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ABSTRACT: Apoptosis is a genetically conserved 
mechanism that eliminates unnecessary or surplus 
cells and is also involved in the pathomechanism of 
a wide variety of diseases. The intrinsic pathway 
of apoptosis includes the mitochondria where 
numerous pro-apoptotic proteins are sequestered 
and their release marks the point-of-no-return, 
indicating the ultimate commitment to cell death. 
The mitochondrial permeability transition (mPT) is 
a mechanism enabling the release of Cytochrome-c 
(Cyt-c), AIF and other pro-apoptotic proteins, and 
is characterized by an alteration in the permeability 
of the organelle's membrane. This is due to 
reactive oxygen species or Ca2+ triggered dynamic 
assemble of a trans bi-membrane channel from 
various protein components including the voltage 
dependent anion channel, the adenine nucleotide 
translocase, the cyclophyllin D that enables solutes 
up to 1.5 kDa to pass through. The resultant influx 
of water into the mitochondrial matrix leads to 
mitochondrial swelling and the rupture of the 
membranes. Numerous agents can inhibit mPT 
including amiodarone, a widely used antiarrhythmic 
agent. Modification of this benzofuran derivate 
with nitroxides or their secondary amine derivates 
that exhibits antioxidant properties leads to the 
enhancement of mPT inhibitory effect of the original 
compound. Furthermore this hybrid compound is 
also capable of influencing the necrotic cell death 
pathway. This strategy may prove to be beneficial 
to increase the effectiveness of other mPT inhibitory 
agents. However, further studies are necessary 
to identify the components and structure of the 
permeability transition pore in order to design more 
effective mPT inhibitory compounds to fully exploit 
the therapeutic potential of this novel drug target.

Keywords: Apoptosis, mitochondria, permeability 
transition, amiodarone, nitroxide

1. Introduction

Programmed cell death is a genetically conserved 
mechan i sm tha t  has  c ruc ia l  imp l i ca t ions  in 
developmental processes and in the maintenance of 
tissue homeostasis. Although development largely 
relies on cell division and differentiation, carefully 
orchestrated cell death is also crucial to execute the 
morphological changes associated with a developing 
organism. In mature organisms the continuous 
proliferation of cells, at a variable rate depending on the 
specificity of the different tissues, is carefully balanced 
with the elimination of surplus cells in order to maintain 
the homeostasis of the tissues. As an example, roughly 
500 billion lymphocytes are eliminated each day in 
an average human body to give room for the newly 
generated white blood cells (1). The theory of a cell 
death characterized by a sequence of pre-programmed 
event was formulated in the early 1970s (2). It is also 
called apoptosis, a word of Greek origin meaning the 
falling of leaves which suggests that this type of cell 
death is a natural phase of life.
 Apoptosis is also associated with the development 
of various diseases: the disturbance of the balance 
between cell proliferation and removal affect the 
homeostasis of the tissues (3). If the rate of programmed 
cell death is increased it will lead to degenerative 
disorders. Diseases such as Parkinson's (4), Alzheimer's 
(5), and Huntington's disease (6), amyotrophic lateral 
sclerosis (7) are related to excessive loss of brain cells 
caused by increased level of apoptosis. Cardiovascular 
and cerebrovascular diseases such as acute myocardial 
infarction (8) or stroke (9) will initially result in necrotic 
cell death at the core area, while cells surrounding this 
pathological core will undergo apoptosis in due course 
significantly expanding the size of the damaged tissue. 
Degenerative joint diseases such as osteoarthritis (10) 
or rheumatoid arthritis (11) are also characterized by 
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excessive apoptosis.
 Apoptosis is characterized by distinct morphological 
changes, such as the cell shrinkage and condensation 
due to the disruption of the cytoskeletal structure, 
condensation of the chromatin and the fragmentation 
of the nuclear membrane and of the DNA, the blebbing 
of the cell membrane leading to fragmentation and the 
formation of apoptotic bodies which are membrane 
bound cell fragments that are phagocytised by 
macrophages and neighbouring cells (12).
 The components that regulate and execute apoptosis 
are genetically determined and are readily available in 
every cell. In order to prevent undesired or accidental 
activation of the apoptotic program, these components 
are inactivated and/or securely locked away in various 
cell compartments (13). Following an apoptotic stimuli, 
the dormant apoptotic machinery will spring into action 
to execute the predetermined program of cell death. 
Depending on whether the apoptotic stimuli arises from 
the external environment of the cell or from within the 
cell, two main pathways of the programmed cell death 
can be distinguished.

2. Apoptotic pathways and the effector machinery

When the programmed cell death is triggered via 
the extrinsic apoptotic pathway, the initiating signal 
derives from cells' external environment (14). In this 
case apoptosis is activated by the binding of a specific 
'death ligand' (e.g. FasL, TRAIL, TNFα) to the death 
receptor (DR) located on the surface of the cell. These 
receptors belong to the TNF receptor family, and 
following the binding of the ligand, the internal part of 
the death receptor will recruit the protein FADD (Fas-
associated death domain protein), adaptor proteins 
and initiator pro-caspases to form the death inducing 
signalling complex (DISC). This complex will activate 
the initiator caspases by stimulating their auto-cleavage 
which in turn will lead to a proteolytic cascade resulting 
in the activation of the effector caspases. The signal that 
initiates the extrinsic apoptotic pathway can also be the 
absence (e.g. withdrawal) of various growth or trophic 
factor (e.g. nerve growth factor; NGF) which are 
required for the normal growth and proliferation of the 
cells. These ligands stimulate cell survival via the PI3K/
Akt (proteinkinase B) pathway that will phosphorylate 
and inactivate pro-apoptotic proteins to suppress the 
apoptotic process (15). The absence of such survival 
signal the apoptotic effector mechanism maintains its 
activity and executes the cell death program.
 When the programmed cell death is triggered via 
the intrinsic apoptotic pathway, the initiating signal 
derives from cells' internal environment (16). In this 
case apoptosis is activated by a variety of stimuli such 
as DNA breaks, deprivation of oxygen or nutrients, 
accumulation of drugs or increased intracellular 
Ca2+ levels (17). This pathway is also termed as the 

mitochondrial apoptotic pathway since its activation is 
launched by the release of pro-apoptotic proteins from 
this organelle. Although the main cellular function of 
mitochondria is to provide chemical fuel for the cell in 
the form of ATP it also sequesters numerous proteins 
within its compartments engulfed by a dual-membrane 
structure that are release in response to stimuli. The 
most important of these intra-mitochondrial pro-
apoptotic proteins include the following:

• Cyt-c: a protein that covalently binds its heme 
group and functions as an electron carrier between 
mitochondrial respiratory complexes III and IV in 
the inter-membrane space. When it is released to 
the cytosol, it facilitates the formation of apopto-
some in concert with apoptosis activating factor-1 
(Apaf-1), pro-caspase-9 and dATP to produce an 
active caspase-9 (18,19).

• Smac/Diablo (second mitochondria-derived 
activator of caspases/ direct  inhibitor of 
apoptosis-binding protein with low pI): binds to 
and inactivates the cytosolic X-linked inhibitor of 
apoptosis protein (XIAP). XIAP directly interact 
with caspases in order to inhibit their activity (20). 
This inhibitory effect of XIAP is suspended by 
Smac/Diablo.

• Omi/HtrA2: is a serine protease with an apoptotic 
activity similar to Smac/Diablo; when released 
from mitochondria it also binds and inhibits the 
action of XIAP. However, unlike Smac/Diablo, 
Omi/HtrA2 also facilitates apoptosis by utilizing its 
protease activity in addition to the physical binding 
to XIAP (21).

• AIF (apoptosis inducing factor): is a mitochondrial 
flavoprotein that carries a NADH-oxidase domain 
which regulates mitochondrial respiratory complex 
I and is also indispensable for cell survival and for 
the integrity of the mitochondria (22). In response to 
apoptotic stimuli it translocates to the nucleus and 
induces chromatin condensation and large fragment 
DNA degradation.

• Endo G (endonuclease-G): is a nuclear DNA-
encoded nuclease located in the inter-membrane 
space. Its apoptotic activity is similar to that of the 
AIF: it translocates to the nucleus and mediates 
oligonucleosomal DNA fragmentation (23).

 Regardless of whether the signal initiating apoptosis 
arises from the external environment or from within 
the cell, apoptotic machinery is triggered into action 
in a predetermined manner, ultimately leading to the 
activation of effector caspases that execute the program.
 The components of the apoptotic machinery belong 
to a family of evolutionary highly conserved proteins, 
exhibiting structural and functional similarities in 
various organisms from nematodes to humans. These 
are cystein proteases recognizing a specific sequence of 
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proteins have either 3 BH domains (BH1-3; e.g. Bax, 
Bak) or a single BH domain (BH3; e.g. bad, bid, bim, 
puma, noxa) while anti-apoptotic bcl-proteins have 4 
BH domains (BH1-4; e.g. Bcl-2, Bcl-XL). The anti-
apoptotic family members form heterodimers with the 
pro-apoptotic multi-domain family members to prevent 
the activation of the cell death pathway. Apoptotic 
signals activate the single BH3 domain regulatory bcl-
proteins by various stimuli such as proteolytic cleavage 
(e.g. Bid) or phosphorylation (e.g. Bad) causing 
them to promote the dissociation of the heterodimers. 
Subsequently, the pro-apoptotic proteins with BH1-3 
domains oligomerize and form a pore in the outer 
membrane of the mitochondria (27), allowing the 
release of pro-apoptotic mitochondrial proteins from 
the inter-membrane space (Figure 2). Bcl-proteins can 
incorporate various signals in the apoptotic pathway. 
For example p53 can induce apoptosis by increasing the 
rate of transcription of numerous bcl-related genes, and 
also by activating BH multi-domain pro-apoptotic bax 
to bind to the mitochondrial outer membrane (28).
 According to another explanation, which also 
describes the mitochondrial pro-apoptotic protein 
release, a trans-bi-membrane channel is formed (29). 
Mitochondria are surrounded by two membranes with 
the inner mitochondrial membrane having invaginations 
which form the mitochondrial cristae resulting in a larger 
overall surface than that of the outer mitochondrial 
membrane. Apoptotic stimuli leads to a channel 
formation that spans both mitochondrial inner and outer 
membranes. This non-selective channel (permeability 
transition pore; PTP) allows the passage of molecules 
with a cut-off at 1.5 kDa. Since mitochondria as the 
metabolic hubs of the cell, contain intermediates at a 
high concentration with high osmolar activity, it results 

amino acids containing aspartate, hence they are termed 
as caspases (24). Present in the cells in an inactive 
form of pro-caspases, they are activated by proteolytic 
cleavage in an amplifying cascade. The pro-caspases at 
the initial stage of the cascade form the initiator caspases 
(caspases 2, 8, 9, 10) while the ones downstream form 
the effector caspases (caspases 3, 6, 7) that eventually 
cleave the cellular target proteins. All caspases have 
specific caspase recruitment domains (CARDs) allowing 
the binding of adaptor proteins and the formation of 
activation complexes in response to an apoptotic signal.
 Although two different apoptotic pathways are 
described, in practice there is always cross-talk between 
them leading to both pathways being simultaneously 
involved in cell death albeit with the dominance of 
either one or the other. Intrinsic apoptotic pathway for 
example can be activated by the extrinsic route via 
the truncation and thus activation of the pro-apoptotic 
protein Bid (25). Mitochondria, however, play a crucial 
role in apoptosis: the translocation of the described (and 
possibly other yet unidentified) pro-apoptotic factors 
from the mitochondrial compartment to the cytosol 
marks the point of no return, where commitment to 
cell death becomes irreversible. Different models are 
used to describe the mechanism of mitochondrial pro-
apoptotic protein release.

3. Mechanism of the mitochondrial pro-apoptotic 
protein release

The role of B-cell leukaemia (Bcl-2) proteins have been 
extensively studied (26). They are considered to play a 
crucial role in controlling the mitochondrial apoptotic 
pathway. Bcl-proteins are characterized by their BH 
(Bcl Homology) domains (Figure 1). Pro-apoptotic bcl-

Figure 1. Bcl-proteins can be divided into three major groups 
depending on the number of bcl homology (BH) domains. 
Proteins with four BH domains have an anti-apoptotic function 
while those with one or three BH domains are pro-apoptotic.

Figure 2. Pro-apoptotic BH1-3 bcl-proteins (Bax) are 
associated with anti-apoptotic BH1-4 bcl-proteins (Bcl-2). 
This heterodimer can be disrupted by BH3 pro-apoptotic 
proteins (tBid) facilitating the homo-oligomerization of the 
pro-apoptotic BH1-3 bcl-proteins (Bax). This leads to a 
formation of a pore that transverses the mitochondrial outer 
membrane, enabling the release of intra-mitochondrial pro-
apoptotic proteins (e.g. Cyt-c, AIF, Smac/Diablo). 
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in the influx of water, the swelling of the mitochondria 
and the rupture of the outer membrane resulting in the 
release of pro-apoptotic proteins (Figure 3). This process 
is called the mitochondrial permeability transition (mPT). 
This route of apoptosis is typically characterized by 
excessive intracellular Ca2+ fluxes or the generation of 
substantial amount of reactive oxygen species (ROS). In 
a previous study we reported that a heme binding protein 
with BH3-like domain induced mPT that was sensitive 
to cyclosporine A (30). The composition of the PTP is 
not yet fully known, although a wide range of studies 
indicate that PTP is formed by the dynamic interaction 
of several molecular components (31). These include 
the voltage-dependent anion channel (VDAC) located in 
the outer membrane, the adenine nucleotide translocase 
(ANT) in the inner membrane and cyclophilin D (CypD) 
found in the mitochondrial matrix forming the core 
components of the PTP (32-34). Additional components 
include the creatine kinase (CK) in the inter-membrane 
space, the peripheral-type benzodiazepine receptor (PBR) 
located in the outer membrane and two hexokinase 
isoforms (HKI and HKII) found in the cytosol (35-37). 
The mPT, including the assemble of the PTP and the 
release of Cyt-c, can be demonstrated experimentally in 
isolated mitochondria (38).

4. Mitochondrial permeability transition pore as 
novel drug target

Numerous pharmacological compounds can facilitate 
the mPT. Our previous studies for example have 
demonstrated the paclitaxel, an anticancer agent widely 
used in the clinical practice for the treatment of solid 
tumors or leukaemias induces mPT in addition to 
its previously described effect on the microtubular 
disassembly (39). Similar effect was observed in the 

case of cisplatin, another anticancer agents frequently 
used in practice. In general the activators of mPT may 
prove to be effective in the treatment of malignancies 
(40).  The administration of mPT inhibitors in 
combination with conventional anticancer agents can 
potentiate the effectiveness of these drugs enabling 
their administration in a lower dose and thus reducing 
their associated side effects.
 A wide range of pharmacological agent can exert 
an inhibitory effect on the mPT. One of the first 
agents proved to have an mPT inhibitory effect was 
cyclosporine A, an immunosuppressant compound (41). 
It binds to cyclophillin D in the mitochondrial matrix 
and inhibits its peptidyl-prolyl cis-trans isomerase 
activity which in turn prevents the formation of PTP 
(42). A study conducted to screen more than 1,000 
previously established drugs for an effect on the mPT 
found 28 structurally related compounds including 
heterocyclic antidepressants and antipsychotic that 
possesses with inhibitory effect on the mPT (43). 
Another target for the inhibition of permeability 
transition is the peripheral-type benzodiazepine 
receptor (PBR) located in the outer mitochondrial 
membrane (44). This binds the specific PBR ligand 
4 '-chlorodiazepam, an agent that  protects the 
myocardium during ischemia reperfusion injuries (45).

5. Amiodarone and structural analogues act as 
potent inhibitors of mPT

Previous studies have also identified an established 
pharmacological compound that inhibits mPT and 
protects the myocardium against oxidative damage 
sustained during ischemia-reperfusion injuries (46). 
The antiarrhythmic agent amiodarone (Figure 4) exerts 
a biphasic effect on the mPT: at lower concentrations 
it inhibits, while at higher concentrations it induces 
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Figure 3. Assemble of a non-specific trans-bimembrane 
pore spanning both mitochondrial membrane results in 
H2O influx due to osmosis. The subsequent mitochondrial 
swelling will eventually lead to the rupture of the mitochondrial 
outer membrane enabling the release of intra-mitochondrial 
pro-apoptotic proteins (e.g. Cyt-c, AIF, Smac/Diablo).

Figure 4. Amiodarone, a benzfuran derivate (2-butyl-3-
benzofuranyl-4-[2-(diethylamino)-ethoxy]-3,5-diiodophenyl-
ketone hydrochloride) is a dominantly class III antiarrhythmic 
compound. Its main metabolite is N-Desethylamiodarone.
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PTP formation as demonstrated in isolated rat liver 
mitochondria (46). It also had a beneficial effect on 
the myocardium during ischemia and reperfusion by 
facilitating the recovery of the level of high energy 
phosphate metabolites such as ATP and creatine 
phosphate respectively (47). It also prevented the 
translocation of apoptosis inducing factor from the 
mitochondria to the nucleus during ischemia and 
reperfusion in Langendorff-perfused rat hearts (47). 
Amiodarone is metabolized in the liver (48) and 
its major metabolite is the deseathyl-amiodarone 
(Figure 4). This metabolite however does not exert 
the beneficial effect demonstrated by amiodarone in 
equimolar concentration. It is particularly noteworthy 
that it did not have inhibitory effect on the mPT which 
is a characteristic of amiodarone. Since the difference 
in the effect on mPT between amiodarone and its 
major metabolite desethyl-amiodarone is solely due 
to structural alteration (e.g. the absence of the ethyl 
side chain from the amino group) we designed and 
developed paramagnetic and diamagnetic amiodarone 
analogues to evaluate their effect on mPT (49).
 Amiodarone  i s  among  the  mos t  e ffec t ive 
antiarrhythmic agents and frequently used in clinical 
practice to treat various ventricular and supraventricular 
arrhythmias (50). Its clinical application however is 
often limited by the severe side effects associated 
with its long term administration that include 
pancreas and liver fibrosis, thyroid dysfunction or 
the potentially life threatening thyreotoxicosis (51). 
Significant effort has been made in the past to enhance 
the pharmacokinetic properties of this compound. 
Amiodarone analogues produced by dealkylation, 
deiodination or deamination were evaluated to assess 
their toxic properties (52). Another research group 
introduced carboxymethoxy side chain to replace the 
tertiary amine to produce 2-methyl-3-(3,5-diiodo-4-
carboxymethoxybenzyl)benzofuran (53), while others 
evaluated the substitution of the n-buthyl group with 
an isobuthyl ester. The discovery that amiodarone acts 
as an inhibitor of mPT (46) provides an explanation 
on the mechanism by which it reduces mortality after 
myocardial infarction (54). The ischemia-reperfusion 
type injury during myocardial infarction is characterized 
by ROS generation and the release of Ca2+ from the 
intracellular Ca2+-stores and can be an etiological factor 
in inducing mPT and myocardial cell death during 
reperfusion. We demonstrated the beneficial effects of 
amiodarone on Langendorff-perfused rat hearts as well 
as in isolated mitochondria (46,47). In order to improve 
the effectiveness of amiodarone to inhibit mPT we 
produced analogues by varying the diethylaminoethyl 
side chain of phenolether and the 2-substituent on 
the benzofuran ring and evaluated the effect of these 
modifications in perfused hearts as well as in cultured 
cells or in isolated mitochondria (49). In the past 
decades numerous drugs that were modified with 
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nitroxides or with their precursors exhibited additional 
beneficial features. This chemical group possesses 
antioxidant properties and is capable of scavenging 
ROS and RNS to protect cellular lipids and proteins 
from damaging oxidative insults (55). It prompted 
us to modify amiodarone and produce analogues that 
incorporate 2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrole 
and 1,2,5,6-tetrahydropyridine nitroxides or their amine 
precursors to supplement the antiarrhythmic agent 
with a superoxide dismutase (SOD) mimetic property 
(49). In order to improve the solubility and the ROS 
scavenging property of the amiodarone analogues, the 
nitroxide was reduced to secondary amine (56).
 The majority of the amiodarone analogues did 
not exhibit biphasic effect on the mPT: while they 
inhibited the swelling in lower concentrations without 
inducing mPT when administered at higher doses. 
Those compounds that inhibit mPT with IC50 values 
comparable to that of the amiodarone, which was 
previously found to be 3.9 ± 0.8 μM (46,47), were 
selected for further evaluation. Amiodarone has 
an uncoupling effect on the mitochondria (57) and 
therefore dissipates the mitochondrial membrane 
potential (ΔΨ) with an ED50 of 4.2 ± 0.7 μM (46,47). 
The modified amiodarone analogues exerted uncoupling 
effect on the mitochondrial oxidative phosphorylation 
with a higher ED50 than that of the amiodarone (49). It 
should be noted, that a moderate uncoupling effect is 
believed to be beneficial since it decreases the level of 
noxious ROS production.
 Those amiodarone analogues that exhibited low 
IC50 values in inhibiting mPT and a relatively high ED50 
value for mitochondrial membrane potential dissipation 
in comparison to amiodarone were selected to evaluate 
their toxicological properties in cultured cells. Treating 
cardiomyocytes and liver cells with amiodarone and the 
selected analogues in the concentration up to 100 μM, 
which is significantly higher than the level in the tissues 
during prolonged drug administration (47), we were able 
to indentify that specific compound that had the lowest 
IC50 values for mPT inhibition, the highest ED50 value 
for dissipating the mitochondrial membrane potential, 
and showed the lowest toxicity in cultured cells (49,58). 
This agent is a 2-methyl-3-(3,5-diiodo-4-{2-[N-ethyl, 
N-(1-hydroxy-2,2,5,5-tetramethyl-2,5-dihydro-1H-
pyrrol-3-ylmethyl)ethyl]}oxybenzoyl)benzofurane 
containing an additional 1-hydroxy-2,2,5,5-tetramethyl-
2,5-dihydro-1H-pyrrol-3-ylmethyl component which 
possesses SOD-mimetic properties (Figure 5). The 
subcellular localization of this compound was assessed 
by quantitative HPLC-MS and this demonstrated an 
increased accumulation in the mitochondria in contrast 
to its level both in the cytosol and in the nucleus. More 
than 95% of this benzofuran derivate was taken up in 
the mitochondria of cultured cardiomyocytes which 
is similar to the level detected in the mitochondrial 
fraction of perfused hearts (93.2%). This agent 
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prevented the release of the pro-apoptotic proteins 
Cyt-c, AIF and Endo G from isolated mitochondria, 
and also decreased the caspase-3 activity in apoptotic 
cultured cells (49,58). The effect on the myocardial 
energy metabolism was also assessed in perfused heart 
by 31P NMR spectroscopy and showed an enhanced 
recovery of high-energy phosphates in the myocardium 
following ischemia-reperfusion. Due to the antioxidant 
properties of the compound, lipid peroxidation as well 
as protein oxidation was decreased in this experimental 
model. Furthermore, the infarct size in the myocardium 
was also reduced (58).
 The addition of a nitroxide compound to amiodarone 
to enhance the mPT inhibitory effect proved to be a 
successful approach. 2-methyl-3-(3,5-diiodo-4-{2-[N-
ethyl, N-(1-hydroxy-2,2,5,5-tetramethyl-2,5-dihydro-
1H-pyrrol-3-ylmethyl) ethyl]}oxybenzoyl)benzofurane 
is the first representatives of a novel class of mPT 
inhibitors that exerts SOD-mimetic properties as well. 
These types of agents are capable of inhibiting not 
only the apoptotic but the necrotic cell death (58). This 
results in a significantly enhanced cyto-protection and 
cardio-protection which can be exploited further in the 
therapeutic practice. Modifying drug with antioxidant 
compounds may also prove to be a beneficial approach 
in the case of other classes of pharmacological agents 
as well (59).

6. Conclusion

Apoptosis is involved in the pathomechanism of 
numerous diseases. Since mitochondria play a crucial 
role marking the point of irreversibility by releasing 
the pro-apoptotic proteins it also presents an excellent 
opportunity for therapeutic intervention. Some 
pathological conditions, particularly those involving 
increased intracellular Ca2+ or ROS over-production, 
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lead to the formation of the permeability transition pore 
providing a valid therapeutic target. It is also likely, 
however, that mPT plays a role in necrosis since the 
aggressive rupture of mitochondria membrane and thus 
subsequent inactivation of the oxidative phosphorylation 
will lead to prompt cell death (60). Therefore mPT 
inhibitors may also be able to influence necrosis. 
Based on this theory novel hybrid mPT inhibitors were 
developed, modified with nitroxide structures that have 
antioxidant properties. Further studies are necessary to 
identify the components and structure of the PTP in order 
to design more effective mPT inhibitory compounds. 
This is however challenging, since PTP formation is 
believed to be a dynamic and continuously altering 
interaction of a large number of proteins with each 
having other important functions in the mitochondrial 
physiology and it is very likely than some components 
are yet to be identified (61).
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ABSTRACT: Single-particle tracking (SPT) 
techniques have been developing rapidly in the 
field of cellular biology as a means of unravelling 
the diffusion dynamics of bio-molecules and 
the function of proteins in the regulation of 
cellular activity at single molecule sensitivity and 
nanometer spatial resolution. Suitable probes and 
technological improvements have made SPT more 
accessible than it used to be and paved the way for 
broad applications in cellular biology. This review 
summarizes the principles of SPT and discusses 
the main findings yielded by the technique and its 
contribution to the understanding of proteins in 
living cells.

Keywords: Single-particle tracking (SPT), living cell, 
review

1. Introduction

Over the last decade, signifi cant advances in microscopy 
techniques and the introduction of novel fluorescent 
probes to label bio-molecules in living cells have 
changed the fi eld of cell biology. Single-particle tracking 
(SPT), including real-time single-molecule techniques, 
has enabled tracking of individual molecules over time 
and space in living cells. SPT is a general term, and a 
"particle" refers in a broad sense to any probe selectively 
attached to a molecule of interest (1), such as a receptor, 
organelle, or virus. The variety of nomenclature in 
the field (e.g. single-virus tracing and single-molecule 
tracking) presents diffi culty when searching the literature 
(2). SPT uses video microscopy combined with digital 
computer processing to monitor the motion of single 
molecules of interest, which are often labeled with 
submicrometer fluorophores. An SPT experimental 
system is depicted schematically in Figure 1 (3).
 Many cellular processes involve the interaction of 

several individual molecules that must come together to 
transmit information or respond to environmental cues. 
Hence, importance crucial point is to understand the 
mechanism by which the motion of related molecules 
is regulated in the cell. However, molecular behavior 
is very inhomogeneous, and even molecules of a 
single species interact stochastically with distinct 
molecules or cellular structures in a variety of local 
environments. Furthermore, molecular interactions are 
by nature stochastic. Therefore, bulk-type observations 
that report on the tendency of molecular behavior 
averaged over all molecules under observation may 
not be able to distinguish various stochastic processes 
occurring in very inhomogeneous environments. SPT 
has the advantage of being able to view individual 
characteristics of a molecule that may be washed out 
in the ensemble averaging inherent in bulk studies 
(4). SPT has been used to investigate the movement 
of receptors or lipids in the plasma membrane (5,6), 
follow individual viruses along their infection pathway 
(7,8), or study the motion of individual complexes 
within living cells (9,10). The current review focuses 
on the recent progress achieved with SPT techniques, 
including a summary of the principle of SPT, and it 
discusses the main findings yielded by this technique 
and its contribution to the understanding of proteins in 
living cell.

Review

Figure 1. Schematic of an SPT experimental system.
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2. Fluorescent probes

The first step toward the realization of SPT in living 
cells is to label the external and/or internal molecules 
of interest with fluorophores, allowing imaging using 
fluorescence microscopy. Fluorescent probes for SPT 
should have a high quantum yield of fluorescence 
emission and high photostability. In general, two classes 
of probes are used for SPT: fl uorescent proteins (FPs) 
and non-genetically encoded probes, such as organic 
small-molecule fluorophores and quantum dots (QDs) 
(11). To date, the most popular probe used to study the 
movement of proteins is QDs (1).

2.1. QDs

Inorganic nanoparticle semiconductor QDs are excellent 
major fluorescent probes for SPT because of their 
unique fl uorescent properties (12). Their huge one- and 
two-photon absorption cross sections, tunable emission 
bands, and excellent photobleaching resistance are 
stimulating the development of luminescent probes for 
single-molecule imaging and SPT. The unique wide 
absorption spectra and narrow emission band that can 
be tuned from UV to infrared wavelengths distinguish 
them from conventional organic fluorophores and 
provide many advantages for multi-color fluorescent 
imaging. In addition, QDs are orders of magnitude more 
photostable than organic dyes and FPs, making them 
attractive candidates for long-term SPT experiments 
in living cells, where they can provide long tracking 
trajectories (13). Moreover, the developments in QD 
surface coating and bio-conjugation schemes have made 
them the most suitable probes for live cell applications. 
Over the years, scientists have developed a wide array 
of surface chemistries for QD modifi cation (14). These 
surface coatings have not only made QDs retain the 
advantageous photophysical and size properties of the 
nanocrystal but also provide additional reactive groups 
for subsequent conjugation of biomolecular recognition 
molecules. Finally, a particular property of QDs is 
their alternation between "on" and "off" states, known 
as blinking. This adds complexity to the tracking 
procedure but ensures the idenfication of single QDs 
because signals alternate between 0 and 1 and would be 
fractional in the case of multiple QDs (1).

2.2. Organic small-molecule fl uorophores

Organic dyes have diverse structures and photophysical 
properties that can be designed through organic 
synthesis. They are usually constructed through either 
chemical labeling of proteins or physical incorporation 
into the molecules of interest. Their small size makes 
them less perturbative than QD. They are, however, less 
bright and stable, making them suitable only for short 
trajectories of a few seconds.

2.3. FPs

FPs can be genetically engineered to be incorporated 
into the molecule interior of cell and they are highly 
specific with controlled one-to-one stoichiometry. 
However, they are generally bigger, dimmer, and less 
photostable than small-molecule fl uorophores.

2.4. Gold nanoparticles (GNPs)

Compared to fluorescent dyes and QDs, GNPs (the 
size from 2 to 100 nm) have unique optical properties 
such as no photobleaching and absence of blinking, 
and the small size of the GNPs reduces the potential 
for probe-related artifacts. Moreover, they show no 
cytotoxicity under certain experimental conditions 
(15). Additionally, GNPs show strong light scattering 
at the plasmon resonance wavelength owing to the 
collective oscillation of the conduction electrons. Based 
on this nature of GNPs, a new technique called single 
nanoparticle photothermal tracking (SNaPT) has been 
developed to track small probes in live cells. These 
probes can be detected by local thermal variation after 
light absorption, allowing tracking experiments over a 
certain period of time (16).

2.5. Other fl uorescent probes

In recent years, there has been enormous interest 
in the use of nanoparticles as tiny probes to spy 
on cellular machinery. Useful properties can be 
incorporated into the design of nanoparticles in order 
to study cellular functions. For example, single-
walled carbon nanotubes (SWNTs) are powerful 
molecular fluorophores for SPT. SWNTs have 
interesting photophysical properties. Unlike organic 
dyes, the conjugated sp2 carbon bonds in a carbon 
nanotube are chemically quite stable and the one-
dimensional quantum confi nement creates an unusual, 
low energy band gap in the near-infrared (NIR) 
range. This chemical stability translates into a high 
degree of photostability. Meanwhile, SWNTs have no 
significantly irreversible photobleaching threshold at 
moderate fl uence and no intrinsic blinking mechanism 
(17). Fluorescent nanodiamonds (FNDs) are nontoxic 
and photostable nanomaterials, ideal for long-term 
in vivo imaging applications (18). Modifying the 
surfaces of FNDs with different functional groups so 
that they are treated as pure organic compounds has 
expanded these materials' applications. One type of 
FNDs, when exposed to green-yellow light, emits 
bright-red fl uorescence at about 700 nm, which is well 
away from the spectral region (300-500 nm) where 
cellular endogenous fluorescence occurs. Moreover, 
the fluorescence shows no apparent photobleaching, 
thus allowing long-term probing of FND particles 
individually in cells (19).
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the pathway and mechanism for the transport of α1A-
Adrenergic receptors (α1A-ARs) in real time in single 
living cells. In this work, α1A-ARs were specially 
labeled by primary antibody and Cy3-IgG, and α1A-
ARs internalization into cells was triggered by the 
agonist phenylephrine (PE). They were the first to 
find that the initial transport of α1A-AR depended on 
actin filaments at a peak velocity of 0.2 μm/sec and 
exhibited discrete 33-nm steps. The step size, the rate 
constant, and the velocities were broadly in agreement 
with the character of single myosin molecules in vitro. 
Their results demonstrated that while transporting 
each endosome myosins did not work in a "tug-of-
war" mode and that they did not adopt a strategy of 
working in coordination to boost transporting speed. 
These results not only offered some insight into the 
mode in which myosin works in vivo but also provided 
a model of transportation of internalized G-protein 
coupled receptors (GPCRs) in living cells. Relevant 
information on mechanisms of action for other GPCRs 
has been also obtained with SPT (21,22). Echarte 
et al. (23) investigated the biophysical behavior of 
retrograde transport of nerve growth factor (NGF) in 
living cells and in real time using QDs and quantitative 
SPT technology. They followed NGF trafficking 
inside neurites of differentiated PC12 cells by tracking 
trace amounts of streptavidin-coated QDs bound 
to biotinylated NGF (bNGF). Using this strategy, 
they visualized NGF binding, internalization, and 
trafficking and they characterized the kinetics of 
the NGF trafficking process. They found that a net 
retrograde transport of QDs-bNGF complexes with a 
velocity of 0.054 ± 0.020 μm/sec. Individual runs had 
a mean velocity of approximately 0.15 μm/sec at room 
temperature, and the run times were exponentially 
distributed. Their results demonstrated that the receptor 
had been internalized, like many cytoplasmic organelles. 
QDs-bNFG-receptor complexes exhibited bidirectional 
movement along microtubules after endocytosis. 
Based on quantitative analysis of the tracking data, 
they derived the rates and extent of transport in both 
the retrograde and anterograde directions. The new 
information gained through SPT is of fundamental 
importance in understanding normal and pathological 
processes in the nervous system.

