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Studies on tetrahydrocannabinolic acid synthase that produces the 
acidic precursor of tetrahydrocannabinol, the pharmacologically 
active cannabinoid in marijuana
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ABSTRACT: Tetrahydrocannabinol (THC), the 
psychoactive component of marijuana, is now 
regarded as a promising medicine because this 
cannabinoid has been shown to exert a variety of 
therapeutic activities. It has been demonstrated 
that THC is generated from the acidic precursor, 
tetrahydrocannabinolic acid (THCA) by non-
enzymatic decarboxylation, and that THCA is 
biosynthesized by THCA synthase, which catalyzes 
a unique biosynthetic reaction, the stereospecific 
oxidative cyclization of the geranyl group of 
the substrate cannabigerolic acid. Molecular 
characterization of THCA synthase has revealed its 
structural characteristics and reaction mechanism. 
THCA synthase is the first cannabinoid synthase to be 
studied and is potentially attractive target for various 
biotechnological applications as it produces the direct 
precursor of THC. This review describes the research 
history of this enzyme, i.e., purification, molecular 
cloning, biochemical characterization, and possible 
biotechnological application of THCA synthase.

Keywords: Cannabinoid, Cannabis sativa, marijuana, 
tetrahydrocannabinol, tetrahydrocannabinolic acid 
synthase

1. Introduction

To date, more than 60 cannabinoids have been isolated 
from marijuana or fresh Cannabis sativa (C. sativa) 
plants (1). Among them, tetrahydrocannabinol (THC) is 
the well-known psychoactive cannabinoid (2). Recent 
studies have demonstrated that this cannabinoid exerts a 
variety of therapeutic activities, and therefore, THC has 
attracted a great deal of attention as a promising medicine 

for treating various diseases (3). In some countries, THC 
has been approved as a medicine for suppressing nausea 
and vomiting caused by cancer chemotherapy, and 
more recently, Sativex, a Cannabis-based preparation 
containing THC, was licensed in Canada as a neuropathic 
pain reliever for adult patients with multiple sclerosis 
(4). The demand for THC has been increasing; however, 
asymmetric synthesis of this cannabinoid requires very 
intricate procedures (5). In addition, it is not easy to 
isolate THC because marijuana contains a complicated 
mixture of various cannabinoids.
 Cannabinoids are classified into two types, neutral 
cannabinoids and cannabinoid acids, based on whether 
they contain a carboxyl group or not. In fresh Cannabis 
plants, cannabinoids are biosynthesized and accumulated 
as  cannabinoid acids ,  and non-enzymatical ly 
decarboxylized into their neutral forms during storage 
and smoking (6,7). Likewise, THC is generated from an 
acidic precursor, tetrahydrocannabinolic acid (THCA) 
(Figure 1). With respect to the biosynthesis of THCA, 

Review

Figure 1. Biogenesis of THC. THCA synthase catalyzes the 
oxidative cyclization of CBGA to form THCA. THC is generated 
from THCA by non-enzymatic decarboxylation.
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it has been demonstrated that THCA is biosynthesized 
by an oxidoreductase named THCA synthase, which 
converts cannabigerolic acid (CBGA) into THCA, 
contrary to the generally postulated scheme that THCA is 
derived from cannabidiolic acid (8) (Figure 1).
 THCA synthase was identified in the young leaves 
of C. sativa, and then purified and characterized (8). 
However, the molecular structure and detailed reaction 
mechanism could not be determined by the studies on 
the native enzyme. Thus, the cDNA encoding THCA 
synthase was cloned, and the structural and biochemical 
characterization was conducted in detail subsequently 
(9). In addition, cost- and fermentation-friendly 
expression systems for recombinant THCA synthase 
were established as a first step to develop a novel 
biotechnological production system of THC (9,10).

2. Purification and characterization of THCA synthase 
from C. sativa

THCA, the acidic precursor of THC, is one of the 
major constituents of C. sativa. With regard to the 
biosynthesis of THCA, it had long been postulated 
that THCA is formed by ring closure of cannabidiolic 
acid, an isomer of THCA. However, the isomerase 
activity, which converts cannabidiolic acid into THCA, 
could not be detected in any enzyme assays using 
crude enzyme extracts prepared from various parts 
of C. sativa. In contrast, a potent THCA producing 
activity was confirmed in the soluble fraction from 
young leaves when CBGA was included as a substrate. 
Therefore, it appeared evident that THCA is actually 
biosynthesized from CBGA via oxidative cyclization 
of the geranyl group by the action of a novel enzyme 
named THCA synthase (8) (Figure 1).
 To evaluate its biochemical properties, THCA 
synthase was purified to homogeneity by various 
column chromatography steps using DE-52, phenyl 
Sepharose CL-4B, and hydroxylapatite. The purified 
THCA synthase was detected as a single band with a 
molecular mass of ~75 kDa on SDS-PAGE analysis 
(Figure 2). The native molecular mass was estimated 
to be ~76 kDa by gel filtration chromatography, 
indicating that THCA synthase is a monomeric protein. 
Concerning the stereoselectivity of the enzyme reaction, 
the CD spectrum of THCA produced by the purified 
enzyme was identical to that of authentic (-)-THCA, 
confirming that THCA synthase stereoselectively 
produces (-)-THCA.
 THCA synthase catalyzes a unique monoterpene 
cyclase-like reaction coupled with a two-electron 
oxidation. As most monoterpene cyclases require 
divalent ions such as Mg2+ or Mn2+ for their activity (11), 
the effects of metal ions on THCA synthase activity 
were tested. In addition, to obtain information on the 
enzymatic oxidation mechanism, the effects of a variety 
of cofactors and coenzymes, including NAD, NADP, 

FAD, and FMN, were also investigated. As a result, 
purified THCA synthase was found not to require any 
metal ions, cofactors, or coenzymes. These properties 
indicated that this enzyme can complete the oxidative 
cyclization reaction by itself. As described above, 
THCA synthase is the first cannabinoid synthase to be 
purified and characterized.

3. Molecular cloning and heterologous expression

Because characterization of the native enzyme did not 
provide detailed functional and structural information, 
cDNA cloning and molecular characterization of THCA 
synthase was attempted (9). The molecular cloning was 
carried out by reverse transcription and polymerase 
chain reaction techniques using degenerate and gene 
specific primers. The THCA synthase cDNA consisted 
of a 1,635-nucleotide open reading frame, encoding 
a 545-amino acid polypeptide, of which the first 28 
amino acids constituted the signal peptide. THCA 
synthase was the first enzyme involved in cannabinoid 
biosynthesis to be cloned.
 Surprisingly, the primary structure deduced from 
the cDNA exhibited high homology to berberine 
bridge enzyme from Eschscholtzia californica, which 
is involved in alkaloid biosynthesis (12). It is of great 
interest that homologous enzymes work in apparently 
distinct secondary pathways, namely the cannabinoid 
and alkaloid biosynthetic pathways. Berberine bridge 
enzyme is a well characterized covalently flavinylated 
oxidase that catalyzes FAD dependent oxidation of (S)-
reticuline to form (S)-scoulerine (13). The structural 
similarity implied the possibility that THCA synthase is 
also a FAD dependent oxidase type enzyme.
 For detailed characterization, recombinant THCA 
synthase was overexpressed using a baculovirus-
insect expression system. The purified recombinant 
enzyme obtained from the insect culture medium 
gave yellow coloration suggesting flavin binding. 

Figure 2. SDS-PAGE analysis of THCA synthase purified from 
C. sativa. Lane 1, molecular mass standards; Lane 2, purifi ed THCA 
synthase.
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attempted as a first step toward the biotechnological 
production of THC (9,10).

4.1. THCA production by THCA synthase in transgenic 
tobacco hairy roots

For expression in plants, the THCA synthase cDNA 
was cloned into a pBI121 vector with a cauliflower 
mosaic virus 35S promoter (15). The resulting construct 
was introduced into the tobacco (Nicotiana tabacum cv 
Xanthi) genome using Agrobacterium rhizogenes (16). 
The transformants appeared as rapidly growing hairy 
roots from tobacco stems infected by Agrobacterium 
(Figure 4). The transgenic hairy roots could produce 
THCA upon feeding of CBGA. When the hairy roots 
were cultured in liquid medium (30 mL) supplemented 
with 1 mg of CBGA, the maximum level of THCA 
(82 μg, 8.2% conversion from CBGA) was produced 
2 days after the addition of CBGA. Although the 

Furthermore, various spectroscopic analyses of the 
enzyme demonstrated that THCA synthase contains 
covalently attached FAD cofactor at a molar ratio of 
FAD to protein of 1:1. The FAD binding residue was 
determined to be His-114 because the site-directed 
mutant enzyme at this position exhibited neither 
absorption characteristics of flavoproteins nor THCA 
synthase activity. In addition, it was also confirmed 
that THCA synthase requires molecular oxygen and 
releases hydrogen peroxide stoichiometrically with 
THCA. Based on the biochemical properties of THCA 
synthase, the reaction mechanism was proposed as 
shown in Figure 3. Subsequent studies, such as X-ray 
crystallographic analysis (14), may demonstrate the 
structure-function relationship of the enzyme active site 
and may provide rational strategies for controlling the 
oxidative cyclization reaction.

4. Production of THCA by recombinant THCA 
synthase

As described above, THCA synthase stereoselectively 
synthesizes THCA from CBGA. Because CBGA is easy 
to synthesize (9), and THCA is readily decarboxylized 
into THC by heating (6), it was considered that THCA 
synthase could contribute to the biotechnological 
production of THC once a suitable expression system 
was developed. The insect cell system expression 
afforded a large amount of enzyme (~1 mg/L culture); 
however, the system required an expensive complex 
medium as well as elaborate viral infection and 
amplification procedures. Therefore, two different cost- 
and fermentation-friendly expression systems have 
been established, i.e., THCA synthase was expressed in 
transgenic tobacco hairy roots (9) and methylotrophic 
yeast Pichia pastoris (10). The bioconversion of CBGA 
into THCA by recombinant THCA synthase was 

Figure 3. The reaction mechanism of THCA synthase. R is the rest of FAD molecule and B is the proposed basic residue of the enzyme.

Figure 4. Transgenic tobacco hairy roots harboring THCA 
synthase. Bar, 1 cm.
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conversion rate was limited, this result provided direct 
evidence for the in vivo functionality of the recombinant 
THCA synthase, and suggested a possibility that the 
THCA synthase gene can control THCA production not 
only in C. sativa but also in other plants such as tobacco.

4.2. THCA production by THCA synthase secreted from 
transgenic P. pastoris

The coding region of the THCA synthase cDNA was 
introduced into the genome of SMD1168h, a proteinase-
deficient P. pastoris. The transformed cells cultured 
in liquid medium could secrete a catalytically active 
THCA synthase. Under optimized culture conditions, 
the bioconversion of CBGA into THCA was attempted. 
When CBGA (1 mg) was added directly to the culture 
(30 mL), THCA production was not more than 10% in 
24 h, and prolonged incubation metabolized the THCA 
(Figure 5A). Although the level of production was 
very low, the CBGA concentration decreased quickly 
and was almost fully removed after 24 h incubation 
(Figure 5A). These results implied that enzymes other 
than THCA synthase metabolized both the substrate 
and the product. On the other hand, the culture 
supernatant, from which the cells were removed, could 
effectively convert CBGA into THCA with a maximum 
conversion rate of ~98% in 24 h (Figure 5B). The 
yield of THCA was 0.98 mg/flask, equal to 32.6 mg 
per liter of medium, which was much more than that 
obtained by bioconversion using transgenic tobacco 
root cultures. The THCA produced was stable in the 
solution as it was not metabolized at a significant rate 
by a further 24 h of incubation (Figure 5B). Therefore, 
cannabinoid-metabolizing enzymes produced by Pichia 
cells were not secreted into the medium. This was the 
first effective production of THCA using a recombinant 
biosynthetic enzyme.

 However, it was not possible to further improve 
the yield of THCA by added larger amounts of CBGA 
because of the low solubility of this substrate in the 
culture medium. Therefore, to obtain more THCA, a 
feeding method of the substrate should be investigated. 
For example, an immobilized-enzyme-based method 
may be a possible way to produce THCA more 
efficiently. In the near future, recombinant THCA 
synthase may contribute to the development of a 
practical system for producing THC with the combined 
application of a previously established procedure for 
heat decarboxylation of THCA (6).

5. Conclusion and Perspective

THCA synthase, the key enzyme in the biogenesis of 
THC, was identified, cloned, and characterized. The 
culture medium of transgenic P. pastoris harboring 
THCA synthase gene could produce THCA upon 
feeding the substrate CBGA, suggesting a potential 
biotechnological production system for THC. Further 
molecular studies on cannabinoid biosynthesis may 
develop a biomimetic de novo production system 
without the need for feeding precursors. In addition, 
THCA synthase gene could also contribute to the 
artificial control of THCA production in C. sativa. For 
example, the overexpression of THCA synthase could 
produce THCA-rich plants with increased therapeutic 
potential. Conversely, THCA-free plants without 
abuse potential may be produced by silencing of the 
gene. THCA synthase is an attractive target for various 
biotechnological applications.
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ABSTRACT: The present study was undertaken to 
investigate the effect of standardized aqueous extract 
of Picrorhiza kurroa Royle ex Benth. on diabetes. 
Diabetes mellitus was induced with streptozotocin-
nicotinamide and rats found diabetic were orally 
administered standardized aqueous extract of 
Picrorhiza kurroa (100 and 200 mg/kg, p.o.) or 
glibenclamide (10 mg/kg, p.o.) or vehicle (0.3% 
carboxy methyl cellulose suspension) for 14 days. 
Fasting blood glucose levels and lipid profiles were 
measured in control as well as diabetic rats after two 
week treatment. In addition, liver glycogen level of 
Picrorhiza kurroa extract (PkE) treated diabetic rats 
were compared to that of control and diabetic control 
rats. Oral glucose tolerance test was also performed 
on nondiabetic normal rats. Statistical analyses were 
performed by one way analysis of variance followed 
by Tukey-Kramer multiple comparisons test. PkE 
treatment induced significant reduction (p < 0.001) in 
elevated fasting blood glucose level in streptozotocin-
nicotinamide induced type-2 diabetic rats. In oral 
glucose tolerance test, oral administration of PkE 
increased the glucose tolerance. PkE treatment also 
significantly (p < 0.001) reversed the weight loss 
associated with streptozotocin treatment. These 
findings provide in vivo evidence that standardized 
extract of Picrorhiza kurroa possess significant 
antidiabetic activity in streptozotocin-nicotinamide 
induced type-2 diabetes mellitus in rats.

Keywords: Picrorhiza kurroa, antidiabetic, streptozotocin, 
nicotinamide, diabetes mellitus

1. Introduction

Diabetes mellitus (DM) refers to a group of common 
metabolic disorders that share the phenotype of 

hyperglycemia. It is characterized by elevated blood 
glucose concentration caused by insulin deficiency, 
often combined with insulin resistance. Type-2 DM 
is more prevalent and account for about 90% to 95% 
of all diagnosed cases of diabetes. With an increasing 
incidence worldwide, DM will be a leading cause of 
morbidity and mortality in the near future (1).
 The drugs currently available for treatment of 
diabetes have a number of serious adverse effects. As 
the knowledge of the heterogeneity of this disorder 
increases, there is a need to look for more effective 
agents with fewer side effects. This has led to the 
search for alternative therapies that may have a similar 
efficacy without potential adverse effects associated 
with conventional drug treatment. Ethnobotanical 
knowledge played a particularly important role in 
historical diabetes therapies, with over 1,200 species of 
medicinal plants recognized throughout the world for 
their ability to treat diabetic indications (2).
 Picrorhiza kurroa (Family: Scrophulariaceae) is 
a small perennial herb that grows in northwest India 
on the slopes of the Himalayas between 3,000 and 
5,000 meters. It is an important herb in the traditional 
Ayurvedic system of medicine, and has been used to 
treat liver and bronchial problems. Other traditional 
uses include dyspepsia, bilious fever, chronic dysentery, 
and scorpion sting. Picrorhiza has been shown to 
protect liver cells from a wide variety of toxins 
including amanita poisoning, carbon tetrachloride 
(3), galactosamine (4), ethanol (5), aflatoxin-B1 (6), 
acetaminophen (7), and thioacetamide (8), in both in 
vitro and in vivo experiments. Picrorhiza kurroa was 
found to be a potent immunostimulant, stimulating both 
cell-mediated and humoral immunity (9). Picrorhiza 
kurroa had been shown to possess anti-asthmatic and 
anti-allergic activity (10,11). Picrorhiza treatment 
reduced the cellular damage caused by hypoxia, 
indicating Picrorhiza constituents may protect against 
hypoxia/reoxygenation-induced injuries (12). Other 
reported activities of Picrorhiza include nitric oxide 
scavenging activity, cardioprotective effect, anti-cancer 
effect, and anti-viral effect (13). Recently, Picrorhiza 
extract has shown antidiabetic activity through alloxan-
induced diabetic rat model (14), found effective in 
diabetic nephropathy (15) and possess hypolipidemic 
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activity (16). In view of these findings and fact 
that dyslipidemia is the hallmark of type-2 DM, we 
have evaluated standardized extract of Picrorhiza in 
streptozotocin-nicotinamide induced type-2 diabetes 
and associated dyslipidemia.

2. Materials and Methods

2.1. Animals

Adult Charles foster rats (180 ± 10 g) were obtained 
from Central Animal House of Institute of Medical 
Sciences, Banaras Hindu University, Varanasi, 
India. The animals were housed in groups of six 
in polypropylene cages at an ambient temperature 
of 25 ± 1ºC and 45-55% relative humidity, with a 
12:12 h light/dark cycle. Unless stated otherwise, 
they were provided with commercial food pellets 
and water ad libitum. Animals were acclimatized to 
laboratory conditions for at least one week before using 
them for experiments and were subjected only once to 
the experimental conditions. Principles of laboratory 
animal care (NIH publication number 85-23, revised 
1985) guidelines were followed.

