLC nanoparticles
were non-smooth, non-spherical and irregularly shaped, but with ho-
mogenous shading and almost several particle sizes spread all over the
formulation corresponding to the broader particle size distribution
observed in Figures 4 and 5 above as well as from the PDI values. Also,
an interesting observation was the presence of well-defined nano-dis-
persions in the formulation. This is thought to be due to the formation
of hydration shells on the surfaces of the nanostructures where water
molecules associate with the hydrophilic PEG chains; thus preventing
interaction, fusing and/or aggregation of the nanocarriers through
steric hindrances [34].

3.5. Fourier transform infra-red spectroscopy of drug-loaded NLC
formulations

The results of the FT-IR spectroscopic analysis of metformin, G0

(drug-loaded non-PEGylated NLC), G10 (drug-loaded 10 % PEGylated
NLC), G20 (drug-loaded 20 % PEGylated NLC), and G40 (drug-loaded 40
% PEGylated NLC) are presented in Table 5 as well as in Figure 7. The
FT-IR spectrum of G0, when compared to that of metformin, reveals the
disappearance of the characteristic absorption bands at 771.56 cm�1

(N–H wagging) and 601.81 cm�1 (C–H out of the plane bending) found
in metformin, indicating significant interaction between the drug and
the lipid matrix which is probably needful for the solubilization and
incorporation of the drug into the lipid matrix. The FT-IR spectrum of
G10, when compared to that of metformin, reveals the disappearance of
the characteristic absorption band at 1219.05 cm�1 (C–O vibration)
indicating interaction between metformin and PEG by hydrophilic
bonding/interaction, such as hydrogen bonding, through the hydro-
philic groups of PEG, and resulting in the formation of a new charac-
teristic absorption band at 2353.23 cm�1 (-C¼C- stretching). This
interaction is thought to further enhance the solubilization of metfor-
min in the formulation. The FT-IR spectra of G20 and G40 were almost
identical with no significant differences indicating that increasing the
PEG concentration/density in the formulation did not culminate into
any significant interaction, and instead resulted in the restoration of the
C–O vibration formerly found in metformin but at a different charac-
teristic absorption band of 1257.63 cm�1. Hence, other major peaks
present in metformin and in the G0, except for those mentioned above,
were also observed in the combinations with PEG, indicating areas of no
significant chemical interaction. Also, no peaks indicating in-
compatibilities resulting from the formation of an entirely different/
new entity were observed in the FT-IR spectra.

3.6. Encapsulation efficiency (EE) and loading capacity (LC) of PEGylated
and non-PEGylated NLCs

The results obtained from the determination of the encapsulation
efficiencies and loading capacities of the non-PEGylated (G0) and 10,
20, and 40 % PEGylated (G10, G20, and G40 respectively) capryol-based
NLC formulations are shown in Figure 8. The EE for G0, G10, G20 and G40
were 99.12, 98.95, 99.65, 98.61 % respectively while their loading
capacity were 16.54, 16.52, 16.62, and 16.47 per 100 mg, respectively.
Encapsulation efficiency gives succinct information regarding the per-
centage amount of drug entrapped/encapsulated by the nanoparticles
while the loading capacity provides information on the amount of the
drug (in mg) that each 100 mg of the nanoparticle contains. It was



Figure 3. FT-IR spectra of sole MT (a) and MT-loaded non-PEGylated (b) and PEGylated lipid matrices (c).
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reported that a second type of NLCs is formed when the lipid molecules
used, as in this case, are chemically very different, resulting in a
structure with many internal imperfections; thus, making available
sufficient spaces to accommodate the drug [8], culminating into high
entrapment/encapsulation efficiency and loading capacity. Approxi-
mately, the results show that PEGylation slightly increases the encap-
sulation efficiency of the formulation. On the other hand, comparing
the effect of the different percentages of PEG in the formulation renders
20 % PEGylation an optimized level of PEGylation for enhanced drug
loading and encapsulation. Metformin, loaded into the nanocarriers, is
a hydrophilic molecule; this means that the NLC formulations increased
the solubility of the drug as they enhance encapsulation of the met-
formin, with PEGylation being a mild enhancement factor. This is an
advantage for our work.
9

3.7. In vitro drug release from the metformin-loaded PEGylated and non-
PEGylated NLCs

Figure 9 shows the in vitro drug release profile of metformin-loaded
non-PEGylated (G0) and PEGylated (G10, G20 and G40) capryol-based
nanostructured lipid carriers. From the figure, it could be seen that the
formulations (both non-PEGylated and PEGylated NLCs) had sustained
and higher cumulative drug released (%) than the commercial metformin
formulation (Glucophage®). Also, it was observed that the 10 % PEGy-
lated (G10) and 40 % PEGylated (G40) NLCs had the highest cumulative
drug released (%) after 10 h, followed by 20 % PEGylated (G20) and non-
PEGylated NLCs having almost equivalent release, while the commercial
metformin sample (Glucophage®) had the least cumulative drug release
(%) with an initial burst release of metformin and retarding release when



Figure 4. Particle size distribution by intensity of metformin-loaded capryol-based non-PEGylated nanostructured lipid carrier (batch G0) (a), PEGylated nano-
structured lipid carrier (batch G10) (b), PEGylated nanostructured lipid carrier (batch G20) (c) and PEGylated nanostructured lipid carrier (batch G40) (d).