4.2. SPT of exocytosis and endocytosis

Exocytosis and endocytosis are the basic methods 
of material  transport  between the cell  and its 
environment. Exocytosis is a process by which the 
membranes of secretory vesicles fuse with the plasma 
membrane, releasing the contents of the vesicle into 
the extracellular medium. This process has been 
studied in particular depth with regard to the release of 
neurotransmitters at the synapse (24-26). Import into 
the cell is possible by the process of receptor-mediated 

3. Fluorescence microscopy

Labeled particles are visualized in live cells using 
fluorescence microscopy. Three imaging geometries 
are most often used, i.e., epifluorescence microscopy, 
confocal microscopy, and total internal reflection 
fluorescence microscopy (TIRFM). Of the three, 
epifluorescence microscopy is the simplest to set up. 
This method also has the greatest imaging depth and 
is often used when long-range protein trafficking or 
transport is being studied. However, owing to the 
background autofluorescence of cells, epidetection is 
inadequate for SPT involving only a few fluorescent 
molecules. To reduce the background noise, confocal 
detection or excitation by total internal reflection 
(TIF) is used. Confocal microscopy requires a rapid 
scanning scheme (laser scanning confocal microscopy) 
or multiplexed detection (spinning disc confocal 
microscopy) to acquire images of living cells. 
Using confocal imaging allows the acquisition of 
3-dimensional images, but this advantage is mitigated 
by a relatively severe signal loss. The focus of the 
laser beam of a laser-scanning confocal microscope is 
scanned or orbited around the particle. TIRFM, which 
is a wide-fi eld imaging technique that illuminates only a 
thin plane of the sample, can also be used for SPT. This 
is done to greatly reduce the background fl uorescence 
and detect single particles in the cell membrane. 
However, the excitation depth of an evanescent wave 
generated by TIF is only 100-200 nm, limiting its use 
to events that occur close to the cell surface. Therefore, 
TIRFM imaging is typically used to monitor the 
mobility of membrane proteins.
 In addit ion to these background-reduction 
techniques, SPT is performed with specialized video 
cameras. In a typical SPT system, a video camera is 
connected to an optical microscope. Video signals from 
the camera are transmitted to a recording device (3). 
As a result, the development of charge-coupled device 
(CCD) cameras with high quantum yields (60-80%) 
and rapid frame rates (1-500 ms) also represents an 
important technological advance that has benefi ted SPT 
technology (7).

4. Uses of SPT in living cells

4.1. SPT of membrane receptor transport

SPT techniques have offered alternative ways to 
explore the kinetics of receptor transport and the 
transport of internalized endosomes on the cell surface. 
It has been indispensable in understanding the details of 
the mechanism of cell signaling and particle transport 
because it eliminates ensemble averaging and provides 
direct information on heterogeneity and kinetics of the 
system.
 Liang et al. (20) used SPT to efficiently explore 
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endocytosis, by which selected plasma membrane 
proteins are internalized. This not only mediates some 
signal transduction processes but also allows the cell to 
maintain or modify its electrolyte balance and control 
its osmotic properties. Neurons transmit information 
by the regulated release of neurotransmitters that bind 
to specific receptors at the target cell. SPT has been 
used to directly detect the dynamic process of synaptic 
vesicle trafficking in nerve terminals and to measure 
the release of neurotransmitters induced experimentally 
or evoked by normal behavior. Levitan et al. (25) used 
SPT to study neuropeptide vesicle exocytosis and 
motion at the drosophila larval neuromuscular junction 
(NMJ). Movement and release of single large dense-
core vesicles can be resolved in nerve terminals because 
green fluorescent protein (GFP)-tagged neuropeptides 
are highly concentrated in these organelles. Utilization 
of SPT led to the fi rst detection of vesicle mobilization 
in nerve terminals and the discoveries of activity-
dependent capture of transiting vesicles and post-
tetanic potentiation of neuropeptide release. Lemke 
and Klingauf (26) described a SPT technique using 
dual fl uorescent dye labels to simultaneously visualize 
the movements of a single vesicle and the respective 
synaptic bouton during resting conditions and 
stimulation. They found vesicle mobility to be very 
low in the absence of stimulation, in accordance with 
previous studies (27,28). Interestingly, mobility was 
also found to be low during synaptic activity. They 
found that vesicles labeled preferentially via early, late, 
and spontaneous endocytotic mechanisms behaved 
similarly at rest and during stimulation.
 Receptor-mediated endocytosis is a complex and 
dynamic process that is critical to the governing of 
cellular signaling and subsequent cell function. In 
order to understand receptor endocytic trafficking 
at the level of single or small numbers of receptors, 
Rajan et al. (29) developed and tested ligand nerve 
growth factor-bound quantum dot  (NGF-QD) 
bioconjugates in order to image discrete receptor 
endocytic events inside live NGF-responsive PC12 
cells. Using SPT, they investigated the molecular-
sca le  dynamics  o f  NGF-recep to r  complexes 
undergoing endocytic trafficking. The unique value 
of SPT indicated that NGF traffi cking operated with a 
strikingly high degree of effi ciency at the molecular-
size scale and that diffusive and active forms of 
transport inside cells were rapid and effi cient.

4.3. SPT of mRNA

SPT is a powerful technique for studying RNA 
dynamics in living cells. It enables the analysis of 
the movement of individual RNA molecules in real 
time and the comparison of the relationship between 
movement and the subnuclear structure of those 
molecules. Recently, SPT of mRNA has been performed 

in the cytoplasm (30) and in the nucleus (31). Shav-
Tal et al. (31) used a cellular system for monitoring 
mRNA expression to characterize the movement in real 
time of single mRNA-protein complexes (mRNPs) in 
the nucleus of living mammalian cells. They found that 
the mobility of mRNA was not directed but governed 
by simple diffusion. Moreover, half the population of 
mRNAs diffused freely, with D = 0.04-0.05 μm2/sec, 
and the other half were corralled in the nucleus (31). 
SPT of mRNA labeled with a molecular beacon was 
performed in the nucleus by Vargas et al. (32). They 
used small, hairpin-shaped oligonucleotides known 
as molecular beacons that possessed an internally 
quenched fluorophore with fluorescence that was 
restored upon hybridization to the complementary 
sequence of mRNA. Brownian motion of mRNA with 
D = 0.03 μm2/sec was reported (32). However, these 
two studies were carried out with a low temporal 
resolution (300 ms/frame) and mRNAs were only 
observed over 3 s (33). In 2009, Ishihama and Funatsu 
(33) successfully observed the movement of individual 
mRNAs for more than 60 s with a temporal resolution 
of 30 ms using QDs. mRNA labeled with QDs at a 
stoichiometric ratio of 1:1 was microinjected into 
the nuclei of Cos7 cells. They found that almost all 
mRNA-QDs were in motion, and statistical analyses 
revealed anomalous diffusion between barriers, with a 
microscopic diffusion coeffi cient of 0.12 μm2/sec and 
a macroscopic diffusion coeffi cient of 0.025 μm2/sec. 
Diffusion of mRNA was observed in interchromatin 
regions but not in histone2B-GFP-labeled chromatin 
regions. These results provided direct evidence of 
channeled mRNA diffusion in interchromatin regions. 
QD labeling allowed SPT of mRNAs to be carried 
out with high temporal and spatial resolution over 
observations of a long duration, a feat that had not been 
achieved by conventional labeling with a fluorescent 
dye or fl uorescent protein.
 In order to study whether these individual mRNA 
species are specifically sorted into separate or 
common ribonucleoprotein (RNP) particles before or 
during transport, Katayama et al. (10) analyzed the 
intracellular movement of individual pairs of localized 
mRNA in yeast cells. mRNA pairs were tagged with 
tandem repeats of either bacteriophage MS2 or lambda 
boxB RNA sequences and fluorescently labeled by 
fusion protein constructs that bound to the RNA tag 
sequences. Using SPT with dual-color detection, they 
tracked the transport of two different localized mRNA 
species. Their observations indicated that different 
localized mRNAs were coassembled into common RNP 
particles and cotransported in a directional manner to 
the target site. Nonlocalized mRNAs or mutant mRNAs 
that lack functional localization signals form separate 
particles that are not transported to the yeast bud. This 
study revealed a high degree of co-ordination of mRNA 
traffi cking in budding yeast.
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4.4. Single-virus tracking

SPT studies of viruses are also known as single-virus 
tracking. Single-virus tracking (7) uses fluorescence 
microscopy to monitor individual virus particles or 
viral components in live cells. It is a powerful tool for 
investigating viral infection routes and characterizing 
the dynamic interactions between viruses and target 
cells. Viral infections are universally acknowledged 
to be complex processes that include many steps and 
interactions with different cellular structures. Not only 
are these interactions dynamic, but often the cellular 
structures are themselves dynamic. Furthermore, the 
same virus might infect cells by several different routes 
and most viral entry events might be futile. Therefore, 
single-virus tracking enables the possible elucidation of 
previously unknown but critical steps involved in the 
penetration of viruses into cells and dissemination of 
viruses, revealing novel therapeutic opportunities for 
controlling virus pandemics and pathogenesis.
 A number of studies have revealed detailed 
information about the proteins involved in fusion 
for many viruses and have elucidated fundamental 
principles of viral fusion mechanisms, but the dynamics 
of the process are largely unknown. Koch et al. (34) 
developed a system to study the dynamics of HIV-1 
entry using SPT. They generated HIV-1 particles 
pseudotyped with the envelope (Env) protein of 
ecotropic murine leukemia virus (eMLV) to study 
retrovirus entry at the plasma membrane using live-
cell microscopy. In their experiment, they established a 
double labeling strategy in which a fl uorescent label in 
the matrix (MA) domain of HIV-1 Gag was combined 
with another fl uorescent label fused to eMLV Env (Env.
YFP). Fusion events were defi ned as loss of Env signal 
after virus-cell contact. SPT of > 20,000 individual 
traces in two color channels recorded 28 events of color 
separation, indicating that the MA layer dissociated 
from the surface glycoproteins upon membrane fusion. 
Fourty-five events were detected where both colors 
were lost simultaneously. Furthermore, they found that 
virus-cell fusion appeared to be kinetically different 
from cell-cell fusion. This fi nding was in line with that 
from a previous study (35).
 Dengue virus (DENV) is a mosquito-transmitted, 
enveloped RNA virus. DENV causes the most common 
arthropod-borne infection worldwide, with 50-100 
million cases annually. It threatens human health, but 
there are presently neither vaccines nor antiviral drugs 
to prevent or treat dengue infection (36). In 2008, 
van der Schaar et al. studied the cell entry, endocytic 
trafficking, and fusion behavior of DENV, which was 
achieved using live-cell imaging, single-virus tracking, 
and real-time multi-color fluorescence microscopy. In 
the experiment, DENV was labeled with the lipophilic 
fl uorescent probe DiD. The surface density of the DiD 
dye in the viral membrane allowed clear detection 
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of single virus particles, and this labeling procedure 
did not affect the infectious properties of DENV. In 
order to test whether DENV was internalized through 
clathrin-mediated endocytosis, BS-C-1 cells were 
used; these cells stably expressed enhanced yellow 
fluorescent protein (eYFP) fused to the light chain of 
clathrin (37). The simultaneous tracking of DENV 
particles and various endocytic markers revealed that 
DENV enters cells exclusively via clathrin-mediated 
endocytosis. The virus particles moved along the cell 
surface in a diffusive manner before being captured by 
a pre-existing clathrin-coated pit. Following clathrin-
mediated uptake, the majority of DENV particles were 
transported to early endosomes, which subsequently 
matured into late endosomes, and then fusion of the 
viral membrane with the endosomal membrane was 
detected in late endosomal compartments. This is the 
fi rst report to describe the cell entry process of DENV 
at the single particle level and therefore provides 
unique mechanistic and kinetic insights into the route 
of internalization, endocytic trafficking behavior, 
and membrane fusion properties of individual DENV 
particles in living cells. This study has opened up new 
avenues in fl avivirus biology and will lead to a better 
understanding of the critical determinants in DENV 
infection (38). In addition, this group studied the 
transport, acidification, and fusion of single influenza 
viruses in living cells (39). Influenza is a valuable 
model system for exploring the cell's constitutive 
endocytic pathway. The movement of individual 
viruses revealed a striking three-stage active transport 
process that preceded viral fusion with endosomes 
starting with an actin-dependent movement in the 
cell periphery, followed by a rapid, dynein-directed 
translocation to the perinuclear region, and finally 
an intermittent movement involving both plus- and 
minus-end-directed microtubule-based motilities in the 
perinuclear region. Surprisingly, the majority of viruses 
experience their initial acidification in the perinuclear 
region immediately following the dynein-directed rapid 
translocation step. This finding suggests a previously 
undescribed scenario of the endocytic pathway toward 
late endosomes: endosome maturation, including initial 
acidifi cation, largely occurs in the perinuclear region.

4.5. SPT of drug delivery

Anticancer therapeutics based on active tumor targeting 
by conjugating tumor-specific antibodies should help 
to increase therapeutic effi cacy and decrease systemic 
toxicity. Quantitative investigation of the dynamics of 
anticancer drug delivery in vivo is crucial to enabling 
the development of more effective drug delivery 
systems. Recently, SPT has been used to study drug 
delivery.
 Tada et al. (40) tracked single-particle QDs 
conjugated with tumor-targeting antibody in tumors 
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of living mice using a dorsal skinfold chamber and a 
high-speed confocal microscope with a highly sensitive 
camera. They succeeded in capturing the delivery of 
single QD-antibody complexes in tumor vessels to the 
perinuclear region of tumor cells in live mice after 
QD-antibody complexes had been injected into the tail 
vein of mice with HER2-overexpressing breast cancer. 
Movement of single complexes of the QD-antibody 
were clearly observed at 30 frames/sec inside the tumor, 
and six stages were detected (Figure 2): (1) circulation 
within a blood vessel, (2) extravasation, (3) movement 
into the extracellular region, (4) binding to HER2 
on the cell membrane, (5) movement from the cell 
membrane to the perinuclear region after endocytosis, 
and (6) movement to the perinuclear region. The 
translational speed of QD-antibody complexes in each 
process was highly variable, even in vessel circulation. 
The movement of the complexes at each stage was 

also found to be "stop-and-go". This indicated that 
the movement was promoted by a motive power and 

constrained by both the three-dimensional structure 
of the complexes and protein-protein interactions. 
The motive power of the movement was produced by 
blood circulation, diffusion force driven by thermal 
energy, and active transport by motor proteins. The 
cessation of movement is most likely induced by 
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a structural barricade such as a matrix cage and/or 
specifi c interaction between proteins and HER2, motor 
proteins, and rail fi laments such as actin fi laments and 
microtubules. This study provides valuable information 

on antibody-conjugated therapeutic nanoparticles, 
which will be of use in analyzing the molecular 
processes of drug delivery to the tumor and in 
increasing therapeutic effi cacy. SPT has also been use 
to investigate the potential of magnetic nanoparticles 
for drug delivery (41).

5. Conclusions

SPT, a very powerful technique, represents the only 
currently available method to clearly differentiate 
different  types  of  protein  movement  without 
population averaging and will prove indispensable 
in understanding the details of the mechanism of cell 
signaling and particle transport (42). Among their major 
achievements, SPT studies have revealed the molecular 
details of signaling processes, receptor activation, 
lateral organization, dynamics of endocytosis and 
exocytosis, and the mechanisms of entry, trafficking, 
and egress of various viruses. The next 5 years should 
see intensive research on the in vivo uses of SPT. 
Although it has made great achievements in the field 

Figure 2. Schematic illustration of the delivery of single QDs-trastuzumab complex in tumor vessels to the perinuclear 
region of tumor cells.
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of life science, many difficulties remain, such as the 
inconvenient labeling process, the need for a highly 
sophisticated imaging apparatus, and the limiting 
of labeling particles to living cells, and continue to 
represent a hindrance to the more widespread use of 
SPT.
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A B S T R A C T:  P ro t o n  m a g n e t i c  re s o n a n c e 
spectroscopy (1HNMR) studies on inclusion 
compounds of zaleplon with hydroxypropyl-β-
cyclodextrin (HPβCD) were carried out in order 
to elucidate the strength and binding mode of 
association. Chemical shift measurements revealed 
that inclusion complexes of zaleplon and HPβCD 
were formed by penetration of aromatic rings into 
the HPβCD cavity from the wider rim side with 
deep penetration of the amide-substituted ring while 
inclusion of the cyano-substituted pyrazole ring was 
shallow. A higher magnitude of ΔδH-3' and ΔδH-5' 
protons of HPβCD indicated higher stability of the 
lyophilized product than the kneaded one. Even from 
the values of ΔδH-5'/ΔδH-3', it could be concluded 
that zaleplon deeply penetrated inside the HPβCD 
cavity in the lyophilized product as compared to the 
kneaded product. The stoichiometry of the inclusion 
complexes was assessed to be a 1:1 molar ratio with 
an AL-type of phase solubility curve and a stability 
constant of 57.89 ± 1.82 M-1, according to Higuchi 
and Connors. In the case of dissolution experiments, 
a lyophilized product displayed a higher release rate 
of zaleplon (DE30: 77.64 ± 5.74) than the kneaded 
complex and physical mixture.

Keywords: Zaleplon, hydroxypropyl-β-cyclodextrin, 
1HNMR, inclusion compounds, dissolution

1. Introduction

Molecular encapsulation via formation of monomolecular 
inclusion complexes with cyclodextrins has been 
extensively used in pharmaceutical research for the 

solubility enhancement of poorly soluble aqueous 
compounds (1). The process of molecular encapsulation 
involves the spatial entrapment of a single guest 
molecule in the cavity of the host molecule without any 
covalent interactions (2,3). Cyclodextrins have been 
widely employed for this purpose because of their torus 
shape which gives ability to entrap the hydrophobic 
portion of properly sized guest molecules, entirely or 
partially, within their hydrophobic central cavity, both 
in solution and in the solid state (4). This inclusion 
decreases the lipophilic character of the drug molecule 
with simultaneous improvement in its solubility and 
chemical stability (5-9). While forming an inclusion 
complex, cyclodextrins do not modify the molecular 
structure and permeability characteristics of hydrophobic 
drug molecules but deliver them to the surface of the 
biological membrane in their original form (10,11).
 However, due to toxicological considerations, 
safety issues, and limited water solubility of parent 
cyclodextrins (β-cyclodextrin), some modified 
cyclodextrins such as 2-hydroxypropyl-β-cyclodextrin 
have been introduced in formulation research (3). 
2-Hydroxypropyl-β-cyclodextrin (HPβCD) (Figure 1) 
is a hydroxyalkyl β-cyclodextrin derivative which is 
widely used in pharmaceutical formulations owing to its 
amorphous, non-crystalline nature, high water solubility 
and low toxicity (12). Toxicological studies revealed that 
HPβCD is well tolerated by the human body using both 
intravenous and oral administration (13). Therefore, an 
inclusion complex with HPβCD could be an effective 
approach to achieve ideal therapy for drugs with poor 
aqueous solubility (14).
 Zaleplon selected in the current investigation is 
a GABAA modulating hypnotic drug belonging to 
the pyrrazolopyrimidine class of fused heterocyclic 
compounds intended for the management of insomnia 
(15). However, due to poor aqueous solubility 
(practically insoluble) and limited dissolution of 
zaleplon, only 30% of the drug reaches the systemic 
circulation (16). Because cyclodextrins can improve 
the solubility/dissolution of hydrophobic substances via 
complex formation (17), which results in improvement 
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of overall therapeutic effectiveness of such drugs, in 
this study we have used modified cyclodextrin viz. 
HPβCD to demonstrate the stability, binding mode and 
dissolution behaviour of zaleplon-HPβCD inclusion 
compounds prepared by different methods. Further, the 
chemically modifi ed cyclodextrins may show different 
modes of arrangement of guest inside the cyclodextrin 
cavity due to substitution and increased cavity size. 
Because several papers have reported the use of the 
NMR technique to study the host-guest interactions 
during formation of inclusion complexes (18-20), we 
have employed 1HNMR chemical shift measurement 
data to characterize zaleplon-HPβCD binary systems.
 The purpose of this work was to investigate the 
potential of amorphous HPβCD as a solubilizing and 
complexing agent for zaleplon along with its binding 
mode with the guest. Phase solubility studies were 
performed to determine the stoichiometry of the 
complex formed in aqueous media. The inclusion 
compounds of zaleplon with HPβCD were prepared 
by a kneading and lyophilization technique while the 
physical mixture was prepared by mixing individual 
components in a mortar. All formulations including pure 
zaleplon were further evaluated for their dissolution 
performance in distilled water.

2. Materials and Methods

2.1. Materials

Zaleplon and HPβCD were generously provided by 
Cipla Ltd., Mumbai, India and Panacea Biotech, 
Chandigad, India, respectively. Analytical grade 
reagents were used for experimental purposes.

2.2. Phase solubility studies

Phase solubility studies in distilled water at room 

temperature (25 ± 2°C) were performed in triplicate 
according to the method of Higuchi and Connors (21). 
Excess amounts of zaleplon were added to 20 mL of 
aqueous solution containing various concentrations 
of HPβCD (0-0.01 M) in glass flasks. The glass 
containers were sealed and the suspensions were 
mechanically shaken on a rotary shaker for 4 days 
until equilibrium was reached. All suspensions were 
filtered through a 0.45 μm membrane filter and 
analyzed spectrophotometrically (Shimadzu UV-VIS 
spectrophotometer 1700, Kyoto, Japan) at 232 nm. The 
apparent stability constant Ks was estimated from the 
straight line of the phase solubility diagram according 
to the equation of Higuchi and Connors (21).

2.3. Preparation of the physical mixture of zaleplon and 
HPβCD

A physical mixture (PM) of equimolar amounts of 
zaleplon and HPβCD was prepared by homogeneous 
blending in a mortar of the individual components which 
were previously sieved through mesh number 80 μm.

2.4. Preparation of inclusion complex by kneading 
method (KN)

Kneaded products were prepared from the PM by 
adding a small volume of water-ethanol (1:1, v/v) 
solution followed by vigorously triturating it in a mortar 
for 45 min to form a homogeneous dispersion. The 
product was dried at 45°C for 24 h in an oven which 
was sieved through mesh number 80 μm.

2.5. Preparation of inclusion complex by lyophilization 
(freeze-drying) method (LP)

Equimolar amounts of zaleplon and HPβCD were 
transferred to a beaker containing distilled water and 

71

Figure 1. Hydroxypropyl-β-cyclodextrin.
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type. The linear host-guest correlation coefficient r = 
0.9976 (r2 = 0.9952) with a slope of 0.05420 suggested 
the formation of a 1:1 complex with respect to HPβCD 
concentrations as the slope less than unity usually 
results in first order complexes. The line equation 
from the linear regression analysis was found to be as 
follows:

      y = 0.05420 x + 0.0009895                ---- Eq. 1

 The apparent stability constant, K1:1 obtained from 
the slope of the linear phase solubility diagram was 
57.89 ± 1.82 M-1 (Eq. 1). Thus, the stability constant 
of the zaleplon-HPβCD complex decreased indicating 
slightly less affinity of HPβCD toward zaleplon as 
compared to a zaleplon-βCD complex (17).

3.2. Proton nuclear magnetic resonance spectroscopy 
(1HNMR)

Figure 3 displays 1HNMR spectra of zaleplon (A), 
HPβCD (B), PM (C), kneaded (D), and lyophilized 
product (E). 1HNMR spectra of zaleplon, in the absence 
of HPβCD, exhibited a quartet and a triplet, each 
integrating for three and two protons, at 3.79 and 1.15 
which were assigned to H-2 and H-3, of methylene and 
methyl functionalities of the N-substituted amide group 
of the aromatic ring. The signal for H-1 (methyl) of the 
amide group of the phenyl ring appeared as a singlet at 
2.104. Two doublets, each integrating for one proton, 
at 7.249 and 7.475 could be assigned to H-4 and H-6 
protons, respectively, of the aromatic ring whereas a 
triplet at 7.718 was assigned to the H-5 proton of the 
same ring. The signals for H-7 of the phenyl ring and 
H-10 of the pyrazole ring appeared at 7.289 and 8.428, 
respectively, each as a singlet. The signals for two 
pyrimidine protons; H-8 and H-9 appeared at 8.006 and 
8.801, respectively.
 Significant changes in the nature and position of 
signals for the protons of zaleplon were observed in the 
presence of HPβCD in PM, kneaded and lyophilized 
products. The signals for H-1, H-2, H-3, and H-5 
protons of the aromatic ring including the amide group, 
exhibited upfi eld shifts in all binary systems of zaleplon 
with HPβCD whereas the signals for H-4, H-6, and H-7 
of the aromatic protons exhibited downfi eld shifts in the 
PM and kneaded system. Two pyrimidine protons; H-8 
and H-9 also experienced downfi eld shifts in all binary 
systems of zaleplon while a signal for the H-10 of the 
pyrazole ring exhibited an upfield shift. The protons 
H-8 and H-10 were almost diffused in the lyophilized 
product. However, all aromatic ring protons including 
protons of the amide group experienced high upfield 
shifts in the lyophilized system indicating formation 
of an inclusion complex. The physical mixture and 
kneaded system displayed a similar shifting pattern of 
zaleplon protons. The chemical shift change values for 

sonicated for 20 min. The mixture was stirred for 4 
days at room temperature, filtered and the resultant 
clear solution was frozen in a deep freezer at -20°C. 
The frozen solution was lyophilized in a freeze-dryer 
(Khera instruments, New Delhi, India) at -40°C until 
the sample was completely dry.

2.6. Proton nuclear magnetic resonance spectroscopy 
(1HNMR)

1HNMR spectra of zaleplon, HPβCD, the physical 
mixture and inclusion complexes were recorded in 
DMSO (d6) on a Varian Mercury YH-300 NMR 
spectrophotometer (Palo Alto, CA, USA) at an 
operating frequency of 300 MHz.

2.7. Dissolution studies

The dissolution rate studies were performed using 
a USP Type II dissolution test apparatus (Lab India, 
Model Disso 2000 Tablet dissolution test apparatus, 
Mumbai, India). The samples equivalent to 10 mg of 
zaleplon were placed in a dissolution fl ask containing 
900 mL of distilled water maintained at 37 ± 0.5°C 
and stirred at 75 rpm (22). Samples were withdrawn 
at appropriate time intervals and replaced with fresh 
dissolution medium. After fi ltration through a 0.45 μm 
membrane filter, the concentration of zaleplon was 
determined spectrophotometrically at 232 nm. The 
results were statistically evaluated using ANOVA.

3. Results and Discussion

3.1. Phase solubility studies

Figure 2 shows a phase-solubility curve in aqueous 
media for the complex formation between zaleplon and 
HPβCD. It was observed that the aqueous solubility 
of the drug increases linearly as a function of HPβCD 
concentration and therefore it could be classifi ed as AL-

Figure 2. Phase solubility diagram of ZPN-HPβCD system 
in distilled water.
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various protons of the guest are given in Table 1.
 In the NMR spectra of kneaded and lyophilized 
systems, the signals for H-5' and H-3' protons of 
HPβCD, situated inside the HPβCD cavity, exhibited 
high upfi eld shifts compared to pure HPβCD whereas, 

in PM, H-5' and H-3' protons of HPβCD, moved 
downfield by 0.011 (ΔδH-5') and 0.004 (ΔδH-3'), 
respectively. The chemical shift change (Δδ) values for 
HPβCD protons in the kneaded and lyophilized systems 
are given in Table 2.
 The mode of the guest complex into the host cavity 
of cyclodextrins involves the insertion of the less polar 
(non-polar) portion of the guest into the CD cavity as 
reported in earlier papers (4). NMR spectroscopy is an 
excellent tool for the study of the nature and geometry 
of the cyclodextrin inclusion complex due to its high 
sensitivity (23). The penetration of guest usually takes 
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Table 1. 1HNMR (300 MHz) chemical shift change (Δδ) 
values for various protons of ZPN in the presence of 
HPβCD in DMSO

System/Protons

          H-1
          H-2
          H-3
          H-4
          H-5
          H-6
          H-7
          H-8
          H-9
          H-10

   KN

-0.291
-1.290
-0.122
 0.362
-0.020
 0.187
 0.359
 0.015
 0.061
-0.363

    LP

-1.076
-1.288
-0.141
-1.547
-1.778
-1.601
-1.558
    ---
 0.063
    ---

   PM

-0.290
-1.290
-0.123
 0.359
-0.021
 0.187
 0.357
 0.015
 0.060
-0.365

Negative values indicate upfield shift. PM, physical mixture; KN, 
kneaded product; LP, lyophilized product.

Table 2. 1HNMR (300 MHz) chemical shift change (Δδ) 
data for HPβCD protons in the presence of ZPN in DMSO 

System/Protons

         KN
         LP

  H-5'

-0.144
-0.233

ΔδH-5'/ΔδH-3'

         1.50
         2.19

  H-3'

-0.098
-0.106

Negative values indicate upfield shift. KN: kneaded product; LP: 
lyophilized product.

Figure 3. 1HNMR spectra of ZPN-HPβCD binary systems. A, A1, and A2, ZPN; B and B1, HPβCD; C, C1, and C2, physical 
mixture; D, D1, and D2, kneaded product; E and E1, lyophilized product.
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place from the wider rim side of the cavity. The host-
guest interactions are clearly reflected in the form of 
shifts in NMR signals. The changes in chemical shifts 
of H-3' and H-5' protons of HPβCD in the presence of 
the guest molecule indicated that the inclusion in the 
cavity has taken place in the kneaded and lyophilized 
systems since these protons are located inside the cavity 
(24). A deep penetration of guest into the HPβCD cavity 
results in the chemical shift of both protons H-3' and 
H-5' of HPβCD whereas the shift in only H-3' protons 
occurs when the cavity penetration is shallow (25). The 
ratio for the chemical shift changes for these protons, 
ΔδH-5'/ΔδH-3', gives information about the depth of 
inclusion of the guest into the HPβCD cavity which 
was found to be higher in the lyophilized system than 
the kneaded one (Table 2). On the contrary, in the PM, 
H-3' and H-5' protons of HPβCD exhibited downfield 
shifts indicating no formation of an inclusion complex, 
even though the protons of zaleplon have shown similar 
behaviour in the PM and kneaded system. These results 
suggested an existence of a strong physical interaction 
between zaleplon and HPβCD in the PM. The stability 
of inclusion complex is related to the magnitude of the 
chemical shift changes for H-3' and H-5' protons; the 
higher the value of ΔδH-3' and ΔδH-5', the greater is 
the stability of the complex (26). The protons of the 
guest molecule located inside the HPβCD cavity in 
complex, experience upfield shift changes due to the 
shielding effect by the cavity while, the protons of the 
guest, which are outside the cavity, show downfield 
shift changes when complexed (24). Significant high 
field shifts observed in the NMR signals of H-3' and 
H-5' of HPβCD in kneaded and lyophilized systems 
of zaleplon clearly indicated the inclusion of the 
aromatic part of the guest into the HPβCD cavity due 
to hydrophobic interactions (27). The higher values 
of ΔδH-5' and ΔδH-3' protons of HPβCD might be 
attributed to the deep penetration of the zaleplon from 
the wider rim of HPβCD (28). Further, almost all 
protons of the aromatic ring, including the protons of 
the amide group, exhibited significant upfield shifts 
in kneaded and lyophilized products indicating its 
penetration inside the HPβCD cavity. However, the 
H-10 proton of cyano substituted pyrazole ring has 
also experienced a remarkable upfi eld shift in kneaded 
but is diffused in the lyophilized system, which may 
indicate the possibility of penetration of the cyano 
substituted pyrazole ring inside the HPβCD cavity. This 
interpretation has been supported by the loss of intensity 
and disappearance of the cyanide peak in IR spectra of 
kneaded and lyophilized products respectively (data not 
shown). Therefore, two different topologies of complex 
formation could be possible for each aromatic ring as 
entry may occur through either the wider or smaller 
rim of HPβCD, resulting in either shallow or deep 
penetration of the guest molecule. Figure 4 illustrates 
possible models of inclusion equilibria of the zaleplon 
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and HPβCD inclusion complex. The ΔδH values 
obtained in NMR signals of kneaded and lyophilized 
products supports the possible model-1 for the amide-
substituted aromatic ring with HPβCD where, the 
zaleplon enters from the wider rim and penetrates deep 
so that the amide group protrudes outside the cavity and 
may interact with 2'-OH of HPβCD at the 6 position. 
Further evidence was seen in the upfield shift of H-4 
and H-5 of zaleplon in the lyophilized product. This 
might be because of the close proximity of these protons 
with H-5' while the H-5 and H-6 of zaleplon were in the 
proximity of both H-3' and H-5' of HPβCD, since these 
protons have experienced higher upfi eld shifts than H-4 
and H-5 in the lyophilized system. The high upfield 
shift of H-10 of the cyano substituted pyrazole ring 
in the kneaded system suggests the possible model-2 
indicating the possibility of penetration of the cyano 
substituted pyrazole ring from the narrow side where 
only a part of the ring enters the cavity with shallow 
cavity penetration. Thus 1HNMR measurements are 
clearly indicative of formation of inclusion compounds 
in the solid state.

3.3.  Dissolution rate studies

Figure 5 shows dissolution curves of the zaleplon-
HPβCD binary systems in distilled water. As shown in 
Table 3, the values of % drug dissolved at 2 min (DP2), 
15 min (DP15), 30 min (DP30), and dissolution effi ciency 
(29) at 30 min (DE30) were evaluated.
 From the results obtained, it was observed that all 
binary systems of zaleplon with HPβCD show faster 
dissolution than zaleplon alone. It should be noted that 
the increase in dissolution rate of zaleplon was 2.04-fold 
greater from the physical mixture within 2 min whereas, 
it was 2.96-fold greater from the kneaded system at the 

Figure 4. A schematic representation of the inclusion 
equilibria of ZPN with HPβCD.
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same time. The lyophilized product displayed a higher 
dissolution rate than the physical mixture and kneaded 
product. The increase in dissolution rate of zaleplon 
was 3.73-fold greater from lyophilized product within 2 
min.
 The statistical treatment (ANOVA) of DE30 values 
of zaleplon and its formulations demonstrated a 
signifi cant difference between the dissolution profi le of 
pure zaleplon and all of its binary systems with HPβCD 
(p < 0.001). Further, lyophilized product has shown 
significant improvement in the dissolution profile of 
zaleplon than the physical mixture (p < 0.01). However, 
no significant difference was observed between the 
dissolution profiles of physical mixture and kneaded 
product. Similar results were obtained with the kneaded 
and lyophilized products. However, the lyophilized 
product has shown excellent dissolution among all 
other binary systems of zaleplon studied.
 It is noteworthy that the extent of the dissolution 
enhancing effect was dependent on the method used 
for the preparation of inclusion complexes. The 
enhancement in dissolution rate from the physical 
mixture was possibly due to a local solubilization 
action and improved wettability by HPβCD and hence 
dissolution of the drug particles (30,31).
 The kneaded product has shown a dissolution 
rate between the physical mixture and lyophilized 
product. The higher dissolution rate of kneaded product 
compared to physical mixture might be because of 
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reduction in crystals (XRD data not shown) of the drug 
due to formation of the inclusion complex (kneaded 
product) in the solid state.
 A significant increment in dissolution rate of 
zaleplon from lyophilized product could be attributed 
to loss of crystallinity or probably transfer of zaleplon 
into a higher energetic amorphous state upon complex 
formation, surfactant-like properties of HPβCD (32-35) 
and higher stability of inclusion complex in lyophilized 
product (36).
 In conclusion, the dissolution rate of zaleplon could 
be increased by formation of its inclusion compounds 
with hydrophilic and amorphous HPβCD by a kneaded 
and lyophilized process.