2.2. Plant extract

The standardized aqueous extract of Picrorhiza kurroa 
(standardized to contain 5.00% kutkin, HPTLC) was 
obtained from Promed Research Centre, Gurgaon, 
Haryana, India.

2.3. Drug administration

Standardized extract of Picrorhiza kurroa  was 
suspended in 0.3% carboxy methyl cellulose (CMC) 
and administered orally through oral gavage at the 
doses of 100 and 200 mg/kg of body weight per day. 
Doses are selected on the basis of available literature on 
the aqueous extract of Picrorhiza kurroa (3,16).

2.4. Oral glucose tolerance test

Oral glucose tolerance test (OGTT) was performed to 
evaluate the peripheral glucose utilization. Albino rats of 
either sex were divided into four groups (n = 6), fasted 
overnight and administered as 0.3% CMC suspension, 
PkE (100 and 200 mg/kg) and glibenclamide (10 
mg/kg), respectively. Glucose (2 g/kg) was orally 
administered 30 min after the drug treatments. Blood 
glucose levels were determined in blood samples 
collected at 0 min (prior to glucose administration), 30, 
60, and 120 min after glucose administration.

2.5. Induction of type-2 diabetes mellitus

Type-2 DM was induced in overnight fasted male 

rats by a single i.p. injection of 65 mg/kg dose of 
streptozotocin (Merck, Germany), 15 min after i.p. 
administration of 120 mg/kg nicotinamide (SD fine 
Chem, Mumbai, India) (17). Current pharmacology 
protocols  (18)  were fol lowed for  preparat ion 
and administration of streptozotocin solution. 
Hyperglycemia was confirmed by the elevated glucose 
level in the blood, determined at 72 h and then on 7th 
day after injection. The rats found with permanent 
diabetes were used for antidiabetic study.

2.6. Experimental design

Animals were divided into five groups of six rats 
each viz. Group I: Normal control rats, administered 
0.3% CMC for 14 days; Group II: Diabetic control 
rats, administered 0.3% CMC for 14 days; Group III: 
Diabetic rats administered PkE 100 mg/kg/day, p.o. 
for 14 days; Group IV: Diabetic rats administered PkE 
200 mg/kg/day, p.o. for 14 days; Group V: Diabetic 
rats administered glibenclamide, 10 mg/kg/day, p.o. 
for 14 days. Blood samples were collected by retro-
orbital puncture and fasting blood glucose levels were 
estimated on days 0, 7, and 14 with commercially 
available biochemical kit (Span Diagnostics Ltd., 
Surat, India) as in our previous study (19). On 14th day, 
plasma lipid profiles were estimated using biochemical 
kits (Span Diagnostics Ltd.) and liver glycogen levels 
were estimated using anthrone reagent (20). Body 
weight of rats was also measured periodically.

2.7. Statistical analysis

All the values of the experimental results were 
expressed as mean ± standard error of mean (SEM). 
Statistical analyses were performed by one way analysis 
of variance (ANOVA) followed by Tukey-Kramer 
multiple comparisons test. GraphPad InStat (version 
3.06) software was used for all statistical analyses.

3. Results

3.1. Effect on OGTT

Figure 1 shows blood glucose levels of normal control, 
PkE, and glibenclamide treated animals after oral 
administration of glucose (2 g/kg). Animals treated with 
PkE and glibenclamide showed a significant decrease 
in blood glucose levels at 30 and 60 min compared to 
vehicle control animals. The administration of PkE 
significantly prevented the increase in blood glucose 
levels without causing a hypoglycemic state. Maximum 
effect of PkE was observed 30 min after the oral 
glucose administration (p < 0.05 and 0.001 for PkE 
100 and 200 mg/kg, respectively). Effect of higher 
dose of PkE (200 mg/kg) was found comparable to 
glibenclamide (10 mg/kg).
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decreased, in diabetic rats as compared to control rats. 
Oral administration of PkE and glibenclamide to diabetic 
rats significantly reversed all these changes to near 
normal level. The effect of PkE (200 mg/kg) was more 
significant than that of 100 mg/kg and was comparable 
with that of glibenclamide (10 mg/kg).

3.3. Effect on liver glycogen content

A significant decrease (p < 0.001) in liver glycogen 
content was observed in diabetic rats compared to 
normal control group. PkE (100 and 200 mg/kg) 
showed a significant increase (p < 0.001) in liver 
glycogen levels compared to the diabetic control rats. 
However, results of higher dose of PkE (200 mg/kg) were 
more significant than lower dose of PkE (100 mg/kg). 
Glibenclamide treatment also significantly increased 
(p < 0.001) liver glycogen levels compared to diabetic 
control rats (Table 3).

3.4. Effect on body weight changes

The body weight changes in control, diabetic control 
and diabetic rats treated with PkE and glibenclamide 
are shown in Table 4. A significant decrease in body 
weight was observed in the diabetic rats (p < 0.001) 
compared with the control group. Both doses of PkE as 
well as glibenclamide resulted in a significant increase 
in body weight gain (p < 0.001) compared with diabetic 
control animals.

4. Discussion

Streptozotocin and appropriate protective dose of 
nicotinamide induce a diabetic syndrome with reduced 
pancreatic insulin stores that mimics some features of 

3.2. Effect on fasting blood glucose level and lipid 
profile

Table 1 illustrates the levels of blood glucose in the 
control and experimental groups of rats. Diabetic 
rats showed a significant increase in blood glucose 
compared with corresponding control rats (p < 0.001). 
Oral administration of PkE (100 and 200 mg/kg) dose 
dependently and significantly reduced the fasting blood 
glucose levels on 7th (p < 0.05) and 14th day (p < 0.001) 
compared to diabetic control animals. Glibenclamide 
treatment also significantly reduced the increased blood 
glucose level of diabetic rats.
 Table 2 shows the levels of plasma total cholesterol, 
triglycerides, and lipoproteins in the control and 
experimental groups of rats. The levels of plasma total 
cholesterol (TC), triglycerides (TG), and LDL-cholesterol 
(LDL-C) were significantly increased, whereas levels 
of HDL-cholesterol (HDL-C) were significantly 

 Fasting plasma glucose concentration (mg/dL)

Table 1. Effect of PkE on the blood glucose level of streptozotocin-nicotinamide induced diabetic rats

Group (n = 6) (dose in mg/kg)

Normal control
Diabetic control
Diabetic + PkE (100)
Diabetic + PkE (200)
Diabetic + Glibenclamide (10)

0 day

  83.03 ± 3.33
289.78 ± 21.28a

325.40 ± 31.06a

345.83 ± 25.97a

300.84 ± 21.99a

7th day

  80.23 ± 2.99
313.79 ± 15.58a

  176.5 ± 11.30a*

137.24 ± 3.55 b*†

120.00 ± 3.19c*

14th day

  79.77 ± 3.63 
349.17 ± 11.29a

133.64 ± 3.40a**

  94.01 ± 4.98**††

  88.71 ± 2.53**

Values are mean ± SEM; n, number of animals in each group. a p < 0.001, b p < 0.01, c p < 0.05 compared to normal control. * p < 0.05, ** p < 0.001 
compared to diabetic control. † p < 0.05, †† p < 0.001 compared to PkE 100 mg/kg.

Group (n = 6) (dose in mg/kg)

Normal control
Diabetic control
Diabetic + PkE (100)
Diabetic + PkE (200)
Diabetic + Glibenclamide (10)
Values are mean ± SEM; n, number of animals in each group. a p < 0.001, b p < 0.01; c p < 0.05 compared to normal control. * p < 0.01, ** p < 0.001 
compared to diabetic control. † p < 0.05, †† p < 0.001 compared to PkE 100 mg/kg.

Table 2. Effect of PkE on lipid profi le of streptozotocin-nicotinamide induced diabetic rats

TC (mg/dL)

  79.53 ± 2.29 
143.27 ± 6.68a

  86.93 ± 1.90**

  71.42 ± 2.64**†

    73.1 ± 2.55**

TG (mg/dL)

  46.85 ± 1.47
115.31 ± 6.58a

  65.41 ± 4.43c**

  56.25 ± 1.62**

  69.37 ± 2.40b**

HDL-C (mg/dL)

38.67 ± 0.77
24.47 ± 1.44a

27.39 ± 1.44a

31.71 ± 1.14b*

33.94 ± 0.78** 

LDL-C (mg/dL)

31.48 ± 2.59
95.75 ± 7.18a

46.46 ± 2.37**

28.46 ± 2.69**†

25.29 ± 2.71**

Figure 1. Effect of PkE on oral glucose tolerance test in normal 
rats. Values are mean ± SEM of 6 animals in each group. *p < 0.05, 
**p < 0.01, ***p < 0.001 compared to normal control. 
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NIDDM not shared by other established animal models 
of diabetes (18,21). Streptozotocin causes diabetes by 
selective depletion of β-cells, which leads to a reduction 
of insulin release. Decreased insulin release could 
result in disordered regulation of glucose by decreasing 
suppression of hepatic glucose production and reducing 
the efficiency of glucose uptake in insulin-sensitive 
tissues. Decreased insulin output could also impair 
adipocyte metabolism, resulting in increased lipolysis 
and elevated fatty acid level (22).
 It is well established that glibenclamide produces 
hypoglycemia by increasing the secretion of insulin from 
the existing pancreatic β-cells (23). The hypoglycemic 
effect of plant extracts is generally dependent upon the 
degree of β-cell destruction. Treatment in moderate 
diabetic rats with some plant extracts resulted in the 
stimulation of β-cells of islets of Langerhans (24,25). 
In view of this observation, antihyperglycemic effect 
of PkE may be due to potentiation of insulin secretion 
(analogous to glibenclamide) from remnant β cells of 
islet of Langerhans.
 Oral administration of PkE to glucose loaded 
normal rats was associated with a significant decline in 
blood glucose level compared to normal control animals 
indicating better tissue glucose utilizing capacity of 
PkE treated rats. Further, both PkE and glibenclamide 
treatment elevated the reduced liver glycogen level in 
diabetic rats which suggest an improvement in the liver 
glycogenesis. Glycogen is the primary intracellular 
storable form of glucose and its levels in various 
tissues are a direct reflection of insulin activity as 
insulin promotes intracellular glycogen deposition by 
stimulating glycogen synthase and inhibiting glycogen 
phosphorylase (26,27).

 Type-2 diabetes is  associated with marked 
imbalance in l ipid metabolism (28) .  Diabetic 
dyslipidemia is characterized by low level of HDL-C 
as well as elevated level of TG and LDL-C particles 
(29,30). A significant increase in plasma cholesterol 
and triglycerides along with a significant decrease in 
HDL-C, observed in diabetic rats in the present study, 
are consonant with the pathogenesis of diabetes.
 Observed hypolipidemic activity of PkE in 
diabetic rats is consonant with the earlier studies 
conducted with Picrorhiza extract on different models 
of hyperlipidemia (16,31). The increase in alanine 
transaminase (ALT) activity in diabetes is almost 
always due to hepatocellular damage and is usually 
accompanied by an increase in aspartate transaminase 
(AST) activity (32). Several studies with liver tissues 
of streptozotocin induced diabetic rats indicate a trend 
towards increased activity of transaminases (33). 
The AST and ALT activities have been used as an 
indicator of liver function (34). Picrorhiza extract has 
been reported to reverse the increased AST and ALT 
activities towards near normalcy (31), which suggests 
prevention of cellular and tissue damages under 
diabetic conditions. Therefore, hepatoprotective activity 
of Picrorhiza extract may be partially responsible for 
the observed antidiabetic activity.
 Diabetes is associated with a characteristic loss of 
body weight in animals. Several hypothesis have been 
proposed for the body weight loss in diabetic animals 
like increased muscle wasting (35,36) or loss of muscle 
proteins due to hyperglycemia (37). Rats treated with 
PkE extract or glibenclamide showed an increase in 
body weight as compared to the diabetic control rats 
suggesting a protective role of PkE on muscle wasting 
or due to better glycemic control.

5. Conclusion

Our findings have demonstrated for the first time 
through streptozotocin-nicotinamide induced type-2 
diabetes model that standardized extract of Picrorhiza 
kurroa has an antihyperglycemic effect. Therefore, it 
may be potentially beneficial in type-2 diabetes and 
associated dyslipidemia.
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ABSTRACT: Using 4-methoxylphenylhydra
zine hydrochloride (1a) as starting material, 
2-[2-(4-methoxyphenyl) hydrazono] acetic acid (2a) 
was prepared after treatment with 1 equivalent of 
2-oxoacetic acid, and 3-(4-methoxyphenyldiazo)
acrylic acid (3a) was obtained with 2 equivalents 
of 2-oxoacetic acid through a novel reaction. The 
mechanism of reaction was analyzed with the help of 
charge distribution computation. This suggests that 
the novel reaction depends on the electronegativity 
of C9, which can be mainly affected by the 
substituents of the benzene ring.

Keywords: 3-(4-Methoxyphenylazo)acrylic acid, 
arylhydrazonoacetic acid, reaction mechanism, 
synthesis

1. Introduction

Arylhydrazines are a class of highly reactive 
compounds, which are used to synthesize dye and 
medicine intermediates; such as, indoles, indazoles 
and pyrazoles (1-5). In our efforts to synthesize 1-aryl-
1,2,4-triazolin-5-one derivatives as anticancer agents, 
a novel reaction was found. Arylhydrazonoacetic acid 
was prepared from arylhydrazine by treatment with 
2-oxoacetic acid as shown in Scheme 1. However, 
when 1a was treated with 2 equivalents of 2-oxoacetic 
acid, product 3a was isolated. Although the synthesis 
of 3a from 1a through a three step procedure has been 
published by Cevasco and co-workers (6), our one-
pot reaction has not been reported, previously. We 
report the novel synthesis pathway of 3a and a possible 
mechanism.

2. Materials and Methods

2.1. Chemical reagents

p-Methoxylphenylhydrazine hydrochloride (1a), 
p-tolylhydrazine hydrochloride (1b), phenylhydrazine 
hydrochloride (1c) and (4-nitrophenyl)hydrazine 
hydrochloride (1d) were purchased from Linhai 
Duqiao Fine Chemical Factory, Zhejiang, China. 40% 
2-oxoacetic acid was purchased from Shanghai Haiqu 
Chemical Co. Ltd., Shanghai, China. Acetic acid and 
sodium acetate were purchased from Tianjin First 
Chemical Factory, Tianjin, China.

2.2. Chemical experiment

The chemical structures of the compounds were 
confirmed by 1H NMR, 13C NMR and ESI-MS as 
described below. 1b, 1c, and 1d were also used to 
react with two portions of 2-oxoacetic acid under 
similar reaction conditions for the preparation of 3a. 
However, their products were complicated, and no pure 
corresponding products could be isolated.

2.2.1. [(4-Methoxyphenyl) hydrazono]acetic acid (2a)

40% aqueous 2-oxoacetic acid (5.8 g, 31 mmol) was 
added dropwise to a solution of p-methoxylphenylhydra
zine hydrochloride (6.0 g, 34 mmol) in water (120 mL) 
and a yellow precipitate formed. The solution was stirred 
for 1 h. The precipitate was then collected by filtration 
and dried in vacuo to obtain 2.68 g of 2-[(4-methoxyph
enyl)hydrazono]acetic acid (2a) in 40% yield. Mp 75°C 
(dec). 1H NMR (DMSO-d6, 400 MHz), δ 12.07 (s, 1H), 
11.00 (s, 1H), 7.06 (d, 2H, J = 7.2 Hz), 7.05 (s, 1H), 6.87 
(d, 2H, J = 7.2 Hz), 3.69 (s, 3H); 13C NMR (DMSO-d6, 
400 MHz), δ 165.37, 154.16, 137.23, 124.31, 114.64, 
114.29, 55.22. ESI-MS: m/z = 195.10 (M+1).

2.2.2. 3-(4-Methoxyphenyldiazo)acrylic acid (3a)

40% aqueous 2-oxoacetic acid (6.3 g, 34 mmol) was 
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added dropwise to a stirred solution of p-methoxylp
henylhydrazine hydrochloride (1a) (3.0 g, 17 mmol), 
sodium acetate (1.5 g, 17 mmol), acetic acid (100 mL) 
and water (100 mL) in a three-neck flask at 10°C under 
a stream of nitrogen. The mixture was stirred for 1.5 
h, and the precipitate was collected by filtration. 1.2 g 
of 3-(4-methoxyphenyldiazo)acrylic acid (3a) (in 34% 
yield) was obtained through recrystallization and dried 
in vacuo. Mp 50°C (dec). 1H NMR (DMSO-d6, 400 
MHz), δ 12.95 (s, 1H), 7.83 (d, 1H, J = 14 Hz), 7.81 (d, 
2H, J = 9 Hz), 7.10 (d, 2H, J = 9 Hz), 6.77 (d, 1H, J = 
14 Hz), 3.86 (s, 3H); 13C NMR (DMSO-d6, 400 MHz), 
δ 166.80, 163.26, 155.96, 146.46, 128.56, 125.33, 
114.85, 55.78. ESI-MS: m/z = 207.11 (M+1).

2.2.3. (p-Tolylhydrazono) acetic acid (2b)

Compound 2b was synthesized from p-tolylhydrazine 
hydrochloride 1b with a 87% yield under similar reaction 
conditions for the synthesis of 2a. Mp 110-111°C. 1H 
NMR (DMSO-d6, 400 MHz), δ 12.22 (d, 1H), 1.03 (s, 
1H), 7.11 (s, 1H), 7.06 (d, 2H, J = 8.4 Hz), 7.02 (d, 
2H, J = 8.4 Hz), 2.21 (s, 3H); 13C NMR (DMSO-d6, 
400 MHz), δ 165.31, 141.22, 129.71, 125.08, 119.06, 
113.15, 20.23. ESI-MS: m/z = 178.10 (M+1).