Figure 5. Mean particle sizes and polydispersity indices of the metformin-loaded capryol-based non-PEGylated and PEGylated nanostructured lipid carriers.

Table 4. Surface charges of MT-loaded PEGylated and MT-loaded non-PEGylated
nanostructured lipid carriers.

Samples Zeta potential/Surface charge (mV)

G0 26.5 � 0.61

G10 30.0 � 0.47

G20 28.6 � 0.20

G40 26.5 � 0.01
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respective release times are considered. This shows that PEGylation has
the ability to improve the release of metformin from NLCs, consistent
with earlier reports [10, 11].

3.8. Antidiabetic activity of the metformin-loaded PEGylated and non-
PEGylated NLCs

Figure 10 shows the result of the anti-hyperglycemic activities
produced by 50 and 100 mg/kg doses of both non-PEGylated (G0) and



Figure 6. Scanning electron micrograph (SEM) of metformin-loaded capryol-
based PEGylated nanostructured lipid carrier (batch G20) (representative
formulation).

Table 5. Fourier transform infra-red (FT-IR) profiles of MT and MT-loaded
capryol-based PEGylated and non-PEGylated nanostructured lipid carriers.

Sample Principal peak (cm�1) Type of bond

Metformin 3456.55 N–H stretching

2931.90 (CH3)2–N absorption

1643.41 N–H deformation

1396.51 N–H deformation

1219.05 C–O vibration

1103.32 C–N stretching

1130.74 C–N stretching

771.56 N–H wagging

601.81 C–H out of plane bending

547.8 C–N–C deformation

G0 3927.20 N–H stretching

3772.89 N–H stretching

3371.68 N–H stretching

2808.45 (CH3)2–N absorption

2152.63 Carboxylic acid C¼O vibration

1643.41 N–H deformation

1234.48 C–O vibration

1080.17 C–N stretching

563.23 C–N–C deformation

G10 3796.04 N–H stretching

3325.39 N–H stretching

2931.90 (CH3)2–N absorption

2569.27 (CH3)2–N absorption

2353.23 -C¼C- stretching

2006.04 Carboxylic acid C¼O vibration

1411.94 N–H deformation

1026.16 C–N stretching

478.36 C–N–C deformation

G20 3363.97 N–H stretching

2931.90 (CH3)2–N absorption

2106.34 Carboxylic acid C¼O vibration

1643.41 N–H deformation

1473.66 Symmetric N–H deformation

1249.91 C–O vibration

1080.17 C–N stretching

547.80, 455.22 C–N–C deformation

G40 3371.68 N–H stretching

2885.60 (CH3)2–N absorption

2800.73 (CH3)2–N absorption

2044.61 Carboxylic acid C¼O vibration

1643.41, 1388.79 N–H deformation

1257.63 C–O vibration

1080.17 C–N stretching

540.09 C–N–C deformation
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PEGylated (G10, G20, and G40) capryol-based metformin-loaded NLCs in
comparison with those produced by 100 mg/kg of both commercial
metformin sample (Glucophage®) and pure metformin sample (positive
controls), and distilled water (negative control) in alloxan-induced
diabetic rats. The result shows that G0, G20, G40 at 100 mg/kg and
G10 and G20 at 50 mg/kg produced higher % reduction in blood glucose
level than the positive control (commercial metformin sample - Glu-
cophage®) over a period of 24 h. This suggests that the formulations,
even at reduced doses, were effective in the treatment of diabetes. This
proves the ability of the formulations to enhance the bioavailability of
the drug –metformin - incorporated into the nano-carriers. This would
culminate in the possibility of reducing the high dosing of metformin,
as seen with Glucophage®, in the treatment of diabetes, thereby
reducing the side effects/dose-related adverse effects associated with
metformin, leading to reduction in dosing frequency and enhancing
patients’ compliance to the administration of metformin as an oral anti-
hyperglycemic agent. Notwithstanding, the result also shows that G10
dosed at 100 mg/kg and G40 dosed at 50 mg/kg did not yield any better
antidiabetic activities than Glucophage®. A possible explanation to the
inefficacy of G10 dosed at 100 mg/kg is poor experimental procedure as
regards to its administration during the animal studies or the possibility
of administering incorrect dose to the experimental animals, because a
lower dose of the same formulation (50 mg/kg of G10) proved to be
effective in exerting its antidiabetic effects over the 24 h period. On the
other hand, possible explanations to the inefficacy of G40 include the
reduced dose (50 mg/kg), coupled with the effect of PEG density on the
formulation. The literature has pointed out the characteristics of the
bond between PEG and small molecules, such as nanoparticles, reveals
that modifications with PEG could either result in “permanent” or
“releasable” PEGylation [35].