4. Conclusion

In the present investigation, 1HNMR shifts of zaleplon 
in the presence of HPβCD confi rmed the formation of 
equimolar zaleplon-HPβCD inclusion compounds in 
the solid state prepared by kneading and lyophilized 
techniques. Both, the amide-substituted phenyl ring 
(deep penetration) and cyano-substituted pyrazole 
ring (shallow penetration) act as guests. In all aspects, 
a lyophilized product was found to be more stable 
than a kneaded one. The stoichiometry of complex 
formation was 1:1 as supported by phase solubility 
studies. The results obtained from dissolution studies 
show a high potential for HPβCD as a solubilizing and 
complexing agent for zaleplon which should be useful 
for improvement of oral bioavailability of zaleplon.
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ABSTRACT: The aim of the present study was to 
improve the solubility, and therefore the dissolution of 
poorly water-soluble allopurinol. Solid dispersions of 
allopurinol were prepared with different polymers or 
carriers such as  polyvinylpyrrolidone (PVP K30 and 
PVP K90), polyethylene glycol (PEG 4000 and PEG 
6000), urea and mannitol at two drug : carrier ratios 
(1:1) and (1:2). Different methods such as melting and 
solvent evaporation methods were used to improve 
dissolution characteristics and solubility of allopurinol. 
The solid dispersions were characterized using a 
differential scanning calorimeter (DSC) and X-ray 
diffraction (XRD) while the interactions which took 
place were identified with fourier transform infrared 
(FTIR) spectroscopy. Due to formation of hydrogen 
bonds between allopurinol and urea and mannitol, 
a transition of allopurinol from the crystalline to 
amorphous state was achieved. The DSC thermograms 
of the solid dispersions indicated the potential of heat 
induced interactions between allopurinol and the 
carriers used could influence dissolution rate of the 
drug. The dissolution amount (%) of pure allopurinol 
was 80% at 45 min. F5, F3, F6, F7, and F1 showed 
better dissolution percentages of 100, 93, 92.4, 90.6, 
and 89%, respectively, at 45 min.

Keywords: Allopurinol, solid dispersion, dissolution 
enhancement, solubility, poorly water soluble

1. Introduction

Allopurinol, chemically known as 1,5-dihydro-4H-
pyrazolol (3.4-d) pyrimidin-4-one, is the worldwide 
mainstay of modern treatment of gout and tumor lysis 
syndrome. Allopurinol, an isomer of hypoxanthine, and 

its active metabolite oxipurinol (alloxanthine) act by 
inhibiting xanthine oxidase, an enzyme which forms uric 
acid (urate) from xanthine and hypoxanthine. Allopurinol 
is a polar compound with strong intramolecular hydrogen 
bonding and limited solubility in both polar and non polar 
media (1-3). Allopurinol is very slightly soluble in water 
and ethanol. It is practically insoluble in chloroform and 
ether; and is soluble in dimethylformamide and in dilute 
solutions of alkali hydroxides (4-7).

 Solid dispersion techniques have been widely used 
to improve the dissolution properties and bioavailability 
of poorly water soluble drugs. Several carrier systems 
have been used in the preparation of fast release solid 
dispersions. Polyvinylpyrrolidone (PVP) was used to 
enhance the dissolution rate of number of drugs such 
as 5-lipoxygenase inhibitor SB210661 and benidipine 
HCl (8). Dissolution of prednisolone has been enhanced 
by polyethylene glycol (PEG) fusion dispersions (9). 
Increased dissolution rates and extent of absorption 
were found in rabbits following administration of the 
sulphathiazole-urea eutectic mixtures (10). In the case 
of ursodeoxycholic acid the release rate from urea 
dispersions prepared by the hot melt method was faster 
than from other carriers studied, including PEG 6000 (11).

2. Materials and Methods

2.1. Materials

Allopurinol (Allo) powder was kindly provided by 
Alexandria Company for pharmaceutical industries 
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(Alexandria, Egypt). Urea, di-sodium hydrogen 
phosphate, potassium di-hydrogen ortho phosphate, 
ethyl alcohol (absolute), and hydrochloric acid were 
supplied by El-Nasr Pharmaceutical chemicals Co. 
(Egypt). Mannitol, polyvinylpyrrolidone (PVP) K30 
and K90, and PEG 6000 and 4000 were kindly provided 
by Amoun Company for pharmaceutical industries 
(Cairo, Egypt).

2.2. Solubility studies

An excess amount of allopurinol was added to 
10 mL of aqueous solutions containing different 
concentrations (2.5, 5, 7.5, and 10%, w/v) of urea, 
mannitol, PEG (6000 and 4000), PVP (K30 and K90) 
in capped test tubes. The samples were sonicated for 
1 h at room temperature. The capped test tubes were 
shaken at 37ºC for 24 h in a shaking water bath. The 
suspensions obtained were fi ltered through a fi lter paper 
(double ring, 102), and the filtrate was diluted with 
distilled water. The diluted solutions were measured 
spectrophotometrically at a λmax of 250 nm using 
the same medium as a blank. Each experiment was 
performed in triplicate. The same technique was used to 
study the effect of sodium salts of o- and p-toulic acids 
on the water solubility of allopurinol (12).

2.3. Preparation of solid dispersions

Solid dispersions of allopurinol with carriers or polymers 
(urea, mannitol, PEG 6000 and PEG 4000) at weight 
ratios of 1:1 and 1:2 were prepared by the melting 
method (Table 1). After the polymer or carrier was 
completely melted on a thermostatically controlled 
hot plate, allopurinol was added and then solidified 
by pouring on a glass petri dish stored on an ice bath. 
After cooling the solid, it was kept in a desiccator under 
vacuum at room temperature for 48 h. The mass was then 
pulverized with a mortar and pestle and was sieved into 
defi ned particle size fractions (200-150 μm) (1).
 The solvent evaporation method was used to prepare 
solid dispersions of allopurinol with different polymers 

(PVP K30 and PVP K90) at weight ratios of 1:1 and 1:2, 
drug to carrier (Table 1). A solution of allopurinol in 
absolute ethanol was mixed with a solution of polymer 
in ethanol. The solvent was subsequently evaporated 
under a vacuum, using Rota Vapour apparatus at 70ºC 
and a rotation speed of 100 rpm. The residue was then 
dried completely in a desiccator for 48 h. The solid 
mass was then crushed, pulverized, and sieved into 
defi ned particle size fractions (200-150 μm) (1).

2.4. Characterization of solid dispersions

2.4.1. Differential scanning calorimetry (DSC) studies

Approximately 5 mg of samples were weighed and 
hermetically sealed in the aluminium pans. Samples 
of drug alone, each excipient alone, physical mixtures 
of allopurinol with the investigated excipients (1:1, 
w/w) prepared by simple and perfect mixing and solid 
dispersion (1:1, w/w) were measured with a Shimadzu 
Model DSC-50 thermal analyzer (Shimadzu, Kyoto, 
Japan). The DSC thermograms were obtained over a 
temperature range of 25-400ºC using a thermal analyzer 
equipped with an advanced computer software program 
at a scanning rate of 10ºC/min and a nitrogen gas purge 
of 40 mL/min. The instrument was calibrated with pure 
indium as a reference.

2.4.2. X-ray diffraction (XRD) studies

X-ray diffraction (XRD) patterns were obtained using 
CuKα radiation, collimated by a 0.08º divergence slit and 
a 0.2º receiving slit and scanned at a rate of 2.4º/min over 
the 2θ range of 5-60º. The diffractometer was a PW 3710 
(Philips, Holland).

2.4.3. Fourier transforms infrared spectroscopy (FTIR)

Samples of 1-2 mg of drug alone, each excipient alone, 
physical mixtures of allopurinol with the investigated 
excipients (1:1, w/w) prepared by simple and perfect 
mixing and solid dispersion (1:1, w/w) were mixed 
with KBr (IR grade) compressed into discs in the 
compression unit under vacuum and were scanned 
from 4,000-400 cm-1 with an empty pellet holder as a 
reference. The spectrophotometer was a Perkin-Elmer 
FTS-1710 (Beaconsfi eld, UK).

2.4.4. Content uniformity of allopurinol in solid 
dispersions

An amount equivalent to 10 mg of allopurinol was 
weighed from each resultant solid dispersion (with 
different polymers or carriers) and dispersed in 50 mL 
phosphate buffer pH 7.4 using a 100 mL volumetric 
flask and then was stirred for 10 min. The volume 
obtained was completed to 100 mL with phosphate 
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Table 1. Composition of different allopurinol solid dispersions

Codes

  PD
  F1
  F2
  F3
  F4
  F5
  F6
  F7
  F8
  F9
  F10
  F11
  F12

Ratios

    -
  1:1
  1:2
  1:1
  1:2
  1:1
  1:2
  1:1
  1:2
  1:1
  1:2
  1:1
  1:2

  Components

    Pure drug
    Allo/urea
    Allo/urea
Allo/mannitol
Allo/mannitol
Allo/PVP K30
Allo/PVP K30
Allo/PVP K90
Allo/PVP K90
Allo/PEG 4000
Allo/PEG 4000
Allo/PEG 6000
Allo/PEG 6000

          Methods

                -
          Melting
          Melting
          Melting
          Melting
Solvent evaporation
Solvent evaporation
Solvent evaporation
Solvent evaporation
          Melting
          Melting
          Melting
          Melting
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buffer pH 7.4 and shaken well. Two mL from the 
previous solution were taken and were completed to 10 
mL with phosphate buffer pH 7.4. The absorbance was 
measured using a UV spectrophotometer (Model 6405 
UV/Vis; Jenway, Ltd., Essex, UK) at 250 nm, using 
phosphate buffer pH 7.4 as a blank.

2.4.5. In vitro dissolution of allopurinol from solid 
dispersions

The rotating basket dissolution apparatus was used for 
the determination of dissolution rates of allopurinol solid 
dispersions. An accurately weighed amount of each 
solid dispersion equivalent to 100 mg of allopurinol was 
placed into the basket of the dissolution test apparatus 
(USP Standards, scientific, DA6D, Bombay-400-069, 
India). The basket was rotated at 75 rpm in 900 mL of 
the dissolution medium (0.1 N HCl) and maintained at 
a constant temperature (37 ± 0.5°C). Aliquots, each of 
5 mL, were withdrawn from the dissolution medium 
at time intervals of 5, 15, 30, 45, 60, 90, and 120 min. 
The same volume of 0.1 N HCl was used to replace the 
withdrawn samples. The samples were suitably fi ltered, 
diluted, and measured spectrophotometrically at 250 
nm. The concentration of the drug was determined from 
the previously constructed standard calibration curve. 
Statistical analysis (ANOVA) was performed for all 
allopurinol solid dispersion formulas with respect to 
their percent dissolved at 45 min followed by the Tukey-
Kramer multiple comparisons test. Also the kinetic 
parameters for the in vitro dissolution of all allopurinol 
solid dispersion formulas were determined and analyzed 
in order to explain the mechanism of drug release.

3. Results and Discussion

3.1. Solubility studies

The solubility of allopurinol in water at 37ºC was 
found to be 0.616 mg/mL. Allopurinol has a limited 
solubility in both polar and non polar media as it is a 
polar compound with strong intramolecular hydrogen 
bonding (1). Addition of urea and mannitol provided 
an increase in allopurinol solubility. It is evident that, 
the increased concentration of urea and mannitol was 
accompanied by a gradual increase in the solubilized 
amount of allopurinol. Mannitol as well as urea at 
a 10% concentration caused more than a two fold 
increase in allopurinol solubility. Figure 1 shows a 
linear correlation between the concentrations of urea or 
mannitol and allopurinol solubility in aqueous solutions 
of urea or mannitol at 37°C. The aqueous solution 
of PVP K30 was found to increase the solubility of 
allopurinol much more than PVP K90. Figure 2 shows 
a linear correlation between the concentrations of PVP 
K30 or PVP K90 and allopurinol solubility. Figure 3 
shows that the drug solubility increased linearly as PEG 

Figure 2. Solubility profiles of allopurinol in aqueous 
solutions of PVP K90 and K30 at 37ºC.

Figure 1. Solubility profiles of allopurinol in aqueous 
solutions of urea and mannitol at 37ºC.

Figure 3. Solubility profiles of allopurinol in aqueous 
solutions of PEG 6000 and 4000 at 37ºC.
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concentration increased. PEG 4000 always showed 
more solubilizing power than PEG 6000.

3.2. Characterization of solid dispersions

3.2.1. DSC studies

The DSC thermogram of allopurinol,  carriers, 
their physical mixtures, and the corresponding 
solid dispersions are shown in Figure 4. The DSC 
thermogram of allopurinol alone was characterized by 
a sharp endothermic peak at 386°C corresponding to 
its melting point. The DSC thermogram of the solid 
dispersion containing urea shows that allopurinol lost 
its shape and distinctive appearance, shifted to a lower 
melting point and appeared as a broad peak around 
250-300°C. It was noticed that there was a change in 
the characteristic endothermic peaks and the melting 
points of both allopurinol and urea before and after 
solid dispersion formation. Also there was a decrease 
in the melting enthalpy of both allopurinol and urea 
before and after solid dispersion formation. The more 
amorphous the product, the lower is the ΔH value (13). It 
was also suggested that a very small crystalline portion 
of allopurinol existed in the solid dispersion melted at 
a lower melting point than of intact allopurinol. The 
previous results were concluded when studying the 
DSC of ofloxacin-urea solid dispersions (11). The DSC 
thermogram of solid dispersions containing mannitol 
shows that allopurinol lost its shape and distinctive 
appearance, shifted to a lower melting point than that of 
intact allopurinol and appears as a shallow broad peak 
around 328.3°C with a corresponding enthalpy change. 
As discussed before with urea there was a decrease in the 
melting point of allopurinol accompanied by a change in 
the appearance of the endotherm with a corresponding 

decrease in the ΔH of both mannitol and allopurinol, 
which suggest a decrease in the crystalline state. The 
DSC thermogram of both physical mixtures and solid 
dispersions containing PVP K30, K90, and PEG 4000 
showed the sharp endothermic peak of allopurinol nearly 
at the same position indicating the absence of strong 
interactions between the components. The increase in 
the dissolution rate was thus attributed to an increase in 
the available surface area of the drug due to improved 
wettability provided by the polymers used. The DSC 
thermogram of the solid dispersion containing PEG 6000 
showed a broad endothermic peak of allopurinol at 373.8 
and 381.8°C, respectively. The melting point of allopurinol 
in PEG solid dispersions showed a shift to lower values 
from that of pure drug which revealed a crystalline change.

3.2.2. XRD studies

The XRD of allopurinol, carriers, their physical mixtures 
and the corresponding solid dispersion is presented in 
Figure 5. The X-ray diffraction pattern for pure powdered 
allopurinol alone showed a major sharp peak of 28° at a 
diffraction angle of 2θ and an intensity of 6,450 (Counts). 
A comparison X-ray diffraction pattern of allopurinol 
and its solid dispersion with urea and mannitol showed a 
signifi cant reduction in the crystalline state of allopurinol 
in the solid dispersion. This could be attributed to the 
retardation of allopurinol crystallization by the carrier 
(11). This also indicates that the drug may be converted 
to an amorphous form. X-ray diffraction data indicates 
an interaction between allopurinol and PVP and a much 
reduced crystallinity extent. The X-ray diffraction study 
of PEG showed that PEG 6000 is more efficient in the 
reduction of the crystalline state of allopurinol than PEG 
4000 which is comparable to the result of PEG 6000 solid 
dispersions of nifedipine (13). These results indicate that 
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Figure 4. DSC thermograms of allopurinol and various carriers, the physical mixtures, and the corresponding solid 
dispersions. A, allopurinol and urea; B, allopurinol and mannitol; C, allopurinol and PVP K30; D, PVP K90; E, allopurinol and 
PEG 4000; F, allopurinol and PEG 6000. Abbreviations: SD, solid dispersion; PM, physical mixture; Allo, allopurinol.
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the polymer should have a suitable molecular length and 
concentration. This enables formation of a polymer net 
on the crystal surface or among the drug molecules which 
results in optimum orientation of proton donating and 
receiving groups and a strong interaction between drug 
and polymer (14-16).

3.2.3. FTIR spectroscopy

Figure 6 shows FTIR spectra for allopurinol in 
physical mixtures and solid dispersions with different 
carriers. The FTIR spectrum of pure allopurinol is 
characterized by absorption bands at 3,167 cm-1 at 
high frequency, most probably attributed to the N-H 
stretching band of the secondary amine group, and at 
3,034 cm-1 denoting a C-H stretching vibration of the 
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pyrimidine ring. At low frequencies there is a band at 
1,693 cm-1 indicating a C=O stretching vibration of the 
keto form of the 4-hydroxy tautomer. Also the bands at 
(1,581-1,469.96) cm-1 are attributed predominantly to 
C-N stretching and C-C ring stretching, respectively. 
Bands at 1,234.55-698.29 cm-1 denote CH in plane 
deformation. The FTIR spectrum of physical mixtures 
of allopurinol with both urea and mannitol indicates the 
absence of any interaction between allopurinol and urea 
or mannitol upon mixing. While the FTIR spectrum of 
solid dispersions of allopurinol with urea or mannitol 
indicates the probability of hydrogen bonding between 
allopurinol and urea or mannitol in the solid dispersion. 
The FTIR spectrum of physical mixtures and solid 
dispersions of allopurinol with PVP K30, PVP K90 
and PEG 4000 indicates the absence of any interaction 

Figure 5. XRD of allopurinol and various carriers, the physical mixtures, and the corresponding solid dispersions. A, 
allopurinol and urea; B, allopurinol and mannitol; C, allopurinol and PVP K30; D, PVP K90; E, allopurinol and PEG 4000; F, 
allopurinol and PEG 6000. Abbreviations: SD, solid dispersion; PM, physical mixture; Allo, allopurinol.
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PEG 4000; F, allopurinol and PEG 6000. Abbreviations: SD, solid dispersion; PM, physical mixture; Allo, allopurinol.
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between allopurinol and PVP K30, PVP K90 or PEG 
4000. Addition of such polymers to pure allopurinol 
resulted in no shift of any of these characteristic bands, 
indicating no chemical interaction between the drug and 
the polymers used. Also the FTIR spectrum of physical 
mixtures of allopurinol with PEG 6000 indicates the 
absence of any interaction of allopurinol with PEG 6000 
upon mixing. While the FTIR spectrum of the solid 
dispersion indicates the hydrogen bonding interaction 
between the lone pair of the amino group of allopurinol 
and the hydrogen atom OH group of PEG 6000. The 
same result was obtained by studying the IR spectra of 
diazepam and temazepam-solid dispersions (17).
 It was clear that all characteristic bands of allopurinol 
and its solid dispersions with PVP and PEG appeared 
nearly in the same regions and at the same ranges and no 
new bands appeared although the shape of the functional 
group regions in the spectra of the drug and the polymer 
used was not identical with that of pure drug alone. 
This might be indicative of the absence of interactions 
between allopurinol and the polymers used.

3.3. Content uniformity of allopurinol in solid 
dispersions

The content of allopurinol in each solid dispersion 
formula was found to be between 97.41 and 105%. The 
production yield of allopurinol in each solid dispersion 
formula was found to be between 97.2 and 99.8%.

3.4. In vitro dissolution of allopurinol from solid 
dispersions

Dissolution profiles of the pure drug and drug-carrier 
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binary systems are represented in Figure 7. As is 
apparent, the solid dispersion technique improved the 
dissolution rate of allopurinol. The percentages of drug 
dissolved at 45 min were 100, 93, 92.4, 90.6, and 89 for 
F5, F3, F6, F7, and F1, respectively. This enhancement 
can be attributed to the greater hydrophilic character 
of the systems due to the presence of the carrier, 
which can reduce interfacial tension between a poorly 
water-soluble drug and dissolution medium (18). The 
enhancement of the solubility of allopurinol with 
carriers or polymers used may be attributed to the 
wetting effect of the highly water soluble carrier or 
polymer in intimate contact with it. They solubilized 
allopurinol by breaking up water clusters surrounding 
the non polar molecule, increasing the entropy of 
the system and producing a driving force for the 
solubilization. These results are in agreement with a 
result by Lian-Kaun et al. (19). Also the improvement 
in the dissolution rate may be due to the enhancement 
of the physical amorphism of the drug (20), and this 
enhancement also might be attributed to the increase in 
the wettability and solubility of the drug (21).
 The kinetic data showed that the in vitro release of 
allopurinol followed different kinetic orders, and no 
definite kinetic order could express the drug release 
from different types of solid dispersion formulations 
(Table 2). One way analysis of variance (ANOVA) 
of allopurinol solid dispersions was performed with 
respect to their % released at 45 min followed by the 
Tukey-Kramer multiple comparisons test (Table 3).

4. Conclusion

Based on the current study, improvement in the 

Figure 7. Percentages of drug released from solid dispersions in different ratios compared to pure drug.
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dissolution of the water-insoluble drug allopurinol 
was achieved through solid dispersion using different 
carriers, the best of which was PVP K30 in a drug 
carrier ratio of 1:1, which exhibited complete drug 
release in 45 min followed by mannitol in a drug carrier 
ratio of 1:1.
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Table 2. Kinetic treatments for the in vitro release of allopurinol solid dispersions and allopurinol powder

Formula

F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11
F12
Allo. 100

Correlation coeffi cient (r)

Zero-order

 0.935365
 0.871449
 0.955624
 0.971244
 0.926467
 0.847931
 0.917021
 0.931216
 0.935365
 0.675845
 0.921085
 0.921085
 0.891272

First-order

 -0.98277
 -0.89258
 -0.87047
 -0.98702
 -0.88244
 -0.94871
 -0.95681
 -0.96605
 -0.98277
 -0.64575
 -0.95216
 -0.95216
 -0.94153

Second-order

    0.995379
    0.912432
    0.772401
    0.996771
    0.810008
    0.990815
    0.94742
    0.977153
    0.995379
    0.611197
    0.976206
    0.976206
    0.95288

Diffusion-order

     0.974801
     0.923465
     0.964457
     0.992855
     0.962533
     0.916509
     0.966857
     0.971166
     0.974801
     0.759726
     0.9701
     0.9701
     0.942149

Hixcon-Crowell

     0.970108
     0.885616
     0.955677
     0.982369
     0.953079
     0.918958
     0.949169
     0.956931
     0.970108
     0.656281
     0.942469
     0.942469
     0.928143

Baker-Lonsd

   0.977056
   0.891134
   0.97143
   0.985437
   0.969205
   0.927665
   0.955438
   0.961161
   0.977056
   0.650014
   0.945657
   0.945657
   0.937529

Table 3. Tukey-Kramer multiple comparisons test of allopurinol solid dispersion formulas and pure drug
Formulae

F1 vs. F2
F1 vs. F3
F1 vs. F4
F1 vs. F5
F1 vs. F6
F1 vs. F7
F1 vs. F8
F1 vs. F9
F1 vs. F10
F1 vs. F11
F1 vs. F12
F1 vs. Allo.100
F2 vs. F3
F2 vs. F4
F2 vs. F5
F2 vs. F6
F2 vs. F7a
F2 vs. F8

Signifi cance

       NS
       NS
       ***
       ***
       NS
       ***
       ***
       NS
       NS
       ***
       ***
       ***
       NS
       ***
       ***
       ***
       ***
       ***
       ***

Formulae

F2 vs. F9
F2 vs. F10
F2 vs. F11
F2 vs. F12
F2 vs. Allo.100
F3 vs. F4
F3 vs. F5
F3 vs. F6
F3 vs. F7
F3 vs. F8
F3 vs. F9
F3 vs. F10
F3 vs. F11
F3 vs. F12
F3 vs. Allo.100
F4 vs. F5
F4 vs. F6
F4 vs. F7
F4 vs. F8

Signifi cance

    ***
    NS
    ***
    ***
    NS
    NS
    ***
    ***
    ***
    NS
    NS
    ***
    ***
    NS
    ***
    ***
    ***
    ***

Signifi cance

      NS
      NS
      ***
      **
      NS
      ***
      ***
      ***
      ***
      ***
      ***
      ***
      ***
      NS
      ***
      ***
      ***
      NS
      ***
      ***

Formulae

F7 vs. F8
F7 vs. F9
F7 vs. F10
F7 vs. F11
F7 vs. F12
F7 vs. Allo.100
F8 vs. F9
F8 vs. F10
F8 vs. F11
F8 vs. F12
F8 vs. Allo.100
F9 vs. F10
F9 vs. F11
F9 vs. F12
F9 vs. Allo.100
F10 vs. F11
F10 vs. F12
F10 vs. Allo.100
F11 vs. F12
F11 vs. Allo.100
F12 vs. Allo.100

Formulae

F4 vs. F9
F4 vs. F10
F4 vs. F11
F4 vs. F12
F4 vs. Allo.100
F5 vs. F6
F5 vs. F7
F5 vs. F8
F5 vs. F9
F5 vs. F10
F5 vs. F11
F5 vs. F12
F5 vs. Allo.100
F6 vs. F7
F6 vs. F8
F6 vs. F9
F6 vs. F10
F6 vs. F11
F6 vs. F12
F6 vs. Allo.100

Signifi cance

       ***
       ***
       ***
       NS
       ** 
       ***
       ***
       ***
       ***
       ***
       ***
       NS
       ***
       ***
       NS
       ***
       ***
       NS
       *
       ***
       **

*** Signifi cant at p < 0.001; ** Signifi cant at p < 0.01; * Signifi cant at p < 0.05; NS, not signifi cant.
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ABSTRACT: Salbutamol sulphate granules and 
physical mixtures were prepared using mastic 
with various natural additives. The prepared 
granules and physical mixtures were examined 
using IR and DSC. The obtained results indicate 
that there is no interaction between salbutamol 
sulphate and the formulation ingredients used. 
The physical properties and release behavior of 
the formulated tablets prepared from granules and 
physical mixtures were evaluated and showed good 
physical properties. The rate of drug release from 
tablets prepared from granules was found to be 
lower than that prepared from physical mixtures at 
fixed mastic concentration and the same additive. 
The rate of drug release decreased with increased 
mastic concentration in formulated tablets. Pectin 
and sodium alginate allowed the best controlled 
release rate of the drug. On the basis of the results 
obtained from the controlled release studies, 
selected sulbutamol formulations were subjected to 
an in vivo comparison with commercial sulbutamol 
tablets. The pharmacokinetic parameters AUC0-24, 
Cmax, and Tmax of sulbutamol from the selected 
formulation were determined after administration 
of a single oral dose of 8 mg and compared 
statistically using an ANOVA test. There was no 
significant difference in the AUC0-24. On the other 
hand, there was a significant difference in the 
Cmax and Tmax between the commercial and the 
formulated tablets. These results demonstrate that 
the formulated tablets extended the time of the 
drug effect.

Keywords: Salbutamol sulphate, natural additives, 
tablets, dissolution rate, in vivo studies

1. Introduction

Salbutamol sulphate has a selective action on beta-2 
adrenergic receptors. It is used as a bronchodilator 
in the management of bronchial asthma and in some 
patients with chronic obstructive pulmonary disease 
(1). Control of asthma may be achieved using a 
controlled-release formulation of salbutamol. This 
also serves to increase patient compliance (2). Several 
techniques were developed to formulate salbutamol 
sulphate in controlled release drug delivery systems; 
microcapsules of salbutamol sulphate were prepared 
using ethyl cellulose (3), beeswax and carnauba wax 
(4) as coating materials. Eudragit RS30D-coated 
controlled-release pellets of salbutamol were prepared 
using an air suspension technique (5). Prabakaran 
et al. (6) have developed an oral osmotic system to 
deliver both theophylline and salbutamol sulphate 
simultaneously. This approach helped to produce 
extended drug release as well as reduce the problems 
associated with multi-drug asthma therapy. Hydroxy 
propyl methyl cellulose hydrophilic-matrix tablets 
containing encapsulated or unencapsulated salbutamol 
sulfate were investigated (7). Also, Sirkia et al. (8) 
developed prolonged release press-coated salbutamol 
sulphate tablets.
 Mastic is a natural oleoresin exudate obtained 
from the stem and main leaves of a cultivated 
variety of Pistacia lentiscus var. (9). Panagopoulou 
and Georgarakis (10) and Abd El-Aleem (11) used 
mastic as a binder in tablet production. Also, many 
authors combined mastic with microcapsule cores 
in microencapsulation of many substances (12-14). 
The previous studies have proved that mastic results 
in larger/compact particles with no pores and a much 
slower release; and consequently controlled drug 
release.
 The aim of this study was to formulate sulbutamol 
controlled release tablets using mastic as a natural 
polymer and to find any possible interaction between 
salbutamol sulphate and mastic. The study was 
extended to investigate the bioavailability of the 
formulated tablets compared to commercial brands.

Original Article
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2. Materials and Methods

2.1. Materials

Salbutamol sulphate was kindly supplied by Amriya 
Pharm. Ind. Co., Alexandria, Egypt. Pectin was 
obtained from Winlab, a division of Wilfrid Smith, 
UK. Sodium alginate and lactose monohydrate were 
from El Nasr Pharmaceutical Chemical Co., Cairo, 
Egypt. Mastic (commercial grade) was from Chios' 
Gum Mastic Growers Association. Avicel PH 101 was 
from Fluka AG, Buchs, Switzerland. Bis-(2-ethylhexyl) 
phosphate (lot No. 05411ED-107) was from Aldrich.

2.2. Preparation of drug physical mixtures and granules

In a total of 200 mg of powder mixture 8 mg drug in 
combination with 40 mg mastic and with the rest made 
up of pectin were mixed thoroughly in a mortar to 
prepare a physical mixture. Other proportions of mastic 
(60 and 90 mg) were used to prepare more physical 
mixtures. Pectin was replaced by sodium alginate, 
avicel or lactose individually in the same amounts to 
prepare other formulations. In each of the formulations, 
the mastic concentration was equivalent to 20, 30, and 
40% of tablet weight.
 The granules were prepared by wetting the powder 
mixtures with the smallest possible amount of chloroform 
to make doughy masses. The obtained masses were 
converted into granules by forcing them through a sieve 
with a No. 2 mm mesh. The granules obtained were dried 
at room temperature for 24 h in open air and further dried 
at 40°C for 48 h in a hot air oven.

2.3. Infrared (IR) studies

Using an infrared spectrophotometer (UV 150-02, 
double beam spectrophotometer, Shimadzu, Kyoto, 
Japan), the IR spectra of each salbutamol sulphate, 
mastic, pectin, sodium alginate, avicel, and lactose were 
investigated using a KBr disc method from 4,000-400 
cm-1. Also, the IR spectra of the physical mixtures and 
granules of 1:1 ratio of drug to each of mastic, pectin, 
sodium alginate, lactose, or avicel were studied.

2.4. DSC studies

Using a differential scanning calorimeter (Model DSC-50, 
Shimadzu), DSC thermograms of all samples tested by 
IR were performed at a heating rate of 10°C/min in a 
nitrogen atmosphere. The sample (5 mg) was placed in the 
aluminum pan of the instrument and the scanning started 
up to 500°C against indium in the reference pan.

2.5. Formulation of tablets

Salbutamol sulphate physical mixtures and granules 

were mixed with 1% magnesium stearate as a lubricant 
and compressed into tablets each weighing 200 mg. All 
batches were prepared using a single punch Eraweka 
tablet press (G.M.B.H., Germany) at constant pressure.

2.6. Evaluation of tablets

The prepared tablets were tested for uniformity of 
weight, thickness, content, friability percent, hardness, 
tensile strength, and disintegration time.

2.7. Release study

Sulbutamol sulphate release from different formulated 
tablets was performed using the USP basket six jar 
dissolution apparatus. A round bottom dissolution 
container containing 250 mL of phosphate buffer, pH 
7.4, was immersed in a constant temperature water 
bath and allowed to equilibrate at 37 ± 0.2°C. A single 
tablet was placed in the basket and the position of the 
basket stirrer was kept at a fixed position from the 
bottom of the dissolution container and rotated at a 
speed of 50 rpm. Two mL samples were withdrawn at 
different time intervals. The withdrawn sample was 
replaced with the same volume of fresh dissolution 
medium after each sampling. Samples were measured 
spectrophotometrically at 276 nm. Mean values for six 
experiments were taken for each batch.

2.8. Analysis of the release data

The release data were analyzed according to zero, fi rst 
order, a diffusion model, and the Peppas equation.

2.9. Bioavailability study

Tablet formulations containing 40% mastic with pectin 
(formula A) or sodium alginate (formula B) which gave 
acceptable physical characteristics and best controlled 
drug release behavior, were chosen for the in vivo study. 
These formulations were compared with commercial 
tablets (2 tablets of Salbovent Forte each contains 4 mg 
of salbutamol sulphate).
 Male albino rabbits weighing 2.0-2.5 kg were 
randomly selected for the bioavailability study. The 
animals were divided into three groups and each group 
was comprised of six rabbits. Each group received one 
of the tested formulas namely, formula A, formula B, or 
the commercial one. The animals were fasted over night 
before tablet administration and during the experiment 
and had free access to water. A single dose (8 mg 
sulbutamol) of the tested tablets was given orally to the 
each rabbit using a balling gun to deliver the tablets to 
the animal stomach. The ear vein was cannulated with 
a butter fly scalp No.19 needle and blood samples (2 
mL) were withdrawn from the vein before dosing (zero 
time) and at different intervals after dosing viz. 1, 2, 3, 5, 
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(Figure 2, trace 1) shows an endothermic melting peak 
with an onset at 190.93°C which reached a maximum 
peak at 204.58°C. The DSC thermograms of pectin, 
sodium alginate, mastic, and lactose are shown in trace 
2 of Figure 2. The pectin thermal profi le demonstrates 
one broad endothermic peak at 78.41°C (with onset 
and end set temperatures of 39.54 and 136.26°C, 
respectively) and an exothermic peak at 258.23°C. This 
finding is different from that reported by Nurjaya 
and Wong (18). They stated that the thermogram 
of unprocessed pectin was characterized by two 
endothermic peaks at melting temperatures of about 
148.4 and 163.7°C and exothermic peak at 233.9 ± 
0.4°C. Sodium alginate showed a broad exothermic 
peak at 245.54°C indicating the decomposition of 
the polymer at that particular temperature (19). The 
thermogram of mastic showed a broad endothermic 
peak at 71.27°C corresponding to its melting. The 
lactose thermogram showed two endothermic melting 
peaks at 145.45 and 219.63°C and agrees very well 
with literature values (20). The thermogram of avicel 
(data not shown) illustrates a broad endothermic peak at 
336.39°C.
 The thermal profiles of the drug-lactose physical 
mixture and granules exhibited two endothermic 

8, 12, and 24 h using heparinized tubes. The collected 
samples were immediately centrifuged and plasma was 
separated and stored at -20 °C until analysis.