2.2.4. (Phenyl-hydrazono)-acetic acid (2c)

Compound 2c was synthesized from phenylhydrazine 
hydrochloride (1c) with a 95% yield under similar 
reaction conditions for the synthesis of 2a. Mp 

107-108°C. 1H NMR (DMSO-d6, 400 MHz), δ 12.30 
(s, 1H); 11.11 (s, 1H); 7.26 (m, 2H); 7.12 (d, 2H, J 
= 8.8 Hz); 7.10 (s, 1H); 6.88 (t, 1H, J = 7.2 Hz); 13C 
NMR (DMSO-d6, 400 MHz), δ 165.26, 143.54, 129.25, 
125.94, 121.04, 113.15. ESI-MS: m/z = 165.11 (M+1).

2.2.5. [(4-Nitro-phenyl)-hydrazono]-acetic acid (2d)

Compound 2d was synthesized from (4-nitrophenyl) 
hydrazine hydrochloride (1d) with a 77% yield under 
similar reaction conditions for the synthesis of 2a. Mp 
170-171°C. 1H NMR (DMSO-d6, 400 MHz), δ 12.70 
(s, 1H); 11.73 (s, 1H); 8.16 (d, 2H, J = 9.2 Hz); 7.27 
(s, 1H); 7.21 (d, 2H, J = 9.2 Hz); 13C NMR (DMSO-d6, 
400 MHz), δ 164.60; 149.29; 140.39; 131.25; 125.68; 
112.77. ESI-MS: m/z = 210.08 (M+1).

2.3. Computational experiment

For comparison, the structures of 2a-d were constructed 
by ChemOffice software, and then optimized with the 
density function theory at the B3LPY/6-31G(d) level 
by the Gaussion 98 software package (7-9). The charge 
distribution and bond lengths of all structures were 
calculated using optimized structures by the nature 
bond orbit method.

3. Results and Discussion

The reaction reported by Cevasco (Scheme 2) (6) used 
three steps to obtain the final product without any 

Scheme 1. The two reactions of p-methoxylphenylhydrazine and 2-oxoacetic acid.
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reaction, which is shown in Scheme 3. First, 1 equivalent 
of 2-oxoacetic acid coupled with 1 equivalent of 1a to 
form a Schiff's base 2a through nucleophilic addition 
and the ensuing dehydration. Second, the electrons were 
redistributed because of the conjugation within 2a (6), 
making C9 (following the labeling in Figure 1) and the 
benzene ring shows electronegativity and elctropositivity, 
respectively. Then the carbonyl group of 2-oxoacetic 
acid was attacked by C9 through nucleophilic addition, 
forming a transient state with two carboxyl groups. 
Finally, 3a was produced from the transient state through 
proton translocation, dehydration and decarboxylation 
in turn. In the whole process, the key point was the 
conjugated state 4 in which C9 was negative enough. In 
conjugated state 4, the electronegativity of atom C9 was 
strongly enhanced by the substitution of the p-methyoxy 
group in 2a. This explains why the novel reaction could 
only happen to 2a.
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disclosed isolated yields. However, some steps required 
complicated operations and harsh reaction conditions.

As outlined in Scheme 1, 2-[(4-methoxyphenyl) 
hydrazono]acetic acid (2a) was prepared from the 
usual reaction, while 3-(4-methoxyphenyldiazo)acrylic 
acid (3a) was synthesized through a novel reaction. 
The different substituents were also screened. The 
analogues 2b, 2c, and 2d of 2a can be prepared from 
p-tolylhydrazine hydrochloride (1b), phenylhydrazine 
hydrochloride (1c), and (4-nitrophenyl)hydrazine 
hydrochloride (1d) through the usual reaction. 
Nevertheless, when using 1b, 1c, and 1d as starting 
materials, the possible analogues 3b, 3c, and 3d were 
not obtained under similar reaction conditions for the 
preparation of 3a from 1a. The results suggest that the 
substituents with different electronegativities attached 
to the benzene ring play a critical role in this pathway.

A possible mechanism was proposed for the novel 

Figure 1. Atom labels of the computational structure.
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was the longest and that of C9-C10 was the shortest in 
comparison with other compounds. It also suggests that 
2a has more powerful conjugation.

In conclusion, arylhydrazonoacetic acids 2a-d 
could be prepared by treatment with one equivalent 
of 2-oxoacetic acid through the usual pathway, and 
only 3-(4-methoxyphenyldiazo)acrylic acid 3a could 
be synthesized by treatment with 2 equivalents of 
2-oxoacetic acid under our reported conditions. We 
developed a more effective synthetic method for 3a 
through this one-pot mild reaction. The mechanism 
suggests that the novel reaction depends on the degree 
of electronegativity of C9, which can be largely affected 
by the substituents of the benzene ring.
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In order to support the above hypothesis, the charge 
distribution of the structures with different substitutions 
were computed with the DFT method at B3LYP/6-31G 
(d) level. Atom labels are displayed in Figure 1 for all 
structures, and the substituents are represented as R(20). 
As shown in Table 1, the charges of the benzene rings, 
atoms N7, N8 and C9 were influenced by the different 
substitutions in the benzenes rings, and it suggests that 
these fragments are in a large conjugation. The results, 
in which benzene rings and C9 showed elctropositivity 
and electronegetivity respectively, agree with the 
hypothesis of a conjugated state 4 in Scheme 3.

The postulate that C9 in 2a had more electronegativity 
was also supported by the results of calculations. The 
charge distributions of C9 of 2a, 2b, 2c, and 2d were 
–0.165, –0.159, –0.156, and –0.130, respectively. 
Obviously, the quantity of electric charge of C9 increased 
with the capability of supplying electrons to substituent 
groups. The capability to supply electrons from methyl, 
hydrogen and nitro was weaker than that of methoxy, so 
the electronegativity of C9 of 2b, 2c, and 2d was weaker 
than that of 2a. The weaker electronegativity of C9 led 
to lower nucleophilicity of C9 of 2b, 2c, and 2d, which 
could not give dominating products to form a novel 
reaction under similar conditions.

The strong conjugation in species 4 of Scheme 3 
could also be supported by the analysis of bond lengths 
of structure 2a-2d from Table 1. It is well known that 
the length of a standard C-N, C-C, N-N, and C=N 
are 147.0, 154.0, 140.0, and 128.0 pm, respectively. 
The bond lengths of C4-N7, N7-N8, and C9-C10 in 
2a-2d were shorter than their standard single bond 
length, respectively, and that of N8-C9 were longer 
than a standard double bond. Obviously, these four 
bonds equilibrated. This phenomenon suggests the 
fact that there are conjugations in molecule 2a-d. As 
the electronegativity of C9 was critical in the reaction, 
the bond lengths of N8-C9 and C9-C10 were further 
analyzed for structures 2a-2d. The structure 4 in 
Scheme 3 showed that N8-C9 and C9-C10 are double 
and single bonds. The average degree of these two 
bonds is related to the conjugation of the molecule. The 
results in Table 1 show the bond length of N8-C9 of 2a 
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Table 1. Charge distribution and bond length of compounds 
2a-d calculated by B3LYP/6-31G(d) method
     Compounds
    (Substituents)

Charge distribution
     R
     Benzene ring
     N7
     N8
     C9
     C10

Bond length (pm)
     C4-N7
     N7-N8
     N8-C9
     C9-C10

       2a 
  (-OCH3)

  –0.205
    0.359
  –0.358
  –0.200
  –0.165
    0.741

   140.6 
   131.7
   130.2
   146.7

      2b
   (-CH3)

   0.034
   0.112
 –0.36
 –0.198
 –0.159
   0.742

   140.4
   131.8
   130.1
   146.9

     2c 
    (-H)

    ------
   0.139
 –0.362
 –0.198
 –0.156
   0.743

   140.4
   131.9
   130.0
   147.0

    2d
 (-NO2)

 –0.27
   0.340
 –0.365
 –0.202
 –0.130
   0.745

   139.3
   132.7
   129.6
   147.6
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ABSTRACT: A simple, selective and precise stability-
indicating HPLC method for determination of 
glabridin diacetate and dihexanoate prodrugs was 
developed, validated and applied to the enzymatic and 
chemical hydrolysis studies. The chromatographic 
separation was achieved on a reverse phase C18 
(Thermo Hypersil-Keystone, 250 × 4.6 mm, 5 micron) 
column using the mixture of acetonitrile and water 
as mobile phase. Elution of the mobile phase was 
operated on isocratic (acetonitrile 76%: water 24%) 
for 9 min, followed by gradient (acetonitrile from 
76% to 90%) within 9 min and isocratic (acetonitrile 
90%: water 10%) for 12 min at 1 mL/min flow rate, 
detected at 280 nm. The method was validated for 
specificity, accuracy, precision, linearity and limit of 
quantitation following the International Conference 
on Harmonization (ICH) guidelines. The method is 
effective for the separation of glabridin diacetate and 
glabridin dihexanoate from glabridin, its parent drug 
and successfully used in these prodrugs hydrolysis 
studies.

Keywords: Glabridin, prodrugs, HPLC, validation, 
hydrolysis studies

1. Introduction

Glabridin is a major pyranoisoflavan isolated from 
hydrophobic fraction of European licorice, Glycyrrhiza 
glabra L.var typica and var glandulifera (1). It has been 
reported to exhibit a wide range of pharmacological 
activities such as antimicrobial (2-4), protection of 
mitocondrial functions against oxidative stress (5), 
estrogenic and antiproliferative activities in human 
breast cancer cells (6,7), inhibition of adenosine 
3',5'-cyclic monophosphate (cAMP) phosphodiesterase 

(8), inhibition of human cytochrome P450s 3A4, 2B6 
and 2C9 (9), inhibit melanogenesis and inflammation 
(10), neuroprotective (11) and prevention of low-
density lipoprotein oxidation (12-16).

Even though glabridin (G) is a potent tyrosinase 
inhibitor and potential for skin whitening preparation, 
G showed poor skin penetration and instability in 
formulation (15). One strategy to overcome this 
problem is the prodrug approach. To improve the 
stability in formulation, glabridin diacetate (GDA) and 
glabridin dihexanoate (GDH) esters were synthesized 
by acylation as prodrug of G (Figure 1). A successful 
G prodrug must not only undergo enzymatic hydrolysis 
in physiological condition, but also be chemically 
stable in formulation. So far, to our present knowledge, 
most previous analytical methods for determination of 
G (16-20) have been done in licorice and its extract, 
but no stability-indicating analytical method for the 
quantitation of G prodrugs was available in literature. 
Therefore, it is necessary to develop an analytical 
method to determine the G, GDA and GDH in 
hydrolysis studies.

This paper deals with the HPLC assay and method 
validation for accurate quantitation of G, GDA and 
GDH. The paper also deals with the application of the 
method to enzymatic and chemical hydrolysis studies.

2. Materials and Methods

2.1. Chemicals

G was isolated from available licorice extract (PT-40) 
by conventional column chromatography and obtained 

Original Article

Figure 1. Structure of glabridin (G), its prodrugs and 
betamethasone valerate (IS).
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G was finally purified by crystallization from hexane. 
GDA and GDH were synthesized by acylation with 
corresponding acid anhydrides. The GDA was purified 
by column chromatography and recrystallized from 
methanol, while GDH was purified by column 
chromatography. The structures of products were 
elucidated by spectroscopic techniques, mainly NMR, 
MS, IR spectroscopy and elemental analysis as well as 
comparison with those of earlier reported 1H and 13C 
NMR data of G (21). G, GDA and GDH purity were 
determined based on HPLC peak purity analysis.

HPLC grade acetonitrile was purchased from Lab-
Scan Analytical Sciences (Bangkok, Thailand). Water 
was purified using a ELGA water purifier (ELGA Ltd., 
Bucks, England). All other chemicals and solvents were 
analytical grade.

2.2. Equipment

The quantitation of G, GDA, and GDH was performed 
on a Shimadzu HPLC system (Kyoto, Japan) consisting 
of SCL-10ADvp system controller, two LC-10ADvp 
pumps, SIL-10ADvp autosampler, Diode-array detector 
SPD-M10Avp, and Class VP software. Shaking water-
bath (Maxi shake SBD-50 COLD, Allerod, Denmark), 
Centrifuge (Hettich Zentrifugen EBA-20, Tuttingen, 
Germany) and Vortex-2 Genie (Scientific industries, 
Inc., Bohemia, USA) were used for hydrolysis studies.

2.3. Standard solutions preparation

Each stock solution of G (0.15 mg/mL), GDA (0.20 
mg/mL), GDH (0.19 mg/mL) and internal standard (IS), 
betamethasone valerate (0.41 mg/mL) was prepared in 
acetonitrile. Working standard solutions for calibration 
curve were prepared by diluted of each stock solution 
with acetonitrile to give the final concentration range 
of 0.075-13.5 μg/mL for G, 0.1-20.0 μg/mL for GDA, 
and 0.95-16.15 μg/mL for GDH, respectively. The IS 
solution was added to each working standard solution 
to obtain the final concentration of 82 μg/mL.

2.4. Sample preparation

The stock solutions (0.01 M) of each G, GDA, and 
GDH were prepared in dimethylsulfoxide and IS 
solution (82 μg/mL) was prepared in acetonitrile. For 
determination of extraction recovery and precision, 
50 μL of the standard solution was added to 450 μL of 
phosphate buffer solutions (pH 5.5 and 7.4) in a 10-mL 
screw-capped test tube. One mL of methanol was added 
and vortexed for 3 sec. The extract was performed by 
adding 3 mL of chloroform. After 10 sec vortexing, the 
mixture was centrifuged at 5,000 rpm for 5 min. The 
aqueous layer was removed and the organic phase was 
transferred to a new test tube. Two mL of organic phase 
was evaporated to dryness and reconstituted in 1 mL of 

IS solution, then filtered through 0.45 μm nylon filter to 
obtain a clear sample solution.

2.5. Chromatographic conditions

A reverse phase C18 (250 × 4.6 mm, 5 micron; 
Thermo Hypersil-Keystone, Bellefonte, PA, USA) 
column connected with a guard column (C18; Alltech 
Associates, Inc., Deerfield, IL, USA) was used. The 
mobile phase was a mixture of acetonitrile and water 
at 1 mL/min of flow rate. To separate the sample, three 
steps of the elution was operated, isocratic elution with 
the mixture of acetonitrile and water (76:24, v/v) for 9 
min followed by linear gradient elution of 76% to 90% 
acetonitrile for 9 min and finally isocratic elution with 
the mixture of acetonitrile and water (90:10, v/v) for 12 
min. The eluent was monitored at 280 nm. The injection 
volume was 20 μL of sample solutions.

2.6. Method validation

The validation was performed by spiked placebo 
technique. The method was validated for specificity, 
accuracy, precision, linearity and limit of quantitation 
was determined in accordance with ICH guidelines on 
analytical validation Q2 (R1) (22).

2.6.1. Specificity 

Specificity is the ability of the method to measure the 
analyte in the presence of impurities and degradation 
products (22). The specificity of the developed 
HPLC method for the prodrugs, GDA and GDH were 
determined by the retention time of GDA, GDH and G 
in the HPLC system. In addition, the peak purity tests 
of each standard were performed by the photodiode 
array detection.

2.6.2. Linearity and range

The linearity of the method was conducted by preparing 
standard solutions at five different concentrations 
of analytes within range 0.75-13.5, 0.1-20.0 and 
0.95-16.15 μg/mL for G, GDA, and GDH, respectively. 
Each solution was analyzed in triplicate. Peak area 
ratio values (ratio AUC/IS) were plotted against the 
corresponding concentrations of analytes. The linearity 
of the plot was evaluated by linear regression analysis.

2.6.3. Accuracy 

The accuracy of the calibration standards was evaluated 
in triplicate at three concentrations (4.50, 7.50, and 
10.50 μg/mL for G, 6.00, 10.00, and 14.00 μg/mL for 
GDA and 1.90, 7.60, and 11.40 μg/mL for GDH). To 
access the accuracy of the samples in spiked phosphate 
buffer systems, three different concentration levels 
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3. Results 

3.1. Separation and specification

The developed method showed well chromatographic 
separation with no interference at the elution time of 
analytes. Chromatograms of G and its prodrugs sample 
spiked with IS were recorded at 280 nm according to 
their absorption maxima as shown in Figure 2. The 
retention time in HPLC condition were 4.70, 5.27, 7.76, 
and 25.04 min for G, IS, GDA, and GDH, respectively.

3.2. Linearity and range

Linear calibration plot was obtained from the theoretical 
concentration versus peak area response within the 
range of 0.075-13.50, 0.10-20.0, and 0.95-16.15 μg/mL 
for G, GDA, and GDH, respectively. Response linearity 
was determined by least squares regression analyses 
of the calibration plot. The linear regression (r2) of 
calibration plots of G, GDA, and GDH showed good 
linear relationship with r2 = 0.9998, 0.9999, and 0.9999 
with respect to peak area (Table 1).

99

(6.49, 8.65, and 10.81 μg/mL for G, 9.73, 12.97, and 
16.22 μg/mL for GDA and 9.41, 12.54, and 15.68 μg/
mL for GDH) were prepared as described above and 
injected to HPLC. The percentage of recoveries was 
calculated from slope and y-intercept of the calibration 
curve. The criteria for acceptability of accuracy or 
recovery were the average value within 95-105%.

2.6.4. Precision

The intra-day and inter-day precision of both 
calibration standards and samples were evaluated at 
the same concentration levels as those performing for 
the accuracy. The intra-day precision was performed 
on the same day and expressed as percentages of 
relative standard deviations (%RSD) calculated from 
the analytes of three replicates samples. The inter-day 
precision was performed on three separate days. The 
criteria for acceptability of precision was the %RSD for 
each concentration level not exceed 3%.