Permanent PEG links create novel compounds for increasing oral
bioavailability and decreasing penetration of specific barriers and gener-
ally requires low molecular-weight PEGs (Mw < 1000 Da) because
macromolecular PEGs may block activity of small active agents at the
target cells via steric hindrance [35]. G40 containing 40 % of PEG 4000 of
molecular weight 3500–4500 g/mol and bulk density of 400–500 kg/m3

could be consideredmacromolecular or to have higher surface density than
10 and 20 %. PEG density was calculated based upon the concentration of
particles in solution and the surface area of hydrated particles [32].
Comparing the anti-hyperglycemic activities of the non-PEGylated and
PEGylated metformin loaded NLC, reveals that the non-PEGylated pro-
duced a higher but time-dependent decrease in activity while the effective
PEGylated NLCs showed sustained increasing anti-hyperglycemic activity
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with time. The possible explanation for this is that G0 had higher encap-
sulation efficiency, and non-PEGylated nanoparticles, when administered,
have higher tendencies to be bound by serum albumins and easily cleared
from the blood through associations with macrophage phagocytic system
(MPS) than PEGylated nanoparticles [32, 36]. The effects of PEGylation
are highly dependent on the PEG molecular weight (MW), polymer chain
architecture, and surface density of the PEG coating, which leads to tran-
sitions in PEG conformations (mushroom conformation – for low density
PEGs or brush conformation – for high density PEGs) at the surface.
PEGylations using large molecular-weight PEGs (1000–60,000 Da) have
been found to enhance water solubility, modify biodistribution, and in-
crease the circulating half-lives of nano-particulate drug formulations by
significantly reducing protein adsorption and macrophage association,



Figure 7. FT-IR spectra of Metformin (a) and metformin-loaded non-PEGylated and PEGylated capryol-based nanostructured lipid carriers (G0, G10, G20 and G40) (b–e)
in superposition.
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Figure 8. Diagrammatic representations of the encapsulation efficiency and loading capacity of the metformin-loaded PEGylated and non-PEGylated NLC formulation.
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Figure 9. In vitro release pattern of drug-loaded non-PEGylated and PEGylated capryol-based NLC formulations in PBS (pH 7.4).
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mucin binding, digestive enzyme actions, and metabolism. Significant
improvement in overall particle behavior with lower PEG densities has also
been reported [32, 36, 37, 38]. Furthermore, PEGylation has been reported
to result in at least a 17-fold increase in circulation half-life, a 136-fold
decrease in clearance, and an 86-fold increase in AUC over
non-PEGylated NPs [32]. These provide the explanations to the sustained
increasing anti-hyperglycemic activity with time seen with the effective
metformin-loaded capryol-based formulations, even at reduced doses of 50
mg/kg.

3.9. Oral bioavailability of the metformin-loaded PEGylated and non-
PEGylated NLCs

The plasma concentration–time profiles of metformin-loaded non-
PEGylated and PEGylated NLC formulations are shown in Figure 11
whereas data obtained from the pharmacokinetic studies are shown in
13
Table 6. The peak plasma level noted in the reference drug was attained
rapidly and there was a quick fall in the plasma level within few hours of
the study. When this was compared to the metformin-loaded non-
PEGylated NLC and MT-loaded PEGylated NLC, although there was a
delay in attaining the plasma peak, and the plasma concentrations were
maintained for a longer period of time than the reference sample. More
so, the mean plasma concentrations after an oral administration of the
developed PEGylated and non-PEGylated NLC formulations of MT
increased at broader peaks than the plasma concentrations of the mar-
keted metformin formulation (Glucophage®, reference sample). The
mean AUC-24 values for optimized metformin-loaded non-PEGylated and
PEGylated NLC indicate approximately 3-fold and 5-fold increase in
systemic bioavailability of metformin from metformin-loaded non-
PEGylated and PEGylated NLC, respectively. Similarly, the mean Cmax
values for non-PEGylated and PEGylated NLC formulations were signif-
icantly (p < 0.005) greater than that for the reference because, while the



Figure 10. Percentage blood glucose reductions produced by 50 and 100 mg/kg doses of both non-PEGylated (G0) and PEGylated (G10, G20, and G40) capryol-based
metformin-loaded NLCs, 100 mg/kg of both commercial metformin sample (Glucophage®) and pure metformin sample (positive controls), and distilled water
(negative control) in alloxan-induced diabetic rats after predetermined time intervals.