2.10. Analysis of plasma levels of salbutamol sulphate

The high performance liquid chromatographic method 
using chloramphenicol as the internal standard (15) was 
applied in this study. The HPLC system consisted of 
Series 200 LC pump, sidewinder column heater, Series 
200 vacuum degasser, 600 Series LINK interface, 
Series 200 UV/visible detector (Perkin Elmer, Waltham, 
MA, USA) and a reversed-phase column Bindapak 
RP-C18 (5 μm particle size, 300 × 3.9 mm, i.d., Waters, 
Milford, MA, USA).
 To 0.5 mL of plasma sample, 20 μL of internal 
standard (100 μg/mL) was added. The drug was 
extracted from plasma using 5 mL chloroform 
containing 0.1 M bis-(2-ethylhexyl) phosphate. The 
chloroform layer was subsequently extracted with 1 mL 
of 0.5 M HCl. The mobile phase was 70:20:10 (v/v) 
of water, methanol, and acetonitrile, respectively. The 
pH was adjusted to 2.5 using 10% phosphoric acid and 
samples were degassed using sonication. Fifty μL of the 
sample was injected manually. Peaks were monitored 
using UV absorbance at 276 nm. Quantification 
of salbutamol sulphate was obtained by plotting 
salbutamol sulphate to the internal standard peak area 
ratio as a function of sulbutamol sulphate concentration.

2.11. Statistical analysis

The one way analysis of variance (ANOVA) statistical 
analysis (F-test) at a confidence interval of 5% was 
applied to estimate any difference between the tested 
tablets with respect to AUC, Cmax and Tmax. A statistics 
t-test was also performed between each pair of the 
formulations at a confi dence interval of 5% (16).

3. Results and Discussion

3.1. Infrared spectroscopy

The IR spectrum of salbutamol sulphate alone (Figure 
1, trace A) shows the same characteristic peaks as 
reported in the literature (17). The IR spectra of 
physical mixtures (Figure 1, trace C) and granules 
(Figure 1, trace D) of 1:1 salbutamol sulphate with 
each of pectin, sodium alginate, mastic, lactose, and 
avicel (data not shown), respectively, did not provide 
any difference compared to that of the drug alone. This 
fi nding indicated that there was no interaction between 
salbutamol sulphate and the applied additives.

3.2. DSC study

The DSC thermogram of salbutamol sulphate alone 

Figure 1. IR spectra of salbutamol sulphate (A), each 
ingredient alone (B), drug-additive physical mixture (C) 
and granules (D). 
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peaks corresponding to the dehydration and fusion 
of lactose, respectively, and no peak was present 
associated with the melting of the drug. The thermal 
behavior of both physical mixture and granules of 
drug in lactose indicated the ease of dispersion and/
or dissolution of the drug into the molten mass of 
lactose. These fi ndings are similar to that reported in 
the literature (20,21).
 The  DSC thermograms of  the  granules  of 
salbutamol sulphate with each of mastic, pectin, 
sodium alginate, lactose (Figure 2, trace 4) and 
avicel (data not shown) are similar to their respective 
physical mixtures (Figure 2, trace 3). These results 
demonstrated that salbutamol sulphate did not interact 
with the chosen additives.

3.3. Physical characteristics of salbutamol sulphate 
tablets

3.3.1. Uniformity of weight, thickness, and contents

All tablets showed a good weight uniformity with CV 
ranging from 1.26 to 3.52 (Table 1). The thickness of 
tablets (the range of CV, 0.75-2.96) correlates well with 
tablet weight. All the prepared tablets showed a good 
average content (CV, 2.32-4.59) which complies with 
the requirements of USP XXVII (22).
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Figure 2. DSC themograms of salbutamol sulphate (1), 
each additive alone (2), drug-additive physical mixture (3) 
and granules (4). 

Table 1. Physical characteristics of salbutamol sulphate tablets (8 mg) prepared from physical mixture powders and 
granules containing different concentrations of mastic and additive

Additive Type

Pectin

Sodium alginate

Lactose

Avicel

Physical parameter of tablets

Mean thickness 
          (mm)

          2.70
          2.62
          2.59
          2.67
          2.35
          2.66
          2.52
          2.48
          2.45
          2.59
          2.50
          2.54
          2.47
          2.51
          2.45
          2.53
          2.45
          2.48
          2.64
          2.78
          2.72
          2.80
          2.71
          2.76

Mean weight
       (mg)

     206.5
     201.4
     200.6
     202.2
     198.4
     202.3
     206.1
     203.4
     198.4
     205.4
     200.6
     203.7
     201.0
     203.4
     197.3
     205.6
     198.2
     200.7
     198.9
     203.7
     198.5
     201.5
     196.3
     200.6

Mastic 
  (%)

   20
   30
   40
   20
   30
   40
   20
   30
   40
   20
   30
   40
   20
   30
   40
   20
   30
   40
   20
   30
   40
   20
   30
   40

Methods of powder 
preparation

Physical mixture

Granules

Physical mixture

Granules

Physical mixture

Granules

Physical mixture

Granules

Tensile strength
      (kg/cm2)

        13.69
        15.73
        20.39
        14.90
        20.84
        21.50
        12.23
        14.25
        16.82
        14.27
        16.00
        18.98
        10.64
        13.01
        16.65
        14.64
        16.79
        17.44
        21.71
        20.93
        23.23
        20.07
        22.17
        25.07

Hardness
    (kg)

   5.23
   5.83
   7.47
   5.68
   6.93
   8.09
   4.36
   5.00
   5.83
   5.23
   5.66
   6.82
   3.72
   4.62
   5.77
   5.24
   5.82
   6.12
   8.11
   8.23
   8.94
   7.95
   8.50
   9.79

Friability
    (%)

    0.77
    0.67
    0.64
    0.80
    0.78
    0.73
    0.94
    0.88
    0.85
    0.89
    0.84
    0.80
    1.12
    0.94
    0.90
    0.92
    0.89
    0.82
    0.64
    0.59
    0.53
    0.69
    0.62
    0.50

Average drug 
content (mg)

       7.44
       7.36
       7.87
       7.44
       8.03
       7.78
       7.69
       8.01
       7.48
       7.74
       7.44
       7.58
       7.62
       8.37
       8.03
       7.58
       7.49
       7.84
       7.78
       8.42
       8.34
       8.19
       8.03
       8.26

Disintegration 
time (min)

         --*
         --*
         --*
         --*
         --*
         --*
         --*
         --*
         --*
         --*
         --*
         --*
      69.54
      76.72
      98.30
         --*
         --*
         --*
         3.53
         5.31
         7.23
       11.55
       20.57
       32.64

* Tablets did not disintegrate for 3 h.
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3.3.2. Mechanical properties

The obtained results of friability percent and hardness 
showed that all tablets have friability percents less 
than 1% and hardness values (Table 1) which comply 
with USP XXVII (22) requirements except the tablets 
prepared from the 20% lactose physical mixture which 
showed a friability % of 1.12 and a hardness of 3.72 kg. 
The friability percent decreased and hardness increased 
with an increase of mastic concentration in the tablets. 
This may be due to the increase in the binding effect of 
mastic with an increase in its concentration. The highest 
hardness values obtained were for tablets containing 
avicel. Both the hardness values and tensile strength 
increased with an increase of mastic concentration in 
tablets. Small values of friability percent imply much 
less friability during transportation, which is important 
in terms of sustained release of tablets (23).

3.3.3. Disintegration time

The tablets containing pectin and sodium alginate 
as well as tablets containing lactose prepared by 
granulation did not disintegrate for 3 h (Table 1). 
Tablets prepared with pectin and sodium alginate did 
not disintegrate because they form a hydrophilic non-
disintegrated matrix. However, the non-disintegration 
of the tablets prepared from granules containing lactose 
may be due to the coating of the particles by the mastic.
 In contrast, the tablets prepared from physical 
mixtures containing lactose disintegrate by erosion 
and those containing avicel prepared from granules 
and physical mixtures disintegrated. The disintegration 
time of tablets containing avicel was longer for those 
prepared from granules (11.55-32.64 min) compared to 
those prepared from physical mixtures (3.53-7.23 min). 
The increased disintegration time with the increase of 
mastic concentrations in tablets may be attributed to the 
enhancement of the binding action of mastic (11).

3.3.4. Release studies

The release rate of salbutamol sulphate from tablets made 
from granules was lower than that of tablets prepared 
from physical mixtures at fixed mastic concentrations 
using the same additive such as pectin (Figure 3). The 
lower release from granules can be explained because 
mastic solutions act as a binder forming large compact 
particles which are surrounded by a fi lm of mastic (11). 
When comparing drug release from tablets containing 
various mastic concentrations, drug release was retarded 
by an increase in mastic concentration. This may be 
attributed to the hydrophobic nature of mastic gum 
which reduces the penetration of solvent molecules into 
the tablet matrix and therefore retards the wetting and 
dissolution of drug (14,24).
 The release of salbutamol sulphate from tablets 
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containing 40% mastic with various additives prepared 
from physical mixtures and granules is shown in Figure 
4. The release rate of drug from tablets containing 
different additives at constant mastic concentration 
and the method of preparation can be arranged in the 
following order: Pectin < Sodium alginate < Lactose < 
Avicel.
 The hydrophilic jelly nature of pectin and sodium 
alginate is responsible for the sustained release of drug 
from tablets containing them. These polymers upon 
contact with aqueous medium start to absorb water 
and as a consequence the polymers swell forming a gel 
layer. This layer increases in thickness as time passes 
creating a considerable barrier for both penetration of 
solvent into the tablets and drug release from it (25).
 The pectin based tables sustain drug release more 
than the sodium alginate based tablets due to the 
difference in viscosity and swelling properties of the 

Figure 3. Release profile of salbutamol sulphate tablets 
prepared from physical mixtures and granules containing 
pectin as additive and different concentrations of mastic.

Figure 4. Effect of different additives on the release of 
salbutamol sulphate from tablets prepared from physical 
mixtures (---) and granules (—) containing 40% of mastic.
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polymers (26). On the other hand, the tablets containing 
lactose gave a relatively lower release rate of drug 
compared to those containing avicel. This is due to 
the fact that avicel based tablets disintegrated during 
release and the lactose based tablets were subjected to 
erosion due to the dissolution of lactose.
 Tablets containing 40% mastic prepared from 
granules containing pectin or sodium alginate produced 
the most sustained release compared to other tablets. 
These tablets are a suitable candidate to control the 
release of salbutamol sulphate and their bioavailability 
will be studied.

3.4. Analysis of release data

Table 2 illustrates the analysis of the release data 
of salbutamol sulphate from the different tablet 
formulations using zero and fi rst order kinetics (data not 
shown), diffusion models, and the Peppas equation. The 
tablets containing avicel prepared from physical mixtures 
and granules did not follow any kinetic model because of 
their disintegration (data not shown).
 The results of analysis indicate non-Fickian release 
(0.5 < n < 1) for all tablet formulations except those 
containing 40% mastic and prepared from granules 
containing pectin or sodium alginate. The non-Fickian 
release means that the drug release occurred by diffusion 
and erosion of the tablet matrix (27). However, the 
tablets containing pectin and sodium alginate prepared 
from granules at 40% mastic follow zero-order release as 
indicated by n = 1 and high regression coeffi cients.

3.5. Bioavailability of salbutamol sulphate

Sulbutamol mastic tablet formulations that generate 
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the best controlled release pattern were selected for 
this study. These formulas contained 40% mastic and 
pectin (formula A) or sodium alginate (formula B). 
The bioavailability of the controlled release tablet 
formulations was studied by administration of a single 
dose containing 8 mg drug or two commercial tablets (2 
× 4 mg) to rabbits (4 mg/kg).
 The mean plasma concentration curve of salbutamol 
sulphate after oral administration of formulated tablets 
A and B was compared with that of the commercial 
sulbutamol tablets (Figure 5). The plasma sulbutamol 
profiles of the two mastic formulated tablets were 
similar and were nearly superimposed, while these 

Table 2. Analysis of release data of salbutamol sulphate tablets from tablets containing mastic with different additives 
using different kinetic models

Additives

Pectin

Sodium alginate

Lactose

Zero order                                       
—–

Diffusion                                 Peppas equation

K (%) × 100

       2.29
       2.25
       2.16
       2.19
       2.16
       1.80
       2.53
       2.39
       2.27
       2.26
       2.21
       1.97
       2.59
       2.23
       2.17
       2.67
       2.54
       2.26

Mastic 
  (%)

   20
   30
   40
   20
   30
   40
   20
   30
   40
   20
   30
   40
   20
   30
   40
   20
   30
   40

Methods of powder 
preparation

Physical mixture

Granules

Physical mixture

Granules

Physical mixture

Granules

   K (%/√min)

        0.416
        0.415
        0.339
        0.399
        0.365
        0.339
        0.456
        0.434
        0.416
        0.411
        0.399
        0.373
        0.470
        0.405
        0.397
        0.471
        0.450
        0.397

        r2

    0.981
    0.962
    0.962
    0.933
    0.989
    0.992
    0.972
    0.979
    0.980
    0.979
    0.993
    0.993
    0.979
    0.976
    0.986
    0.892
    0.941
    0.945

      r2

  0.998
  0.997
  0.991
  0.996
  0.986
  0.964
  0.991
  0.986
  0.994
  0.989
  0.987
  0.986
  0.986
  0.985
  0.978
  0.989
  0.994
  0.988

    r2

0.997
0.998
0.997
0.980
0.989
0.998
0.994
0.993
0.998
0.968
0.977
0.979
0.998
0.981
0.978
0.992
0.993
0.993

   n

0.52
0.60
0.65
0.84
0.92
1.00
0.60
0.63
0.70
0.88
0.97
1.00
0.64
0.64
0.69
0.53
0.48
0.51

Figure 5. Mean plasma concentration-time curve of 
salbutamol sulphate after administration of a single 
dose of formula A, B and two commercial tablets each 
containing 4 mg. 
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profiles were completely different from the plasma 
profi le of the commercial tablets (Figure 5).
 Pharmacokinetic parameters (Cmax, Tmax, and 
AUC0-24) for each rabbit were calculated on the 
basis of concentration-time data. From individual 
pharmacokinetic parameters, their mean values ± S.D. 
were obtained and are shown in Table 3 for both the 
formulated tablets and commercial sulbutamol tablets.
 The mean sulbutamol Cmax were 166.2 ± 7.9, 157 ± 
8.2, and 257.5 ± 9.2 ng/mL and occurred at Tmax 7.0 ± 
1.5, 6.5 ± 1.64, and 1.66 ± 0.75 h after administration 
of a single 8 mg dose of formula A, formula B, and 
commercial tablets, respectively. The results showed 
that the Cmax of the commercial tablets was greater 
than that of formulated tablets. In addition, the Tmax of 
the commercial tablets was shorter than that obtained 
from the formulated tablets. These results demonstrate 
that the formulated tablets extended the time of drug 
effect.
 The mean AUC0-24 of formula A, formula B, and 
the commercial tablets were 2,248.4 ± 154.4, 2,182.8 
± 137.7, and 2,085.1 ± 161 ng/mL•h, respectively. 
The ANOVA test of the AUC results (F0.05 = 1.768) 
revealed that there is no significant difference in 
AUC between the different tablets indicating that all 
tested tablets were equivalent in the extent of drug 
absorption.
 The obtained results revealed that all of the tested 
sulbutamol sulphate formulas are equivalent in the 
AUC. The formulated tablets A and B have a longer 
Tmax and smaller Cmax compared to the commercial 
tablets .  These resul ts  demonstrate  prolonged 
salbutamol sulphate plasma concentrations compared 
to the commercial tablets. Similar results were 
reported by Hernández et al. (28) who worked on 
two sustained formulations of salbutamol sulphate, 
commerical immediate release formulation, and 
osmotic pump. Also, Sirkia et al. (8) found that the 
bioavailability parameters of salbutamol sulphate 
prolonged release press-coated tablets and the 
commercial reference have statistically no difference 
in AUC but a signifi cant difference in Cmax values in 
humans.

4. Conclusion

The incorporation of mastic in the formulation of 
salbutamol sulphate tablets has a great effect in 
delaying drug release. Both the method of treatment of 
powders and type of additives affected the drug release 
from the tablets. Tablets prepared from granules and 
containing 40% mastic with pectin or sodium alginate 
showed the best control of drug release. Formula A 
(containing pectin and mastic), formula B (containing 
sodium alginate and mastic) achieved the targets of 
the present study in controlling drug release and good 
bioavailability.
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ABSTRACT: Controlled release tablets containing 
50 mg diclofenac sodium (DS) and 40% mastic with 
other natural additives were prepared. Drug release 
was examined and stability was studied using non-
isothermal and isothermal thermogravimetric 
analysis  (TGA).  The bioavai labi l i ty  of  two 
controlled release tablet formulations was studied 
and compared to that of commercial tablets, and 
rabbit stomachs were also histologically examined 
24 h after administration of the various tablets.
 Additives of  pectin and sodium alginate 
indicated the controlled release profile of the 
drug. Non-isothermal TG revealed two stages 
of thermal decomposition for all formulations. 
Isothermal TG revealed that degradation of the 
drug in the tablet formulations follows first-order 
kinetics. The obtained degradation rate constants 
at various temperatures were plotted according 
to the Arrhenius equation. The degradation rate 
constant at 25°C was determined and used in 
estimation of shelf life. The obtained shelf lives of 
all formulations ranged from 3.38-4.92 years. In 
comparative studies with commercial tablets, the 
bioavailability of the drug from the two formulated 
tablets had no statistically significant difference 
in terms of the AUC and produced prolonged 
blood levels of DS with a delayed peak. The two 
controlled release tablet formulations resulted in 
no histological alterations in the stomach in terms 
of mucous surface cells and glands; in comparison, 
commercial tablets resulted in a disrupted mucous 
layer, necrotic ulcerations, hemorrhaging, and 
inflammatory cell infiltration along the base of the 
gastric glands.

Keywords: Diclofenac sodium, natural additives, 
tablets, dissolution rate, ulcerative activity, in vivo 
studies

1. Introduction

Stability studies should be conducted to evaluate the 
physical and chemical degradation of pharmaceutical 
products. Such products should maintain their identity, 
strength, quality, and purity within specified limits 
through their period of storage and use (1).
 The use of thermal methods is of great importance 
in the determination of drug purity, the quantitative 
and qualitative analysis of drug formulations, tests 
of stability, and determination of kinetic parameters. 
Thermogravimetric analysis (TGA) and differential 
scanning  ca lor imet ry  (DSC)  have  been  used 
simultaneously to determine the thermal stability of 
drugs, excipients, and pharmaceutical products (2-6).
 Thermogravimetrical methods have been used to 
determine drug stability either as non-isothermal TG 
(the temperature is increased at a constant rate) or as 
isothermal TG (the temperature is set at a predetermined 
temperature). Non-isothermal TGA with its derivative 
(thermogravimetry, DTG) were used to study the 
thermal degradation kinetics of vinyl polyperoxide 
copolymers (7) and non-isothermal TGA at different 
heating rates in flowing nitrogen was used to estimate 
the thermal stability and thermal degradation kinetics 
of polyimides (8). Isothermal TG was used to study 
the thermal kinetics and determine the shelf-life of 
different ampicillin products (9). Both non-isothermal 
and isothermal TGA have been used to determine 
the kinetic parameters and shelf-lives of many drugs 
and drug products, including anti-hypertensive drugs 
(10), generic hydrochlorothiazide formulations (11), 
prednisone powder and tablets (2), and metronidazole 
powder and tablets (12).
 The bioavailability of diclofenac sodium (DS) from 
various drug delivery systems was previously studied 
in humans (13-15). Different kinds of animals have 
also been used for bioavailability studies of DS from 
various drug delivery systems. Yong et al. (16) studied 
the pharmacokinetics of DS delivered by a poloxamer-
based suppository in rats. Sarvavanan et al. (17) 
attempted to target DS to its site of action using gelatin 
magnetic microspheres in rabbits.
 The aim of the current study was to determine the 
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order of decomposition and shelf-lives of DS controlled 
release tablet formulations using non-isothermal and 
isothermal TGA. The bioavailability of DS from 
controlled release tablet formulations was also assessed 
and compared with that of commercial tablets. The 
histology of stomach tissues of untreated animals and 
animals 24 h after administration of a single dose of 
both formulations of controlled release tablets and 
commercial tablets was studied.

2. Materials and Methods

2.1. Materials

Dilofenac sodium was obtained from Novartes 
Pharmaceutical Industry, Cairo, Egypt. Pectin was 
from Winlab, a division of Wilfrid Smith, UK. Sodium 
alginate and lactose monohydrate were from El 
Nasr, Pharmaceutical Chemical Co., Cairo, Egypt. 
Commercial grade mastic was from Chios' Gum 
Mastic Growers Association. Avicel PH 101 was from 
Fluka AG, VH9470, Buchs, Switzerland. Commercial 
DS tablets (Olfen tablets containing 50 mg drug, 
Lot No. 060034) were produced by Medical Union 
Pharmaceuticals Co. Abu Sultan, Ismailia, Egypt, under 
a license from MEPHA, Basel, Switzerland. Acetonitrile 
and methanol (CHROMASOLV®) were from Sigma-
Aldrich Chemie GmbH D-39555, Steinheim, Germany. 
Mefenamic acid was kindly supplied by the Nile Co. 
for Pharmaceutical and Chemical Industries (El-Nile), 
Cairo, Egypt.

2.2. Preparation of DS granules and tablets

Pectin, sodium alginate, avicel PH 101, or lactose 
monohydrate was individually mixed in a porcelain 
mortar with DS and mastic using the least amount 
of chloroform to produce a doughy mass. The mass 
obtained was converted into granules by forcing it 
through a 2 mm sieve. The granules obtained were 
dried at room temperature for 24 h in open air and 
further dried at 40°C for 48 h in a hot air oven.
 Tablet formulations were prepared from the 
equivalent weight of granules to contain 50 mg drug, 
60 mg mastic (40%), and 187 mg of one of the tested 
additives (pectin, sodium alginate, avicel, or lactose). 
Magnesium stearate at a concentration of 1% was 
used as a lubricant. Tablets containing pectin, sodium 
alginate, avicel, or lactose were designated formulations 
A, B, C, and D, respectively. All batches were prepared 
using a single-punch Eraweka tablet press (G.M.B.H., 
Germany) at a constant pressure.

2.3. Release study

Drug release from different tablets was carried out 
using a USP dissolution apparatus with six jars (DA-6D, 

India). Phosphate buffer adjusted to a pH of 7.4 and 
temperature of 37 ± 0.2°C was used as a dissolution 
medium with a volume of 500 mL. A single tablet was 
placed in each basket, which was rotated at 50 rpm. 
Samples were withdrawn at different time intervals and 
replaced with the same volume of fresh medium. The 
drug released was measured spectrophotometrically 
at 276 nm (Spectrophotometer, UV-Visible; JASCO, 
V-530, Japan). All experiments were conducted in 
triplicate and the mean values were calculated.

2.4. Non-isothermal and isothermal TG studies

The different tablet formulations were tested with 
non-isothermal TGA. The data and curves of non-
isothermal TGA were obtained with a Shimadzu model 
TGA-50H thermo-balance (Japan) in an atmosphere 
of nitrogen with a flow rate of 50 mL/min and a 
heating rate of 10°C/min up to 600°C. The sample 
mass used was 4-6 mg. The isothermal TG data and 
curves for DS tablet formulations were obtained in 
the region before the initial temperatures of thermal 
decomposition of the tablets in non-isothermal curves. 
The sample mass was in a range of 5-9 mg. The 
samples were heated at a heating rate of 10°C/min up to 
the isothermal temperature, where the temperature was 
maintained for 120 min (11,12). The isothermal TG 
curves were measured at 150, 160, 170, and 180°C for 
120 min. Isothermal TG data were used to determine 
the stability of the different tablet formulations to 
reveal differences (12).

2.5. Analysis of the isothermal data

The degradation order of DS tablet formulations 
was determined by analysis of the isothermal data 
using zero, first, and second-order kinetics (18). 
The kinetic order of thermal decomposition of DS 
tablet formulations was chosen based on the highest 
correlation coeffi cient (r2) obtained from the statistical 
data for each reaction order. The rate constants (K) were 
calculated for the chosen order at each temperature. 
Then, the natural logarithm (Ln) of the obtained rate 
constants (K) at different temperatures was plotted 
with respect to the reciprocal of the corresponding 
temperature (1/T) using the Arrhenius relationship. 
The degradation rate constant at room temperature 
(25°C or 298 K) was obtained by extrapolation to that 
temperature. The degradation rate constant at room 
temperature was used to calculate the shelf life (t90) by 
substitution in the fi rst-order equation.

2.6. Bioavailability study

2.6.1. Tested formulations 

Formulations A and B were selected for in vivo study as 

94



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2010; 4(2):93-99. 95

2.6.5. Statistical analysis

One-way analysis of variance (ANOVA) was used 
to estimate the difference between the different 
formulations, namely formulation A, formulation B, 
and commercial tablets, with regard to the AUC0-24, 
Cmax, and Tmax. A t-test was also performed on pairs of 
formulations at a confi dence interval of 5% (19).

2.7. Histological study

Rabbits were sacrificed 24 h after administration of a 
single dose of A or B formulated tablets or commercial 
tablets. Control rabbits were also sacrificed and 
examined. The stomach was isolated from other 
parts of the gastrointestinal tract, which was opened 
longitudinally and washed thoroughly with saline. The 
stomach was sliced into two parts, namely the fundus 
and the pylorus. The fundus and pylorus were then sliced 
into small pieces and treated separately by immersion 
in 10% neutral formalin for two days. They were then 
dehydrated, cleared, and embedded in paraffin wax. 
Paraffi n sections (6 μm thick) were prepared and stained 
with hematoxylin and eosin stain (20).

3. Results and Discussion

3.1. Preparation of DS Tablets

The physical characteristics of DS tablets containing 
mastic and each of the selected additives (formulations 
A, B, C, and D) were within pharmacopeial limits. 
With regard to disintegration time, none of the tablet 
formulations displayed disintegration for 3 h except for 
formulation C containing avicel, which disintegrated 
after 37 min.

3.2. Release study

The release rate of DS from tablet formulations (Figure 
1) decreased in the following order: formulation C > D 
> A and B. The highest release rate from formulation 
C may be due to the disintegrating effect of avicel. 
Formulation D had an intermediate release rate due to 
tablet erosion of the water-soluble lactose. That said, 
formulations A and B provided the best control of drug 
release. This may be attributed to the hydrophilic gel 
nature of both pectin and sodium alginate (21).

3.3. Stability study

The non-isothermal TG curve and Dr TGA of 
formulation D of DS tablets (Figure 2) are shown as a 
representative example. The results indicate an initial 
minor % weight loss as the temperature increased up to 
200°C. This may be attributed to desorption of moisture 
as hydrogen bound water to the polysaccharide 

they have acceptable physical characteristics, the best 
controlled drug release behavior, and good stability. 
These formulations were compared with commercial 
tablets (Olfen tablet 50 mg).

2.6.2. Study design

Male Albino rabbits weighing 2.0-2.5 kg were 
randomly selected for the bioavailability study. The 
animals were divided into three groups, and each group 
of six rabbits received one of the tested formulations, 
namely formulation A, formulation B, and commercial 
tablets. The animals fasted overnight before tablet 
administration and during the experiment but were 
given free access to water. The tablets were given orally 
to the rabbits using a balling gun to deliver the tablets to 
the animal's stomach. The ear vein was cannulated with 
a 19-gauge butterfl y (scalp) needle and blood samples 
(2 mL) were withdrawn from the vein before dosing 
(zero time) and at different time intervals after dosing, 
namely 1, 2, 3, 5, 8, 12, and 24 h, using heparinized 
tubes. The collected samples were immediately 
centrifuged and plasma was separated and stored at 
-20°C until analysis.

2.6.3. Analysis of plasma level of diclofenac sodium

High-performance liquid chromatography as reported 
by Liu et al. (13) was performed using mefenamic 
acid as the internal standard. An HPLC model L-7100 
equipped with a Rheodyne injector valve with 20 μL 
loop and L-7400 UV detector, Merck Hitachi limited, 
Tokyo, Japan, was used. The plasma protein was 
precipitated with acetonitrile. Separation was performed 
on a Nucleosil 100-5 (C18) column (150 × 4.6 mm). 
The mobile phase was acetonitrile-0.01 M potassium 
dihydrogen phosphate (pH 6.3) in a ratio of 35:65 
(v/v), and the fl ow rate was 1 mL/min. A wavelength 
of 278 nm was used to monitor the drug and the 
mefenamic acid. The peak area ratio served as the 
basis for quantification.

2.6.4. Pharmacokinetics calculation

Pharmacokinetics parameters were calculated 
according to a non-compartmental model. The plasma 
concentration versus time curves was used to determine 
the maximum plasma concentration (Cmax), time to 
achieve maximum plasma concentration (Tmax), and the 
area under the concentration-time curve with respect to 
the respective sampling AUC0-t.
 The maximum concentration (Cmax) and the time 
of its occurrence (Tmax) for each individual animal 
were determined from the plasma concentration time 
data. The area under the curve (AUC) for each rabbit 
was calculated by the trapezoidal role method using 
GraphPad Prism Project software.
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structure of the additives (6).
 The non-isothermal TG curves and Dr TGA indicate 
that the onset of thermal decomposition started at 
200°C or above for all formulations and the Dr TG 
peaks were at 241.9, 236.61, 291.52, and 210.44°C 
for formulations A, B, C, and D, respectively. Li et al. 

(7) stated that the lower peak temperature of TG, the 
higher the thermal decomposition of the material(s). 
The current results also indicate that after the onset 
temperature, all formulations exhibited a two-stage 
decomposition pattern. These intervals are based on the 
change in the slope of the % weight loss as a function 
of temperature. The stages of thermal decomposition 
of different formulations and their onset temperature 
differ from one formulation to another depending on 
the melting point of the compound(s) and their stability 
when exposed to high temperatures (4,10,12).
 The isothermal TG data at 150, 160, 170, and 180°C 
for DS formulations were used to determine the reaction 
order and the rate constants for thermal decomposition 
of DS tablet formulations. The decomposition of 
all formulations followed first-order kinetics. Table 
1 shows the first-order rate constant of thermal 
decomposition for DS tablet formulations containing 
various additives under isothermal conditions.
 The natural logarithm of the rate constants (Ln K) 
of all tablet formulations at different temperatures was 
plotted as a function of 1/T (Kelvin) in Figure 3. A 
straight line was obtained according to the Arrhenius 
relationship. The rate constants at 25°C (298 K) for 
DS formulations were calculated by extrapolation of 
the line to that temperature (Table 2). The values of 
the rate constants at 298 K were used to estimate the 
shelf-lives of DS tablet formulations. The estimated 
shelf-lives (Table 2) of DS tablet formulations A, B, 
C, and D were 4.512, 4.046, 4.915, and 3.376 years, 
respectively. Based on these rate constants, the different 
formulations had decreasing stability in the following 
order: formulation C > A > B > D.
 Tablets of formulation A containing pectin and 
formulation B containing sodium alginate achieved the 
best control of drug release and also had good stability. 
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Table 1. First-order rate constant and its correlation coeffi cient 
for DS tablets containing 40% mastic with different additives

Type of additive

Pectin

Sodium alginate

Avicel

Lactose

Temperature
 °C
150
160
170
180

150
160
170
180

150
160
170
180

150
160
170
180

   r2 *

0.997
0.995
0.989
0.991

0.993
0.994
0.991
0.993

0.994
0.992
0.988
0.994

0.995
0.992
0.995
0.993

  K
423
433
443
453

423
433
443
453

423
433
443
453

423
433
443
453

Rate constant
    K (min-1)
 5.210 × 10-4

 8.350 × 10-4

 1.430 × 10-3

 2.232 × 10-3

 
 5.460 × 10-4

 9.120 × 10-4

 1.489 × 10-3

 2.377 × 10-3

 
 4.830 × 10-4

 7.870 × 10-4

 1.231 × 10-3

 2.155 × 10-3

 
 6.050 × 10-4

 1.027 ×10-3

 1.595 × 10-3

 2.640 × 10-3

*r2 is the correlation coeffi cient for the fi rst order.

Pe
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 (%
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A
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Figure 1. Release profi le of DS from tablets containing 50 
mg drug, 40% mastic, and various additives.

Figure 2. Percentage TGA and the differential TGA for 
DS tablets containing mastic and avicel.
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Therefore, they were chosen for the bioavailability study.

3.4. Bioavailability study

Diclofenac sodium-mastic tablets containing pectin and 
sodium alginate as selected additives (formulations A 
and B) as well as commercial tablets were administered 
to rabbits. The plasma concentration of DS in 
individual rabbits after oral administration of both A 
and B formulated tablets and the commercial tablets 
was determined. The mean plasma DS concentration-
time profi les following administration of a single oral 
dose of either the mastic-containing tablets (A and B) 
or the commercial DS tablets are shown in Figure 4. 
As is apparent from Figure 4, the two profiles of the 
formulated tablets are quite comparable and at the 
same time differ vastly from that of the commercial 
tablets. Pharmacokinetic parameters (Cmax, Tmax, and 
AUC0-24) were calculated individually on the basis of 
concentration-time data. Mean values ± S.D. were 
obtained from individual pharmacokinetic parameters 
and are shown in Table 3 for both the formulated tablets 
and commercial DS tablets.
 The commercial DS tablets achieved a high Cmax 
value of 18.75 μg/mL in 1.83 h. In contrast, tablets (A 
and B) containing mastic had lower Cmax values of 8.04 
and 7.93 μg/mL that occurred at a longer Tmax of 6.00 
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for both. The mean AUC0-24 of both formulations A and 
B and commercial tablets was 85.48, 90.42, and 83.60 
μg/mL•h, respectively.
 Statistical analysis of the different bioavailability 
parameters using an ANOVA test (19) revealed no 
significant difference in the mean AUC0-24 values for 
all of the tested tablets (p > 0.05). That said, there was 
a signifi cant difference in the mean values of Cmax and 
Tmax for the tested tablets (p < 0.05). Further statistical 
analysis using a student's t test revealed no signifi cant 
difference in the Cmax and Tmax for formulations A and 
B but it did reveal a signifi cant difference between the 
commercial tablets and both formulations A and B.
 The results obtained indicate that all  three 
formulations are equivalent with regard to the AUC. 
The A and B formulated tablets have a longer Tmax and 
smaller Cmax compared to the commercial tablets. This 
indicates that a prolonged plasma concentration of DS 
was obtained from the formulated tablets containing 40% 
mastic and pectin (formulation A) or sodium alginate 
(formulation B) in comparison to the commercial tablets. 
A similar fi nding was reported by Rani and Mishra (22) 
working on fabricated controlled release DS tablets. 
They stated that formulations containing HPMC, 
ethyl cellulose, or microcrystalline cellulose that they 
fabricated resulted in prolonged blood levels with a 
delayed peak in comparison to commercial tablets.

Figure 3. Plot of Ln K versus 1/T of the isothermal data of 
DS tablets containing mastic with pectin, sodium alginate, 
avicel, or lactose.

Table 2. First-order rate constant at 25°C and shelf life of 
DS tablets containing mastic and various additives

Type of additives

Pectin
Sodium alginate
Avicel
Lactose

   r2 values of
 Arrhenius plot

       0.988
       0.973
       0.990
       0.989

 Rate constant
 at 25°C (min-1)

  4.4276 × 10-8

  4.9369 × 10-8

  4.0644 × 10-8

  5.9166 × 10-8

Shelf-life
   (year)

   4.512
   4.046
   4.915
   3.376

Figure 4. Plasma concentration time curve of DS obtained 
from formulation A, formulation B, or commercial tablets.   