2.6.5. Limit of quantitation

The limit of quantitation (LOQ) of the analytes was 
determined during the evaluation of the linear range 
of the method. The LOQ was defined as the lowest 
concentrations yielding a precision with RSD ≤ 10% and 
acceptable accuracy within 10% of the theoretical value.

2.7. Enzymatic and chemical stabilities

For the enzymatic hydrolysis studies, a purified porcine 
liver esterase (PLE, carboxylic-ester hydrolase, EC 
3.1.1.1; Sigma-Aldrich, St Louis, MO, USA) was 
dissolved in 0.05 M phosphate buffer solution (pH 
7.4, ionic strength = 0.15) to a concentration of 1.01 
unit/mL (23,24). Eighty microliters of the 0.01 M stock 
solution of the prodrug solution in dimethylsulfoxide 
was added to the enzyme-buffer mixture, mixed 
well and then kept in a water-bath at 37 ± 0.1ºC. At 
appropriate time intervals (0, 2, 4, 6, 8, 10, 15, 30, 45, 
60, 90, and 120 min for GDA and 0, 4, 6, 8, 10, 12, 14, 
16, 18, 20, 22, 24, and 31 h for GDH), 500 μL aliquots 
were withdrawn and 1 mL of methanol was added to 
quench the reaction. The extract was performed as 
described in sample preparation. Pseudo-first-order rate 
constants (k) for the hydrolysis were determined from 
the slopes of linear plots of the logarithm of residual 
model prodrugs against time. The half-life of each 
prodrug was calculated from the equation: t1/2 = 0.693/k. 
The experiments were performed in triplicate.
 The chemical  s tabi l i ty of  the prodrug was 
investigated in aqueous phosphate buffer solutions 
(pH 7.4 and 5.5, ionic strength = 0.15) at 37 ± 0.5°C, 
in triplicate experiments. At 24-hour intervals, sample 
was taken, extracted as the method described above and 
analyzed by HPLC.

Table 1. Regression data of calibration curves of each 
reference standard
Analyte

G
GDA
GDH

Linear regression

y = 0.1535x – 0.0023
y = 0.0818x + 0.0004
y = 0.0652x + 0.0226

Correlation 
coeffi cient (r2)

0.9998
0.9999
0.9999

n

3
3
3

Figure 2. HPLC chromatograms and photodiode array UV 
absorption spectra of (A) G 4.5 μg/mL, (B) GDA 10 μg/mL and (C) 
GDH 7.6 μg/mL, spiked with IS 82 μg/mL.
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from the analysis of the samples in both buffer systems 
(Tables 3 and 4).

3.4. Limit of quantitation

Limit of quantitation (LOQ) is generally determined by 
the analysis of samples with known concentrations of 
analyte and by establishing the minimum level at which 
the analyte can be quantified with acceptable accuracy 
and precision. LOQ was determined during the 
evaluation of the linear range of calibration curve and 
defined as the lowest concentration yielding a precision 
with %RSD less than 10, accuracy within 10% of the 

3.3. Accuracy and precision

The accuracy and repeatability of samples at three 
concentration levels were expressed in terms of % 
recovery and %RSD. The accuracy and precision of 
the quantitation of calibration standard were shown in 
Table 2. The assay exhibits acceptable level of accuracy 
for estimating analyte concentration (95-105%) within 
percent relative standard deviations (%RSD) < 3%. 
The percent recovery of the standards ranged from 
98.86-101.1%, 98.44-99.74%, and 100.1-102.8% for 
G, GDA, and GDH, respectively, with precision < 3%. 
Similar level of accuracy and precision were obtained 
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Table 3. Intra-day precision of the quantitation of sample in spiked phosphate buffer systems (n = 3)

Analyte

G

GDA

GDH

Added (µg/mL)

  6.49
  8.65
10.81

  9.73
12.97
16.22

  9.41
12.54
15.68

Found (µg/mL)

  6.41
  8.39
10.88

  9.68
12.73
16.43

  9.45
12.70
15.55

Recovery (%)

    98.75
    97.06
100.6

    99.50
    98.10
101.3

100.5
101.3

    99.17

RSD (%)

2.43
1.17
1.60

1.33
0.67
1.35

1.52
2.53
1.01

Found (µg/mL)

  6.55
  8.55
11.03

  9.43
13.10
16.04

  9.55
12.57
15.53

Recovery (%)

101.0
    98.81
102.1

    96.90
101.0

    98.94

101.6
100.2

    99.06

RSD (%)

1.89
1.49
2.10

0.56
2.26
0.25

2.75
1.24
1.83

pH 5.5 pH 7.4

Table 4. Inter-day precision of the quantitation of sample in spiked phosphate buffer systems (n = 3)

Analyte

G

GDA

GDH

Added (µg/mL)

  6.49
  8.65
10.81

  9.73
12.97
16.22

  9.41
12.54
15.68

Found (µg/mL)

  6.40
  8.49
11.06

  9.83
12.66
16.38

  9.53
12.68
15.58

Recovery (%)

    98.61
    98.19
102.3

101.0
    97.62
101.0

101.3
101.2

    99.37

RSD (%)

0.49
1.05
1.54

1.79
1.78
0.75

2.05
0.29
0.49

Found (µg/mL)

  6.57
  8.63
10.83

  9.40
12.86
16.21

  9.56
12.55
15.63

Recovery (%)

101.4
    99.76
100.2

    96.90
    99.14
    99.94

101.7
100.1

    99.73

RSD (%)

0.54
1.60
1.59

0.52
2.15
1.13

2.23
1.18
1.16

pH 5.5 pH 7.4

Table 2. Accuracy and precision of the quantitation of calibration standard (n = 3)

Analyte

G

GDA

GDH

Added (µg/mL)

  4.50
  7.50
10.50

  6.00
10.00
14.00

  1.90
  7.60
11.40

Found (µg/mL)

  4.45
  7.50
10.61

  5.91
  9.91
13.96

  1.95
  7.65
11.41

Recovery (%)

    98.86
100.0
101.1

    98.44
    99.08
    99.74

102.8
100.7
100.1

RSD (%)

1.20
1.05
0.07

0.38
0.93
1.09

1.85
0.51
1.82

Found (µg/mL)

  4.45
  7.43
10.38

  5.99
  9.84
13.95

  1.94
  7.79
11.56

Recovery (%)

    98.84
    99.04
    98.87

    98.87
    98.42
    99.65

102.0
102.6
101.4

RSD (%)

0.16
0.90
1.93

1.48
0.65
0.46

1.07
1.60
2.27

Intra-day Inter-day
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theoretical value (90-110%R). The established LOQ 
were 0.075, 0.1, and 0.95 μg/mL for G, GDA, and 
GDH, respectively.

3.5. Application to enzymatic and chemical stability 
studies

The validated method was further evaluated for its 
applicability in analyzing G, GDA, and GDH in stability 
studies. In this study, the porcine esterase was used as a 
tool for enzymatic hydrolysis study of G prodrugs and 
the chemical hydrolysis was determined in phosphate 
buffer (pH 5.5 and 7.4). The chromatograms of analytes 
from enzymatic hydrolysis of GDA and GDH were 
shown in Figure 3 and chemical hydrolysis time course 
profiles of GDA and GDH were demonstrated in Figure 
4. The enzymatic half-life of GDA was 2.36 min and 
that of GDH was 14.8 h, while chemical hydrolysis 
half-lives of both prodrugs were more than 15 days.

4. Discussion

The main target of this chromatographic method is to 
develop a single HPLC system for the simultaneous 
separation of both GDA and GDH prodrugs from its 
parent drug. The developed method was based on 
different polarity, amenable to reverse-phase HPLC and 
UV detectable at 280 nm of each analyte. In addition, 
the liquid-liquid extraction was employed as sample 
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preparation method.
Several  compounds,  quercetin,  plumbagin, 

berberine, diclofenac, flurosemide, chloramphenicol, 

Figure 3. HPLC chromatograms of samples from enzymatic hydrolysis studies of GDA (A) at 0 min (A1), 6 min (A2), and 120 min (A3) as 
well as GDH (B) at 0 h (B1), 10 h (B2) and 24 h (B3).

Figure 4. Chemical hydrolysis time course for GDA (A) and GDH 
(B) including its parent drug, G, in phosphate buffer systems.
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propyl-paraben, prednisolone, and betamethasone 
valerate were tested as internal standard. The peaks of 
all selected compounds except betamethasone valerate 
were not completely separated from the peak of either 
G or its prodrugs. Only betamethasone valerate was 
well separated from G, GDA, and GDH, and thus it is 
used as internal standard.

Various combinations of organic modifiers such as 
acetonitrile, tetrahydrofuran as well as methanol and 
water were investigated. Besides, both isocratic and 
gradient HPLC elutions were also examined. Finally, 
the optimal condition was achieved using the mixture of 
acetonitrile and water as mobile phase, which operated 
on isocratic (acetonitrile 76%: water 24%) for 9 min, 
followed by gradient (acetonitrile from 76% to 90%) 
within 9 min and finally, isocratic (acetonitrile 90%: 
water 10%) for 12 min at 1 mL/min of flow rate. The 
linear regression analysis data for the calibration plots 
of G, GDA, and GDH showed good linear relationship 
with r2 = 0.9998, 0.9999, and 0.9999 with respect to 
peak area, for the concentration range 0.075-13.50, 
0.10-20, and 0.95-16.15 μg/mL, respectively. The 
accuracy of each analyte was determined to be within 
5% (95-105%) with a relative standard deviation 
< 3%. Thus the developed sample preparation and 
liquid chromatographic condition were found to be 
specific for GDA and GDH prodrugs including their 
parent drug, G.

The validated method was also tested for its ability 
to support the quantitative analysis of GDA and GDH 
prodrugs in stability studies. Since the precondition of 
prodrug approach is that the prodrug can be converted 
to the parent drug in order to exert biological effects. 
The evaluation of enzymatic and chemical hydrolysis 
of these prodrugs was studied. As porcine liver esterase 
is a good model of the esterase found in the skin and, 
as such, is important in predicting the use of certain 
prodrugs as topical treatment. Chromatograms shown 
in Figure 3 indicated that the porcine liver esterase 
can easily catalyze hydrolysis of phenol ester of GDA 
prodrug, lead to the release of its parent drug, G. 
The hydrolysis of GDA was found to proceed in two 
steps reaction. Firstly, one of the ester moiety was 
hydrolyzed to yield the intermediate, G acetate which 
underwent spontaneous hydrolysis to G. While GDH 
was hydrolyzed with more slower rate. Therefore, the 
varying size of the acyl group from acetate (C2) group 
of GDA to hexanoate (C6) group of GDH may cause 
steric hindrance to the esterase. Moreover, the stability 
of prodrug against the spontaneous chemical hydrolysis 
is of importance, especially for the cosmetic products 
and topical formulation. The chemical hydrolysis in this 
study was performed to evaluate the effect of pH on 
degradation of G prodrugs. The result indicated that the 
chemical stabilities of both prodrugs at both pH were 
quite similar. However, the degradation rate was very 
slow as comparison with enzymatic hydrolysis. The 

half-lives of hydrolysis in both pH buffer solution were 
more than 15 days, suggesting the sufficient chemical 
stability.

5. Conclusion

A simple, sentitive, accurate and precise HPLC method 
was developed, validated and subsequently successfully 
applied to stability studies of glabridin prodrugs. 
The stabilities of these prodrugs in enzyme solution 
and phosphate buffer systems (pH 5.5 and 7.4) were 
examined by monitoring the remained level of prodrugs 
as well as the appearance of their degradation product, 
glabridin, under the experimental conditions. Therefore, 
the chromatographic condition and sample preparation 
method of this present study is suitable to conduct 
stability studies for glabridin prodrugs.
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ABSTRACT: A correlation of the logarithmic 
values of the in vitro dissolution rate, G, and the 
apparent solubility, S, was evaluated in phosphate 
and ammonium acetate buffer at an initial pH of 
7. The dissolution rates were determined with a 
newly designed and build miniaturized rotating disk 
equipment, as well as with a traditional rotating 
disk apparatus. The two apparatuses gave the same 
correlation pattern of logG and logS. Thirteen 
diverse drug substances from all of the classes in 
the Biopharmaceutics Classification System (BCS) 
were used for the correlation in the phosphate buffer 
system, with the results from the miniaturized 
apparatus only. A coefficient of determination, R2, of 
0.982 was found if bases formulated as hydrochloride 
salts were excluded in the correlation. 
    The miniaturized equipment is used for rapid 
screening of the dissolution rate, approximately 10 
min for one run, and consumes small amounts of 
substance (about 5 mg) and dissolution media. All 
quantifications were performed by using reversed 
phase high-performance liquid chromatography (RP-
HPLC) with a diode array detector (DAD), integrated 
with the miniaturized rotating disk equipment.

Keywords: Dissolution rate, solubility, in vitro 
models, correlation, HPLC (high-performance liquid 
chromatography)

1. Introduction

Solubility and dissolution rate are two important 
physicochemical properties during the lead selection 
and optimization process in drug discovery (1,2). 

Great effort in preformulation studies can sometimes 
circumvent insufficient solubility of a drug substance, 
but more cost- and time-effective strategies are 
preferred. Due to the large number of lead candidates 
in early development of drugs it would be desirable to 
develop a fast and adequate accurate method to measure 
the solubility, while consuming only minute amount 
of substances and media. Furthermore it should be 
advantageous to predict the solubility directly by simply 
studying the dissolution rate of a drug substance. 
 Good correlation between the solubility and the in 
vitro dissolution rate has previously been found for a 
number of compounds (3-6). However, it should always 
be stressed that this correlation will be dependent on the 
instrumental setup and the media used. The chemical 
properties of the dissolution medium (pH, buffer and 
additional components, etc.) play a decisive role for 
the dissolution rate studies (7-10). Furthermore the 
correlation can differ between free bases or acids and 
their respective salt forms (11,12). Additional studies 
of the correlation between solubility and dissolution 
rate are necessary in order to validate a predictive 
value of solubility from dissolution rate data due to the 
differences stated above. 
 Several different methods are used to determine the 
solubility of new substances (13,14), with the traditional 
shake-flask method as the most frequently used 
technique. Unfortunately, not all of the methods are 
adapted to the high throughput needs in modern drug 
discovery. Some methods that minimize the amount 
of substances while determining the solubility are e.g. 
the miniaturized shake-flask (15), pSol method (16), 
GLpKa/CheqSol method (17,18) and a multichanneled 
miniaturized device (19). The shake-flask method most 
often determines the solubility at a specific pH and 
buffer capacity (β) at a defined shake-time, which gives 
the apparent solubility. A problem during this solubility 
determination is the possibility of a degradation of the 
drug substance. The experimental determination of 
solubility can also be affected by buffer or additional 
components in the solution, e.g. due to the common ion 
effect, as well as the ionic strength (20-22). 
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 Many rotating disk theories of the dissolution rate 
are based on the diffusion layer model (23), where 
the dissolution rate is assumed to be controlled by the 
diffusion of the investigated drug substance through a 
stagnant layer near the drug surface. The hydrodynamics 
is thus a combination of laminar and convective fluids 
(23,24) and the disturbance of the diffusion layer will 
probably increase the dissolution rate. Even if media 
mimicking gastric and small intestinal environments 
are used, the simulation of the in vivo hydrodynamics 
is still difficult to achieve. Different techniques have 
been used in dissolution rate studies, e.g. USP rotating 
disk method (25), flow-through cell or channel flow 
methods (5,26,27), microcalorimetry (28) and a newly 
designed miniaturized equipment (29) as well as a 
miniaturized intrinsic dissolution rate apparatus (30,31).
 In this study a comparison of the correlation between 
the logarithmic values of the in vitro dissolution rates 
(G) obtained with a newly designed miniaturized 
equipment and a traditional rotating disk apparatus, 
and the logarithmic values of the apparent solubilities 
(S) determined by a conventional shake-flask method 
at a volume of 1.5 mL was made. The evaluations 
were done with six different drug substances in an 
ammonium acetate and a phosphate buffer. In an 
extended study, thirteen substances in the correlation 
between the dissolution rate and the solubility was 
performed, using only the phosphate buffer and the 
miniaturized equipment. The initial pH was chosen to 
be biorelevant (32,33) and applied to the guidelines 
from the Federation International Pharmaceutic (FIP). 
FIP recommend USP buffer solutions in the pH range 
of 4.5 to 8.0 in dissolution testing (34,35).
 The aim of the present study was to compare 
the possibility to predict the solubility based on the 
dissolution rate determined by a traditional rotating 
disk apparatus and a newly established miniaturized 
rotating disk equipment (29). The miniaturized system 
has the advantage of only consuming minute amount of 
substance, as well as dissolution medium. Furthermore, 
it also provides a value of the dissolution rate simply 
by one measurement. The comparison between the two 
dissolution systems is vital. If they give equal results, 
the newly developed instrument can be used in further 
studies of the correlation of logG and logS.

2. Theoretical

The stoichiometric apparent solubility (S) can 
theoretically be calculated by using the stoichiometric 
intrinsic solubility of a solute (S0), pH of the solution 
and the stoichiometric pKa-value of the solute at the 
actual ionic strength for both monoacidic (Eq. 1) and 
monobasic (Eq. 2) drugs. The stoichiomeric pKa-value 
is dependent on the ionic strength, which consequently 
will affect the apparent solubility (36,37). The intrinsic 
solubility relates to the solubility of the completely 

unionized substance. These equations of ionizable 
substances are based on the Henderson-Hasselbalch 
relationship, cf. (38-40). 