Figure 11. Changes of metformin concentration in blood over 24-h study period, of rats orally administered with the optimized MT-loaded PEGylated NLC (G20) and
MT-loaded non-PEGylated NLC (G0) in comparison with marketed formulation (Glucophage®) at equivalent dose.

Table 6. Pharmacokinetic parameters of the MT-loaded non-PEGylated and
PEGylated NLC formulations after oral administration to rats (mean� SD, n¼ 6).

Sample AUC (μg/mL.h) Cmax (μg/mL) Tmax (h)

G0 1058.16 � 3.04 398.69 � 2.53 3.0

G20 1850.98 � 4.31 601.87 � 1.92 5.5

Glucophage® 354.72 � 2.06 249.48 � 1.08 1.1

Key: G0 and G20 are non-PEGylated and PEGylated NLC containing metformin
whereas Glucophage® is marketed metformin formulation (reference sample).
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mean Cmax for the latter was 249.48 � 1.08 μg/mL, the mean Cmax for
metformin-loaded non-PEGylated and PEGylated NLC formulations were
respectively 398.69 � 2.53 and 601.87 � 1.92 μg/mL. Moreover, the
Tmax values for the reference sample, non-PEGylated and PEGylated NLC
formulations were 1.1, 3.0 and 5.5 h, respectively.

The implication of the pharmacokinetics results obtained from this
study is that plasma concentration of metformin obtained with the
reference sample was not sustained compared with the developed for-
mulations. Thus, in contrast to the rapid exponential decrease in the
reference sample, metformin-loaded non-PEGylated and PEGylated NLC
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formulations maintained a steady slow decrease or gradual clearance of
drug throughout the study. The AUC is an important parameter for
measuring bioavailability of drug from dosage forms since it represents
the total integrated area under the blood concentration time profile,
which represents the amount of drug reaching the systemic circulation
[32]. By implication, there was enhancement in the circulation longevity
of metformin in the developed NLC formulations, but the effect was
highest with metformin-loaded PEGylated NLC. This alteration in both
the drug uptake and decay or decrease in metformin concentration in the
blood by the formulation could be attributed to an increase in the
circulating half-life of metformin when administered as
metformin-loaded PEGylated NLC. Thus, the reason for the positive gain
in the pharmacokinetics of the metformin-loaded non-PEGylated NLC
(batch G0) and its contribution in enhancing the antidiabetic activity of
metformin may be attributed to the excipients used in the formulation;
but in addition to that, the PEGylated nature of batch G20 ensured
improvement in the afore-mentioned properties of the formulation and
further delayed the clearance of metformin from the blood circulation.
The clinical implications of the above findings is that at therapeutic dose,
the developed metformin-loaded PEGylated NLC would give fast and
sustained antidiabetic effect with reduced dose and dosing frequency and
subsequently would enhance dosage compliance by diabetic patients,
consistent with previous report [32].

4. Conclusions

Both non-PEGylated and PEGylated capryol-based NLC formulations
of metformin showed optimal characterization confirming the suitability
and compatibility of metformin, PEG and the lipid matrices. The in vitro
model in this present work has proven to predict the enhanced release of
metformin from the PEGylated and non-PEGylated capryol-based NLC
formulations than the market sample - Glucophage® and was confirmed
by the in vivo glucose lowering study. PEGylated capryol-based NLC
formulations loaded with metformin have higher and sustained release,
and improved and prolonged antidiabetic activities, even at reduced
doses, than the market product with immediate and then retarding
antidiabetic activity. Metformin-loaded PEGylated capryol-based NLCs
have sustained, time-dependent increasing anti-hyperglycemic activities,
even at reduced doses while the metformin-loaded non-PEGylated
capryol-based NLC showed time-dependent decrease in anti-
hyperglycemic activity. Furthermore, the pharmacokinetic parameters
(AUC, Cmax and Tmax) of the optimized system indicate that the PEGy-
lated characteristics of the NLC significantly (p< 0.05) contributed to the
circulation longevity of metformin in the blood. This study has shown
that non-PEGylated as well as PEGylated capryol-based NLCs represents a
promising approach for improved release, delivery, bioavailability of
metformin, enhanced treatment of type 2 diabetes mellitus than com-
mercial metformin, and even at reduced doses. Thus, PEGylated NLC
would promote reduction of dose, dosing frequency, and side effects/
dose-related adverse effects of metformin, which will culminate into
improved patients’ compliance. Therefore, the adopted technique of
metformin delivery by PEGylated NLC may be a promising tool which
would need further evaluations with the hope that it could potentially aid
in surmounting the pharmacokinetic challenges of metformin.
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