Table 3. The mean pharmacokinetic parameters of DS tablets 
after administration to rabbits (n = 6) of a single dose (50 mg) 
of either mastic-containing tablets or commercial tablets 

Formulation

Formulation A
Formulation B
Commercial tablets

Cmax (μg/mL)
Mean ± S.D.

  8.04 ± 0.43
  7.93 ± 0.35
18.75 ± 0.218

   Tmax (hr)
Mean ± S.D.

       6 ± 1.54
       6 ± 1.54
    1.8 ± 30.4

   AUC0-24 (μg/mL•h)
        Mean ± S.D.

        85.60 ± 7.39
        90.42 ± 8.36
        83.60 ± 5.56
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3.5. Histological examination of the rabbit stomach

Figure 5 shows the normal structural features of the 
stomach fundus of an untreated rabbit; the mucosa is 
covered by a continuous mucous layer and its surface 
is lined by healthy surface columnar epithelium. 
The ducts of fundic glands dip down into the lamina 
propria and their secretory parts (intact fundic 
glands) lie perpendicular to the surface. Histological 
examination of the stomach fundus of rabbits 24 h 
after administration of commercial tablets (Figure 5) 
indicated that the mucosa is covered by a disrupted 
mucous layer and that the surface epithelium displays 
necrotic ulceration. The lamina propria also displays 
hemorrhaging and cellular infiltration and the fundic 
glands are irregularly arranged with wide spaces in 
between. These results indicated damaged cells and 
tissues in the stomach fundus of the gastrointestinal 
tract  after  administrat ion of the conventional 
commercial DS tablets. Photomicrographs of rabbit 
stomachs after administration of formulations A and B 
show that the mucosa is covered by a mucous layer and 
that both the surface epithelium and the fundic glands 
are intact but display mild hyperemia. Comparison to 
previous results clearly revealed that the administration 
of DS tablets in the form of formulations A and B 
reduced the erosion of the mucous membrane of the 
fundus, hemorrhaging, and cellular infiltration of the 
lamina propria. In addition, the fundic glands remained 
intact in comparison to when commercial tablets were 
administered.
 Figure 6 shows the normal pylorus of an untreated 
rabbit stomach. The mucosa is covered by an intact, 
continuous epithelium layer and an underlying healthy 
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lamina propria. Pyloric ducts extend into the lamina 
propria and the secretary portions of pyloric glands are 
transversely cut. Histopathological examination of the 
rabbit stomach pylorus (Figure 6) after administration 
of commercial tablets revealed that the surface 
columnar epithelium had necrotic ulceration and 
both hyperemia and cellular infiltration in the lamina 
propria. In addition, the underlying pyloric glands were 
disrupted. Once again, these results indicate damaged 
cells and tissues in the pyloric portion of the stomach 
after administration of the conventional commercial 
DS tablets. Photomicrographs of the rabbit stomach 
pylorus after administration of formulations A and 
B (Figure 6) show that the mucosa is covered by 
healthy, intact epithelium, pyloric ducts, and pyloric 
glands. That said, the lamina propria displays mild 
hyperemia with a trace of cellular infiltration. The 
preceding results demonstrated that the administration 
of DS in formulations A and B reduces progressive 
necrotic ulceration and cellular infi ltration in the lamina 
propria of the stomach. Furthermore, disruption of the 
underlying pyloric glands is absent. However, mild 
hyperemia is present.
 Histological examination of both the fundus and 
pylorus of rabbit stomachs revealed no histological 
alterations in mucous surface cells and glands following 
administration of formulations A and B. In contrast, 
when the commercial formulation was administered the 
stomach wall had a disrupted mucous layer, necrotic 
ulceration, hemorrhaging, and inflammatory cell 
infi ltration along the base of the gastric glands.
 This study clearly indicated that formulations A 
and B did not produce any ulcerative effect where the 
structural integrity of the stomach was completely 
intact. These results prove that the presence of pectin 
and mastic in formulation A or sodium alginate and 

Figure 5. Photomicrographs of rabbit stomach fundus 
after administration of a signal dose of different 
formulations. 

Figure 6. Photomicrographs of rabbit stomach pylorus 
after administration of a signal dose of different 
formulations.  
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mastic in formulation B act to protect the mucous layer 
of the stomach. This gastroprotective action may be 
due to the lining of the stomach surface by the gel-
forming materials pectin and sodium alginate and/or 
the oily gum resin of mastic. In addition, mastic has 
cytoprotective and mild antisecretory properties as 
evidenced in experimentally induced gastric and 
duodenal ulcers in rats (23) and both pectin and sodium 
alginate have gastroprotective action (24-27).

4. Conclusion

In conclusion, formulation A (containing pectin 
and mastic) and formulation B (containing sodium 
alginate and mastic) proved satisfactory as evident 
in their controlled release, acceptable stability, good 
bioavailability, and prevention of gastric ulcers. 
These formulations may thus lead to improved patient 
compliance.
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ABSTRACT: The study aimed to combine two 
antidiabetic agents with different mechanisms of 
action, namely, metformin HCl and rosiglitazone 
maleate, in a tablet to improve glycemic control in 
patients with type II diabetes. The preformulation 
study started with development and validation of an 
HPLC method for the determination of both drugs 
in the mixture. The results of visual inspection, TLC, 
DSC, and FT-IR verified the absence of any physical 
or chemical interaction between both compounds. 
Four compatible excipients were selected for the 
formulation of the tablets by wet granulation 
according to a 22 factorial design. The prepared 
tablet blends were acceptable in terms of the modal 
size of particle distribution, bulk density, Hausner's 
ratio, Carr's index, and flowability. All formulations 
fulfilled the pharmacopoeial specifications for 
weight variation, content uniformity, friability, and 
hardness. They released 100% of the drug during 
the first 45 min, displaying higher dissolution 
efficiency than commercially available Rosiplus 
tablets. The tablet formulation that passed the 
physical and chemical stability study for 24 months 
at ambient conditions was tested in vivo on healthy 
volunteers in a cross-over design. Statistical analysis 
proved that the prepared tablets were bioequivalent 
to the commercial ones in terms of both the rate and 
the extent of absorption.

Keywords: Wet granulation, factorial design, stability 
study, bioavailability

1. Introduction

Non-insulin-dependent (Type 2) diabetes mellitus is a 
heterogeneous disorder characterized by an underlying 

insuffi ciency of insulin. This insuffi ciency results from 
defective insulin utilization and can be corrected by diet 
control, exercise, and administration of one or more of 
the currently available oral hypoglycemic agents (1).
 Metformin (dimethylbiguanide) is an antihyperglycaemic 
drug used to treat non-insulin-dependent diabetes 
mellitus. It acts in the presence of insulin to increase 
glucose utilization and reduce glucose production, 
thereby counteracting insulin resistance. The effects 
of metformin include increased glucose uptake, 
oxidation and glycogenesis by muscle, increased 
glucose metabolism to lactate by the intestine, reduced 
hepatic gluconeogenesis, and possibly a reduced rate 
of intestinal glucose absorption (2,3). Metformin 
absorption is limited to the upper gastrointestinal (GI) 
tract, thus requiring suitable delivery systems providing 
complete release during stomach-to-jejunum transit (4).
 Rosiglitazone is a thiazolidinedione. It improves 
insulin resistance by activating the nuclear peroxisome 
proliferator activated receptor-γ (PPAR-γ), resulting 
in increased glucose uptake in muscle and reduced 
endogenous glucose production. Rosiglitazone has been 
shown to be active as a monotherapy, in combination 
therapy with metformin or sulfonylureas, and even in 
triple therapy (5-7).
 A review of the literature revealed a lack of data on 
the stability of rosiglitazone maleate in combination 
with metformin-HCl and the compatibility of both 
drugs with commonly used tablet excipients. Thus, the 
aim of this work was to combine those two different, 
yet complementary, oral antidiabetic agents in a single 
stable and bioavailable tablet form to improve blood 
sugar control in patients with type 2 diabetes and to 
ensure patient compliance.

2. Materials and Methods

2.1. Materials

Rosiglitazone maleate and metformin-HCl were 
obtained from Sri Venkateswara Co., Bollaram, India 
and Dr. Reddy Ltd., Andhra, India, respectively. 
PVP-K90, magnesium stearate, and talc were from 
Prolabo, France. Spray-dried lactose was from Meggle, 
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Germany. Avicel PH 102 and starch were from 
FMC, PA, USA. Liquid paraffin was from El-Nasr 
Pharmaceutical Chemical Co., Cairo, Egypt. Methanol, 
butanol, and acetic acid were from E. Merck, Germany. 
HLPC grade solvents (methanol and acetonitrile) were 
from Sigma-Aldrich Chemical Co., USA. Rosiplus® 
tablets were obtained from Sabaa Company, Egypt, 
batch #10651.

2.2. Preformulation studies

2.2.1. Compatibility study of rosiglitazone maleate and 
metformin-HCl

Thin layer chromatography (TLC) – Five μL samples of 
test and standard solutions of both drugs were spotted 
on the loading zone of a silica gel plate at an adequate 
distance from each other. A solvent system consisting 
of a 2:4:1 mixture of distilled water:butanol:acetic acid 
was freshly prepared and allowed to run for 10 cm. The 
plate was then dried and examined under a UV lamp at 
a wavelength of 254 nm.

Fourier transform-infrared spectroscopy (FT-IR) – The 
KBr disc technique was used for sample preparation. 
Sample spectra were collected in the range of 4,000 and 
500 cm-1 using a Perkin-Elmer 1600 spectrophotometer 
(Bruker, Coventry, UK). Collected spectra were 
smoothed and baseline-corrected.

Differential scanning calorimetry (DSC) – DSC 
thermograms of samples were recorded using a DSC-7 
calorimeter (Perkin-Elmer, Norwalk, USA). Samples of 
3-4 mg of the pure drugs and a 1:1 physical mixture of 
rosiglitazone maleate:metformin-HCl were placed in an 
aluminium pan and heated to a temperature of 350°C at 
a rate of 10°C/min, with indium in the reference pan in 
an atmosphere of nitrogen.

2.2.2. HPLC determination of rosiglitazone and 
metformin

In vitro determination – Rosiglitazone maleate and 
metformin-HCl were assayed in a mixture using a 
method of HPLC as previously reported (8). The assay 
was carried out using a Waters 2790 HPLC system 
for extraction and Shimadzu LC-10AD VP pumps 
for analysis. Samples were eluted on a Nova-pak C18 
column using acetonitrile:0.01 M phosphate buffer 
(50:50, v/v) at a flow rate of 1 mL/min at 40°C, 
followed by detection at 254 nm. Calibration curves 
were prepared and assayed in triplicate on three 
different days to evaluate linearity, precision, and 
accuracy.

In vivo determination – The metformin content was 
determined using the aforementioned HPLC method 

used in vitro after generating a calibration curve using 
blank plasma. The plasma was spiked with different 
amounts of metformin-HCl in methanol. The mixture 
was then centrifuged at 3,000 rpm for 10 min and the 
supernatant (organic phase) was transferred to another 
clean tube and evaporated to dryness at 40°C. The 
residue was then reconstituted in 1 mL of methanol 
and the concentration of 10 μL of the fi nal solution was 
determined based on the reported peak areas (9).

2.2.3. Compatibility study of both drugs with different 
tablet excipients

A physical mixture of rosiglitazone maleate:metformin-
HCl in a 2:500 weight ratio was prepared alone and in 
combination with other tablet excipients in a drug-to-
excipient ratio of 1:1. The tested excipients were Avicel 
PH 102, spray-dried lactose, PVP-K90 magnesium 
stearate, talc, dicalcium phosphate, and starch. The 
prepared mixtures were evaluated via visual inspection, 
DSC and FT-IR.

2.3. Formulation of rosiglitazone and metformin tablets

2.3.1. Experimental design

A 22 full  factorial design was used to prepare 
rosiglitazone/metformin tablets using four compatible 
excipients. Two independent variables were used, namely, 
the binder type (PVP-K90, starch) and the lubricant 
type (Mg stearate, talc). Drug concentrations were kept 
constant at 2.649 mg rosiglitazone maleate (equivalent 
to 2 mg rosiglitazone base) and 500 mg metformin-HCl 
per tablet. The composition of the four prepared tablet 
formulations is shown in Table 1. Statistical analysis 
of the results was performed using statistical software 
(Statview Abacus Concept, version 4.57). Analysis of 
variance (including the sum of squares), subsequent 
signifi cance tests, and the calculation of average values 
was done using this software.

2.3.2. Characterization of the blends to be compressed

The formulation blends were mixed in a mortar 
using the geometrical dilution technique and were 
characterized in terms of their particle size, % 
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Table 1. Composition of metformin/rosiglitazone tablets 
according to the experimental design used
Ingredient/tablet
           (mg)
Metformin-HCl
Rosiglitazone maleate*

Starch
PVP-K90
Mg stearate
Talc

Tablet formulation 
    1
 500 
2.649
   –
  26 
   –
   6 

    a
 500 
2.649
   26 
    –
    –
    6 

    b
 500 
2.649
    –
   26 
    6 
    –

  ab
 500 
2.649
  26 
   –
   6 
   –

* 2.649 mg rosiglitazone maleate = 2 mg rosiglitazone base.
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2.4.2. Content uniformity

The content uniformity was determined by crushing 
ten tablets of each formulation. An accurately weighed 
amount corresponding to the weight of one tablet was 
dissolved in 100 mL methanol. The solution was then 
passed through a 0.45-μm membrane filter, properly 
diluted, and assayed using the previously described 
HPLC method.

2.4.3. Friability

Ten tablets of each formulation were accurately 
weighed and placed in the drum of a friabilator and 
rotated at 25 rpm for a period of 4 min. The tablets 
were then brushed and reweighed. The percentage loss 
in weight was calculated and served as a measure of 
friability.

2.4.4. Hardness

Ten tablets of each formulation were tested for hardness 
using a Monsanto tablet hardness tester, USA. The 
mean hardness in kilograms was then determined.

2.4.5. Disintegration time

The disintegration time for each of six tablets of each 
formulation was determined using a USP disintegration 
tester (Pharma Test,  Type PTZ2, Germany) in 
accordance with standard testing procedures.

2.4.6. In vitro dissolution study

The dissolution of the prepared tablets was performed 
using the USP XXVIII rotating basket, at a speed 
of 100 rpm in 900 mL N/10 HCl (pH 1.2) and at a 
temperature of 37 ± 0.5°C. The study was conducted 
on 6 tablets for 1 h and aliquots, each of 3 mL, were 
withdrawn at appropriate time intervals from the 
dissolution medium and replaced with an equivalent 
amount of the freshly heated medium. The samples 
were analyzed for metformin and rosiglitazone content 
using the proposed HPLC method.
 For assessment and comparison, the dissolution 
profi les were evaluated on the basis of the dissolution 
effi ciency parameter at 1 h (DE1h) as described by Khan 
et al. (10) according to the following equation:
                    

t       y.dt        DE = ∫  ——— × 100                             (Eq. 1)
                   

0     y100 t

where the integral in equation 1 is the area under 
the dissolution curve up to the dissolution time t and 
y100 is the area of the rectangle described by 100% 
dissolution at the same time.
 Kinetic analysis of the dissolution data for all 
formulations was performed using the linear regression 

compressibility, and flowability. The particle size 
was determined using a laser diffraction particle size 
analyzer (Master sizer, Malvern, UK). The volume 
occupied by 5 g of each blend (bulk volume Vb) and 
the true volume after tapping in a graduated cylinder 
(tapped volume Vt) were determined and used to 
calculate (a) the bulk density by dividing the weight of 
the powder being tested by Vb, (b) Hausner's ratio given 
by dividing Vb by Vt, and (c) % compressibility (Carr's 
index) determined by (1 – Vt/Vb) × 100.
 The flowability of the prepared blends was 
calculated using the fixed height cone method. The 
angle of repose was calculated from the equation: 

                              tan Ǿ = 2h/D

where, D is the average diameter of the formed cone 
and h = 2.5 cm.

2.3.3. Tablet compression

Direct compression – Accurately weighed amounts of 
rosiglitazone and metformin were mixed using a mortar 
and a pestle for 5 min. The specified binder was then 
mixed by geometric dilution for an extra 5 min. Talc 
or magnesium stearate was added and the blends were 
compressed using a single-punch tablet machine and 20 
mm oblong punches and dies (HEYNAU single station 
press, 5v1m, Germany). The compression force was 
kept constant at 10 kpsi.

Wet granulation – A mixture of the two drugs was 
geometrically mixed with the specified amount of the 
binder and kneaded using 300 mg isopropyl alcohol/
tablet. The resultant mass was passed through a 1-cm 
sieve to produce granules with a particle size of 780 
μm and dried in a hot air oven at 60°C for 20 min. 
The dried mass was passed through a 1-mm sieve 
and finally mixed with the specified lubricant. The 
blend was compressed with a single punch tablet 
machine using 20 mm oblong punches and dies. The 
compression force was kept constant at 10 kpsi. A fi lm 
coating was then applied to the compressed tablets 
using a simplifi ed BYC-1000 coating machine, JiangSu 
TaiZhou Medicines Machinery Factory, in order to 
improve tablet aesthetics. The coat weighed 10 mg and 
consisted of HPMC, talc, PG, PEG, red iron oxide, and 
titanium dioxide after dissolution in ethanol.

2.4. Evaluation of compressed tablets

2.4.1. Weight, thickness, and diameter variation

The weight, thickness, and diameter of twenty coated 
tablets of each formulation were individually measured. 
The mean value of each measurement was calculated, 
with the variation serving as the relative standard 
deviation (% RSD).
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method. The determination coefficients (r2) according 
to zero-order, first-order, Higuchi (11), Hixson-
Crowell (12), and Korsmeyer-Peppas (13) models were 
computed for each formulation.

2.5. Stability study

The four prepared tablet formulations were subjected 
to a long-term physical and chemical stability study 
(24 months at ambient temperature and humidity). 
Tablet samples were collected at time intervals of 2, 
6, 12, and 24 months and inspected visually for any 
changes in colour and/or appearance. The tablets were 
evaluated for the percent of remaining rosiglitazone 
and metformin using the proposed HPLC method of 
analysis as well as for weight variation, thickness, 
diameter, hardness, and disintegration time and in vitro 
dissolution tests as previously mentioned for the freshly 
prepared tablets. To detect any signifi cant variations in 
the dissolution profi les, the similarity factor f2 (14) was 
calculated from the mean dissolution data according to 
the following equation:
                                                

1
     

n        f2 = 50 log {[ 1+ –∑       Wt (Rt - Tt)2 ] -0.5 × 100} 
                                                     

n
    

 n = 1

                                                                                 (Eq. 2)

where n is the number of pull points, Wt is an optional 
weight factor, and Rt is the reference profile that is 
considered similar. The value of f2 should be between 
50 and 100. An f2 of 100 suggests that the test and 
reference profi les are identical. Conversely, f2 decreases 
as the dissimilarity between two release profiles 
increases.
 The formulation of choice was subjected to an 
accelerated stability study to predict its shelf life. 
Tablets were stored in ovens at temperatures of 50, 
60, and 70°C. Samples were collected after 2, 4, and 6 
months for each working temperature and analyzed for 
both active ingredients. The method of Free and Blythe 
was used, i.e., the time required for the drug to fall to 
90% of its original concentration was determined at the 
three temperatures by plotting the log percent of drug 
remaining with respect to time. The log time to t90% was 
then plotted with respect to 1/T and the shelf life was 
the time at 25°C.

2.6. In vivo study

The performance of the selected tablet formulation 
in comparison to the commercial tablet formulation 
(Rosiplus tablets, batch No. 10651, Sabaa Pharm, 
Egypt) was evaluated in human volunteers. Comparison 
was done through the quantification of metformin in 
plasma. The bioequivalence between both formulations 
was assessed by calculating individual Cmax, AUC(0-24h), 
AUC(0-∞), and Cmax/AUC(0-24h) ratios (test/reference) 

together with their mean and 90% confidence 
intervals (CIs). The inclusion of the 90% CI for the 
ratio in the 80 to 125% range was analyzed using 
ANOVA.
 The study involved six healthy male volunteers 
with ages between 21 and 42 years (mean ± S.D., 31.3 
± 3.7 years).  The height of the volunteers ranged from 
145.0 to 165.0 cm (mean ± S.D., 156.7 ± 6.9 cm) and 
their body weight ranged from 55.1 to 87.8 kg (mean 
± S.D., 71.3 ± 8.1 kg). The volunteers did not suffer 
from significant cardiac, hepatic, renal, pulmonary, 
neurological, gastrointestinal, or hematological diseases. 
The study protocol was approved by the University 
Committee for the Protection of Human Subjects and it 
complies with the Declarations of Helsinki and Tokyo 
for humans.
 The study was conducted in an open, randomized, 
two-period crossover fashion with a 2-week washout 
period between doses. Blood samples (10 mL) from 
a suitable antecubital vein were collected before and 
0.5, 1.5, 2, 2.5, 3, 3.5, 6, 8, 12, and 24 h after the 
administration of each dose. The blood samples were 
centrifuged at 2,500 × g for 10 min at room temperature 
and the plasma was decanted and stored at -20°C until 
assayed. All samples from a single volunteer were 
analyzed on the same day to avoid inter-assay variation.

3. Results and Discussion

3.1. Preformulation studies

3.1.1. Compatibility study of rosiglitazone maleate and 
metformin-HCl

The spots on the TLC plate of the test solutions 
corresponded to those of standard solutions with 
the same intensity and Rf, indicating the absence of 
interaction between the two drugs.
 The DSC thermograms of rosiglitazone and 
metformin showed endothermic peaks at 75.96 and 
241.42°C, respectively, corresponding to the melting of 
both drugs (Figure 1). The two peaks persisted in the 
DSC thermogram of the 1:1 rosiglitazone:metformin 
physical mixture. This indicates the absence of physical 
interactions between the two active ingredients.
 The infrared spectra of rosiglitazone, metformin, 
and their 1:1 physical mixture are shown in Figure 
2. The spectrum of the physical mixture exhibited 
characteristic bands corresponding to the functional 
groups of both drugs, indicating the absence of any 
chemical interaction between them.

3.1.2. Determination of rosiglitazone and metformin in 
combination

The retention time for rosiglitazone and metformin 
was approximately 2.89 and 5.21 min, respectively. 
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The proposed HPLC method was accurate, precise, and 
rugged, as shown in Table 2.

3.1.3. Compatibility study of both drugs with different 
tablet excipients

No changes in color or appearance (e.g. caking, 
liquefaction, and formation of clumps) were noted for 
any of the aforementioned pharmaceutical excipients, 
indicating good physical stability.
 Figure 3 i l lustrates the DSC thermograms, 
where the thermal properties of the mixtures of 
magnesium stearate, starch, talc, and PVP-K90 with 
drug combination were the sum of the individual 
components. Few changes in the transition temperatures 
resulted from the mixing of the two components; the 
process of mixing was found to reduce the purity of 
each of the components and thus cause a slight lowering 
of the melting endotherms.
 In contrast, samples of Avicel PH 102, spray-dried 
lactose and dicalcium phosphate either had additional 
peaks or the drugs' peaks were masked, so these 
samples were excluded from further investigations.
 Similarly, the infrared spectra indicated the absence 
of interaction between the combined drugs with all the 
tested excipients except avicel, anhydrous lactose, and 
dicalcium phosphate (data not shown).

3.2. Formulation of rosiglitazone and metformin tablets

3.2.1. Characterization of the blends to be compressed

Analysis of random samples of the four prepared 
blends indicated adequate uniformity of mixing. The 
evaluation parameters for the four tablet blends are 
shown in Table 3.
 The modal size of particle distribution was 77.78, 
32.52, 65.43, and 59.61 μm for tablet formulations 1, 
a, b, and ab, respectively. PVP-K90 produced blends 
with markedly larger mean particle sizes than those 
containing starch (formulations a and ab) due to its 
larger particle size.
 Values for Carr's index ranged from 17.89-21.69% 

Figure 1. Compatibility study of rosiglitazone and 
metformin using differential scanning calorimetry.

Figure 2. Compatibility study of rosiglitazone and 
metformin using FT-IR spectroscopy.

Table 2. Precision and accuracy of the HPLC method for the determination of rosiglitazone and metformin in a mixture

Concentration
     (μg/mL)

Metformin

       10
       20
       30

Rosiglitazone

        2
        3
        5

Intraday (within batch) (n = 3)

 Mean

  9.95
19.71
31.51

  1.97
  3.02
  4.93

 S.D.

0.46
1.664
1.80

0.14
0.36
0.27

Precision
   (CV)

   4.62
   8.44
   5.71

   7.11
 11.92
   5.47

    Accuracy 
         (%)

        
        99.5
        98.55
      105.03

         98.5
      100.67
        98.6

 Mean

  9.88
19.04
30.9

  1.92
  3.12
  4.76

  S.D.

  0.53
  1.72
  1.21

  0.23
  0.38
  0.33

Precision
   (CV)

    5.36
    9.03
    3.92

  11.98
  12.18
    6.93

  Accuracy 
       (%)

         98.8
         95.2
       103

         96
       104
         95.2

Interday (between batches) (n = 3)

Interday (between batches) (n = 3)Intraday (within batch) (n = 3)
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indicating good flow characteristics. However, Carr's 
index is a one-point determination and does not refl ect 
the ease or speed with which consolidation occurs. 
Indeed, some materials have a high index, suggesting a 
poor fl ow, but may consolidate rapidly; such a property 
is essential for uniform fi lling in a machine. Hausner's 
ratio relates to interparticle friction and can be used to 
predict powder flow properties. The recorded values 
ranged from 1.22 to 1.25, indicating that powders 
had a low interparticle friction. The tested blends had 
a similar angle of repose and the range of that angle 
indicated a reasonable fl ow (34.14°-35.03°).
 Statistical analysis of the aforementioned data 
is summarized in Table 4. Results showed that the 
binder type, the lubricant type, and their interaction 
had a significant effect on both Hausner's ratio and 
Carr's index. Using PVP-K90 as a binder and talc 
as a lubricant significantly decreased Carr's index 
and Hausner's ratio, indicating better flowability 
and compressibility, respectively. Only the lubricant 
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type had a significant effect on the bulk density. In 
comparison to Mg stearate, Talc signifi cantly decreased 
the bulk density of the tablet blends. None of the tested 
variables had a signifi cant effect on the angle of repose.

3.2.2. Method of preparation

Direct  compression was at tempted due to  i ts 
advantages, like simplicity, but it produced friable 
tablets regardless of the excipients used and was thus 
excluded. Wet granulation produced tablets with good 
physical characteristics.

3.3. Evaluation of the prepared tablets

3.3.1. Physical properties of tablets

Relative standard deviation (% RSD) values for the 
mean tablet weights ranged from 0.02-0.11% for the 
four formulations, indicating a high level of weight 
uniformity. Similarly, the % RSD for the mean tablet 
thickness and diameter was very low (in the range of 
0.04-0.08 and 0.05-0.08%, respectively).
 The average drug content for all formulations 
complied with the pharmacopoeial limits in a range 
of 85% to 115% of the label claim, and the standard 
deviation was less than 6%. Similarly, the percent 
friability of all formulations was less than 0.5%, which 
conforms to the acceptable range for compressed 
tablets. All the prepared formulations had a narrow 
range for both the disintegration time and the hardness 
ranging from 7.5 to 9.1 kg.
 One-way ANOVA was performed to evaluate the 
effect of the tested factors on the different physical 
properties of the prepared tablets. The binder type 
had a significant effect on tablet friability, hardness, 
and disintegration time. Starch-based tablets showed 
signifi cantly greater hardness, lower friability, and slower 
disintegration compared to those containing PVP-K90. 
This could be attributed to the higher binding properties 
of starch. The lubricant type and its interaction with the 
binder type did not have a signifi cant effect on the tested 
variables (data not shown).

3.3.2. In vitro dissolution study

The dissolution profi les of rosiglitazone and metformin 
from the prepared tablets and from the commercial 

Table 4. ANOVA results of factorial experiments

Source

Binder type
Lubricant type
Binder type * Lubricant type

 Carr's 
 index

 0.43
 0.374
 0.329

Bulk density

   < 0.0001a

      0.2005
      0.6727a

Hausner's 
    ratio

  0.0716
  0.834
  0.1482

Angle of
  repose

< 0.0001a

< 0.0001a

< 0.0001a

a Signifi cant at a level of p < 0.05.

Response (Probability > F)

Table 3. Evaluation parameters for the prepared tablet 
blends

Formulation 

        1
        a 
        b 
       ab

Modal size
 of particle 
distribution

     77.78
     32.52
     65.43
     59.61

Bulk density
     (g/mL)

      0.732
      0.469
      0.750
      0.461

Hausner 
  Ratio 

   1.220
   1.250
   1.225
   1.277

Carr's index

     17.896
     20.042
     18.367
     21.687

Angle of 
repose (θ)   

   34.61
   35.03
   34.14
   34.45

Figure 3. DSC thermograms of rosiglitazone/metformin in 
combination with different tablet excipients.
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Rosiplus® tablets in 0.1 N HCl are illustrated in Figure 
4. The dissolution efficiency (DE1h) is listed in Table 
5. The four tablet formulations released 100% of their 
loadings of both drugs in 45 min. The DE1h values are in 
accordance with the tablets' physical properties; a higher 
dissolution efficiency was noted for tablets with less 
hardness and higher % fi nes (PVP-K90 based tablets).
 The dissolution profile of the commercial tablets 
revealed a lower dissolution effi ciency and the tablets 
did not completely disintegrate by the end of the 
dissolution test (1 h).
 Drug dissolution data for all formulations were 
evaluated using various mathematical models. 
According to the highest determination coeffi cient (r2), 
the dissolution of both rosiglitazone and metformin 
from the prepared tablets generally fi ts the Korsmeyer-
Peppas and Higuchi diffusion models best. Results for 
the diffusion exponent (n) indicated that the release of 
both drugs was generally controlled by a non-Fickian 
transport mechanism that involves both diffusion and 
dissolution mechanisms. The exponent "n" values 
ranged 0.765-0.851 for rosiglitazone and 0.609-0.661 

for metformin. Formulations containing starch as a 
binder had higher values of "n".

3.4. Stability study

All the stored tablets retained the same physical 
properties as fresh ones except for those containing 
talc (formulations 1 and a). Those tablets had a 
marked decrease in tablet hardness and an increase in 
their disintegration times upon storage, which could 
be attributed to moisture absorption. The residual 
drug loadings remained within the accepted official 
limits. All the dissolution profiles had high levels of 
similarity at the different time intervals, indicating good 
stability. The f2 values ranged between 91.3 and 95 for 
rosiglitazone and 92 and 97.6 for metformin.
 Based on the stability study and the in vitro 
evaluations results, formulations 1 and a were excluded 
due to their physical instability. Formulation b had a 
greater extent of dissolution in relation to formulation 
ab and was selected for in vivo evaluation.
 Table 6 summarizes the accelerated stability study 
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Figure 4. In vitro dissolution profi les of metformin (A) and  rosiglitazone (B) from the prepared tablets and commercial 
Rosiplus tablets.

Table 5. In vitro evaluation parameters for the prepared rosiglitazone/metformin tablets

Formulation

          1
          a
          b
         ab

DE1h (%)

* Values are mean ± S.D., n = 10, ** n = 6.
  DE1h for the commercial tablets = 60.55 for rosiglitazone and 66.23 for metformin.

Friability (% fi nes)*

     0.161 ± 2.01
     0.088 ± 1.11
     0.136 ± 1.23
     0.072 ± 2.1

Hardness (kg)*

  7.50 ± 0.424
  8.95 ± 0.354
    8.2 ± 0.707
    9.1 ± 0.707

Disintegration time (min)**

             8 ± 0.990
           11 ± 1.414
          7.5 ± 2.121
        10.1 ± 1.131

rosiglitazone
      75.96
      71.13
      76.25
      69.13

metformin
    80.63
    76.69
    80.61
    75.84

Table 6. Results of an accelerated stability study

 Storage temperature (°C)
 
Metformin
      50
      60
      70
Rosiglitazone maleate  
      50
      60
      70

% drug remaining at the following time intervals
  2 months
    
 97.2 ± 1.45
 95.5 ± 2.06
 87.1 ± 2.51

 97.7 ± 1.67
 94.4 ± 2.07
    87 ± 2.66

       t90% 

    
    7.413
    3.98
    1.86

    7.079
    3.65
    1.78

  6 months
    
93.32 ± 1.77
85.12 ± 2.43
  69.2 ± 2.55

  91.2 ± 2.66
83.17 ± 1.67
  66.8 ± 2.11

  4 months    

95.5 ± 2.51
89.1 ± 2.99
79.4 ± 1.87

94.4 ± 1.55
88.1 ± 2.54
75.8 ± 1.52

Shelf life (months)

    
           51.28

           39.8 
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results. The data showed that the estimated t90% values 
at 25°C were 51.28 and 39.8 months for metformin and 
rosiglitazone maleate, respectively. Therefore, the shelf 
life for formulation b is about three years.

3.5. In vivo study

The calibration curve of metformin-HCl in plasma was 
linear in the range of (5-55 μg/mL) with r2 = 0.9983. 
Mean values of metformin plasma concentrations are 
shown in Figure 5 and the pharmacokinetic parameters 
are listed in Table 7.
 The maximum concentration reached (Cmax) and 
the areas under the curve (AUC(0-24h)) were compared. 
The geometric mean and 90% confidence intervals 
of prepared tablets/commercial tablets ratios are 
summarized in Table 7. Since the 90% CI for both 
Cmax and AUC(0-24h) ratio (test/reference) was inside 
the 80-125% interval proposed by the US Food and 
Drug Administration (15,16), the prepared tablets were 
concluded to be bioequivalent to commercial tablets in 
terms of both the rate and the extent of absorption.

4. Conclusion

A tablet formulation containing 500 mg metformin-
HCl, 2.649 mg rosiglitazone maleate, 26 mg PVP-K90, 
and 6 mg Mg stearate succeeded both in vitro and in 
vivo as a conventional stable and bioavailable tablet 
for the delivery of both drugs. The formulation can be 
easily prepared and the excipients used are cheap and 

available, indicating its potential for use on a larger 
scale.
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ABSTRACT: After the successful optimization 
and development of a drug entity, design of dosage 
form then plays an important role. Hence, research 
continuously keeps on searching for ways to deliver 
drugs over an extended period of time. With 
aceclofenac, a novel NSAID used in the treatment of 
rheumatoid arthritis, frequency of administration 
may cause certain GI-adverse effects. The objective 
of the present research work was to develop a 
microparticulate oral sustained release dosage form, 
to reduce dosing frequency, to eliminate the dose 
related adverse effects and to ultimately improve 
compliance in the pharmacotherapy of arthritis. The 
microbeads were prepared by an ionotropic external 
gelation technique, by using sodium alginate as the 
hydrophilic carrier and calcium chloride as the cross-
linking agent. The shape and surface characteristics 
were determined by scanning electron microscopy 
(SEM). Particle size distribution was determined by 
an optical microscope. The physical state of the drug 
in the formulation was determined by differential 
scanning calorimetry (DSC). While increasing the 
concentration of sodium alginate dispersion increased 
fl ow properties, mean particle size, swelling ratio and 
drug entrapment efficiency. The mean particle sizes 
of drug-loaded microbeads were found to be in the 
range 596.45 ± 1.04 to 880.10 ± 0.13 μm. The drug 
entrapment efficiency was obtained in the range of 
63.24-98.90% (w/v). The release of drug from the 
microbeads at pH 1.2 is negligible. Under neutral 
conditions, the beads will swell and the drug release 
depends on swelling and the erosion process resulting 
in an optimum level of drug released in a sustained 
manner which exhibits zero-order kinetics.