       S = S0 [1+10 (pH-pKa) ]                                    Eq. 1

       S = S0 [1+10 (pKa-pH) ]                                    Eq. 2

 During solubil i ty s tudies with shake-flask 
methodology the pH can differ from the start to the end 
of the experiments if protolytic drug substances are 
examined, as often is the case. It is therefore necessary 
to measure the pH in the medium before drug substance 
is added and particularly after the defined shake time.
 At constant flow rate and rotation speed in the 
rotating disk experiments, the thickness of the diffusion 
layer above the rotating disk of drug substance will 
be constant. Assuming that no other side reactions, 
beside protolysis, exist in the experiments and that sink 
conditions is prevailed the modified Noyes-Whitney 
equation can be expressed as Eq. 3 (41): 
             D
       G = — • S = k•S                                         Eq. 3
             h
where G is the in vitro dissolution rate, k is a constant 
based on the thickness of the diffusion layer adjacent 
the disk surface, h, and the diffusion coefficient, D, of 
the substance in the dissolution medium at a certain 
temperature. S is the apparent solubility (as defined 
above) of the drug substance in the dissolution medium 
at a certain temperature. The logarithmated form of the 
equation will give a straight line when plotting logG 
versus logS, Eq. 4, cf. (3). 

       logG = logS + logk                                     Eq. 4

3. Materials and Methods

3.1. Chemicals

Naproxen, ketoprofen and griseofulvin met USP 
specifications, enalapril maleate, nortriptyline hydrochloride, 
chlorprotixene hydrochloride, clomipramine hydrochloride, 
prednisone, bendroflumethiazide, furosemide and 
terfenadine were minimum 98% and carbamazepine 99%, 
were all purchased from Sigma-Aldrich (Chemie GmbH, 
Steinheim, Germany). Ciprofloxacin ≥ 98.0% was 
obtained from Fluka BioChemika, (Chemie GmbH, 
Buchs, Switzerland). Sodium di-hydrogen phosphate 
monohydrate (NaH2PO4 H2O) p.a., Acros Organics 
(Springfield, NJ, USA), di-sodium hydrogen phosphate 
dihydrate (Na2HPO4 2H2O) p.a. and trifluoroacetic 
acid ≥ 99.0%, were both from Fluka Chemika (Chemie 
GmbH, Buchs, Switzerland). Ammonium acetate 
(NH4Ac) p.a., was bought from Riedel-de Haën, Sigma-
Aldrich (Laborchemikalien GmbH, Seelze, Germany). 
Acetonitrile, HPLC grade was bought from Fisher 
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values from reference (45) were determined by using 
the Sirius GLpKa instrument.

3.2.2. Stability study of the drug solutions

For the stability and solubility (section 1.2.3) 
determinations microtubes MCT-200-C homo-polymer 
(2.0 mL) from Axygen scientific (Union City, CA, 
USA), a horizontal shaker from KABI AB (Stockholm, 
Sweden) and Spectrafuge 16M microcentrifuge from 
Labnet International Inc. (Woodbridge, NJ, USA) 
were used. The pH monitoring was carried out using a 
pH Meter 744, Metrohm (Herisau, Switzerland) with 
electrode CMAW711 (Ø 4.5 mm) from Thermo Russell 
(Auchtermuchty Fife, Scotland).
 Two different concentrations of the substances 
in phosphate buffer were used in the stability study. 
One was made by using saturated solutions of the 
drug substances in room temperature with the shake-
flask methodology. The other concentration was 
approximately 15 μM, stored at different temperatures. 
In the saturated solutions each drug substance was 
added in excess (2-50 mg) to 1.5 mL of the phosphate 
buffer. The drug-buffer suspensions were shaken 

Scientific (UK Limited, Leicestershire, UK). The water 
used in this study was purified in a Milli-Q® Academic 
system (18.2 MΩ·cm/0.22 μm), Millipore, (Burlington, 
MA, USA).

3.2. Experimental

3.2.1. Dissolution media and drug substances

Sodium phosphate buffer pH 7.0 ± 0.1 (65.5 mM) and 
ammonium acetate buffer pH 6.8 ± 0.3 (10 mM) had the 
ionic strengths of 150 mM and 10 mM respectively. These 
buffers were prepared by dissolving 3.21 g NaH2PO4

H2O and 7.52 g Na2HPO4 2H2O in 1000 mL Milli-Q® 
water and 0.757 g NH4Ac in 1000 mL Milli-Q® water. The 
pKa-values used for phosphoric acid are 1.89, 6.67, and 
11.68 (I = 0.165 M, 25.0°C) (42), for ammonium 9.20 
and for acetic acid 4.53 (both at I = 0.15 M) (43). The 
drug substances used in this study were from all of the 
classes in the BCS, and is an assortment of bases, acids, 
ampholytes and aprotic compounds. The structures of 
the substances and their pKa-values are shown in Table 
1. The pKa-value from reference (44) was determined 
by using the Sirius PCA100 instrument, while the pKa-

Table 1. Structures and pKa-values of the drug substances (N/A = not applicable)
Substance name

[salt form]
pKa

Naproxen
4.18
(16)

Furosemide
3.52
(16)

Nortriptyline 
[HCl]
10.21
(18)

Enalapril
[maleate]

2.99
5.39
(45)

Griseofulvin
N/A
(49)

Chlorprotixene
[HCl]
8.80
(51)

Terfenadine
9.25
(50)

 Structure (not salt)
Substance name

[salt form]
pKa

Ketoprofen
3.95
(45)

Carbamazepine
N/A
(46)

Ciprofl oxacin
6.20
8.59
(47)

Bendrofl umethiazide
8.77
(48)

Prednisone
N/A
(50)

Clomipramine
[HCl]
8.83
(44)

 Structure (not salt)
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at room temperature (21.0 ± 1.5°C) for up to seven 
days, including the centrifugation at 14000 rpm for 
10 min to find an optimal shake-time. The end of the 
experiments was chosen so that two following analyses 
of the supernatant gave the response (chromatographic 
peak area), ± 15%, and pH value, ± 0.15. Four samples 
of each drug substance were analyzed in duplicate 
at each time-point. Each drug substance of 15 μM 
were measured for eventual concentration changes at 
different time intervals at room temperature (21.0 ± 
1.5°C), in refrigerator (+4°C) and in freezer (-20°C). 
The acceptance criterion was set to ≥ 85% of the initial 
drug substance concentration (at μM range) in room 
temperature. 

3.2.3. Apparent solubility determination by shake-flask 
methodology

Each drug was added in excess (2-50 mg) to 1.5 mL 
of dissolution media, phosphate or ammonium acetate 
buffer, and was shaken at room temperature (21.0 ± 
1.5°C) for 24 h. Centrifugation was used in separating 
the excess of substance from the dissolution medium 
after the defined shake-time. This was made instead of 
filtration to avoid problems with adsorption to filters, 
which had been noticed during initial dissolution 
studies of some of the substances. The pH was always 
measured before a substance was added into the buffer 
and after reaching the end of the study, but pH was not 
adjusted afterwards. The supernatant was diluted 600 
times in mobile phase before HPLC analysis due to high 
absorbance and to avoid precipitation. Three samples 
of each drug substance were made for the shake-flask 
study. Double injections of each analyte were used for 
the apparent solubility determination and the average 
values with the relative standard deviations (RSD) were 
calculated.

3.2.4. In vitro dissolution rate studies

The conventional dissolution bath was a Dissolutest, 
Prolabo (Paris, France) and the thermometer a Testo 
110 from Testo Inc. (Lenzkirch, Germany). The newly 
designed miniaturized equipment has been described 
previously (29). The disk in the miniaturized apparatus 
had a diameter of 1.5 mm. A magnetic stirrer with 
graded rotating speeds was obtained from Heidolph MR 
3001K (Steinheim, Germany). The cell of Plexiglas 
was integrated with a HPLC (high-performance liquid 
chromatography) system using DAD (diode array 
detector) for analysis, see Figure 1. An external HPLC 
pump was connected to the cell for the distribution of 
dissolution medium, which was deaireated. The flow 
into the chamber of Plexiglas was always 1.0 mL/min 
(29). For the traditional rotating disk experiments a 
manual laboratory press from Perkin-Elmer (Waltham, 
MA, USA) with a stainless steel rotating disk die 

(Ø8 mm disk) similar to that proposed by Wood (52) 
was used. The making of the traditional, 195 MPa, and 
miniaturized, 182 MPa, disks were according to the 
previously described method in (29). Three disks in total 
of each drug substance were used in all experiments. The 
miniaturized disks of ciprofloxacin were always pre-
wetted in the dissolution medium to remove any crust 
of substance above the disk surface that occurred by 
swelling. This was done to diminish the risk of breaking 
the Plexiglas cell due to obstruction of the peek tubing 
cf. (29). The effect on the dissolution rate value due to 
this pre-wetting of the ciprofloxacin disk was found to be 
negligible since the first run always was discarded during 
analysis to eliminate substance debris not firmly attached 
to the magnetic bar after compression. The magnetic bar 
with the attached ciprofloxacin disk was immediately 
placed in the cell after pre-wetting and the dissolution 
rate study was started.
 For the traditional rotating disk equipment rotation 
speeds of 25 rpm, 50 rpm, 100 rpm and 150 rpm were 
used, whereas 100 rpm, 300 rpm, 500 rpm and 1000 
rpm were applied for the miniaturized apparatus. When 
studying the correlation of logG, and logS, for all thirteen 
drug substances in the phosphate buffer, 300 rpm where 
used in the miniaturized apparatus. In order to improve 
the rotation robustness of the magnetic bar in the 
dissolution cell (with the flow of medium over the disk), 
300 rpm was found to give more repeatable dissolution 
rate values compared to 100 rpm. The Plexiglas cell in 
this work was a newly constructed one and not the same 
as used in the previously study by (29), but with identical 
design and dimensions. 
 The chromatography was performed on an Agilent 
1100 Series HPLC system with a binary pump, degasser, 
autosampler and DAD, Agilent Technologies Inc. (Palo 
Alto, CA, USA). A six-position switching valve with 
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Figure 1. The setup for the miniaturized apparatus when 
measuring the in vitro dissolution rate, G. The sampling loop was 
positioned in the switching valve.
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a 20 μL stainless steel loop attached to it was also 
purchased from Agilent Technologies Inc. The analysis 
by HPLC was described earlier in (29). The mobile phases 
were prepared so that the retention factor, k, was between 
2.5 and 6.5. No analysis was longer than two min, which 
gives a total run time of less than three min. The analytical 
column was a Zorbax SB-C8 (2.1 × 50 mm, 5 μm) 
from Agilent Technologies Inc. The temperature of the 
column compartment was measured to 25-28°C and was 
constant within approximately 2°C in one experiment. The 
dissolution media were used at room temperature (21.0 ± 
1.5°C). The external HPLC-pump was a Jasco PU-1585, 
Jasco Inc. (Tokyo, Japan). The data were collected by 
ChemStation Rev.A.10.02 from Hewlett Packard, Agilent 
Technologies Inc. A schematic view of the experimental 
setup can be found in Figure 1.
 T h e  s y s t e m  s u i t a b i l i t y  c r i t e r i o n  f o r  t h e 
chromatographic system was set to a precision within 
1% in retention time and area of the main peak. This 
was tested by injecting a standard solution (n = 6) with a 
concentration equivalent to the middle concentration in 
the standard curve. 

4. Results and Discussion

4.1. Stability of drug substances and shake-time 
determination

The stability of the drug substances (15 μM) was studied 
in different temperatures to optimize the shake-time 
and to confirm the repeatability of the solubility values, 
according to Figure 2. Shake-flask samples were also 
analyzed, but only in room temperature (see section 2.2 
below).
 As observed, 24 h can be used as shake-time in the 
phosphate buffer without noteworthy degradation of the 
drug substances at room temperature (ciprofloxacin at 
micro molar level is shown as an example in Figure 2). 
The percent remaining of the initial concentration was 
between 87% and 101% for all of the substances at room 
temperature at a maximum of 24 h, fulfilling the criterion 
set for stability. 
 The spectra in the diode array chromatograms 
during the stability study were investigated for extra 
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peaks eluting prior to the main peak that could be 
related to degradation products. The spectrum of the 
main substance peak from an injected sample was 
also compared to the spectrum of the main peak from 
an injection of a newly prepared solution to confirm 
that no noteworthy chemical alterations had occurred. 
No changes of the main peak spectrum could be seen, 
thus it was assumed that the drug substance was stable 
during the study according to the set criterion, i.e. ± 
15% in response area. Only a few small extra peaks 
could be detected in the chromatograms for some of the 
substances.

4.2. Determination of apparent solubility using the 
shake-flask methodology

The shake-flask studies were ended after 24 h, 
determined by the criterion set for degradation as 
discussed in section 2.1. The response peak areas were 
compared at each time-point to compare the percent 
remaining of the initial substance amount. The solubility 
of ciprofloxacin in the phosphate buffer at different 
shake times is presented in Figure 3. No difference in 
solubility was observed from 5 h to 2 days, whereas the 
degradation study showed a decreased stability beyond 
24 h (Figure 2). Thus, 24 h was set as the shake-flask 
time in the determinations of the solubility.
 The solubili ty results from the shake-flask 
experiments are summarized in Table 2. Six drug 
substances were tested in both ammonium acetate and 
phosphate buffer and further seven substances were 
tested in the phosphate buffer. The phosphate buffer 
had the best buffer capacity (β) (53), see Table 2, and it 
is also the buffer recommended as USP buffer by FIP. 
Acetate has been used to simulate fed state intestinal 
fluid (FeSSIF), while phosphate has been used in the 
fasted state simulated intestinal fluid (FaSSIF) (54) and 
acetate may have different impact on solubility of certain 
substances (55). ∆pH is the change in pH before addition 
of drug substance in the medium to the stop at 24 h in the 
shake-flask study. 
 As expected, the phosphate buffer showed the best 
buffer capacity at the chosen pH of approximately 7 since 
∆pH in this study is consistently lower compared to in 
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Figure 2. The stability study of ciprofl oxacin (μM) in phosphate 
buffer. Stored at room temperature, RT, (21.0 ± 1.5°C), refrigerator, 
RF, (+4°C) and freezer, F, (-20°C). 

Figure 3. Determination of the shake-time of ciprofl oxacin. The 
dissolution medium was phosphate buffer pH 7.0 at room temperature 
(21.0 ± 1.5°C).  The main bars are the average area responses of four 
different samples using double injections (n = 8) at each time-point. 
The error bars show the standard deviation. 
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the ammonium acetate buffer. A significant difference in 
pH is achieved for enalapril maleate, which had a high 
solubility in the phosphate buffer. This high solubility 
significantly decreases the pH of the medium. A large 
excess was needed to reach equilibrium solubility, i.e. 
to maintain the excess of the drug substance throughout 
the experiment (24 h and beyond). The concentration 
of enalapril and maleate after 24 h is higher than the 
buffer capacity of the phosphate buffer. Since the lower 
acidic pKa-value of enalapril is 2.99 and the pKa-value 
of the protonated carboxylic group of maleate is 5.72 
(45), this will generate the drastic decrease in pH as can 
be seen in Table 2. A noticeable decrease in pH is also 
observed for ketoprofen. The solubility of ketoprofen 
is 34.8 mM in the phosphate buffer, which is somewhat 
higher than the buffer capacity of the buffer. The acidic 
pKa-value of 3.95 combined with the high concentration 
of ketoprofen will decrease the pH in the medium.
 The apparent solubility, S, of the three monoprotic 
acids, i.e. naproxen, ketoprofen and furosemide, is 
approximately ten times lower in the ammonium 
acetate buffer compared to S in the phosphate buffer. 
From Table 2 it can be concluded that the ammonium 
acetate buffer has a much lower buffer capacity at 
a pH around 7. Thus a much larger decrease in pH 
after 24 h was found in the ammonium acetate buffer 
compared to in the phosphate buffer. By using Eq. 
1 the solubility, S, can be calculated to be ten times 
lower when pH is decreased one unit provided that the 
ionic strength is constant.

4.3. Dissolution rate determination with two types of 
rotating disk apparatuses

Previous publications correlated the pH when 
determining the apparent solubility to the pH in the 
diffusion layer of a substance that dissolves in a 
dissolution medium (30,56-59). It can be assumed that 
pH of the medium in equilibrium with a solid drug, i.e. 

pH of a saturated solution, is an approximation of pH in 
the diffusion layer. This assumption was also used in this 
study, and no adjustment of pH was therefore made after 
the final shake-time of 24 h. 
 The average in vitro dissolution rates, G, for the six 
substances in the two buffers are presented in Table 3. 
for the traditional rotating disk studies and in Table 4 for 
the miniaturized rotating disk experiments. Four different 
rotation speeds were used for both apparatuses, 25-150 
rpm for the traditional setup and 100-1000 rpm for the 
miniaturized setup. The RSD for the dissolution rate 
values in the studies were lower than 20% for all of the 
drug substances.
 As has been found previously (29) a relative 
consistent ratio is found when dividing the dissolution 
rate values for the phosphate buffer with the values for 
the ammonium acetate buffer at the respective rotation 
speeds. The consistency of these ratios indicates that 
similar results of the two in-house constructed Plexiglas 
cells were achieved. 
 The high dissolution rate of nortriptyline HCl in 
both buffers is assumed to be a result of that the base is 
formulated as a salt. A difference between free bases or 
acids and their respective salt forms has been discussed 
by e.g. (11,12). The functional groups of drug substances 
might have different interactions with different buffer 
species (9,60,61). This may be seen for e.g. the drug 
substances containing weak carboxylic acids in Table 3 
and 4. Problems associated with swelling of the disks of 
ciprofloxacin, cf. (29), were minimized by pre-wetting 
prior the miniaturized rotating disk study but this substance 
was still difficult to handle. In the traditional rotating disk 
equipment no extra preparation of the ciprofloxacin disk 
was performed preceding the dissolution rate study. The 
dissolution rate in the ammonium acetate buffer showed 
no clear trend at higher rotation speeds. The disks swelled 
in this apparatus as well and maybe this may explain the 
deviating trend of the influence of a change in flow pattern 
nearby the disk surface and the adjacent diffusion layer. 