Keywords: Oral sustained release, sodium alginate, 
aceclofenac sodium, ionotropic external gelation, zero-
order kinetics

1. Introduction

Arthritis is a term that includes a group of disorders 
that affect joints and muscles. Arthritis symptoms 
include joint pain, infl ammation and limited movement 
of joints. When a joint is infl amed it may be swollen, 
tender, warm to the touch or red. Surrounding each joint 
is a protective capsule holding a lubricating fluid to 
aid in motion. Cartilage, a slippery smooth substance, 
covers most joints to assure an even, fl uid motion of the 
joint. With joint arthritis, the cartilage may be damaged, 
narrowed and lost by a degenerative process or by 
inflammation making movement painful (1). Most of 
the conventional NSAIDs are used in the treatment of 
arthritis but have short biological half-lives and hence 
require repeated administration 3 to 4 times a day. This 
leads to patient non-compliance and also fl uctuation in 
blood level drug concentration.
 The design of effective drug delivery systems has 
recently become an integral part of the development of 
new medicines. Hence, research continuously keeps on 
searching for ways to deliver drugs over an extended 
period of time, with a well-controlled release profile. 
The oral administration of pharmaceutical dosage 
forms is the more usual, convenient and comfortable 
route for active drug delivery to the body. An oral 
modified release drug-delivery system should be able 
to achieve optimum therapeutic drug concentration 
in the blood with minimum fluctuation, to predict 
and reproduce release rates for extended duration, to 
enhance pharmacotherapy of short half life drugs, to 
reduce frequent dosing, to minimize/or eliminate dose 
related adverse effects, and to improve therapy, safety, 
efficacy and better patient compliance (2). The use of 
hydrogel systems for controlling the release of drugs has 
been increasingly well known to respond to surrounding 
conditions such as pH, ionic strength, temperature, 
and frequent changes of environment in the GI-tract, 
which has a variation of pH from the stomach to 
intestine. Hydrogels from natural polymers, especially 
polysaccharides, have been widely used because of their 
advantageous properties over synthetic polymers such as 
non-toxicity, biocompatibility, biodegradability, ability 
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to modify the properties of aqueous environments, and 
capacity to thicken, emulsify, stabilize, encapsulate, 
swell, and form gels and films (3). Alginate is one of 
the natural polysaccharides that has been widely used in 
numerous biomedical applications. Sodium alginate is a 
salt of alginic acid, a natural polysaccharide found in all 
species of brown algae and certain species of bacteria. 
It is a linear polymer of β-(1→4) mannuronic acid (M) 
and α-(1→4) L-guluronic acid (G) residues in varying 
proportions and arrangements. It has been shown that 
the G and M units are joined together in blocks, and 
as such, the following 3 types of blocks may be found: 
homo-polymeric G blocks (GG), homo-polymeric 
M blocks (MM), and hetero-polymeric sequentially 
alternating blocks (MG). The reactivity with calcium 
and the subsequent gel formation capacity is a direct 
function of the average chain length of the G-blocks. 
Hence, alginates containing the highest GG fractions 
possess the strongest ability to form gels. This initially 
arises from the ability of the divalent calcium cation to 
fi t into the guluronate structures like eggs in an "egg box 
junction". Consequently, this binds the alginate chains 
together by forming junction zones, sequentially leading 
to gelling of the solution mixture and bead formation. 
When aqueous solutions of sodium alginate are added 
drop wise to an aqueous solution of calcium chloride, 
it forms a spherical gel with regular shape and size, 
also known as an "alginate bead". Alginate microbeads 
have the advantages of being nontoxic orally, have 
high biocompatibility, and inability to reswell in an 
acidic environment, whereas they easily reswell in an 
alkaline environment. Therefore, acid sensitive drugs 
incorporated into the beads would be protected from 
gastric juice (4).
 Aceclofenac sodium is  non-steroidal  ant i -
inflammatory drug used extensively in the treatment 
of rheumatoid arthritis, osteoarthritis and ankylosing 
spondylitis. It is rapidly and completely absorbed after 
oral administration, and peak plasma concentrations are 
reached 1 to 3 h after oral dose. The plasma elimination 
half-life of the drug is approximately 4 h and dosing 
frequency is 2-3 times daily with a dose range of 
100-200 mg (5). An adverse gastrointestinal reaction 
has been observed and due to its short biological half-
life aceclofenac requires multiple dosing. This leads 
to fl uctuation in the drug blood levels and dose related 
adverse effects. Multiple dosing also fails to release the 
drug at the desired rate and in the desired amount which 
often results in poor patient compliance and ineffi cient 
therapy (6).
 Microencapsulation is a well accepted technique 
for development of homogeneous, monolithic particles 
in a range of about 0.1-1,000 μm and is employed 
to sustain drug release. Among the microparticulate 
systems, microbeads have special interest as carriers 
for NSAIDs, mainly to reduce and/or eliminate 
gastrointestinal irritation, dose intake and ultimately 

to improve compliance in the pharmacotherapy of 
arthritis, inflammation and pain. In the proposed 
method of ionotropic gelation we drop the mixture 
of drug and polymer dispersion into aqueous calcium 
chloride solution and gelation occurs instantaneously 
resulting in the formation of spherical micro-scale 
sized beads, with narrow particle size. Calcium 
induced alginate beads have been developed in recent 
years as a unique vehicle for modified drug delivery 
systems. Their preparation is quite easy and is usually 
based on the gelling properties of the polysaccharide 
in the presence of several divalent ions (7).
 The aim of the present study was to develop 
sustained release oral microbeads of aceclofenac 
sodium using sodium alginate as the hydrophilic carrier 
and calcium chloride as the cross-linking agent and 
to examine the effects of various process parameters 
on the physicochemical properties and drug release 
potential of the product.

2. Materials and Methods

2.1. Materials

Aceclofenac sodium was obtained as a gift sample 
from Microlabs, Bangalore, Karnataka, India. Sodium 
alginate was a gift sample from F. M. C.. International 
Biopolymers, Willingtown, Ireland, through Signet 
Chemical Corporation Pvt. Ltd., Mumbai, India. 
Calcium chloride (fused) was purchased from S. B. 
Fine Chemicals Ltd., Mumbai, India. All other reagents 
and solvents used were of analytical grade satisfying 
pharmacopoeias specifi cations.

2.2. Preformulation studies

2.2.1. Saturation solubility study

The saturation solubility of aceclofenac sodium was 
determined with various concentrations of surfactants 
i.e., 0.5, 1.0, 1.5, and 2% (w/v) of sodium lauryl sulfate 
(SLS) in double distilled water, 0.1 N HCl, pH 4.5 
acetate buffer, pH 6.8, and pH 7.4 phosphate buffers at 
37°C. An excess quantity of aceclofenac sodium was 
added to 100 mL of dissolution medium in a conical 
flask and agitated continuously at room temperature 
for 8 h on a shaker. The solutions were kept aside 
for 6 h until equilibrium was achieved. The solutions 
were then filtered through No. 41 Whatman filter 
paper, and the filtrate suitably diluted and analyzed 
spectrophotometrically at 275 nm (8). The results of the 
solubility study are summarized in Table 1.

2.2.2. Solubility of aceclofenac sodium in calcium 
chloride solution

The solubility of drug in a calcium chloride (1%, w/v) 
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(FCL-60), thermal analyzer (TA-60) and operating 
software (TA-60). The samples were heated in sealed 
aluminum pans under nitrogen flow (30 mL/min) at 
a scanning rate of 5°C/min from 24 ± 1 to 250°C. An 
empty aluminum pan was used as reference. The heat 
fl ow as a function of temperature was measured for the 
drug and drug-polymer mixture. (10).

2.4. Preparation of aceclofenac sodium-loaded 
microbeads

The microbeads were prepared by the ionotropic 
external gelation technique. Sodium alginate was 
dissolved in deionized water at a concentration of 1-3% 
(w/v) by gentle heat at 40°C on a magnetic stirrer. An 
accurately weighed 200 mg of aceclofenac sodium was 
added and dispersed uniformly. The dispersion was 
sonicated for 30 min to remove any air bubbles that 
may have been formed during the stirring process. The 
bubble free sodium alginate-drug dispersions (50 mL) 
were added drop wise via an 18-guage hypodermic 
needle fi tted with a 10 mL glass-syringe into 50 mL of 
calcium chloride solution (1-5%, w/v) and stirred at 
200 rpm for 30 min. The droplets from the dispersion 
instantaneously gelled into discrete matrices upon 
contact with the solution of gelling agent. The drug-
loaded microbeads were further stirred in the solution 
of gelling agent for an additional 2,000 rpm up to 1-3 h. 
After the specifi ed stirring time and stirring speed gelled 
beads were separated by fi ltration, washed with 3 × 50 
mL volumes of deionized water and fi nally dried at 80°C 
for 2 h in a hot air oven (10).
 Fifteen batches of drug-loaded microbeads 
were prepared by the ionotropic gelation method to 
investigate the effect of certain formulation and process 
variables, such as drug to polymer ratio, concentration 
of cross-linking agent, cross-linking time and stirring 
time on the mean particle size, yield, distribution 
pattern, drug entrapment efficiency and in vitro drug 
release. To study the effect of these variables, each time 
one variable was varied, the other variables were kept 
constant and optimized to get small, discrete, uniform, 
and smooth surface spherical microbeads. The detailed 
composition of the various formulations is stated in 
Table 2.

2.5. Characterization and evaluation of microbeads

2.5.1. Granulometric study

Particle size has a signifi cant effect on the release profi le 
of microbeads. Size and size distribution, determined 
by sieve analysis, was carried out on mechanical sieve 
shaker. The drug-loaded microbeads were separated 
into different size fractions by sieving for 5 min using 
standard sieves having nominal mesh apertures of 1.4 
mm, 1.2 mm, 1.0 mm, 0.85 mm, and 0.71 mm (sieve 

was determined by adding an excess of drug into 
the medium containing vials and shaking at constant 
temperature 37°C in a water bath for 12 h. The samples 
were fi ltered and diluted with distilled water, and then 
assayed spectrophotometrically at 275 nm (9). The 
results are summarized in Table 1.

2.3. Drug polymer compatibility studies

2.3.1. Thin layer chromatography (TLC)

Silica gel 60 g plates activated by heating at 105°C for 
1 h were used. The mixture of methanol/acetonitrile/
buffer solution (pH 6.8) in a ratio of 45:45:10 was used 
as a solvent system. The drug extracted from different 
microbeads was spotted on the plates. The Rf values 
were determined for comparison of pure drug and 
extracted drug by examining spots under UV-light.

2.3.2. Fourier transform-infrared (FT-IR) spectroscopic 
analysis 

Drug polymer interactions were studied using FT-
IR spectroscopy. One to 2 mg of aceclofenac sodium 
alone, and a mixture of drug and polymer were weighed 
and mixed properly with potassium bromide uniformly. 
A small quantity of the powder was compressed into a 
thin semitransparent pellet by applying pressure. The 
IR-spectrum of the pellet from 450-4,000 cm–1 was 
recorded taking air as the reference and compared to 
study interference.

2.3.3. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was performed 
using a DSC-60 (Shimadzu, Kyoto, Japan) calorimeter 
to study the thermal behavior of drug alone and 
mixtures of drug and polymer. The instrument was 
comprised of calorimeter (DSC-60), flow controller 

Table 1. Solubility of the aceclofenac sodium in different 
dissolution media

Dissolution media

Double-Distilled water

0.1 N HCl

Acetate buffer, pH 4.5
Phosphate buffer, pH 6.8
Phosphate buffer, pH 7.4
Calcium chloride solution (1%, w/v)

Concentration of 
SLS (%, w/v)

--
0.5
1.0
1.5
2.0
--

0.5
1.0
1.5
2.0
--
--
--

Solubility 
(mg/mL)

0.067 ± 0.12
0.126 ± 0.56
0.455 ± 0.23
0.643 ± 0.55
0.924 ± 0.68
0.016 ± 0.87
0.098 ± 0.77
0.208 ± 0.87
0.389 ± 0.65
0.487 ± 0.08
0.996 ± 0.76
3.963 ± 1.06
5.567 ± 0.98
0.096 ± 1.54
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No. 12, 14, 16, 18, and 22, respectively). Particles that 
passed through one sieve but were retained on the next 
sieve were collected and weighed and the distribution 
was analyzed based on the weight fraction on each 
sieve. The particle size distribution and mean particle 
size of microbeads were calculated using the following 
formula (11):

Mean particle size = Σ(particle size of the fraction × 
weight fraction) / Σ(weight fraction)

2.5.2. Measurement of micromeritic properties

The flow properties were investigated by measuring 
the angle of repose of drug-loaded microbeads using 
the fi xed-base cone method. Microbeads were allowed 
to fall freely through a funnel fixed 1 cm above the 
horizontal flat surface until the apex of the conical 
pile just touches the tip of the funnel. The height 
and diameter of the cone was measured and angle of 
repose was calculated by using the following formula 
(11). Each experiment was carried out in triplicate (n 
= 3).

Angle of repose (θ) = tan-1(h/r)
(h = cone height, r = radius of circular base formed 
by the microbeads on the ground.)

 The bulk and tapped densities were measured in a 
10 mL graduated cylinder as a measure of packability 
of the microbeads. The sample contained in the 
measuring cylinder was tapped mechanically by means 
of a constant velocity rotating cam. The initial bulk 
volume and fi nal tapped volume were noted from which 
their respective densities were calculated (11).
 Compressibility index or Carr's index value of 
microbeads was computed according to the following 
equation:

Carr's index (%) = [(Tapped density-Bulk density) / 
Tapped density] × 100

 Hausner's ratio of microbeads was determined by 
comparing the tapped density to the bulk density by 
using the equation:

Hausner's ratio = Tapped density / Bulk density

2.5.3. Mechanical strength study

To precisely measure mechanical strength of the 
alginate gel beads, large beads were prepared with 
sodium alginate polymer dispersion dropped through 
a 1 mL pipette into calcium chloride solution. The 
fully formed beads were collected, washed with 
distilled water and subsequently dried at 80°C for 2 h. 
Compression testing was performed with an Instron 
(4460). Ten beads of identical size were selected, 
crosshead speed and probe diameter were set at 1 mm/
min and 3.5 cm, respectively (12).

2.5.4. Water uptake determination

Weighed drug-loaded microbeads were placed in 
a small basket, soaked in pH 6.8 phosphate buffer 
or distilled water and shaken occasionally at room 
temperature. After a predetermined time to remove 
excess water, beads were immediately weighed on an 
analytical balance. The water uptake can be calculated 
from the following equation (13):

Water uptake (%) = [(Wt - W0) / W0] × 100

where Wt and W0 are the wet and initial mass of beads, 
respectively.

2.5.5. Determination of calcium content in the beads
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Table 2. Composition and physical characteristics of various formulations

Batch code

F1
F2
F4
F5
F6
F7
F8
F9

  F10
  F11
  F12
  F13
  F14
  F15

D/P ratio 
(%, w/w)a

       1:5
 1:7.5

   1:12.5
1:15
1:10
1:10
1:10
1:10
1:10
1:10
1:10
1:10
1:10
1:10

Calcium chloride
(%, w/v)

4
4
4
4
1
2
3
4
5
4
4
4
4
4

Stirring time
(h)

2
2
2
2
2
2
2
2
2

          0.5
          1.0
          1.5
          2.0
          2.5

Yield
(%)

88.30
80.60
74.80
73.40
72.40
74.60
75.10
76.40
77.60
75.65
76.15
76.30
76.40
77.70

Drug loading capacity 
(mg/100 mg)

56.20 ± 0.50
60.80 ± 0.75
70.20 ± 0.74
72.60 ± 1.20
60.30 ± 0.67
64.20 ± 1.10
66.80 ± 0.97
68.70 ± 0.60
72.30 ± 0.35
72.80 ± 0.55
70.15 ± 0.58
69.50 ± 0.95
68.70 ± 0.60
66.35 ± 1.45

Drug entrapment 
effi ciency (%)

63.24 ± 0.66
75.43 ± 0.42
93.85 ± 0.50
98.90 ± 0.86
83.30 ± 0.75
86.05 ± 0.96
88.94 ± 0.84
89.95 ± 0.25
93.30 ± 0.23
96.23 ± 0.30
92.15 ± 0.48
91.08 ± 0.87
89.95 ± 0.25
85.40 ± 0.55

a Drug/polymer ratio (aceclofenac/sodium alginate). Each formulation contains 200 mg of aceclofenac sodium. Data are expressed as mean ± S.D. (n = 3).
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Alginate drug-loaded microbeads (250 mg) were 
dissolved in 10 mL by boiling in concentrated nitric 
acid. Samples were diluted with 1% (w/v) of nitric 
acid solution and calcium content was determined 
spectrophotometrically (14).

2.5.6. Disintegration test of drug-loaded microbeads

Disintegration studies were carried out in 50 mL of 
buffer media pH 1.2 and pH 7.2 in 100 mL conical 
fl asks. A maximum of 5 pellets were used in each trial 
and stirred on a magnetic stirrer maintained at 37°C, at 
25 rpm. Each batch of microbeads was run in triplicate 
and the time taken for all 5 pellets to disintegrate 
leaving behind polymer in the soluble form and drug in 
the insoluble form was noted as the disintegration time.

2.5.7. Particle size analysis

The particle sizes of both placebo and drug-loaded 
formulat ions were measured using an optical 
microscope fi tted with an ocular and stage micrometer 
to calculate  particle size distribution. The Olympus 
model (SZX-12) having a resolution of 30 xs was used 
for this purpose. The instrument was calibrated at 1 
unit of eyepiece micrometer equal to 1/30 mm (33.33 
μm). In all measurements at least 100 particles in fi ve 
different fields were examined (15). Each experiment 
was carried out in triplicate.

2.5.8. Scanning electron microscopy (SEM) analysis 

The shape and surface characteristics were determined 
by scanning electron microscopy (model-JSM, 35CF, 
Jeol, Japan) using a gold sputter technique. The 
particles were vacuum dried and coated to 200 Å 
thicknesses with gold palladium prior to microscopy. 
A working distance of 20 nm, a tilt of zero-degrees and 
an accelerating voltage of 15 kV were the operating 
parameters. Photographs were taken within a range of 
50-500 magnifi cation.

2.5.9. Determination of entrapment effi ciency

Aceclofenac sodium content in the microbeads was 
estimated using a UV-spectrophotometric method. 
Accurately weighed 50 mg of microbeads were 
suspended in 100 mL of phosphate buffer pH 7.2 ± 
0.1. The resulting solution was kept for 24 h. The next 
day it was stirred for 15 min. The solution was fi ltered, 
after suitable dilution. Aceclofenac sodium content in 
the fi ltrate was analyzed at 275 nm using a Shimadzu 
1201 UV-Visible spectrophotometer. The absorbance 
obtained was plotted on a standard curve to get the 
exact concentration of the entrapped drug. Calculating 
this concentration with the dilution factor the 
percentage of actual drug encapsulated in microbeads 
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was obtained (16). The drug entrapment effi ciency was 
determined using the following relationship:

% Drug entrapment effi ciency = [Actual drug content 
/Theoretical drug content] × 100

2.5.10. Loose surface crystal (LSC) study

This study was conducted to estimate the amount of 
drug present on the surface of the microbeads which 
showed immediate release in dissolution media. A 
hundred mg of microbeads were suspended in 100 mL 
of phosphate buffer (pH 7.2), simulating the dissolution 
media. The samples were shaken vigorously for 15 min 
in a mechanical shaker. The amount of drug leached out 
from the surface was analyzed spectrophotometrically 
at 275 nm (16). The percentage of drug released with 
respect to entrapped drug in the sample was recorded.

2.5.11. Swelling properties

Swelling properties of drug-loaded microbeads were 
determined in various pH ranges (i.e., 1.2, 4.8, and 6.8 
buffer solutions), thirty dried beads were placed in a 
small beaker to which 100 mL of buffer solutions was 
added and then allowed to swell at 37°C. After a 2 h 
interval, the equilibrium swollen beads were observed 
and measured by optical microscopy (Olympus model 
SZX-12). The magnitude of swelling was presented 
as the ratio of the mean diameter of swelling beads to 
the mean diameter of the dried beads before the test 

(17). Swelling ratio was determined from the following 
relation:

Swelling ratio = [(Mean diameter at time t-initial 
diameter) / Initial diameter of beads] × 100%

2.6. In vitro drug release studies

The release profiles of aceclofenac sodium from 
microbeads were examined in three different buffer 
solutions to mimic the various physiological GI-tracts. 
The media of pH 1.2 represented the gastric condition; 
pH 6.8 was a compromise condition between the 
gastric pH and the small intestine and pH 7.2, which 
is phosphate buffer solution. The dissolution process 
was carried out using a USP XIII rotating basket 
apparatus (Microlabs, Mumbai, India). The drug-loaded 
microbeads (equivalent to 200 mg of aceclofenac 
sodium) filled in empty capsule shells were put into 
the basket, rotated at a constant speed of 75 rpm and 
a temperature of 37°C. The 900 mL of dissolution 
medium, pH 1.2, containing 2% (w/v) sodium lauryl 
sulfate (SLS) and the test was conducted for 2 h. At 
the end of 2 h the test was continued changing the 
dissolution media with pH 6.8 buffer solution up to 6 h 
and pH 7.2 phosphate buffer up to the end of 12 h. At 
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scheduled time intervals, a 5 mL sample was withdrawn 
and replaced with the same volume of fresh medium. 
The samples were fi ltered through a 0.45 μm membrane 
fi lter and after appropriate dilution, aceclofenac sodium 
concentration was estimated spectrophotometrically 
at 275 nm (Shimadzu 1201, Japan). Finally, the 
corresponding drug content in the samples was 
calculated from the calibration curve of aceclofenac 
sodium to determine the drug release pattern (18).

2.7. Kinetics of drug release

In order to understand the mechanism and kinetics 
of drug release, the drug release data of the in vitro 
dissolution study was analyzed with various kinetic 
equations like zero-order (% release v/s time), first- 
order (Log% retained v/s time) and korsmeyer and 
peppas equations. Correlation coefficients (r) values 
were calculated for the linear curves obtained by 
regression analysis of the above plots.

2.8. Stability studies of microbeads

After determining the drug content, the optimized drug-
loaded microbeads were charged for the accelerated 
stability studies according to ICH guidelines. To assess 
long-term stability, accurately weighed drug-loaded 
microbeads equivalent to 200 mg of aceclofenac 
sodium were fi lled into hard gelatin capsules manually 
and sealed in aluminum packaging coated inside with 
polyethylene. The studies were performed at 25 ± 2°C, 
40 ± 2°C with 60 ± 5%, and 75 ± 5% relative humidity 
(RH) in desiccators with saturated salt solution for up 
to 6 months (19). A visual inspection for drug content 
was conducted every month for the entire period of the 
stability study.

3. Results and Discussion

Side effects, mainly at the gastric level are well known, 
following oral administration of NSAIDs. Therefore 
the efforts of many researchers have been concerned to 
solve these problems, through a variety of techniques 
of protection of the gastric mucosa or alternatively to 
prevent the NSAIDs release in this gastric region. In 
this paper we evaluate the potential utility of natural 
material such as sodium alginate to inhibit the release of 
aceclofenac sodium in the gastric environment. Among 
microparticulate systems, microbeads have special 
interest as carriers for NSAIDs, mainly to extend the 
duration of the dosage form.
 Aceclofenac sodium loaded microbeads formulated 
with 0.5% sodium alginate which were cured for 2 h 
at 2,000 rpm in 0.5% calcium chloride solution were 
not spherical and had a fl attened base at the points of 
contact with the drying vessel. However, an increase 
in the concentration of sodium alginate tended to make 
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the particles more spherical. This indicates that at low 
alginate concentrations the particles were composed 
of a loose networks structure which collapsed during 
drying. On the other hand, higher sodium alginate 
concentrations formed a dense matrix structure 
which prevented collapse of microbeads. However, 
forming a highly viscous polymer dispersion did not 
pass easily in the needle during the manufacturing 
process. Moreover, we found a small tail at one end 
of the beads which significantly affected the flow 
properties and particle size distribution. It was found 
that optimum concentration of sodium alginate (1:10), 
calcium chloride (4%), and cross-linking time (2 h), 
could influence the microbead size, average diameter, 
recovery, encapsulation effi ciency, and size distribution 
swelling behavior.

3.1. Preformulation studies (saturation solubility 
studies)

The available data on the solubility profi le of aceclofenac 
sodium indicated that the drug is freely soluble in 
acetone and practically insoluble in water. The results of 
the solubility study and the infl uence of sink conditions 
are summarized in Table 1. The results showed, that 
there was a significant increase in solubility with 
increasing pH. The addition of different concentrations 
of SLS in 0.1 N HCl significantly increased solubility 
up to 0.487 mg/mL. A dissolution study of dosage forms 
necessitates modifications in the dissolution medium 
to increase the solubility of practically insoluble drugs. 
Aceclofenac sodium is a weak acid; the solubility of 
aceclofenac sodium in HCl was much less compared to 
distilled water. However, the addition of surfactant is a 
reasonable approach for solubilizing such drugs, because 
various surfactants are present in the GI-fl uid. Saturation 
solubility of aceclofenac sodium in different media 
increased with an increase in buffer pH as well as with 
an increase in surfactant concentration. The significant 
increase is attributed to the micellar solubilization by 
SLS. Aceclofenac sodium showed sufficient solubility 
in 0.1 N HCl with 2% (w/v) of SLS which was adequate 
to maintain sink condition and was selected as the 
dissolution medium for in vitro drug release studies.
 The solubility of aceclofenac sodium in calcium 
chloride was found to be 0.96 ± 1.54 mg/mL. The 
solubility of aceclofenac sodium was more in 1% (w/v) 
calcium chloride solution than in double-distilled water, 
which  induces a certain amount of drug release, when 
there is prolonged exposure of the beads in curing medium 
during the manufacturing process.

3.2. Drug/polymer compatibility studies

3.2.1. Thin layer chromatography (TLC)

In results from TLC studies the Rf value of aceclofenac 
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sodium pure drug was 22, and linearity was between 
700-2,400 ng/zone. The Rf value of extracted drug from 
microbeads was 21.40, and linearity was in the range 
between 2,350 ng/zone. In images of spots observed 
on the TLC plates, there is no overlap of spots; this 
indicates that the drug did not contain any extraneous 
matter. Moreover, extracted drug Rf values obtained 
from microbeads are almost equal to that of the 
standard drug. This indicates there is no deformation 
during the process.

3.2.2. Fourier transform-infrared (FT-IR) spectroscopic 
analysis

IR-spectra of pure aceclofenac sodium, sodium 
alginate and the physical mixture of drug and polymer 
are shown in Figure 1. The characteristic absorption 
peaks were obtained at 2966.36, 2915.5, 1716.5, 
1589.3, 1479.6, and 665.4 cm-1 for pure aceclofenac 
sodium, 2814.98, 1603.34, 1519.3, 1359.60, and 
674.05 cm-1 for sodium alginate, 2820.28, 1591.72, 
1384.91, 1102.03, and 666.4 cm-1 for physical mixture 
of drug and polymer (Figure 1). The compatibility of 
aceclofenac sodium with polymer was investigated by 
an IR-spectroscopy study. The IR spectra of the drug 
and polymer combination were compared with the 
spectra of the pure drug and individual polymer spectra. 
There were no considerable changes in the IR peaks of 
aceclofenac in the physical mixture, thereby indicating 
the absence of any interaction.

3.2.3. Differential scanning calorimetry (DSC)

Differential scanning calorimetry thermo grams of 
pure drug and drug-loaded sodium alginate microbeads 
was observed, calcium chloride shows two endotherm 
peaks in the temperature range 180-200°C; while 
sodium alginate decomposes at about 240°C with a 
broad exotherm. Pure drug aceclofenac sodium showed 
a sharp endotherm at 154.50°C corresponding to its 
melting point. There was no appreciable change in the 
melting endotherm of the physical mixture as compared 
to pure drug. The peak of the drug did not appear in the 
thermogram of any type of the prepared microbeads 
containing the drug. This may indicate that the drug was 
uniformly dispersed at the molecular level of polymers.

3.3. Characterization and evaluation of microbeads

The total percentage yields of drug-loaded microbeads 
obtained were in the range between 72.40 to 88.30% 
(w/w). It was observed that increasing the polymer ratio 
in the formulation significantly lowered the product 
yield due to the formation of a highly viscous polymer 
dispersion which may be lost during the manufacturing 
process. A further observation, when the drug/polymer 
ratio was constant, an increase in the concentration of 

calcium chloride and curing time slightly increased 
the percent yield. Actual drug concentration in the 
microbeads was evaluated and found to be in the 
range of 56.20 ± 0.50 to 72.80 ± 0.55 mg/100 mg. 
The polymer concentration consequently makes 
the actual drug loading higher due to the increase 
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Figure 1. IR-spectra. (a) Aceclofenac sodium pure drug. (b) 
Sodium alginate. (c) Physical mixture.
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in hydrophobicity, leading to better precipitation of 
polymer at the boundary phase of the droplets.

3.3.1. Granulometric study

The effects of various processes and formulation 
parameters on the micromeritic properties of drug-
loaded microbeads were evaluated, and the size 
distribution of the microbeads in different sieves was 
observed and showed 32.46% to 89.50% of microbeads 
retained ≠ 22 sieve. The size distribution of microbeads 
was observed and that an increase in the concentration 
of sodium alginate and calcium chloride solutions tends 
to form more spherical particles and more uniform 
size spheres. On the other hand, an increase in cross-
linking time and stirring speed are also favorable for 
the formation of more spherical beads and distribution 
of particle size slightly shifts to the lower pore size.

3.3.2. Measurement of micromeritic properties

The rheological parameters like angle of repose, 
bulk density and tapped density of all microbeads 
confi rms better fl ow and packaging properties. All the 
formulations showed excellent fl owability represented 
in terms of angle of repose (< 40°) (20). Here, the 
sodium alginate concentration also has a significant 
positive effect on the angle of repose (Table 3). Particle 
size increased with an increase in the concentration 
of sodium alginate and resulted in a decreased angle. 
However, higher calcium chloride concentration, cross-
linking time and high stirring speed influenced the 
formation of smaller beads because of shrinkage and 
showed an increased angle of repose (Table 3). Bulk 
and tapped density of beads showed an acceptably 
good range which indicates that the beads have good 
packability. The density of the beads increases as the 
concentration of the polymer increases suggesting that 
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the beads formed at high polymer concentration are 
more compact and less porous than those prepared 
at low polymer contents (Table 3). Carr's index and 
Hausner's ratio explain that the formulated microbeads 
had excellent compressibility and good fl ow properties. 
The improvement of flow properties suggest that the 
microbeads can be easily handled during processing. 
Mechanical testing was performed in order to study 
the effect of concentration of calcium chloride and 
cross-linking time. The results show increasing the 
concentration of calcium chloride and cross-linking 
time significantly increases the mechanical strength 
due to formation of a dense matrix between sodium and 
Ca2+ divalent ions.

3.3.3. Water uptake determination

The % water uptake of the aceclofenac sodium loaded 
microbeads in distilled water was significantly lower 
than that in pH 6.8 phosphate buffer. The equilibrium 
time of water uptake in distilled water of the beads was 
between 0.5-2 h. In the case of phosphate buffer pH 
6.8 the equilibrium time of water uptake reaches 1 h 
because calcium ions cross-linked with alginate were 
rapidly exchanged with sodium ions in phosphate buffer 
with a prolonged cross-linking time. Moreover, calcium 
alginate gels could be solubilized by the addition of 
phosphate ion, which acted as a complexing agent 
for calcium ions at a pH above 5.5 (20). The sodium 
alginate concentration increased water uptake of the 
beads ultimately increases the swelling behavior of the 
beads at higher pH levels which would significantly 
delay drug release.

3.3.4. Determination of calcium content in the beads

Calcium content in the drug-loaded microbeads was 
performed and obtained in the range 0.346 ± 0.116 

Table 3. Micromeritic properties of drug-loaded microbeads

Batch code

F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11
F12
F13
F14
F15

Mean particle size
(μm)

596.45 ± 1.04
624.86 ± 0.98
703.55 ± 0.75
844.75 ± 1.10
880.10 ± 1.23
746.60 ± 0.73
734.10 ± 0.54
724.40 ± 0.34
703.55 ± 0.75
688.56 ± 1.25
804.35 ± 1.43
764.45 ± 1.05
724.64 ± 1.54
703.55 ± 0.75
708.10 ± 0.86

Angle of  repose
(θ)

32.20 ± 1.96
28.16 ± 0.62
22.65 ± 0.55
20.55 ± 1.07
19.85 ± 0.54
30.65 ± 0.85
27.75 ± 0.96
26.25 ± 0.55
22.65 ± 0.55
19.10 ± 1.23
25.75 ± 0.64
24.66 ± 0.77
23.15 ± 0.87
22.65 ± 0.55
18.85 ± 1.15

Bulk density
(g/mL)

0.475 ± 0.07
0.566 ± 0.92
0.665 ± 0.75
0.695 ± 0.05
0.745 ± 0.08
0.515 ± 0.16
0.565 ± 0.25
0.635 ± 0.35
0.665 ± 0.75
0.712 ± 0.15
0.555 ± 0.77
0.588 ± 0.93
0.625 ± 0.66
0.665 ± 0.75
0.695 ± 0.82

Tapped density
(g/mL)

0.593 ± 0.03
0.675 ± 0.06
0.782 ± 0.05
0.807 ± 0.87
0.855 ± 0.16
0.665 ± 0.22
0.697 ± 0.45
0.753 ± 0.96
0.782 ± 0.05
0.810 ± 0.46
0.695 ± 0.55
0.724 ± 0.15
0.758 ± 0.35
0.782 ± 0.05
0.805 ± 0.77

Carr's index (CI)
(%)

19.89
16.14
14.96
13.87
12.86
22.55
18.95
15.70
14.96
12.10
20.14
18.80
17.62
14.96
13.65

Hausner's ratio

1.24 ± 0.20
1.19 ± 0.30
1.17 ± 0.58
1.16 ± 0.15
1.14 ± 0.78
1.29 ± 0.12
1.23 ± 0.45
1.18 ± 0.68
1.17 ± 0.58
1.13 ± 0.77
1.25 ± 0.84
1.24 ± 0.56
1.20 ± 0.34
1.17 ± 0.58
1.15 ± 0.55

Data are expressed as mean ± S.D. of at least triplicate.
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to 0.676 ± 0.232% (w/w) in 10 mg beads. Results are 
known that calcium chloride concentration affects the 
amount of Ca2+ ions in alginate beads. Formulations 
prepared with 5% (w/v), have higher Ca2+ contents 
than those of the formulations prepared with low 
concentrations of calcium chloride. On the other hand, 
sodium alginate concentration and cross-linking time 
increases the calcium content in the beads.

3.3.5. Disintegration test of drug-loaded microbeads

In all formulations the disintegration time was found in 
the range between 116 to 185 min. The disintegration 
times of the drug-loaded microbeads increased with 
increased sodium alginate concentrations because it 
leads to increased viscosity of the polymeric matrix and 
increased cross-linking in turn to form stronger beads 
which take longer times for disintegration.

3.3.6. Particle size analysis

The mean particle size of drug-loaded microbeads 
were performed using optical microscopy, and mean 
particle size of the various formulations (F1-F15) of 
microbeads were obtained in the range between 596.45 
± 1.04 to 880 ± 1.23 (μm) (Table 3). It was found that 
the particle size distribution of each formulation was 
within a narrow size but the mean particle size was 
different among the formulations. The results indicated 
that the proportional increase in the mean particle size 
of microbeads increased with the amount of sodium 
alginate in the formulations. This could be attributed to 
an increase in relative viscosity at higher concentrations 
of sodium alginate and formation of large droplets 
during addition of polymer solution to the gelling 
agent. On the other hand, the mean particle size of 
microbeads was found to decrease with an increase in 
the concentration of calcium chloride. It has been stated 
that when a drop of alginate solution comes in contact 

with calcium ions, gelation occurs instantaneously. As 
Ca2+ ions penetrate into the interior of droplets, water is 
squeezed out of the droplets resulting in contraction of 
beads (Table 3). The size of the spherical matrix could 
be easily controlled by varying the stirring speed of 
the system. The mean particle size of microbeads was 
tremendously decreased with an increase of rotational 
speed. At a stirring speed of 500 rpm, the mean 
particle diameter and the size distribution of the beads 
increased significantly. This low stirring speed might 
have decreased the uniformity of the mixing force 
throughout the emulsion mixture, and the particles were 
found to settle at the bottom of the vessel resulting in 
a wider diameter for the final beads. Consequently, 
at a higher stirring speed, a vigorous, uniform, 
increased mechanical shear might have infl uenced the 
formation of lesser diameter beads. A higher mixing 
rate did not further reduce the mean diameter, because 
high turbulence caused frothing and adhesion to the 
container wall. The effect of cross-linking time at a 
particular stirring speed was also observed, and it was 
recorded that cross-linking time influenced the shape 
as well as the size distribution of microbeads, possibly 
because of the variable shear force experienced by the 
particulate system.

3.3.7. Scanning electron microscopy analysis (SEM)

The SEM photomicrographs of the dried drug-loaded 
microbeads and their surface morphology are shown 
in Figure 2. Morphology of the various formulations 
of drug-loaded microbeads was discrete and spherical 
in shape with a rough outer surface and visible large 
wrinkles with a sandy appearance because of the 
surface-associated crystals of drug.

3.3.8. Determination of entrapment effi ciency

The effect of various process and formulation 
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Figure 2. Scanning electron micrographs of aceclofenac sodium microbeads at 15 kV. (a) Overall. (b) Surface.

(a) (b)
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parameters on the drug entrapment efficiency 
of microbeads were investigated,  keeping the 
concentration of calcium chloride, stirring speed, 
and cross-linking time fixed at 4% (w/v), 2,000 
rpm, and 2 h, respectively. By increasing the drug/
polymer ratio concentration from 1:5 to 1:15 (w/w), 
the drug entrapment efficiencies were found to be in 
the range of 63.24 ± 0.66 to 98.90 ± 0.86% (w/w). It 
was observed that the drug entrapment efficiencies 
increased progressively with increased concentration 
of sodium alginate resulting in the formation of larger 
beads entrapping a greater amount of drug. This may 
be attributed to the greater availability of active calcium 
binding sites in the polymeric chains and, consequently, 
a greater degree of cross-linking as the amount of sodium 
alginate increased. Alginate concentration increases may 
also reduce loss of drug in the curing medium due to the 
formation of a dense matrix structure.
 When the concentration of drug/polymer ratio, 
stirring speed, and cross-linking time were fixed at 
1:10, 2,000 rpm, and 2 h, respectively, increasing 
calcium chloride concentration from 1-5% (w/v) the 
drug entrapment efficiencies were found to be in the 
range 83.30 ± 0.75 to 93.30 ± 0.2% (w/w). From the 
results, it is obvious that increasing calcium chloride 
concentration produced beads with higher levels of Ca2+ 
ions. Consequently, the cross-linking of the polymer 
and compactness of the formed insoluble dense matrices 
also increased, which resulted in more drug entrapment 
in the microbeads (Table 2). On the other hand, further 
increase in the concentration of calcium chloride above 
5% (w/v) did not enhance drug loading. This could 
be due to possible saturation of calcium binding sites 
in the guluronic acid chain, which prevented further 
Ca2+ ion entrapment and, hence, cross-linking was not 
altered with higher concentrations of calcium chloride 
solution.
 Drug entrapment efficiencies were evaluated 
while keeping the drug/polymer ratio, concentration 
of calcium chloride, and stirring speed constant at 
1:10 (w/w), 4% (w/v), and 2,000 rpm, respectively. 
Increasing cross-linking time from 0.5 to 2.5 h, the drug 
entrapment efficiencies were found to be in the range 
85.40 ± 0.55 to 96.77 ± 0.30% (w/w). The cross-linking 
time also effects the drug entrapment efficiencies of 
formulated drug-loaded microbeads. Increasing the 
cross-linking time resulted in a decrease in the drug 
entrapment efficiencies (Table 2), since the solubility 
of aceclofenac sodium was slightly higher in calcium 
chloride than in distilled water. Prolonged exposure in 
the curing medium caused greater loss of drug through 
weakly cross-linked alginate beads. However, constant 
drug loading was achieved at 2 h, with no further 
decrease after 4 and 5 h of curing time. This could 
be due to the formation of a tight junction between 
calcium ions and the active sites on the guluronic acid 
chain. Consequently, the drug was entrapped in the 
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highly bound calcium alginate matrix which resulted in 
no further diffusion of drug in the curing medium.

3.3.9. Loose surface crystal study (LSC)

The loose surface crystal (LSC) study was an important 
parameter giving an indication of the amount of drug 
on the surface of the microbeads without proper 
entrapment. With increased  concentration of sodium 
alginate and calcium chloride solutions, the LSC 
decreased signifi cantly due to high entrapment of drug 
in the dense matrix structure.

3.3.10. Swelling properties

The "Swelling-Dissolution-Erosion" process is highly 
complex. In systems based on sodium alginate cross-
linked with calcium chloride, the osmotic pressure 
gradient that exists between the alginate gel and the 
environment comprises an important factor in the 
swelling process. The swelling ratio of the beads was 
dependent on the pH of the solution. Under acidic 
conditions, swelling of calcium alginate beads occurs 
scarcely.  Under neutral conditions, the beads will 
swell and the drug release depends on the swelling and 
erosion process. Being a polyelectrolyte, alginate can 
exhibit swelling properties that are sensitive to pH, 
ionic strength, and ionic composition of the medium 
(21). Optical microscopy was used to investigate the 
hydration and swelling of microbeads at pH 1.2, 4.8, 
and 6.8 up to 4 h (Figures 3a-3c). The equilibrium 
swelling studies showed that, with an increase in 
the polymer concentration, swelling of beads was 
significantly increased. The low swelling in acidic 
media at pH 1.2 was probably due to proton-calcium 
ion exchange forming insoluble alginic acid regions 
followed by solvent penetration into the gel network. 
The swelling of beads was ultimately increased at 
pH 4.8 and pH 6.8 at the end of 4 h. This was due 
to increased solubility of the polymer in basic pH 
leading to relaxation of the cross-linked polymeric 
network. It has been reported that the swelling can be 
enhanced by the presence of phosphate ions at higher 
pH which displaces the Ca2+ ions within the beads 
(Figure 3a). Increasing the concentration of calcium 
chloride produces beads with higher levels of Ca2+ 
ions that could reduce the swelling of beads in acidic 
medium. However, the amount of calcium in swollen 
gel films after 4 h in the medium was about 10-30%, 
which apparently prevented total breakdown of the 
gel structures. The swelling behavior of beads at pH 
4.8 and 6.8 was observed as a result of slight increases 
of swelling ratio due to ionic exchange between the 
phosphate ions in the buffer and a higher level of Ca2+ 
ions within the beads (Figure 3b). When we compared 
the swelling ratio with a prolonged cross-linking 
time while maintaining the same drug/polymer ratio 
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and concentration of calcium chloride in the system, 
appreciable maximum swelling was shown with 
increased pH levels. These results may be due to the 
maximum extent of cross-linking that yielded compact 
beads, which might have rehydrated to a greater extent. 
The sequestering action of phosphate ions in higher 
pH media on Ca2+ ions may have contributed to the 
swelling of cross-linked beads. The lower rehydration 
of beads that were prepared at shorter cross-linking 
times may be correlated with incomplete cross-linking 
of sodium alginate (Figure 3c). We further observed that 

the swelling ratio of microbeads prepared at various 
stirring speeds could not affect much of the swelling 
equilibrium of the beads. When we compared the 
overall results of the swelling ratio of all formulations, 
the slowest swelling ratio was obtained at pH 1.2, 
whereas the highest was at increased pH levels of the 
medium, initially.  Further they were broken after 2 h. 
The overall results suggest that the dried beads swell 
slightly in the stomach. When they are subsequently 
transferred to the upper intestine, the particles begin to 
swell and they behave as matrices for sustained release 
of incorporated drug but they are subjected to erosion 
in the lower intestine.

3.4. In vitro drug release studies

Aceclofenac sodium release from formulated 
microbeads have been performed in different media, 
either in simulated gastric fl uid (SGF) at pH 1.2 for an 
initial 2 h, and mixed phosphate buffer at pH 6.8 for a 
period up to 6 h and pH 7.2 at the end of 12 h studies. 
When we changed the pH from 1.2 to 6.8 by mixing 
with the phosphate buffer, the drug release rate was 
slightly increased and found to be in the range of 37.80 
± 0.32 to 64.80 ± 0.12 (%). On further changing the 
pH from 6.8 to 7.2 (SIF) till 12 h, the maximum drug 
released at a constant rate was found to be in the range 
of 78.60 ± 0.67 to 97.20 ± 0.36 (%) (Table 4).
 The aceclofenac sodium was slightly soluble in 
water and showed very poor solubility in the acidic 
buffer media as a result of which we had to use 2.0% 
(w/v) SLS in the media to aid the dissolution of 
the drug. It is generally seen that when microbeads 
formulated with hydrophilic polymer are immersed 
in water, they swell and form a gel diffusion layer 
that hinders the outward transport of the drug, hence 
producing a sustained release effect. However, the 
drug release from alginate beads was pH dependent, 
and all of the formulations showed negligible drug 
release in acidic pH 1.2 (< 5%, w/w) which may 
be due to the stability of alginate at lower pHs and 
conversion of Ca-alginate from the insoluble alginic 
acid to a formed tightening of the gel mesh work. On 
the other hand, the polymer is eroded at alkaline pH 
and the contents are released in a sustained manner 
by both diffusion and slow erosion of polymer matrix. 
However, the swelling behavior of drug-loaded Ca-
alginate beads at higher pH could be explained by 
the ionotropic effect that occurs between the Ca2+ ion 
of alginate and Na+ ions present in phosphate buffer 
and consequently, capturing of the Ca2+ by phosphate 
ions (22). The ion exchange with phosphate buffer 
which resulted in swelling and erosion of the beads 
and formation of the solute Ca-phosphate all have an 
infl uence on the increase of drug release rate at higher 
pH. This might be due to the lower number of Na+ ions 
present in that buffer and consequently a slower rate of 
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Figure 3. Effect of various parameters on the swelling 
behavior of drug-loaded microbeads.  (a) Polymer 
concentration. (b) Calcium chloride concentration. (c) Cross-
linking time.
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ion exchange and swelling of the polymer at this pH. 
The present results revealed that swelling is the main 
parameter controlling the release rate of aceclofenac 
sodium from alginate matrices, which is modulated by 
a "swelling-dissolution-erosion" process.

3.4.1. Effect of drug/polymer ratio on drug release

The effect of drug/polymer ratio on aceclofenac sodium 
release from different batches of microbeads is shown 
in Figure 4a. As the drug/polymer ratio increased, the 
release rate of aceclofenac sodium from the microbeads 
decreased. The slower release rate can be explained by 
the increase in the extent of swelling and the gel layer 
thickness that acted as a barrier for the penetration 
medium, thereby retarding the diffusion of drug from 
the swollen alginate beads. However, the steady state 
release was achieved after an initial lag time and it was 
directly proportional to the concentration of sodium 
alginate. The fi rst phase might be due to the negligible 
dissociation of alginate beads in phosphate buffer 
mainly based on drug diffusion through the small pores 
and cracks. The second phase exhibited a burst-like 
release pattern, which was accompanied by alginate 
disintegration. The sodium alginate concentration in the 
formulation greatly infl uenced the steady state release 
of drug from the microbeads.

3.4.2. Effect of calcium chloride concentration on drug 
release

The effect of cross-linking agent on aceclofenac sodium 
release from different batches of microbeads is shown 
in Figure 4c. The results indicate that rate and extent 
of drug release decreased significantly with increase 
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of calcium chloride concentration. This is because 
sodium alginate is a linear copolymer consisting of β-(1
→4) mannuronic acid and α-(1→4) L-guluronic acid 
residues and a tight junction is formed between the 
residues of alginate with calcium ions. However, higher 
calcium chloride concentrations, increased surface 
roughness and porosity (Figure 2) and also poor entry 
of dissolution medium into the polymer matrix may 
delay drug release.

3.4.3. Effect of stirring time on drug release

Variation in cross-linking time was also studied for 
selecting the most optimized formulation. The effect 
of stirring time on aceclofenac sodium release from 
different batches of microbeads is shown in Figure 4d. 
An increase in the cross-linking time from 0.5-2.5 h 
signifi cantly decreased  drug release due to penetration of 
calcium into the interior of the beads. Faster drug release 
was observed with 0.5-1 h, which can be attributed to the 
poor binding of drug within the polymer matrix and also 
incomplete gelling of sodium alginate. Increasing the 
cross-linking time to more than 2 h, however, caused no 
signifi cant change in the amount of drug release.

3.5. Kinetics of drug release

The in vitro dissolution data were analyzed using 
different kinetic models in order to fi nd out the n- value, 
which describes the drug release mechanism (Table 4). 
Correlation values (r) were calculated and were found 
to be more linear for fi rst-order drug release compared 
to zero-order. Cumulative % drug release was analyzed 
using PRISM software. Kinetic data was a reasonable 
best fit to Korsmeyer and Peppa's model and a good 

Table 4. In vitro drug release and various kinetic data of drug-loaded microbeads

Batch code

F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11
F12
F13
F14
F15

pH 1.2a

4.32 ± 0.05
3.80 ± 0.06
3.06 ± 0.12
2.60 ± 0.23
2.06 ± 0.44
4.04 ± 0.03
3.42 ± 0.02
3.24 ± 0.08
3.06 ± 0.07
2.44 ± 0.04
3.96 ± 0.06
3.10 ± 0.07
3.20 ± 0.05
3.06 ± 0.04
2.43 ± 0.15

pH 6.8b

64.80 ± 0.12
60.40 ± 0.44
54.60 ± 0.32
57.40 ± 0.56
45.80 ± 0.32
58.20 ± 0.16
56.40 ± 0.66
55.80 ± 0.74
54.60 ± 0.65
47.80 ± 0.45
58.70 ± 0.43
56.10 ± 0.55
55.60 ± 0.36
54.60 ± 0.48
48.30 ± 0.90

pH 7.2c

93.70 ± 0.19
88.80 ± 0.43
86.40 ± 0.36
83.90 ± 0.88
78.60 ± 0.67
95.40 ± 0.90
90.20 ± 0.15
88.80 ± 0.19
86.40 ± 0.36
81.50 ± 0.55
97.20 ± 0.36
94.30 ± 0.56
90.50 ± 0.84
86.40 ± 0.36
82.30 ± 0.64

Zero-order 
(r)d

0.9980
0.9960
0.9981
0.9942
0.9988
0.9756
0.9866
0.9955
0.9978
0.9993
0.9786
0.9852
0.9844
0.9976
0.9991

First-order 
(r)d

0.9515
0.9076
0.9098
0.9854
0.9887
0.9143
0.9843
0.9784
0.9865
0.9877
0.9712
0.9087
0.9765
0.9863
0.9923

Higuchi-
matrix (r)d

0.9737
0.9694
0.9674
0.9951
0.9940
0.9675
0.9910
0.9870
0.9943
0.9930
0.9890
0.9648
0.9908
0.9917
0.9912

Korsmeyer-
peppas (r)d

0.9984
0.9932
0.9955
0.9937
0,9969
0.9855
0.9834
0.9904
0.9967
0.9987
0.9915
0.9833
0.9867
0.9877
0.9886

'n'- valuese

0.8806
0.9160
1.0745
1.0682
1.1304
1.0791
1.2962
1.2304
1.0745
1.4023
0.9406
1.3720
1.2882
1.0745
0.9684

Cumulative % drug release Various Kinetic models

All the results shows S.D. (n = 3). a Values expressed at the end of 2 h; b Values at the end of 6 h; c Values expressed at the end of 12 h; d Correlation 
coeffi cient; e Diffusion exponent related to mechanism of drug release, according to equation of Mt/M = Ktn.
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regression coefficient was observed. The values of 
the diffusion coefficient ranged between n = 0.8806 
and 1.4503 indicating that the drug released from 
microbeads followed Zero-order kinetics controlled by 
swelling and relaxation of polymer chains.

3.6. Stability studies

The developed optimum formulations were subjected to 
stability studies at 25°C/60%RH, and 40°C/75%RH for 
up to 6 months. The dissolution profiles, and capsule 

potency results for all of the stability conditions were 
within 90% to 110% of the label claim. Overall, results 
from the stability studies indicated that capsules were 
physically stable but the drug content at 40°C/75%RH 
was slightly reduced to 94.64% (w/w) after 6 months 
(Table 5). Good stability was observed at the lower 
temperature for more than 6 months.

4. Conclusion

It can be concluded from the above investigation 
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Figure 4. Effect of various parameters on the drug release rate of microbeads. (a) Sodium alginate concentration. (b) 
Stirring rate. (c) Calcium chloride concentration. (d) Cross-linking time.

Table 5. Stability data for aceclofenac sodium drug-loaded microbeads

Serial No.

0
1
2
3
4
5
6

Sampling interval
(months)

0
1
2
3
4
5
6

5°C
%, w/w

100
100
100
100
100
100
100

25°C/60%RH
%, w/w

      100
      100

99.89
98.76
97.90
97.32
96.87

40°C/75%RH
%, w/w

      100
99.56
98.67
97.45
96.16
95.55
94.64

5°C

*
*
*
*
*
*
*

25°C/60%RH

*
*
*
*
*
*
*

40°C/75%RH

*
*
*
*
*
*
*

Drug-content of microbeads Physical characteristics

* No change.
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that the proper selection of optimized formulation 
condi t ions is  very important  to  achieve high 
encapsulation efficiency and to control the release of 
aceclofenac sodium from the alginate microbeads. The 
alginate drug-loaded microbeads swelled at pH 1.2 
predominantly very slowly but underwent increases 
at pH 6.8. The drug release from the microbeads was 
affected by the pH of the dissolution medium and 
results in a more sustained effect in alkaline medium. 
The ionotropic gelation technique is very easy to 
prepare, is free from any organic solvents and has a low 
manufacturing cost that can be successfully used for 
preparation of aceclofenac sodium microbeads using 
sodium alginate as drug release modifi er. Therefore, one 
can assume that the aceclofenac sodium microbeads 
are a promising pharmaceutical dosage form that 
provides a sustained release drug delivery system. This 
system reduces the dosing frequency, eliminates the 
dose related adverse effects in the entire physiological 
region and ultimately improves compliance in the 
pharmacotherapy of arthritis, inflammation and pain. 
The entire process is feasible on an industrial scale and 
demands a pilot study.
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ABSTRACT: The objective of this study was to 
investigate the effects of conventional lubricants 
including a new candidate lubricant on binary direct 
compression mixtures. Magnesium stearate (MGST), 
stearic acid (STAC), glyceryl behenate (COMP) and 
hexagonal boron nitride (HBN) were tested. The 
binary mixtures were 1:1 combinations of spray 
dried lactose (FlowLac 100), dicalcium phosphate 
dihydrate (Emcompress), and modified starch 
(Starch 1500) with microcrystalline cellulose (Avicel 
PH 102). Tablets were manufactured on a single-
station instrumented tablet press with and without 
lubricants. In the case of unlubricated granules, the 
modified starch-microcrystalline cellulose mixture 
provided the highest percent compressibility value at 
8.25%, spray dried lactose-microcrystalline cellulose 
mixture was 7.33%, and the dialcium phosphate 
dihydrate-microcrystalline cellulose mixture was 
5.79%. Their corresponding tablet crushing strength 
values were: 104 N, 117 N, and 61 N, respectively. 
The lubricant concentrations studied were 0.5, 1, 
2, and 4%. Effects of lubricant type and lubricant 
concentration on crushing strength were analyzed 
using a factorial ANOVA model. It was found that 
the Avicel PH 102-Starch 1500 mixture showed the 
highest lubricant sensitivity (110 N vs. 9 N), the least 
affected formulation was FlowLac-Avicel PH 102 
mixture (118 N vs. 62 N). The crushing strength vs. 
concentration curve for MGST showed a typical 
biphasic profile, a fast drop up to 1% and a slower 
decline between 1 and 4%. The STAC, COMP, and 
HBN for all formulations showed a shallow linear 
decline of tablet crushing strength with increasing 
lubricant concentration. The HBN was as effective 
as MGST as a lubricant, and did not show a 
significant negative effect on the crushing strength 
of the tablets. The COMP and STAC also did not 
interfere with the crushing strength, however, they 
were not as effective lubricants as MGST or HBN.

Keywords: Lubricants, direct compression, hexagonal 
boron nitride, tablet crushing strength, magnesium 
stearate

1. Introduction

For a wide range of drugs, tablets are the preferred form 
of delivery. There are many reasons for this preference. 
Tablets have a high level of patient acceptability and 
compliance, they provide an accurate dosage and are 
easy to swallow. The form is distinctive and identifi able 
as tablets come in a variety of shapes and colors. Tablets 
taste bland, are less prone to tampering than other dosage 
forms and they offer advantages in manufacturing speed 
and cost (1,2). Before the 1960s, tablet manufacturing 
often required a wet granulation process to convert 
the active ingredients into flowable and compressible 
granules. With the introduction of carriers such as 
microcrystalline cellulose, tablet manufacturing via direct 
compression has become a convenient option (2,3). In 
contrast to wet granulation, direct compression methods 
are rather simple. In fact, the three step process, involving 
screening and/or milling, fi nal mixing and compression, 
can often save labor, time, equipment and space (4,5). 
Although direct compression may seem to be a simple 
method for making tablets, the selection of appropriate 
excipients and their levels in the formulation are crucial 
for successful manufacturing (6,7). The compressibility 
and fl owability of an excipient must be considered when 
developing a direct compression formula. The lubricants 
are pharmaceutical excipients that decrease friction at the 
interface between a tablet and the die wall during ejection. 
Without external lubricant addition the modern tableting 
operations can not be carried out. Inadequate lubrication 
due to friction and adhesion among powder particles leads 
to troubles in the manufacturing process and deterioration 
of productivity (8,9). Friction will damage the machine 
and tablet during the ejection phase. Moreover, high 
temperature generated during compression can affect 
drug stability (10). Because of the aforementioned 
reasons, determining the type and level of lubricants are 
among the critical parameters in direct compression. If 
the concentration of a lubricant is too high, or the mixing 
time is too long, the potential problem will be a decrease 
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in tablet hardness, inability to compress into tablets, 
increase in tablet disintegration time, and a decrease in 
dissolution rate (11-14). In our previous studies (9,15), 
we reported that magnesium stearate (MGST), and a 
newly introduced lubricant, hexagonal boron nitride 
(HBN) provided the smallest lower punch ejection 
forces (LPEF) during tableting for a wet granulation 
process. While stearic acid (STAC) and glyceryl behenate 
(COMP) resulted in a much higher LPEF. This study was 
designed based on that information. In this study, selected 
binary direct compression mixtures spray dried lactose-
microcrystalline cellulose (DC1), dicalcium phosphate 
dihydrate-microcrystalline cellulose (DC2), and modifi ed 
starch-microcrystalline cellulose (DC3) were used to 
assess the effect of lubricant type and concentration on 
directly compressed tablets' mechanical properties. A two-
way ANOVA design was used to evaluate these effects.

2. Materials and Methods

2.1. Materials

Microcrystalline cellulose (Avicel PH 102) was 
donated by FMC, Brussels, Belgium. Spray dried 
Lactose (FlowLac 100) was obtained from Meggle 
AG, Wasserburg, Germany. Dibasic calcium phosphate 
dihydrate (Emcompress), and Starch 1500 were donated 
by Select Chemie AG, and Colorcon Ltd., Istanbul, 
Turkey. MGST (0.43 m2/g) , STAC (0.03 m2/g), COMP 
(0.23 m2/g), and HBN (1.13 m2/g) were obtained from 
Mallinckrodt, St. Louis, MO, USA, Sherex, Dublin, 
OH, USA, Gattefose, Cedex, France, and ITU, High 
Technology Ceramics and Composites Research Center, 
Istanbul, Turkey, respectively.

2.2. Powder mixtures

A 1:1 mixture of Avicel PH 102-FlowLac 100, Avicel 

PH 102-Emcompress, and Avicel PH 102-Starch 1500 
were used as the master mixtures without a drug. Binary 
mixtures were mixed for 20 min in a laboratory size 
V-blender. All lubricants were added to those binary 
mixtures depending on their studied concentrations and 
mixed further for 3 min.

2.3. Bulk and tapped densities

Twenty grams of binary mixtures DC1, DC2, and DC3 
were mixed separately in a V-blender for 10 min, the 
mixtures were poured into a 100 mL graduated cylinder. 
Their bulk volumes were recorded. The cylinder was 
directly mounted onto a tapping machine which had 
a tapping speed of 100 taps/min. After 3 min tapped 
volumes were recorded. Measurements were made in 
triplicate. Average db and dt were calculated from M/Vb 
and M/Vt where M was the weight of the binary mixture, 
Vb was the bulk volume and Vt was the tapped volume. 
The bulk density was db and dt was the tapped density. 
Percent compressibility (Carr Index) was calculated for 
each mixture as: 1– db/dt × 100.

2.4. Tablet preparation

For lubrication performance, 48 batches (B1-B48) 
of tablets were manufactured using a single-station 
instrumented tablet press (Korsch EK0, Berlin, Germany) 
with a 9 mm fl at faced punch set. Study design is given 
in Table 1. A 250 mg direct compression mass was fi lled 
into the die cavity and 6 perpetual compressions were 
made. Tablet weight and the upper punch compression 
pressure were kept constant for each binary mixture for 
0.5, 1, 2, and 4% lubricant concentrations. However, 
when the tableting operation was changed to the next 
formulation (i.e., DC2), the tablet weight was kept 
constant but the compression pressure was adjusted to 
obtain approximately 110-120 N crushing strength for the 
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Table 1. Study design

                  Formulation DC 1
[Spray dried lactose/Avicel PH 102 (1:1)]

                   Formulation DC 2
    [Emcompress/Avicel PH 102 (1:1)]

                  Formulation DC 3
     [Starch 1500/Avicel PH 102 (1:1)]

Batches

    B1
    B2
    B3
    B4
    B5
    B6
    B7
    B8
    B9
    B10
    B11
    B12
    B13
    B14
    B15
    B16

     Lubricant 
concentration (%)

         0.5
         1
         2
         4
         0.5
         1
         2
         4
         0.5
         1
         2
         4
         0.5
         1
         2
         4

Lubricant type

     MGST
     MGST
     MGST
     MGST
      HBN
      HBN
      HBN
      HBN
     COMP
     COMP
     COMP
     COMP
     STAC
     STAC
     STAC
     STAC

Batches

    B17
    B18
    B19
    B20
    B21
    B22
    B23
    B24
    B25
    B26
    B27
    B28
    B29
    B30
    B31
    B32

     Lubricant 
concentration (%)

         0.5
         1
         2
         4
         0.5
         1
         2
         4
         0.5
         1
         2
         4
         0.5
         1
         2
         4

Lubricant type

       MGST
       MGST
       MGST
       MGST
        HBN
        HBN
        HBN
        HBN
       COMP
       COMP
       COMP
       COMP
       STAC
       STAC
       STAC
       STAC

Batches

    B33
    B34
    B35
    B36
    B37
    B38
    B39
    B40
    B41
    B42
    B43
    B44
    B45
    B46
    B47
    B48

     Lubricant 
concentration (%)

        0.5
        1
        2
        4
        0.5
        1
        2
        4
        0.5
        1
        2
        4
        0.5
        1
        2
        4

Lubricant type

     MGST
     MGST
     MGST
     MGST
       HBN
       HBN
       HBN
       HBN
      COMP
      COMP
      COMP
      COMP
      STAC
      STAC
      STAC
      STAC

Mixing time: 3 min in V-blender.
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unlubricated, 250 mg binary powder was fi lled into the 
die cavity and 6 perpetual compressions were made for 
each batch and the average of the data was calculated.

2.6. Measurement of tablet properties

The weight variation of tablets was determined according 
to the USP 24. The diametrical tablet crushing strength 
was evaluated using a tablet hardness tester (Model C 50, 
I-Holland, Ltd., Nottingham, UK).

2.7. Statistical analysis

The effect of lubricant type and lubricant concentration 
on the crushing strength of tablets were tested using a 
factorial ANOVA model, specifi cally, a two-way analysis 
of variance (two-way ANOVA) procedure for the main 
effects (SPSS 13.0 for windows).

3. Results and Discussion

Study design is summarized in Table 1. Trials were 
made with four levels (0.5, 1, 2, and 4%) of MGST, 
HBN, COMP, and STAC for all direct compression 
formulations (Batches 1 to 48). Figure 1 presents 
the crushing strength values of unlubricated binary 
mixtures (DC1, DC2, and DC3), the crushing strength 
values were found to be 117 N for DC1, 61 N for 
DC2, and 104 N for DC3, respectively (Figure 1). 
These values correlated well with the bulk densities 
of the binary powders. The values were 0.43 g/mL for 
DC1, 0.52 g/mL for DC2, and 0.47 g/mL for DC3, 
respectively (Table 2). In the case of unlubricated 
granules, DC3 showed the highest compressibility value 
of 8.25%, DC1 was 7.33%, and DC2 provided a value 
of 5.79% (Table 2). Table 3 and Figures 2-4, show 

manufactured tablets at 0.5% lubricant concentration to 
be able to observe the decline of crushing strength with 
increasing lubricant level from the same starting point.

2.5. Tablets of unlubricated powder mixtures

The compression pressure and tablet weight adjustment 
were made once for DC1 and no further change was 
made during the compaction of the DC2 and DC3. An 

Table 2. Bulk/tapped densities and compressibility of 
binary mixtures

DC1
DC2
DC3
CI = Carr Index.

d-Bulk (g/mL)

   0.43 ± 0.03
   0.52 ± 0.03
   0.47 ± 0.05

d-Tapped (g/mL)

         0.46
         0.55
         0.51

% Compresibility   (CI)

            7.33
            5.79
            8.25

Figure 1. The case of no lubricant. Average tablet crushing 
strengths for DC1, DC2, and DC3 (250 mg tablet weight, 
1,000 kg.f compression force).

Table 3. Weight and crushing strength variation of tablets including different lubricants

Formulation DC1
[FlowLac/Avicel PH 102 (1:1)]

Batches (B1 to B16)
Lubricant type

MGST

HBN

COMP

STAC

Weight  (mg)

245.17 ± 2.64
     247 ± 1.79
246.17 ± 2.64
     245 ± 2.68

246.67 ± 1.64
245.33 ± 1.41
245.23 ± 2.7
246.65 ± 3.49

245.42 ± 0.28
245.75 ± 0.56
244.83 ± 1.73
243.35 ± 1.42

241.63 ± 2.4
243.37 ± 2.43
243.72 ± 1.74
244.72 ± 2.01

 Lubricant 
amount (%)

     0.5
     1
     2
     4

     0.5
     1
     2
     4

     0.5
     1
     2
     4

     0.5
     1
     2
     4

Formulation DC2
[Emcompress/Avicel PH 102 (1:1)]

Batches (B17 to B32)

Formulation DC3
[Starch 1500/Avicel PH 102 (1:1)]

 Batches (B33 to B48)

Crushing Strength (N)

     101.53 ± 9.71
       78.38 ± 4.70
       70.14 ± 5.98
       62.19 ± 3.92

     117.32 ± 6.37
     114.18 ± 6.27
     113.20 ± 11.77
     102.02 ± 6.47

     118.40 ± 4.70
     117.03 ± 3.63
     109.48 ± 5.98
       96.04 ± 4.12

     111.83 ± 7.25
     108.30 ± 4.12
     105.35 ± 8.63
       97.41 ± 4.70

Weight (mg)

247.65 ± 0.87
247.53 ± 2.08
248.48 ± 1.64
     248 ± 2.63

246.65 ± 0.35
250.33 ± 1.48
247.53 ± 3.06
247.97 ± 2.9

  245.6 ± 2.75
  245.7 ± 1.12
245.23 ± 2.05
  246.6 ± 1.61

247.12 ± 2.99
246.83 ± 3.55
247.08 ± 1.44
247.08 ± 1.6

Weight (mg)

243.75 ± 1.77  
241.38 ± 1.35 
244.33 ± 3.27
245.72 ± 2.26

241.77 ± 3.21
242.97 ± 2.49
244.65 ± 1.91
242.82 ± 3.78

  243.6 ± 3.58
243.15 ± 1.78
  244.4 ± 3.07
243.27 ± 3.17

246.43 ± 2.2
243.55 ± 5.37
245.02 ± 4.22
245.33 ± 2.74

Crushing Strength (N)

        71.61 ± 3.53
        54.74 ± 3.13
        48.65 ± 2.94
        40.02 ± 3.33

      102.61 ± 7.75
      100.55 ± 3.72
        88.68 ± 7.84
        79.95 ± 3.23

        90.84 ± 7.75
        89.27 ± 5.59
        89.07 ± 2.74
        86.52 ± 4.90

        97.41 ± 6.96
        96.62 ± 7.25
      95.942 ± 6.57
        92.99 ± 1.86 

Crushing Strength (N)

        59.65 ± 4.31
        49.84 ± 6.86
        27.76 ± 2.84
          8.93 ± 1.66

      104.18 ± 7.75
        99.76 ± 4.51
        98.88 ± 5.49
        89.17 ± 10.20

      103.10 ± 12.65
        92.01 ± 7.45
        80.34 ± 3.23
        68.57 ± 5.98

      109.57 ± 5.10
      100.94 ± 6.37
        86.62 ± 8.92
        69.55 ± 3.92
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lubricant concentration vs. crushing strength profiles. 
MGST resulted in a biphasic curve, up to 1% lubricant 
concentration and a fast drop in crushing strength was 
observed for DC1, DC2, and DC3. From 1% to 4% 
lubricant concentration the curve was shallow (Figures 
2-3) except for DC3 where the mechanical strength of 
tablets fell drastically (Figure 4). It was well known 

from the literature that surface covering properties of 
lubricants are more drastic in the case of plastically 
deformed particles that are unable to create new clean 
surfaces during compression (16). The other three 
lubricants, HBN, COMP, and STAC showed a shallow 
linear decline in tablet crushing strength vs. lubricant 
concentration curves. The binary mixture Starch 
1500/Avicel PH 102 showed a steeper decline when 
compared to DC1 and DC2. This observation correlates 
well with less effective lubricant behavior. However, 
in one of our previous reports (9) it was found that 
hexagonal boron nitride was as affective as MGST in 
terms of lower punch ejection force. In the same study, 
COMP and STAC were much inferior in lowering the 
ejection forces (9). Based on the data obtained from 
Figures 2-4, 0.5% MGST addition as a lubricant with 3 
min mixing time was not appropriate for mechanically 
acceptable tablets regardless of binary combination 
in direct compression. Either less MGST should be 
used, or another effective lubricant such as HBN 
could be considered. It can be concluded that STAC 
or COMP will not be satisfactory lubricants at those 
concentrations. For the statistical analysis, a two-way 
analysis of variance (Two-way ANOVA) was separately 
performed for spray dried lactose-microcrystalline 
cellulose (DC1), dicalcium phosphate dihydrate-
microcrystalline cellulose (DC2), and modifi ed starch-
microcrystalline cellulose (DC3). The crushing 
strength was the dependent variable. Lubricant type 
and lubricant concentration were selected as the fi xed 
factors. The general linear model/univariate analysis of 
variance, main effects were evaluated. The Bonferroni 
method was chosen for the post hoc test. It was found 
that for all cases (DC1, DC2, and DC3) there was a 
signifi cant difference among the lubricants (p < 0.0001). 
In terms of lubricant concentration the most signifi cant 
case was DC3 (p < 0.0001) and the least signifi cant case 
was DC2 (p < 0.033) with DC1 in between (p < 0.003) 
(Tables 4-7). Therefore, it seemed that the dicalcium 
phosphate dihydrate-microcrystalline cellulose binary 
mixture showed the least lubricant sensitivity, and 
modified starch-microcrystalline cellulose binary 
mixture showed the highest lubricant sensitivity. 
The effect of MGST on tablet crushing strength was 
significantly different than the other lubricants, the 
difference among the other three lubricants (STAC, 
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Table 4. Factors and their levels for ANOVA.