Table 2. The apparent solubility, S, measured after 24 h at room temperature (21.0 ± 1.5°C). S, is the average of eight values 
(four samples with double injections). RSD = relative standard deviation (n = 8). pH is the value after defi ned shake-time, 24 h, 
and ∆pH is the change in pH before addition of drug substance in the medium to the stop at 24 h. N/A = not applicable

Substance

Naproxen
Ketoprofen
Furosemide
Carbamazepine
Nortriptyline HCl
Ciprofl oxacin
Enalapril maleate
Bendrofl umethiazide
Griseofulvin
Prednisone
Chlorprotixene HCl
Clomipramine HCl
Terfenadine

S (mM)

       17
       35
       21
    0.74
      2.8
    0.22
       74
    0.34
    0.13
    0.76
    0.92
      2.4
  0.019

RSD (%)

   0.30
     1.8
     5.4
     3.6
      11
     9.2
     1.5
     5.2
     4.5
      16
      32
     2.2
      16

pH 24 h

6.73
6.08
6.61
7.14
7.10
7.16
3.35
7.15
7.14
7.10
6.80
7.10
7.13

∆pH 

   -0.41
   -1.02
   -0.53
  ±0.00
   -0.04
  +0.02
   -3.75
  +0.01
  +0.02
  +0.02
   -0.32
   -0.02
  +0.05

S (mM)

 1.6
 4.5
 1.6
0.79

       54
 0.23

RSD (%)

7.5
3.9
1.8
3.2
7.5
6.7

pH 24 h

5.30
4.80
5.24
6.40
6.13
6.60

∆pH 

-1.16
-1.72
-1.28
-0.12
-0.42
-0.13

Phosphate buffer pH 7.0 ± 0.1 (β = 0.0328 M) Ammonium acetate buffer pH 6.8 ± 0.3 (β = 0.00021 M)

N/A
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4.4. Correlation of in vitro dissolution rate and apparent 
solubility

To compare the new miniaturized rotating disk apparatus 
with traditional rotating disk equipment, six drug 
substances were tested in ammonium acetate and a 
phosphate buffer at four different rotation speeds, see 
Tables 3 and 4. The correlation of the logarithmic values 
of the in vitro dissolution rate, G, and the apparent 
solubility, S, (from Table 2) for both buffer media are 
presented in Figures 4 A-B and 5 A-B respectively. 
Triplicates of logG are shown in the figures, while 
average values are used for logS. The correlation of 
dissolution rate and solubility will for most substances 
be done in a pH interval of roughly 6.1 to 7.1 in the 
phosphate buffer and in the region of 4.8 to 6.8 in the 
ammonium acetate buffer, cf. Table 2.
 The hydrochloride salt of nortriptyline is deviating 
from the more linear correlation pattern in the phosphate 
buffer for both rotating disk systems used. This can 
possibly be related to the fact that this is the only drug 
substance formulated as a salt during this study. The 
dissolution rates are found to be similar in the buffers, 
while the solubility is about twenty times higher in the 
ammonium acetate buffer compared to the phosphate 
buffer. This difference can partly be explained by the 
pH difference in the two buffers, which should result in 
a ten times higher solubility (cf. Eq. 2). Since the visual 
pattern of the correlations presented in Figures 4 and 5 
are similar comparing the traditional and newly designed 
rotating disk equipments, only the miniaturized apparatus 
was used for further correlation studies in the phosphate 
buffer. 
 The correlation for all thirteen drug substances in the 

phosphate buffer (pH 7.0) at 300 rpm is shown in Figure 
4. A good correlation (R2 of 0.982, dashed line with 
the equation written in italic) was observed, provided 
that the substances formulated as hydrochloride salts 
were excluded from the series. All basic substances 
formulated as salts were found to depart from the more 
linear regression of the other substances tested. However, 
the free base terfenadine with a pKa-value similar to 
chlomipramine is not deviating from the linear trend in 
Figure 6. Interestingly it seems that a linear correlation 

Table 3. Average in vitro dissolution rates, G, (n = 3). Six drug substances dissolved in two different buffer media using a 
traditional rotating disk apparatus

Phosphate buffer 
pH 7.0

Ammonium acetate 
buffer pH 6.8

G_25 (μg/s/cm2)
G_50 (μg/s/cm2)
G_100 (μg/s/cm2)
G_150 (μg/s/cm2)
G_25 (μg/s/cm2)
G_50 (μg/s/cm2)
G_100 (μg/s/cm2)
G_150 (μg/s/cm2)

Naproxen

        2.7
        3.6
        5.4
        6.1
      0.27
      0.35
      0.48
      0.59

Carbamazepine

0.26
0.29
0.35
0.44
0.27
0.35
0.48
0.49

Nortriptyline HCl

24
26
31
40
17
22
30
35

Ciprofl oxacin

        0.042
        0.053
        0.081
        0.15
        0.038
        0.039
        0.080
        0.080

Ketoprofen

        6.7
        9.0
         12
         15
      0.76
        1.1
        1.4
        1.7

Furosemide

         4.5
         5.4
         8.4
         9.1
       0.39
       0.62
       0.83
       0.86

Table 4. Average in vitro dissolution rates, G, (n = 3). Six drug substances dissolved in two different buffer media using the 
miniaturized rotating disk apparatus

Phosphate buffer 
pH 7.0

Ammonium acetate 
buffer pH 6.8

G_100 (μg/s/cm2)
G_300 (μg/s/cm2)
G_500 (μg/s/cm2)
G_1000 (μg/s/cm2)
G_100 (μg/s/cm2)
G_300 (μg/s/cm2)
G_500 (μg/s/cm2)
G_1000 (μg/s/cm2)

Naproxen

        16
        21
        22
        29
       1.9
       2.5
       2.9
       3.7

Carbamazepine

1.3
1.8
2.6
4.6
1.4
1.8
2.6
4.9

Nortriptyline HCl

             81
           106
           140
           218
             72
             95
           139
           211

Ciprofl oxacin

        0.49
        0.63
        0.92
          1.8
          1.2
          1.7
          4.8
           11

Ketoprofen

        34
        40
        51
        71
       4.8
       6.0
       7.6
        11

Furosemide

       22
       26
       40
       50
      2.3
      3.2
      4.1
      5.4

Figure 4. The correlation of the logarithmic average values of 
dissolution rate, G, and solubility, S, using the miniaturized 
rotating disk apparatus. The study was performed at 300 rpm (fl ow 
1.0 mL/min) in phosphate buffer at the initial pH of 7.0 ± 0.1 at room 
temperature (21.0 ± 1.5°C) for thirteen different drug substances.
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is possible to achieve even though an assortment of 
different BCS substances are used in the correlation 
of in vitro dissolution rates and apparent solubility in 
aqueous buffer media. The ammonium acetate buffer 
gave a better correlation of the logarithmic dissolution 
rate and solubility values for the hydrochloride salt 

of nortriptyline, compared to the correlation found in 
the phosphate buffer. An optimization of the buffer 
composition might improve the possibility to obtaining 
a good correlation of dissolution rate and solubility for 
more substances, e.g. in early screening of solubility of 
drug candidates.

5. Comparison of the throughput for the two 
apparatuses

The applicability of the new miniaturized equipment is 
focused on low consumption of substance and dissolution 
media, while giving sufficient accurate values for 
screening studies of solubility in early drug development. 
The miniaturized equipment is also easy to use and it is 
straightforward to shift media during the experiments. 
The throughput of analyses for the two rotating disk 
apparatuses was compared during the dissolution rate 
studies, Table 5. Manual sampling was used in the 
traditional rotating disk determinations according to the 
previously described method (29).
 By using the miniaturized equipment savings can be 
done in analysis time, amount of drug substances as well 
as dissolution media. If only one disk should be screened 
in one buffer using the miniaturized methodology, 
approximately 10 min is needed from making of the 
disk to finishing the chromatographic analysis. To 
speed up the screening further, more development work 
must be performed concerning the disk making. The 
reduction in volume of the dissolution medium can 
further be optimized by decreasing the void volume of 
the chromatographic system and by decreasing the total 
chromatographic analysis time (retention volume). This 
can e.g. be achieved by using ultra performance liquid 
chromatography (UPLC) or further miniaturization of the 
cell of Plexiglas.

6. Conclusions

The miniaturized apparatus for the in vitro dissolution 
rate is rapid compared to the traditional rotating disk 
method. Smaller amounts of samples and dissolution 
media are consumed by using the miniaturized system. 
The two rotating disk instruments were found to give 
similar logarithmic correlations of the in vitro dissolution 
rate versus the apparent solubility, as well as precision 
in the determinations. Consequently, the extended 
study of the correlation was only performed using the 
miniaturized apparatus. The logarithmic correlation of the 

Table 5. Performance of the new miniaturized rotating disk equipment and the traditional rotating disk apparatus (using 
manual sampling)

Rotating disk apparatus

Miniaturized
Traditional

Approx imate ly  vo lume  o f 
dissolution medium per disk

                       35 mL
 500 mL

Total time for three disks at four 
different rotation speeds in both buffer 

systems per drug substance

2 days
8 days

Approximately amount of drug 
substance per disk

                        5 mg 
100 mg 

Figure 5. The correlation of the logarithmic values of the in vitro 
dissolution rate, G, and the solubility, S, using the miniaturized 
rotating disk apparatus. Four different rotation speeds and 
two dissolution media A. phosphate buffer pH 7.0 ± 0.1 and B. 
ammonium acetate buffer pH 6.8 ± 0.3 both at room temperature (21.0 
± 1.5°C). 

Figure 6. The correlation of the logarithmic average values of 
dissolution rate, G, and solubility, S, using the miniaturized 
rotating disk apparatus. The study was performed at 300 rpm (fl ow 
1.0 mL/min) in phosphate buffer at the initial pH of 7.0 ± 0.1 at room 
temperature (21.0 ± 1.5°C) for thirteen different drug substances.
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dissolution rate and the solubility for ten drug substances 
in the phosphate buffer became as good as R2 = 0.982, 
if the three substances formulated as hydrochloride salts 
were excluded. Interestingly, it seems that the correlation 
of dissolution rate and solubility for the hydrochloride 
salt of nortriptyline is not deviating from other drug 
substances in the ammonium acetate buffer. This 
correlation might be of interest to investigate, especially 
if the discrepancy is valid for other media and other salts 
formulations than hydrochlorides. A linear correlation 
by the use of an optimized medium for all types of 
substances might accordingly be used to estimate the 
apparent solubility from the in vitro dissolution rate in 
early screening.
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ABSTRACT: A correlation of the logarithmic 
values of the in vitro dissolution rate, G, and 
apparent solubility, S, was made for seven different 
drug substances from all of the classes in the 
Biopharmaceutics Classification System (BCS), 
in four different phosphate buffers. The effect of 
inorganic salts added as sodium chloride, sodium 
nitrate, sodium phosphate and sodium sulfate in the 
buffer media was investigated for the correlation. 
Triethanolammonium acetate buffer was also 
included in the study of the correlation of logG vs. 
logS. The pH was 7.0 ± 0.1 in all of the buffers to 
mimic a pH condition in intestinal fluids. 
 The dissolution rate was determined with a 
newly constructed miniaturized rotating disk 
equipment, which enables fast determinations 
and consumes only minute quantities of substance 
(about 5 mg). The solubility was determined by 
conventional shake-flask methodology, using 1.5 
mL solution volumes. All quantifications were 
performed with reversed phase high-performance 
liquid chromatography (RP-HPLC) and diode array 
detection (DAD). 
 The different inorganic anions seemed to affect 
the solubility more than the dissolution rate. The 
phosphate and nitrate ions decreased the solubility 
for amines compared to the chloride ion. The 
best correlations of logG and logS were however  
obtained with a triethanolammonium acetate buffer. 
The good correlation (R2 = 0.991) may be sufficient 
in initial screening of drug solubility, based on 
dissolution rates in aqueous buffer media.

Keywords: Dissolution rate, solubility, in vitro 
models, correlation, HPLC (high-performance liquid 
chromatography) 

Original Article

1. Introduction

The dissolution rate for a drug substance that goes 
into solution in the gastrointestinal (GI) tract is one of 
the important factors for systemic absorption of the 
drug using oral administration (1). This dissolution 
is a complex process and the factors affecting it 
can generally be divided into three sections (2,3). 
Physicochemical properties of the drug represent the 
first part i.e. pKa, solubility, stability, diffusivity and 
lipophilicity. Physiological factors characterize the 
second part and include GI pH, gastric emptying, 
intestinal transit, GI blood flow, gut wall metabolism, 
active transport including drug efflux and other 
absorption mechanisms. Moreover surface tension, 
solubilisation, osmolality, viscosity, buffer capacity 
and the volume of the luminal content play a vital role 
for the dissolution (4,5). The third part comprises the 
formulation factors e.g. surface area and drug particle 
size, crystal form, salt formulation and type of dosage 
form. Kinetic factors concerning the drug dissolution 
as described by the Noyes-Whitney model (6-10) 
are dependent on the three parts stated above. The 
physiological factors will in addition vary with the 
position in the gastrointestinal tract, as well as by the 
ingestion of food (11).  
 It has been found that the ionic strength can 
affect drug solubility and dissolution (12-14). The 
so called common ion effect can also have an impact 
on dissolution and solubility for e.g. hydrochloride 
formulated weak bases in chloride containing solutions 
(15-17). The effect on solubility and dissolution rate of 
different added ions in the media have been investigated 
(16-19), however only few studies (13,20-22) were 
found to use anions as additives to a buffer as in this 
study.
 The experimental medium composition is a key 
for obtaining a good in vitro-in vivo correlation 
(IVIVC), where drug solubility and permeability are 
principal parameters according to the Biopharmaceutics 
Classification System (BCS) (23). In vitro dissolution 
testing is used at several stages during the drug 
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development. Valuable information can thereby be 
achieved for the drug substance itself (by the rotating 
disk method) or for a certain formulation (by USP 
apparatuses), and for the selection of appropriate 
excipients in a formulation (24). The effect of buffer 
media composition on the in vitro solubility and 
dissolution have been studied extensively (25-28) 
and the type of buffer can have a pronounced effect 
on dissolution and solubility of a substance (13,29). 
The composition of biorelevant media are now based 
on maleate buffers (30), but phosphate buffer has 
traditionally been used in the fasted state simulated 
intestinal fluid (FaSSIF) and acetate buffer in the 
simulated fed state intestinal fluid (FeSSIF) (27). 
 In this study, based on the Noyes-Whitney equation, 
the correlation of the logarithmic values of the in 
vitro dissolution rate, G, and the apparent solubility, 
S, was evaluated. Seven different test substances and 
six different buffer media were used in the correlation 
studies. To be physiological relevant, a pH of 7 was 
chosen since this mimics a pH in intestinal fluids as 
well as gastric pH under some conditions (11). The 
triethanolammonium acetate buffer was chosen to 
obtain a high buffer capacity at pH 7.0 compared to 
ammonium acetate buffer, which has a very low buffer 
capacity at this pH (31). Different anions were added 
to a phosphate buffer in this study to investigate if this 
generates an effect on dissolution rate and/or solubility, 
at a constant ionic strength. The aim of the study was 
to evaluate the possibility to predict the solubility in 
different aqueous buffer media from the dissolution 
rate, determined by a miniaturized rotating disk 
equipment.

2. Materials and Methods

2.1. Chemicals

Naproxen  met  USP spec i f ica t ions ,  ena lapr i l 
maleate, nortriptyline hydrochloride, chlorprotixene 
hydrochlor ide ,  c lomipramine  hydrochlor ide , 
prednisone, bendroflumethiazide and terfenadine 
were minimum 98%, carbamazepine 99%, sodium 
chloride (NaCl) minimum 99.5%, sodium nitrate 
(NaNO3) minimum 99.0% di-sodium sulfate (Na2SO4) 
ACS Reagent  Grade,  a l l  f rom Sigma-Aldrich 
(Chemie GmbH, Steinheim, Germany). Sodium di-
hydrogen phosphate monohydrate (NaH2PO4 H2O) 
p.a., Acros Organics (Springfield, NJ, USA), di-
sodium hydrogen phosphate dihydrate (Na2HPO4

2H2O) p.a. and trifluoroacetic acid ≥ 99.0%, both from 
Fluka Chemika (Chemie GmbH, Buchs, Switzerland). 
Ammonium acetate (NH4Ac) p.a., Riedel-de Haën, 
Sigma-Aldrich (Laborchemikalien GmbH, Seelze, 
Germany). Triethanolamine ((CH2CH2OH)3N) p.a. and 
acetic acid (CH3COOH) 99.8%, Riedel-de Haën, RdH 
Laborchemikalien GmbH & Co., Seelze, Germany. 

Acetonitrile, HPLC grade, was bought from Fisher 
Scientific (UK Limited, Leicestershire, UK). The water 
in this study was purified in a Milli-Q® Academic 
system (18.2 MΩ·cm/0.22 μm), Millipore, (Burlington, 
MA, USA). 

2.2. Experimental

2.2.1. Dissolution media and drug substances

Sodium phosphate buffer pH 7.0 ± 0.1 (65.5 mM), 
PB, and ammonium acetate buffer pH 6.8 ± 0.3 (10 
mM), AmAc, were prepared as described previsously 
(32). The buffer capacity, β, (33) in PB was 32.8 
mM (32). Triethanolammonium acetate buffer 7.0 
± 0.1, TeAmAc, was prepared by mixing 173.8 
mM triethanolamine and 150.5 mM acetic acid 
in Milli-Q® water as diluent. TeAmAc had an ionic 
strength of 150 mM while AmAc had an ionic strength 
of 10 mM. In TeAmAc, β was 50.8 mM compared to 
0.21 mM in AmAc. The phosphate buffer, PB, was 
diluted ten times, Dil_PB, (6.55 mM) and the ionic 
strength was calculated to 13 mM. The ionic strength 
will not be one tenth of the ionic strength in the PB 
due to changes in the stoichiometric acidity constants 
of  phosphate buffer system (34,35). The pH remained 
constant during dilution. In Table 1, Dil_PB buffer was 
considered to be an initial buffer, and to this buffer 
different anions were added to investigate the eventual 
effect of different ions in the phosphate buffer system. 
The addition were NaNO3 (Dil_PB+NO3), NaCl 
(Dil_PB+Cl) or Na2SO4 (Dil_PB+SO4) to obtain an 
ionic strength of 150 mM, See Table 1. The pH was 
still constant at 7.0 ± 0.1. In Dil_PB the buffer capacity 
was calculated to 3.8 mM. This is also valid for the 
phosphate buffers with the presence of chloride, nitrate 
or sulfate. In Dil_PB the concentration of sodium ions 
is 11 mM and with addition of sodium chloride or 
nitrate the concentration is raised to 147 mM. 
 The stochiometric pKa-values used for the phosphate 
buffer preparation for I = 0.15 M were 1.89, 6.67 and 
11.68 and for I = 0.013 M 2.19, 6.99 and 12.10 (36). 
For the preparation of the triethanolammonium acetate 
buffer the pKa-value for acetic acid was 4.53 (I = 0.15 M) 
(37) and 7.77 for triethanolamine (38). The pKa-value 

Medium

Dil_PB
PB

Dil_PB+Cl
Dil_PB+NO3

Dil_PB+SO4

Additive
(anionic)

-
H2PO4

- 
HPO4

2-

Cl-

NO3
-

SO4
2-

Concentration
of additive (mM)

           -
        18.8
        40.2
         136
         136
        45.6

Ionic strength 
(mM)

          13
        150

        150
        150
        150

Table 1. The phosphate media compositions and ionic 
strengths. The pH was 7.0 ± 0.1. For clarification of the 
abbreviations, see the text section above the table.
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3001K (Lenzkirch, Germany). The external HPLC-
pump was a Jasco PU-1585, Jasco Inc. (Tokyo, Japan). 
For the dissolution rate studies the chromatography was 
performed on an Agilent 1100 Series HPLC system with 
a binary pump, degasser, autosampler and diode-array 
detector (DAD), Agilent Technologies Inc. (Palo Alto, 
CA, USA). A six-position switching valve with a 20 μL 
stainless steel loop attached to it. The analytical column, 
Zorbax SB-C8 (2.1 × 50mm, 5 μM), was also purchased 
from Agilent Technologies Inc. The temperature of 
the column compartment was ambient (25-28°C) and 
constant within approximately 2°C in one experiment. 
Data were collected by ChemStation Rev.A.10.02 from 
Hewlett Packard, Agilent Technologies Inc. 
 The dissolut ion media  were  used a t  room 
temperature (21.0 ± 1.5°C) and were deaireated. The 
making of the miniaturized disks were according to 
the method in (31,32). The Plexiglas cell was the same 
as used in the previously study (31). The flow into the 
chamber of Plexiglas was always 1.0 mL/min and the 
rotation speed was 300 rpm (32). Triplicates of the 
disks were analyzed for all substances in the different 
media. The average values were calculated together 
with the relative standard deviations (RSD), n = 3. The 
analysis by HPLC has been described earlier in the 
references by Persson et al. (31,32). 

3. Results and discussion

The newly constructed miniaturized equipment for 
dissolution rate determinations is suited for screening 
studies. The dissolution rates are to be used for 
prediction of apparent solubilities in drug development. 
In order to evaluate the usefulness of this approach, 
some general factors (e.g. common ion effect, type of 
counter ions and buffer capacity) affecting the solubility 
and/or the determination of dissolution rate were 
investigated. 

3.1. Apparent solubility (S) determination

The results from the solubility study are shown in 
Figure 1 and 2. Figure 1 shows the logarithmic apparent 
solubility values and Figure 2 the ΔpH, which is the 
change in pH before addition of drug substance in the 
medium to the stop at 24 h in the shake-flask study. 
The data from PB and AmAc originates from reference 
(31). The triethanolammonium acetate buffer was 
used for comparison to AmAc since the latter, despite 
the low buffer capacity, was found to give a good 
correlation when plotting logG versus logS cf. (31). 
Good precision was obtained in general, RSD ≤ 10%, 
in the solubility determinations. Highest RSD-values 
were obtained for drug substances which were partially 
located at the medium surface after centrifugation (see 
Experimental).
 The two acids, naproxen and bendroflumethiazide, 
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of ammonium used in the ammonium acetate buffer 
preparation was 9.20 (I = 0.15 M) (37). The structures 
of the drug substances used in this study was given 
in (31) and pKa-values were as followed; naproxen 
(4.18), carbamazepine (N/A), nortriptyline HCl 
(10.21), bendroflumethiazide (8.77), prednisone (N/A), 
terfenadine (9.25), enalapril maleate (2.99 and 5.39), 
clomipramine HCl (8.83) and chlorprotixene HCl (8.80).  
N/A = not applicable, aprotic. 

2.2.2. Apparent solubility determination by shake-flask 
methodology

For the apparent solubility determinations microtubes 
MCT-200-C homo-polymer (2.0 mL) from Axygen 
scientific (Union City, CA, USA), a horizontal shaker 
from KABI AB (Stockholm, Sweden) and Spectrafuge 
16 M microcentrifuge from Labnet International 
Inc. (Woodbridge, NJ, USA) were used. The pH 
monitoring was carried out using a pH Meter 744, 
Metrohm (Herisau, Switzerland) with electrode 
CMAW711 (ø  4 .5  mm) f rom Thermo Russe l l 
(Auchtermuchty Fife, Scotland). 
 Each drug substance was added in an excess to 
1.5 mL of dissolution media. The amount added to 
achieve this excess was between 2 mg and 50 mg in 
the phosphate systems. In the triethanolammonium 
acetate buffer 100 mg of nortriptyline HCl was 
required. Enalapril maleate was too soluble in the 
triethanolammonium acetate buffer to be studied, more 
than 200 mg per 1.5 mL of medium was necessary. 
Noticeable was that nortriptyline HCl in Dil_PB+NO3 
seemed to re-crystallize and was found attached along 
the walls of the microtubes. 
 The drug-buffer suspensions were shaken at room 
temperature (21.0 ± 1.5°C) for 24 h. Centrifugation 
was used in separating the excess of substance from 
the dissolution medium. The pH was always measured 
in the buffers before addition of drug substance and 
after the centrifugation, but was not adjusted after the 
completed experiments. Solid phase of terfenadine 
and bendroflumethiazide were partly located at the 
medium surface (supernatant) after centrifugation, 
which generated experimental difficulties when diluting 
aliquots in mobile phase. In order to avoid precipitation 
and due to high absorbance, the supernatant was diluted 
600 times in mobile phase before HPLC analysis. 
Four samples were analyzed in duplicates for each 
substance and buffer. The solubility, S, was reported as 
the average value together with the relative standard 
deviation (RSD), n = 8. 

2.2.3. In vitro dissolution rate studies

The miniaturized equipment has been described 
previously (31,32). A magnetic stirrer with graded 
rotating speeds was obtained from Heidolph MR 
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anions in the diluted phosphate buffers, no effect on 
the solubility of the ampholytic enalapril was obtained 
as observed for another ampholytic drug substance 
(doxycycline) in water with added anions, cf. (41). This 
divergence might be due to the very high solubility of 
enalapril maleate in this study.
 The solubility of nortriptyline seems to be dependent 
on the type of anion added to the diluted phosphate 
buffer, see Figure 1. Phosphate and nitrate ions in the 
media decreased the solubility of nortriptyline, whereas 
additional chloride ions in the buffer gave the same 
solubility as observed in Dil_PB (despite the change 
in ionic strength). This indicates that it is not mainly 
the common ion effect that decreases the solubility 
of nortriptyline hydrochloride in this study. However, 
it has been established that the common ion effect at 
low pH-values do effect the solubility of an amine salt 
(16,19,42,43). Furthermore, the effect on solubility by 
different counter ions, as observed in this study and by 
previously published results (e.g. (16,17,19)) will depend 
on the physico-chemical properties of the drug substance. 
These properties are often described by the solubility 
product, Ksp, and this value for a given protolyte is 
dependent on the counter ion used. This complicates the 
choice of a general dissolution medium in the screening 
of solubility for a drug candidate. 
 In order to further investigate the effect of the 
common ion and/or counter ion on the solubility, three 
different amines formulated as hydrochloride salts and 
one free base were studied  The selected screening 
media for this purpose were phosphate buffers with 
chloride and sulfate additives respectively, Figure 1 and 
2. It can be seen that all hydrochloride salts have higher 
solubilities in Dil_PB+Cl compared to PB. This verifies 
that the phosphate ion (H2PO4

- and/or HPO4
2-) decreases 

the solubility more than the chloride ion for the 
hydrochloride bases, at an initial pH of 7 in the media. 
The results indicate that the Ksp for the phosphate ion 
is lower than for the chloride ion. This was also seen 
for haloperidol in reference (44). In Dil_PB+SO4 the 
solubility is equal for clomipramine HCl compared to 
in Dil_PB+Cl, while nortriptyline HCl and terfenadine 
shows increased solubility. However, the solubility 
of chlorprotixen HCl is decreased in Dil_PB+SO4 
compared to in the chloride containing media. The 
conclusion was drawn that the types of counter ions 
added in the medium have different impact on the 
solubilities of the amines at a certain pH in the media. 
 A complementary investigation (Experimental not 
shown) of the solubility for nortriptyline, formulated 
as the hydrochloride salt, was also made. The media 
was based on Milli-Q® water of different pH containing 
dissolved salt of chloride, nitrate or sulfate to an ionic 
strength of 0.15 M. Regulation of pH was made by 
adding hydrochloric or nitric acid to the water medium. 
As reference, a solution of pure Milli-Q® water was 
used. The concentration of nortriptyline was determined 

shows similar solubility properties in all media as 
can be seen in Figure 1. The decreased solubility of 
bendroflumethiazide in AmAc can partly be explained 
by the decrease in pH (Figure 2), compared to the other 
buffer media. The solubility of naproxen is higher in PB 
compared to the Dil_PB media.  As expected, the better 
buffer capacity in the buffer media, the higher solubility 
of acidic drug compounds. The concentration of sodium 
ion in the different buffers had no effect on the solubility 
of the acids in this study, which is in agreement with 
reference (25). However, the finding contradicts some 
previously published results cf. (39,40). 
 There are small differences in the solubility of the 
aprotic substances (carbamazepin and prednisone) in 
the different buffers, Figure 1. Apparently, the ionic 
composition in the media is of less importance for their 
solubility in these buffer systems.
 A significant decrease in pH was found in all media 
when dissolving enalapril added as the salt maleate, 
Figure 2. Enalapril maleate was too soluble in TeAmAc 
to be studied practically (indicated as a dotted line in 
Figure 1). At a concentration of 271 mM the solution 
was still not saturated. As was observed for the acids 
the solubility of enalapril was dependent on the buffer 
capacity, cf. PB and Dil_PB in Figure 2. When changing 
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Figure 1. The average logarithmic apparent solubilities, logS, 
in aqueous dissolution media (24 h in room temperature). See 
Experimental for the media abbreviations. nap = naproxen, nor_HCl 
= nortriptyline hydrochloride, carb = carbamazepine, bendro = 
bendrofl umethiazide, terf = terfenadine, enal_mal = enalapril maleate, 
pred = prednisone, clom_HCl = clomipramine hydrochloride and 
chlor_HCl = chlorprotixene hydrochloride. The raw data can be 
found in the Supplementary data section.

Figure 2. ΔpH, which is the change in pH before addition of drug 
substance in the medium to the stop at 24 h in the shake-flask 
study in aqueous dissolution media (24 h in room temperature). 
See Experimental for the media abbreviations and Figure 1 for 
the substance abbreviations. The raw data can be found in the 
Supplementary data section.
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after 24 h and two weeks respectively. The chloride ion 
concentration was also determined after two weeks by 
use of a chloride selective electrode. In the reference 
solution, the nortriptyline concentration was 12 mM 
and the chloride concentration was 13 mM. In the pH 
region (2.4-6.5) where the positively charged form 
of nortriptyline dominates, the concentration was 31 
mM while the chloride concentration was 26 mM. 
The solubility of the amine in the 0.15 M chloride 
containing medium was lower (8.9 mM), which is in 
agreement with the theory based on the common ion 
effect. In the 0.15 M nitrate medium however, the 
concentration of nortriptyline was even lower (1.7 mM). 
The chloride ion concentration was here found to be 22 
mM, even though the chloride only originates from the 
nortriptyline hydrochloride itself. The Ksp for the nitrate 
salt is obviously lower than for the chloride salt. In the 
reference solution and the two media mentioned above, 
the nortriptyline concentration was found to be constant 
after 24 h and two weeks. In the sulfate containing 
medium on the contrary the nortriptyline concentration 
was very high after 24 h, 100 mM, but after two weeks 
it had decreased to 21 mM. The chloride concentration 
after two weeks in this medium was 110 mM, which 
approximately corresponds to the nortriptyline 
concentration determined after 24 h. The results in the 
sulfate medium indicate that the solubility equilibrium 
is slow, and also that nortriptyline might form a sulfate 
salt. This is important to account for when comparing 
the solubility results of the four amines in Dil_PB+SO4 
with the results in the other the media stated above. 
 The solubility in the different buffer systems 
(phosphate and acetate) was mainly dependent on the 
protolytic properties of the drug compound, Figure 1 
and 2. In TeAmAc, the solubilities of nortriptyline HCl 
and terfenadine are higher than in PB, whereas acids 
have about the same solubility in these media. All of 
the drug substances, but the aprotic ones, seems to have 
increased solubility in TeAmAc compared to in AmAc. 
The triethanolammonium ion itself might generate 
an amplified effect of the solubility due to its organic 
character. This divergence might indicate that there are 
differences in the solubility product of the phosphate and 
acetate salts for the amines. The Ksp for the acetate salt 
may have a higher value compared to the phosphate salts. 
The buffer capacity of the medium is of course important 
for the solubility determinations of the protolytic drug 
substances. 

3.2. In vitro dissolution rate (G) determination using the 
miniaturized apparatus

The logarithmic in vitro dissolution rates in the different 
media at 300 rpm for the drug substances are shown 
in Figure 3. RSD was at maximum 16% during the 
dissolution rate studies.
 As also observed in the solubility study (Figure 

1), there is no significant difference in the dissolution 
rates of the aprotic substances in the different buffers. 
Furthermore, the effect of the altered media on the 
dissolution rate of acids was similar as to the solubility 
results, see Figure 1.  This may indicate that the pH in the 
saturated medium of a drug substance is approximately 
the pH in the diffusion layer for that substance, cf. 
(42,44-47). As stated before, a better buffer capacity 
in the diffusion layer will generate a more stable pH-
value and as a consequence higher dissolution rates and 
solubilities will be achieved for the acids. No major 
influence on the dissolution rate by an increased sodium 
ion concentration was observed.
 The two drug substances formulated as salts, 
nortriptyline HCl and enalapril maleate, have the highest 
dissolution rates of all compounds in all of the buffer 
media. The dissolution rate of enalapril maleate was very 
high in TeAmAc, why it was difficult to experimentally 
measure an accurate value (shown as a dotted line in 
Figure 3). This difficulty has previously been observed 
using the miniaturized rotating disk apparatus with 
the small substance disk in combination with high 
dissolution rate of a drug substance, cf. (32). In contrary 
to the observations of the solubility of nortriptyline HCl 
in Dil_PB+Cl, the dissolution rate is significant lower 
than for the rates in the other buffer media possibly 
due to the common ion effect cf. (48-50). The nature of 
buffer media was of less importance for the dissolution 
rate of terfenadine, see Figure 3.

3.3.Correlation of dissolution rate and apparent 
solubility

The modified Noyes-Whitney equation has previously 
been used to correlate solubility and dissolution rate (31, 
51-54). In this study, the applicability of the equation to 
correlate apparent solubility and in vitro dissolution rate 
using a miniaturized rotating disk apparatus was tested. 
The usefulness of the equation would be to predict 
solubility from dissolution rate data. The logarithmic 
form of the modified Noyes-Whitney equation will give 
a straight line when plotting logG versus logS according 
to Eq. 1 (cf. (31)).

Figure 3. The logarithmic in vitro dissolution rate, logG, in 
aqueous dissolution media (300 rpm with 1.0 mL/min in room 
temperature). See Experimental for the media abbreviations and 
Figure 1 for the substance abbreviations. The raw data can be found 
in the Supplementary data section.



www.ddtjournal.com

Drug Discov Ther. 2009; 3(3):114-122. 119

      logG = logS + logk    Eq. 1
 
 The logarithmic values of G and S were correlated 
in Figure 4 A-E for the different buffer media and 
substances. Triplicates of logG are shown in the 
figures, while average values are used for logS. The 
correlation was made at the pH in the solubility 
solutions after 24 h. This will according to references 
(42,44-47) be the pH of the diffusion layer, rather 
than to the pH of the bulk solution in the rotating disk 
experiments. 
 Since the dissolution rate of the substances in the 
different media do not always follow the same pattern 
as the solubility, the different media will obviously 
give different correlations of dissolution rate versus 
solubility. Previously it was seen that nortriptyline HCl 
was deviating from the more linear correlation pattern 
in PB (31), which also was found in this study (Figure 
4A). A deviation in the correlation of dissolution rate 

and solubility was also observed for nortriptyline HCl 
in other buffer media. Interestingly the best correlation, 
as described by the coefficient of determination (R2) 
was however found in TeAmAc (R2 = 0,991, n = 6). In 
TeAmAc only six substances were used for correlation 
since enalapril maleate was excluded due to the high 
solubility. Dil_PB+Cl, which might be comparable 
to the buffers used in biorelevant media, gave a good 
correlation as well including nortriptyline HCl (R2 = 
0.952, n = 7). So far, TeAmAc and Dil_PB+Cl seem to 
be best suitable for predicting the solubility from the 
experimental in vitro dissolution rate at pH 7. 
 Presented in Figure 5 is the correlation of the 
dissolution rate and the solubility for all drug 
compounds and buffer media tested thus far. It is seen 
that nortriptyline HCl, nor_HCl, deviates from the 
correlation line in three of the buffers as discussed 
above. If these three values of nortriptyline HCl 
are discarded the R2 value will be 0.967 (shown as 
dashed line and italic equation). This correlation 

Figure 4. The correlation of the logarithmic values of apparent 
solubility, S, (24 h) and in vitro dissolution rate, G, at 300 rpm in 
the miniaturized apparatus at a pH of 7.0. Triplicates of logG are 
shown in the fi gure, while average values are used for logS. A. PB, 
65.5 mM phosphate buffer, I = 150 mM (31), B. Dil_PB, 6.55 mM 
phosphate buffer, I = 13 mM, C. Dil_PB+Cl, 6.55 mM phosphate 
buffer with sodium chloride, I = 150 mM, D. Dil_PB+NO3 6.55 mM 
phosphate buffer with sodium nitrate, I = 150 mM and E. TeAmAc, 
triethanolammonium acetate buffer, I = 150 mM.
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would probably be acceptable in a screening study of 
solubility from dissolution rate data during early phases 
in drug discovery. However, to obtain a general buffer 
where logG versus logS shows a good correlation for 
all types of drug substances, more types of buffers and 
drug substances both in free form and as salts have to 
be investigated. 