Lubricant

Concentration

1
2
3
4

0.5
1.0
2.0
4.0

4
4
4
4

4
4
4
4

N

Figure 3. Effect of lubricant concentration on tablet 
crushing strength for DC2 [Emcompress/Avicel PH 102 
(1:1)].

Figure 4. Effect of lubricant concentration on tablet 
crushing strength for DC3 [Starch 1500/Avicel PH 102 
(1:1)].

Figure 2. Effect of lubricant concentration on tablet 
crushing strength for DC1 [FlowLac 100/Avicel PH 102 
(1:1)].
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HBN, COMP) was not significant (Table 8). The 
FlowLac-Avicel binary mixture (DC1) was found to 
be the best candidate for further evaluation as a direct 
compression formula based on lubricant sensitivity and 
tablet mechanical strength. However, the DC3 mixture 
gave the highest compressibility value. Furthermore, a 
lubricant concentration lower than 0.5% for MGST and 
more preferably selecting HBN between 0.5-1% would 
result in mechanically acceptable tablets.
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ABSTRACT: Hachimi-jio-gan (HJ) is a Chinese 
medicine that has been widely used for the treatment 
of nephrotic syndromes, hypertension, and diabetes 
mellitus. We reported that HJ lowers plasma glucose 
in type 1 diabetic rats. We investigated the effects of 
HJ on diabetic hyperglycemia and insulin secretion 
in type 2 diabetic Goto-Kakizaki (GK) rats. Eight-
week-old diabetic GK rats were given free access 
to pellets containing 1% HJ extract powder for 14 
weeks. HJ consumption increased the food intake 
and body weight of these rats in comparison to 
control rats. HJ may control the body weight loss 
observed in GK rats. HJ also reduced hyperglycemia 
in diabetic GK rats, and it significantly increased 
insulin secretion in non-fasting GK rats over the 
experimental period. In oral glucose tolerance tests, 
HJ significantly improved the insulin response 
at 30 min and reduced the plasma glucose level 
at 60 min after glucose administration (p < 0.05). 
Ten weeks after administration, the plasma leptin 
levels significantly increased in the HJ group rats. 
These results demonstrate that in diabetic GK 
rats, HJ decreased the level of postprandial glucose 
via enhanced insulin secretion coupled with the 
regulation of food intake by leptin.

Keywords: Hachimi-jio-gan (HJ), hyperglycemia, 
insulin, body weigh, Goto-Kakizaki rat

1. Introduction

The herbal medicine Hachimi-jio-gan (HJ) (Ba-Wei-Di-
Huang-Wan) has been widely used for the treatment of 
hypertension, nephrotic syndromes, glomerulonephritis, 
and diabetes mellitus since the late middle ages. In 
Japan, the medicinal uses of HJ are provided in the 

package insert of the HJ extract. Animal studies have 
shown that Rehmanniae radix, Corni fructus, and Hoelen 
lower blood sugar (1). However, HJ does not contain 
ginseng, which is frequently used to treat diabetes in the 
clinical setting. Various human and animal studies have 
been conducted on the therapeutic effects of HJ (2-5). 
Most of these studies have investigated the effects of HJ 
on renal damage, including diabetic nephropathy, and 
the mechanism underlying these effects (6-8). We have 
reported the antidiabetic effects of HJ in rats in which 
various symptoms, including persistent hyperglycemia, 
were induced by streptozotocin (STZ) administration 
(9-11). HJ is used in the treatment of diabetes-
associated symptoms such as dry mouth, thirst, and 
polyuria (12). However, despite the fact that clinical 
and experimental studies have provided evidence for 
the various benefi cial effects of HJ, to date, only a few 
scientifi c studies have presented corroborating evidence 
on such subjective symptoms.
 In the present study, we used spontaneouly diabetic 
Goto-Kakizaki (GK) rats as animal models of genetic 
predisposition to non-insulin-dependent diabetes 
mellitus (NIDDM) (13). In GK rats, glucose-stimulated 
insulin secretion is reduced, and glucose tolerance is 
impaired. Moreover, GK rats with impaired insulin 
secretion do not become obese and do not develop 
hyperlipidemia (14). These characteristics of GK 
rats are similar to those observed in NIDDM patients 
(15-17). The GK rat is thus considered a suitable model 
for the investigation of the effects of HJ on insulin 
secretion and glucose tolerance. In this study, we 
investigated the effects of HJ on diabetes symptoms, 
including hyperglycemia, in diabetic GK rats. We also 
examined the effect of HJ administration on the food 
intake and body weight of GK rats.

2. Materials and Methods

2.1. Animals

Male GK and Wistar rats (Japan SLC Inc., Shizuoka, 
Japan) weighing 180-190 g were used in this study. The 
rats were maintained for 1 week on a standard pellet 
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diet (MF diet; Oriental Yeast, Tokyo, Japan). They were 
kept in a room maintained at 22 ± 2°C with a 12 h/12h 
light/dark cycle (diurnal time, 8:00-20:00) and had 
free access to rat chow and water. All experimental 
procedures were conducted in accordance with the 
Osaka Ohtani University Guidelines for the Care and 
Use of Laboratory Animals.

2.2. Drugs

The HJ extract was obtained from Tsumura & Co. Ltd. 
(Tokyo, Japan). The composition of HJ is as follows: 
Rehmanniae Radix (Rehmannia glutinosa Libosch), 6 
g; Corni Fructus (Cornus officinalis Sieb et Zucc.), 3 
g; Dioscoreae Rhizome (Dioscorea japonica Thunb.), 
3 g; Alismatis Rhizome (Alisma orientale Juzep.), 3 
g; Hoelen (Poria cocos Wolf), 3 g; Moutan Cortex 
(Paeonia suffruticosa Andrews), 2.5 g; Cinnamomi 
Cortex (Cinnamomum cassia Blume), 1 g; and Aconiti 
Tuber (Aconitum carmichaeli Debx), 0.5 g. Aqueous 
extracts were prepared from the crude drugs and 
spray dried to obtain the extract powder. The three-
dimensional HPLC profi le of HJ provided by Tsumura 
Inc. is shown in Figure 1.

2.3. Treatment of animals and preparation of sample

The GK rats were randomly divided into 2 groups of 5 
animals each. The control group was given pellet chow 
without HJ, while the HJ group was given pellet chow 
containing 1% HJ extract powder. The pellets and tap 
water were provided ad libitum. The food intake and 
body weight of the rats were measured every week. 
Every week for the next 14 weeks, non-fasting blood 
samples were collected from the jugular vein at 10:00 
A.M. and stored in chilled tubes containing EDTA-2Na 
(at a final concentration of 0.03 mM) and dipeptidyl 
peptide IV (DPP-IV) inhibitor (10 μL/mL blood) 
(Millipore, MO, USA). At the end of the 14-week 
period, blood samples were collected from the inferior 
vena cava under ether anesthesia, and the plasma was 
immediately separated by centrifugation.

2.4. Assay of plasma glucose levels

Plasma glucose levels were determined by using a 
commercial reagent (Glucose CII-Test Wako; Wako 
Pure Chemical Industries Ltd., Osaka, Japan).
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Figure 1. Three-dimensional HPLC profi le of HJ.
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except weeks 1 and 12. This tendency was particularly 
marked in weeks 5, 7, 8, 9, and 13 (p < 0.05).

3.3. Plasma insulin levels

Figure 4 shows the changes of plasma insulin levels 
observed during the study period. In the HJ group 
rats, the non-fasting plasma insulin level significantly 

2.5. Immunoassay of plasma hormone levels

Plasma immunoreactive insulin levels were measured 
by using a commercial radioimmunoassay kit (Insulin 
Eiken RIA kit; Eiken Chemical Co. Ltd., Tokyo, Japan). 
In each assay tube, 25 μL of standard insulin or the 
unknown sample, 50 μL of guinea pig anti-insulin 
plasma, and 50 μL of 125I-labeled insulin were mixed, 
and the mixture was incubated at 2-8°C for 24 h. To 
the mixture, 50 μL of goat anti-guinea pig γ-globulin 
plasma was added; this was followed by further 
incubation at 2-8°C for 30 min and centrifugation at 
3,000 rpm at 4°C for 30 min. The supernatant was 
aspirated, and the radioactivity of the precipitate was 
counted in a gamma counter. Plasma leptin levels 
were measured by using the Rat Leptin-HS ELISA Kit 
(YK051; Yanaihara Institute Inc., Shizuoka, Japan).

2.6. Oral glucose tolerance test

In the fi nal week of treatment, an oral glucose tolerance 
test (OGTT) was performed on the GK (age, 23 weeks) 
rats after 16 h of starvation. The control blood sample 
was collected from the jugular vein at 0 min and stored 
in chilled tubes containing EDTA-2Na. Glucose (2 g 
glucose/kg body weight) was administered orally via a 
stomach tube, and blood was collected from the jugular 
vein at 0, 30, 60, and 120 min. The plasma glucose and 
insulin levels were determined for each time point by 
using the same reagents.

2.7. Data analysis

Except for the amount of food intake, all experimental data 
are expressed as mean ± standard deviation (S.D.). The 
differences between the mean values were statistically 
analyzed by using Tukey-Kramer test and Student's 
unpaired t-test with a signifi cance level of p < 0.05.

3. Results

3.1. Food intake and body weight

The changes in the food intake and body weights are 
showed in Figure 2. The body weights of rats from the 
HJ group significantly increased after the fifth week 
compared with the control group (p < 0.05). The mean 
daily food consumption and body weights of the HJ-
administered rats were higher than those of the control 
rats, but were not beyond those of the normal rats.

3.2. Non-fasting plasma glucose levels

Figure 3 shows the changes in non-fasting plasma 
glucose levels during the period of HJ administration. 
The plasma glucose level for the HJ group rats had a 
tendency to lower than that for the control group rats 

Figure 2. Effects of 14-week treatment with HJ on body 
weight (A) and mean food intake amount per cage (g/day) (B) 
in GK rats. ▲, normal rats treated vehicle (Normal group); ○, 
GK rats treated with vehicle (Control group); ●, GK rats treated 
with HJ (HJ group). * p < 0.05, ** p < 0.01 compared with the 
control group. Data are mean ± S.D. (n = 5).

Figure 3. Effects of HJ on non-fasting plasma glucose levels 
during 14 weeks of treatment in GK rats with or without 
HJ. ○, GK rats treated with vehicle (Control group); ●, GK 
rats treated with HJ (HJ group). * p < 0.05 compared with the 
control group. Data are mean ± S.D. (n = 5).

Figure 4. Effect of HJ on non-fasting plasma insulin levels 
during 14 weeks of treatment in GK rats with or without 
HJ. ○, GK rats treated with vehicle (Control group); ●, GK rats 
treated with HJ (HJ group). * p < 0.05, ** p < 0.01 compared 
with the control rats. Data are mean ± S.D. (n = 5).
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increased throughout the experiment except for the 
second and third weeks. The plasma insulin level of the 
HJ group rats was approximately twice as high as that 
of the control group rats.

3.4. Oral glucose tolerance test

Figure 5 shows the changes in OGTTs performed 14 
weeks after treatment. The control group exhibited 
the typical pattern observed in diabetes: glucose 
administration caused a quick increase in the plasma 
glucose, and it remained high. However, at 60 min, the 
plasma glucose was found to be signifi cantly lower in 
the HJ group rats than in the control group rats (459 
± 19 vs. 413 ± 10 mg/dL, p < 0.05). In contrast, the 
plasma insulin levels of the HJ group rats increased 
markedly at 30 min (7.4 ± 0.2 vs. 14.5 ± 1.1 μU/mL, p 
< 0.05) and returned to the control levels after 120 min 
(Figure 5B).

3.5. Plasma leptin levels

Figure 6 shows the changes in the non-fasting plasma 
leptin levels during the study period. In the control 

group rats, these levels did not change significantly 
during the study period. In the HJ group rats, however, 
they increased gradually along with HJ administration, 
and in the 10th, 12th, and 14th weeks, they were 
signifi cantly higher than those of the control group rats 
(10th and 14th week, p < 0.05; 12th week, p < 0.01).

4. Discussion

Diabetic GK rats have been reported to have i) 
decreased insulin secretory response of the pancreatic 
ß cells to glucose and ii) insulin resistance – the 2 
main characteristics of NIDDM (18). In contrast to 
many other rodent models of NIDDM, GK rats do 
not become obese and do not develop hyperlipidemia. 
These characteristics are similar to the typical Asian-
type diabetes (17,19). The GK rat is thus considered to 
be a suitable model for the investigation of the effect of 
HJ on insulin secretion and glucose tolerance.
 HJ is a Chinese medicine that has been widely 
used in the treatment of diabetes for a long period of 
time. Although few clinical studies have developed 
the herbal formula to lower blood glucose levels, 
HJ is administered to diabetic patients. It has been 
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Figure 5. Effects of HJ on plasma glucose (A) and insulin (B) levels in oral glucose tolerance test after 14 weeks of treatment 
in GK rats with or without HJ. ○, GK rats treated with vehicle (Control group); ●, GK rats treated with HJ (HJ group). * p < 0.05 
compared with the control rats. Data are mean ± S.D. (n = 5).

Figure 6. Effects of HJ on plasma leptin levels during 14 weeks of treatment in GK rats with or without HJ. □, GK rats treated 
with vehicle (Control group); ■, GK rats treated with HJ (HJ group). * p < 0.05, ** p < 0.01 compared with the control rats. Data are 
mean ± S.D. (n = 5).
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clinically established that while HJ does not improve 
hyperglycemia, it can abate diabetes-related subjective 
symptoms such as dry mouth, frequent thirst, frequent 
urination, and fatigue. Moreover, in recent years, many 
studies have been conducted on the prevention and 
treatment of diabetic complications (20,21), and HJ has 
been found to be effective in some patients who do not 
respond to modern medicine. However, these studies 
are not suffi cient to support these therapeutic effects of 
HJ.
 We have previously reported the antidiabetic 
effects of HJ in STZ-induced diabetic rats as a model 
of insulin-dependent diabetes mellitus (IDDM) (9). 
HJ significantly increased the plasma and pancreatic 
insulin levels in these rats. Although there was no 
increase in the number of pancreatic β cells in the 
islets of Langerhans, HJ induced an increase in insulin 
production and secretion by the residual pancreas and 
also significantly reduced the synthesis of glucose 
transporter-2 protein, which is involved in glucose 
uptake and its release, in the liver. Hence, these results 
suggest that HJ affects not only the production and 
secretion of insulin but also the release of glucose from 
the liver. Further, it alleviates subjective symptoms and 
prevents complications of diabetes mellitus (8,10,22). In 
these our reports, the administration of 1% HJ contents 
to the animals substantially exhibited the anti-diabetic 
effects.
 We used GK rats as a model of human NIDDM to 
ascertain the effects of HJ on hyperglycemia. In order 
to examine the effect of HJ in glycemic control, we 
studied its effects on insulin secretion in diabetic GK 
rats. HJ administration in GK rats lowered the non-
fasting plasma glucose levels throughout the study 
period and signifi cantly suppressed it in weeks 5, 7, 8, 
and 13 (Figure 3). The increasing of leptin levels after 
weeks 10 may directly infl uence an antihyperglycemic 
action by insulin. However, HJ also significantly 
increased plasma insulin levels over the experimental 
period in these rats (Figure 4).
 The OGTTs revealed that the tolerance to glucose 
had improved in the HJ group rats compared to the 
control group rats. The plasma glucose levels at 60 
min also decreased significantly (p < 0.05) in the HJ 
group rats (Figure 5A). The plasma insulin levels at 
30 min were significantly higher in the HJ group rats 
than in the control group rats (Figure 5B). In addition, 
the HJ group showed a rapid increase at 30 min in the 
plasma insulin levels that returned to the control levels 
after 120 min and HJ restored the impaired insulin 
secretion in GK rats. HJ improved glucose tolerance at 
14 weeks after HJ administration in GK rats. And also, 
the HOMA-R score (index of insulin resistance) in the 
HJ group rats at 14 weeks was signifi cantly lower than 
that in the control rats (shown not data), indicating that 
insulin resistance was ameliorated in HJ-treated rats.
 In the present study, the body weights and food 
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intake increased in the HJ group (Figure 2). We found 
that the body weights of the HJ group rats increased 
signifi cantly after the fi fth week (p < 0.05), and these 
weights were similar to those of normal rats (Wistar 
rats). HJ normalized the body weight of GK rats. 
Thus, HJ administration resulted in an increase in the 
body weight and food consumption, in addition to an 
improvement in insulin secretion. We thus investigated 
the effects of HJ on plasma leptin levels, since leptin 
is involved in food intake. The plasma leptin levels 
increased in the HJ group rats compared to the control 
group rats. We think that the HJ group rats did not 
become obese due to this involvement of leptin. 
However, further studies are required to clarify this 
issue. The body weights of the genetically diabetic GK 
rats were reduced as compared to that of normal (Wistar) 
rats of the same age. But the HJ group rats exhibited 
a moderate increase in body weight when the plasma 
insulin and leptin levels increased. Plasma leptin levels 
were lower in GK rats than in Wistar rats and plasma 
leptin levels in the HJ group rats were nearly the same 
as those in Wistar rats reported by Huang et al. (23). 
However, it remains to be elucidated whether leptin 
sensitivity is altered by HJ administration.
 In conclusion, HJ is a useful antidiabetic agent 
which shows improvement of glucose tolerance by 
glucose stimulated insulin secretion, and body weight 
loss in spontaneously diabetic GK rats.
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ABSTRACT: Phagocytosis is an initial step in 
innate immunity, which is also stimulated by 
signals via Toll-like receptors (TLRs); however, the 
cooperation of phagocytosis with signals through 
TLRs to establish acquired immunity is unknown. 
We found that phagocytosis is an essential process 
to induce an immune reaction against an insoluble 
TLR ligand. Cell-wall skeleton prepared from 
Mycobacterium bovis  BCG (BCG-CWS),  an 
insoluble TLR2 ligand, activated and matured 
murine splenic dendritic cell (DC) line BC-1 as well 
as a soluble TLR2 ligand, Pam3CSK4. Surprisingly, 
BC-1 maturation with BCG-CWS was completely 
suppressed by inhibiting phagocytosis, while that 
with Pam3CSK4 was not affected. Moreover, BCG-
CWS induced intense delayed-type hypersensitivity 
(DTH) reactions against mitomycin C-inactivated 
Lewis lung carcinoma cells but Pam3CSK4 did 
not. These results suggested that the phagocytosis 
process enables the insoluble TLR2 ligand to 
activate DCs via TLR2 comparable to a soluble 
TLR2 ligand in vitro ,  and stimulating TLR2 
alone is not sufficient to establish T cell-mediated 
immunity in vivo. It is therefore conceivable that 
the process of phagocytosis induces additional 
effects on TLR2-stimulated DCs to activate cell-
mediated immunity in vivo.

Keywords: Adjuvant, phagocytosis, TLR2, BCG-CWS, 
SMP-105

1. Introduction

Phagocytosis is the process of endocytosis involving 
the vesicular internalization of solid particles, such as 
bacteria, and is therefore an essential step for eliciting 
effective innate immunity in mammals. Macrophages 
and DCs make use of a variety of surface receptors 
to internalize microbes, including direct pattern-
recognition receptors and receptors for opsonins (1). 
TLRs are pathogen-associated molecular pattern 
recognition receptors (PRRs), and assume an important 
role in induction of the immune response via activation 
of innate immunity (2 ,3).  Recent studies have 
demonstrated that signaling by TLRs can modulate 
phagocytosis (4) and moreover a complex interaction 
between phagocytosis and TLR signaling. Phagocytosis 
comprises the processes of recognition of particles 
by phagocytic receptors, phagosome formation, 
phagosome maturation and transcriptional responses 
in phagocytosis. Although many reports suggest TLRs 
do not act directly as phagocytic receptors (5-8), some 
reports insist that TLRs regulate phagocytosis (1,9-14).
 BCG-CWS, cell-wall skeleton prepared from 
Mycobacterium bovis BCG as an insoluble fraction, 
is known to be an activator of innate immunity (15) 
and has been examined in several clinical studies 
(16-19). We originally prepared CWS from M. bovis 
BCG Tokyo 172 strain with purity of more than 97% 
(SMP-105) and investigated. SMP-105 is an insoluble 
TLR2 ligand and elicited immune reactions such as 
inducing interferon-γ-producing cells and cytotoxic T 
lymphocytes (CTL) and prevented the growth of tumors 
through TLR2 (20). SMP-105 was observed at the 
draining lymph nodes phagocytosed by macrophages 
and DCs (21). We therefore hypothesize that SMP-105 
requires phagocytosis by macrophages or DCs for 
immune activation and it shows different effects from 
Pam3CSK4, a soluble TLR2 ligand, in vivo.
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 In this report, we investigated the maturation and 
activation of BC-1, a mouse immature DC line, by 
analyzing surface antigens and measuring cytokines 
in vitro. We found that cytocharasin B, an inhibitor of 
phagocytosis, suppressed BC-1 maturation by BCG-
CWS, but a soluble TLR2 ligand, Pam3CSK4, did 
not. Acquired immunity established by BCG-CWS 
or Pam3CSK4 was also addressed as DTH reactions 
and is discussed in the context of the contribution of 
phagocytosis to immune reactions in this paper.

2. Materials and Methods

2.1. Preparation of SMP-105

SMP-105 was prepared as described previously (17,22). 
Contaminated endotoxin was less than 0.005 endotoxin 
units/mg. For in vitro experiments, SMP-105 was 
suspended in saline containing 0.01% polysorbate 80. 
SMP-105 labeled with fluorescein 5-isothiocyanate 
(FITC; Sigma) was prepared by incubating the mixture 
of FITC (0.5 mM) and SMP-105 suspension (2 mg/mL). 
For in vivo experiments, an oil-in-water emulsion of 
SMP-105 was prepared with the following formulation: 
0.6 mg/mL SMP-105, 1.6% squalane, 1.0% polysorbate 
80, and 5.0% mannitol (21,23). Vehicle preparation 
used the same formulation, except for SMP-105.

2.2. Reagent

Pam3CSK4 was purchased from Calbiochem (Merck, 
Tokyo, Japan). Escherichia coli J5 lipopolysaccharide 
(LPS)  was  purchased  f rom LIST Bio log ica l 
Laboratories (Campbell, CA, USA). LPS was further 
purified using phenol extraction methods (24-26). 
Cytochalasin B and cytochalasin E were purchased 
from Wako Pure Chemical Industries, Ltd. (Osaka, 
Japan). Muramyl dipeptide (MDP-Lys (L18)) was 
purchased from Sigma-Aldrich Japan (Tokyo, Japan). 
CpG1826 (27) was synthesized by Hokkaido System 
Science Co., Ltd. (Hokkaido, Japan).

2.3. Cells

BC-1, a mouse immature DC line (28,29), was kindly 
provided by Drs. Onoe and Yanagawa from the 
Institute for Genetic Medicine, Hokkaido University, 
Japan. The BC-1 cell line was maintained as described 
previously (28,29). In brief, BC-1 cells were maintained 
in Iscove's Modified Dulbecco's Medium (IMDM) 
supplemented with 10% fetal calf serum (FCS), 30% 
NIH/3T3 supernatant, mouse recombinant GM-CSF, 
4 mM L-glutamine, 50 μg/mL streptomycin, 50 U/mL 
penicillin, and 50 μM 2-mercaptoethanol. Lewis lung 
carcinoma 3LL was obtained from the Cancer Institute 
for the Japanese Foundation for Cancer Research (Tokyo, 
Japan). 3LL cells were maintained in RPMI-1640 medium 

supplemented with 10% FCS, 50 μg/mL streptomycin, 
and 50 U/mL penicillin. To prepare inactivated 3LL, cells 
were incubated for 20 min at 37°C in culture medium 
containing 200 μg/mL mitomycin C (Kyowa Hakko 
Kogyo, Tokyo, Japan), followed by repeated washing 
with suffi cient culture medium.

2.4. Animals

C57BL/6J female mice were purchased from Charles 
River Japan (Kanagawa, Japan). BALB/c-[Tg]DO11.10-
[KO]Rag2 mice (30) were obtained from Taconic (NY, 
USA). Mice were maintained under specific pathogen-
free conditions. All animal experiments were conducted 
according to the guidelines of the Animal Care and Use 
Committee at Dainippon Sumitomo Pharma.

2.5. IL-12 p40 induction assay

BC-1 cells were cultured with SMP-105, Pam3CSK4 or 
MDP-Lys (L18) overnight. The concentrations of IL-12 
p40 in the supernatants were determined by enzyme-linked 
immunosorbent assay (ELISA) (BIOSource). In order to 
examine the effect of phagocytosis inhibitor, BC-1 cells 
were pretreated for 1 h in the presence of cytochalasin B 
(1, 10 μg/mL) or cytochalasin E (0.1, 1 μg/mL).

2.6. Flow cytometry

BC-1 cells were cultured with SMP-105 (10 μg/mL), 
CpG1826 (10 μg/mL), LPS (1 μg/mL), or Pam3CSK4 
(1 μg/mL) overnight. Cells were collected and stained 
with FITC-conjugated anti-mouse CD11c, CD40, 
CD80, CD86, I-Ad , H-2Kd supplied by BD PharMingen 
(San Diego, CA) for 30 min in the dark at 4°C. After 
washing with PBS, samples were analyzed on a Coulter 
Epics XL (Beckman Coulter, Tokyo, Japan). Data were 
analyzed and presented using FlowJo Ver. 8.8.4 (Tree 
Star, Inc., Ashland, Oregon, USA).

2.7. DO11.10 T-cell activation by BC-1 cells

BC-1 cells were treated with 100 nM ovalbumin 
peptide, OVA323-339 (ISQAVHAAHAEINEAGR; 
Bachem), along with SMP-105, Pam3CSK4 or 
CpG1826 overnight. DO11.10 T cells were enriched 
from spleen cell suspensions prepared from BALB/
c-[Tg]DO11.10-[KO]Rag2 by AutoMACS (Miltenyi 
Biotech K.K., Tokyo, Japan) with CD90 (Thy1.2) 
Microbeads (Miltenyi Biotech K.K.). DO11.10 T cells 
were co-cultured with pre-treated BC-1 cells overnight. 
The concentrations of IL-2 and IL-12 p40 in the 
supernatants were determined by ELISA (BIOSource).

2.8. Fluorescence microscope

BC-1 cells were cultured with 20 μg/mL FITC-
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or TLR ligands along with OVA peptide (OVA 
323-339) before incubation with CD4+ T cells from 
DO11.10 mice. These T cells express a transgenic T-cell 
receptor that recognizes the OVA peptide in the context 
of BALB/c MHC class II (I-Ad) (32). DO11.10 T cells 
did not produce IL-2 when co-cultured with BC-1 
cells without the OVA peptide, or in the presence of 
SMP-105 alone (data not shown), but a small quantity 
was observed in the culture of T cells with OVA-
peptide pulsed BC-1. When BC-1 cells were pre-treated 
with SMP-105, IL-2 production was increased similar 
to pre-treatment with soluble TLRs ligands (Figure 3a). 
Moreover, we confirmed BC-1 activation under this 
condition by measuring IL-12 p40 (Figure 3b). These 
data suggested that DCs activated by SMP-105 function 
as antigen-presenting cells.

3.3.  SMP-105 is  localized in lysosomes af ter 
phagocytosis

Previously, we observed SMP-105 engulfed in 
phagocytes in regional lymph nodes when SMP-105 
was injected intradermally (21,23). SMP-105 might be 
phagocytosed by macrophages or DC to elicit tumor 
immunity in the regional lymph nodes. We therefore 
investigated the uptake of SMP-105 by DCs employing 
BC-1. To observe SMP-105 localization in cells, 
fl uorescent imaging was performed using FITC-labeled 
SMP-105 by confocal microscope (Figure 4). SMP-105 
was localized in the intracellular region, especially 
in lysosomes, which prompted us to investigate the 
effect of inhibiting phagocytosis. Pre-treatment with 
cytochalasin B completely blocked the capture of 
SMP-105 by BC-1 and there was no SMP-105 in the 
cytoplasm or lysosomes of BC-1.

3 .4 .  Act ivat ion of  BC-1 by  SMP105 requires 
phagocytosis

We investigated whether SMP-105 needs to be 
phagocytosed to activate BC-1 cells by pre-treatment 
with cytochalasin B. Cytochalasin B completely 
inhibited the production of IL-12 p40 by SMP-105, 
while stimulation by Pam3CSK4 and MDP-Lys (L18) 
was not affected (Figure 5a). Moreover, cytochalasin 
E, which also inhibits phagocytosis, abolished the 
production of IL-12 p40 by SMP-105, but not by 
other reagents (Figure 5b). These data suggested that 
phagocytosis is an indispensable step for activating 
BC-1 by SMP-105, different from the soluble TLR2 
ligand and NOD2 ligand.

3.5. SMP-105, but not Pam3CSK4, signifi cantly induces 
delayed-type hypersensitivity (DTH) reactions against 
3LL

To investigate the activation and maturation of DCs by 

labeled SMP-105 for 1 h and fixed with 4% (w/v) 
paraformaldehyde/PBS. Lysosomes were labeled with 
Lyso Tracker Red DND-99 (Molecular Probes, Leiden, 
The Netherlands) as recommended by the manufacturer. 
BC-1 cells were analyzed by confocal microscopy 
(Leica TCS NT, Leica).

2.9. Delayed-type hypersensitivity (DTH) reaction

A mixture of inactivated 3LL cells (3 × 104 cells) 
and vehicle, SMP-105 (12.5 μg) or Pam3CSK4 (12.5 
μg) were administered into the left flank region of 
C57BL/6J mice twice intradermally with a 7-day 
interval. Seven days after the second administration, 
inactivated 3LL cells were inoculated at 105 cells in 50 
μL HBSS into the left footpads. Just before and 24 h 
after inoculation, the thickness of the left footpad was 
measured by dial gauge (Mitsutoyo Co., Kanagawa, 
Japan). The percentage of swelling was calculated 
according to the following equation:

     Footpad swelling (%) 
= (thickness of post-injected footpad (mm) 

– thickness of pre-injected footpad (mm))/
thickness of pre-injected footpad (mm) × 100

3. Results

3.1. SMP-105 induces BC-1 maturation

BC-1 is a phenotypically and functionally immature 
myeloid DC line (29). Exposure of BC-1 cells to 
various soluble ligands to TLRs, such as FSL-1, Poly(I:
C), LPS and CpG1826, up-regulates the expression of 
CD86, a co-stimulatory molecule, and induces IL-12 
p40 production (31). SMP-105 stimulated TLR2 (20) 
and we investigated whether SMP-105 matures BC-1 
cells and induces IL-12 p40 protein.
 BC-1 cells were incubated with SMP-105 or 
other TLRs ligands (Pam3CSK4, LPS or CpG1826) 
and expression levels of co-stimulatory and MHC 
molecules were analyzed by flow cytometry (Figure 
1). SMP-105 up-regulated the expressions of CD40, 
CD80, CD86, I-Ad and H-2Kd on BC-1 to the same 
level as Pam3CSK4 and LPS. TNF-α induced IL-12 
p40 production slightly in BC-1, as previously reported 
(Figure 2a) and SMP-105 induced a signifi cant amount 
of IL-12 p40 dose-dependently (Figure 2b), as also 
observed by treatment with Pam3CSK4 and MDP-Lys 
(L18) (Figures 2c and 2d). It was shown that SMP-105 
induces DC maturation and activation, such as TLRs 
ligands and NOD2 ligand.

3.2. SMP-105 activates DCs as antigen-presenting cells

We tested whether SMP-105 activates DCs as antigen-
presenting cells. BC-1 cells were treated with SMP-105 
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Figure 1. SMP-105 up-regulated CD40, CD80, CD86, I-Ad, and H-2Kd in BC-1. BC-1 cells were stimulated with medium, 
SMP-105 (10 μg/mL), CpG1826 (10 μg/mL), LPS (1 μg/mL), or Pam3CSK4 (1 μg/mL) overnight. (a) Histogram of expression 
intensities analyzed by fl ow cytometry are shown concerning CD11c, CD40, CD80, CD86, I-Ad, or H-2Kd (thick lines) or isotype 
control antibodies (shaded area). (b) Mean expression levels were demonstrated in graphs. The experiments were performed twice 
and the same results were obtained.
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