4. Conclusions

A correlation study, based on the modified Noyes-
Whitney equation, of solubility and dissolution rate 
was made. The apparent solubilities of seven different 
compounds were measured by a conventional shake-
flask methodology. The dissolution rates were 
determined using a newly introduced miniaturized 
rotating disk apparatus. The rotating disk equipment 
decreased the time for determining the in vitro 
dissolution rate, whilst only consuming minute 
quantities of substance amount in the disks. 
 The influence of buffer system and buffer capacity 
as well as the common ion effect on the correlation was 
investigated using six different buffer media. The best 
correlations of logG versus logS were obtained with 
a triethanolammonium acetate buffer (R2 = 0.991, n = 
6). However, to compare the correlation with buffer 
used in biorelevant media, a phosphate buffer with the 
addition of chloride gave a good correlation for the 
drug substances in this study (R2 = 0.952, n = 7). These 
results are encouraging, but more studies are needed 
in order to be able to select an optimal buffer for 
predicting the solubility based on dissolution rate data. 
Future studies, preferably by including multivariate data 
analysis, should include more buffer types and diverse 
substances. It should also be of interest to investigate 
the correlation of logG and logS in simulated intestinal 
fluids, i.e. FeSSIF and FaSSIF.
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S (mM)
RSD (%)
pH (24 h)
∆pH

S (mM)
RSD (%)
pH (24 h)
∆pH

S (mM)
RSD (%)
pH (24 h)
∆pH

S (mM)
RSD (%)
pH (24 h)
∆pH

S (mM)
RSD (%)
pH (24 h)
∆pH

S (mM)
RSD (%)
pH (24 h)
∆pH

Supplementary data 1

Raw data for the solubility study in six dissolution media, 24 h in room temperature. The apparent solubility, S, is the average of 
eight values (four samples with double injections). RSD = relative standard deviation (n = 8). pH is the value after the defi ned 
shake-time, 24 h, and ∆pH is the change in pH before addition of drug substance in the medium to the stop at 24 h.

PB

Dil_PB

Dil_PB+Cl

Dil_PB+NO3

AmAc

TeAmAc

        74
       1.5
     3.35
    -3.75

        50
       2.2
     2.66
    -4.48

        48
       2.2
     2.59
    -4.37

        50
       1.7
     2.62
    -4.34

        48
       1.0
     2.78
    -4.09

    >271

         17
      0.30
      6.73
     -0.41

        4.2
        2.1
      5.96
     -1.16

        4.0
        4.5
      6.00
     -1.02

        4.1
        2.6
      6.01
     -0.97

        1.6
        7.5
      5.30
     -1.16

         18
        1.7
      6.58
     -0.54

      0.74
        3.6
      7.14
    ±0.00

      0.80
        2.9
      7.06
     -0.08

      0.78
        5.7
      6.98
     -0.11

      0.92
        6.1
      6.97
     -0.06

      0.79
        3.2
      6.40
     -0.12

      0.95
        3.4
      7.06
     -0.09

        2.8
         11
      7.10
     -0.04

         11
        3.8
      6.70
     -0.44

         12
      0.85
      7.06
     -0.05

        2.3
        1.6
      6.99
     -0.03

         54
        7.5
      6.13
     -0.42

       137
      0.89
      6.77
     -0.21

      0.34
        5.2
      7.15
    +0.01

      0.41
         13
      7.09
     -0.01

      0.27
         16
      6.99
     -0.07

      0.33
         21
      6.94
     -0.05

    0.057
         20
      6.57
     -0.17

      0.39
         20
      7.10
    +0.01

     0.76
        16
     7.10
   +0.02

     0.77
       8.7
     7.00
    -0.02

     0.73
       7.9
     6.95
    -0.01

     0.81
       3.8
     6.93
   ±0.00

     0.63
     0.60
     6.85
   +0.02

     0.74
       4.1
     7.08
    -0.07

    0.019
         16
      7.13
    +0.05

    0.020
        5.8
      7.13
    +0.05

    0.025
        11
      7.02
    +0.03

    0.033
         19
      6.98
    ±0.00

    0.034
         18
      6.56
    +0.10

      0.10
         30
      7.08
     +0.05

Medium and experimental 
values

Enalapril
 maleate

Naproxen Carbamazepine Nortriptyline
      HCl

 Bendroflu
-methiazide

Prednisone Terfenadine

Supplementary data 2

Solubility raw data for the basic drug substances in three different phosphate buffer media (n = 8). clom HCl = clomipramine 
HCl, chlor HCl = chlorprotixene HCl, nor HCl = nortriptyline HCl and terf = terfenadine.

clom HCl
chlor HCl
nor HCl
terf

S (mM)

     2.4
   0.92
     2.8
 0.019

RSD (%)

   2.2
    32
    11
    16

pH  (24 h)

    7.10
    6.80
    7.10
    7.13

 ∆pH

 -0.02
 -0.32
 -0.04
+0.05

Drug Substance PB Dil_PB+Cl Dil_PB+SO4

S (mM)

     93
    2.6
     12
0.025

RSD (%)

     1.9
     1.5
   0.85
      11

pH  (24 h)

    5.99
    5.52
    7.06
    7.02

 ∆pH

 -1.08
 -1.55
 -0.05
+0.03

S (mM)

      92
   0.89
    127
  0.055

RSD (%)

   0.60
     2.9
     1.1
      14

pH  (24 h)

    5.95
    5.85
    6.46
    7.03

 ∆pH

 -1.13
 -1.23
 -0.62
+0.02

Supplementary data 3

The raw data for the in vitro dissolution rate values, G, in fi ve dissolution media (300 rpm at a fl ow of medium at 1.0 mL/min). 
The values are presented as average values of three disks. RSD = relative standard deviation (n = 3). N/A = not applicable.

G (μg/s/cm2)
RSD (%)

G (μg/s/cm2)
RSD (%)

G (μg/s/cm2)
RSD (%)

G (μg/s/cm2)
RSD (%)

G (μg/s/cm2)
RSD (%)

PB

Dil_PB

Dil_PB+Cl

Dil_PB+NO3

TeAmAc

     135
      3.3

       95
      1.5

     104
      3.4

       98
      1.9

      N/A

     20
    2.8

    8.0
    6.3

    5.8
    2.0

    8.6
    5.0

     26
    6.8

1.9
4.9

2.1
5.9

1.9
9.1

2.4
9.1

2.4
3.9

        97
       5.1

        86
       8.0

        12
       2.7

        64
       6.2

      323
       2.6

       0.98
          11

       0.71
          13

       0.69
         8.7

         1.3
          15

       0.60
         5.3

1.1
6.5

1.1
3.2

1.1
8.6

1.4
3.7

        0.98
5.5

      0.13
         16

      0.13
        9.9

      0.21
         16

      0.16
        5.8

      0.16
        5.8

Medium and experimental 
values

Enalapril
 maleate

Naproxen Carbamazepine Nortriptyline
      HCl

 Bendroflu
-methiazide

Prednisone Terfenadine
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ABSTRACT: The present study reports the 
optimization of sustained release microspheres of 
terbutaline sulfate (TS) and Eudragit RSPM using 
response surface methodology. The microspheres were 
prepared by the emulsion solvent evaporation process 
utilizing Eudragit RSPM as release retarding agent. A 
32 full factorial design was utilized by taking the drug: 
Eudragit RSPM  ratio (X1), the percent of Span 80 
(X2) and the speed of rotation (X3) as the independent 
variables; particle size (Y1) and percent drug released 
(Y2) were the dependent variables. The resultant 
microspheres were subjected to various physico-
chemical analysis, viz., drug content, micrometrics, 
photo-microscopy and in vitro drug release. The 
percent of drug release at 8 h of dissolution decreased 
from 90.7% to 61.3% with increase in polymer 
concentration from 4 to 8%. It was observed that an 
increase in surfactant concentration from 1 to 2% 
and speed of rotation from 500 to 900 rpm decreased 
the size of microspheres (350-330 μm). The  results of 
the present study indicate that optimized sustained 
release microspheres of terbutaline sulfate could 
be successfully prepared by the emulsion solvent 
evaporation method by emulsifying the drug and 
polymer in the ratio of 1:8, at a speed of 500 rpm, 
utilizing 1.5% of span 80 as emulsifying agent.

Keywords: Terbutaline sulfate, Eudragit RSPM, sustained 
release microspheres, response surface methodology, 
Box-Behnken design

1. Introduction

Much of the research effort in developing novel drug 
delivery systems has been focused on oral sustained 
release dosage forms. Among them, in the last decade, 

multiple unit dosage forms, such as micro particles 
have gained in popularity for different reasons when 
compared to non-disintegrating single-unit dosage 
forms (1). They distribute more uniformly in the 
gastrointestinal tract, resulting in more uniform drug 
absorption and reduced local irritation, and also avoid 
the unwanted intestinal retention of the polymeric 
material. It is also desirable to release drugs at a constant 
rate, thereby maintaining drug concentration within the 
therapeutic range and eliminating the need for frequent 
dosages. The rate of drug release from solid dosage forms 
may be modified by the technologies which, in general, 
are based on modifying drug dissolution by controlling 
access of biologic fluids to the drug through the use of 
barrier coatings, controlling drug diffusion rates from 
dosage forms and chemical interactions between the drug 
substance or its pharmaceutical barrier and site-specific 
biologic fluids (2).

One of the most effective techniques for preparing 
sustained release particles is by microencapsulation 
(3-6). This method has been employed in pharmaceutical 
practice for a variety of purposes. It is useful for 
reducing toxicity and adverse effects, separating 
reactive or incompatible components, controlling the 
rate and site of release of a drug and providing greater 
patient convenience and compliance. Microcapsules 
are small particles that contain an active agent or core 
material surrounded by a coating or shell. At present, 
there is no universally accepted size range that particles 
must have in order to be classified as microcapsules. 
However, many workers classify capsules smaller than 
1 μm as nanocapsules and capsules larger than 1,000 
μm as macrocapsules. Commercial microcapsules 
typically have a diameter between 3 and 800 μm and 
contain 10-90 weight percent cores. Microcapsules 
can have a variety of structures. Some have a spherical 
geometry with a continuous core region surrounded by 
a continuous shell; others have an irregular geometry 
and contain a number of small droplets or particles of 
core material (7). The micro encapsulation process in 
which the removal of the hydrophobic polymer solvent 
is achieved by evaporation has been widely reported 
in recent years for the preparation of microcapsules 
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(8-10). This process is known as the emulsion solvent 
(ESE) technique and has been used successfully in 
the preparation of drug microspheres or capsules 
using different biocompatible polymers (11-15). Many 
formulation factors can influence the preparation of 
microcapsules by the ESE process (16-20).

In the present study, terbutaline sulfate (TS), a 
selective beta 2-adrenergic agonist was chosen as the 
model drug, as it has a short biological half-life (3-4 h). 
It is widely used as a bronchodilator for the treatment 
of bronchial asthma, chronic bronchitis and emphysema 
(21-24). Currently available treatments for asthma and 
bronchitis, although generally effective, are limited by 
the necessity for frequent drug administration and/or 
the possibility of unpleasant or debilitating side effects. 
Thus, a long acting TS formulation which would 
maximize the duration of active drug concentration 
in extra-cellular fluid is desirable to improve patient 
compliance. There are several studies in the literature 
regarding prolongation of its release using various 
polymers. Prolongation of TS release from all these 
formulations has been demonstrated by means of in 
vitro dissolution studies (25-28).

Modern sustained-release dosage forms require 
reliable excipients to ensure a release rate of the 
active drug which is reproducible in a narrow range. 
Eudragit polymers fulfill this requirements to a very 
high extent and enable research and development 
to create tailor-made solutions. In the present study, 
Eudragit RSPM (hydrophobic polymer) was used as the 
microcapsule wall-former because of its wide use as a 
coating material in the pharmaceutical industry. It is a 
copolymer with a low content of quaternary ammonium 
groups. Since, Eudragit RSPM film is only slightly 
permeable, drug release through the film is relatively 
retarded. Several sustained-release formulations using 
Eudragit RSPM, such as coated tablets and matrix type 
tablets, have been reported (29-32).

Response surface methodology, an empirical 
modeling technique devoted to the evaluation of the 
relationship of a set of controlled experimental factors 
and observed results was employed in the present 
research work (33). It requires prior knowledge of 
the process to achieve a statistical model. Basically 
this optimization process involves three major steps, 
performing the statistically designed experiments, 
estimating the coefficients in a mathematical model, 
predicting the response and checking the adequacy of 
the model. This design is suitable for exploration of 
a quadratic response surface and constructs a second 
order polynomial model, thus helping in optimizing 
a process using a small number of experimental runs. 
Various formulation studies have been optimized and 
reported using this design. In all these studies, the 
observed responses were in close agreement with the 
predicted values of the optimized formulation (34-38).
 There are comparatively few reports on sustained 

release TS microcapsules, none of which have been 
optimized by the factorial design approach (25-28). 
The present study was thus designed to formulate TS 
containing microspheres using the ESE technique by 
applying Box-Behnken design, multiple regression 
analysis and response surface modeling. The objective 
was to investigate the influence of independent 
variables on the particle size distribution and drug 
release properties of the TS microcapsules.

2. Materials and Methods

2.1. Materials

Terbutaline sulfate (TS) was a generous gift from 
Chemical Industrial Development Co., CID (Giza, 
Egypt). Eudragit RSPM was kindly supplied by Rohm 
Pharma, and GMBH (Weitestadt, Germany) was a 
gift sample. Aluminum tristearate was received from 
Morgan Co. (Cairo, Egypt). Methylene chloride, 
ethanol absolute (99%) and cyclohexane were 
purchased from Prolabo (Briare, France). n-Hexane 
was purchased from Honil Limited (London, UK). 
Chloroform was bought from Labscan Ltd. (Dublin, 
Ireland).  Light l iquid paraffin was purchased 
from Chemaject (Egypt). Span 80 was purchased 
from Sigma Chemical Co. (Steinheim, Germany). 
Hydrochloric acid was purchased from Carloerba 
(Milano, Italy). Potassium chloride and monobasic 
potassium hydrogen phosphate were purchased 
from Merck (Dermstadt, Germany). All of the above 
materials were of analytical grade and were used 
without further purification. De-ionized double 
distilled water was used throughout the study.

2.2. Preparation of TS microcapsules

Microspheres were prepared by the ESE technique. 
Polymer solution of Eudragit RSPM was prepared 
in methylene dichloride. TS was dispersed in this 
polymeric solution to form the internal phase. Different 
drug-polymer ratios, viz., 1:4, 1:6, and 1:8 were used 
to prepare the microcapsules. Known amounts of 
Aluminum tristearate were dispersed in the different 
internal phases as smoothing agent. This dispersion 
was added drop wise to liquid paraffin (external 
phase) containing several different concentrations of 
Span 80 as emulsifying agent. Emulsification was 
achieved by stirring at various rotation speeds. Stirring 
was continued at room temperature until complete 
evaporation of the solvent (methylene chloride), for 
approximately 2 h. Liquid paraffin was decanted and 
the microspheres produced were collected by filtration 
through Whatman No.1 filter paper. The filtrate was 
washed three times with n-hexane and three times with 
cyclohexane to remove the remaining oily phase and 
then dried overnight at room temperature.
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2.3. Optimization of TS microspheres using response 
surface methodology

In the present study, a three-factors, three levels Box-
Behnken design with speed (X1), drug-polymer ratio 
(X2) and concentration of span 80 (X3) as independent 
variables were selected for the formulation. Three 
levels of speed used were 500, 700, and 900 rpm which 
equals to –1, 0, and +1 values for the above design. 
Drug-polymer ratios of 1:4, 1:6, and 1:8 reflect the –
1, 0, and +1 values. While span 80 concentrations of 1, 
1.5, and 2% were equal to the –1, 0, and +1 values. The 
various levels used are shown in Table 1. This design 
is suitable for exploration of quadratic response surface 
and constructs a second order polynomial model, thus 
helping in optimizing a process using a small number 
of experimental runs. The model constructed was as 
follows:

Y = a0 + a1X1 + a2X2 + a3X3 + a4X1X2 + a5X2X3

       + a6X1X3 + a7X²1 + a8X²2 + a9X²3 + E

Where a0 to a9 are the regression coefficient, X1, X2, and 
X3 are the factors studied, Y is the measured response 
associated with each factor level combination and E is 
the error term.

2.4. Drug content determination of TS microcapsules

The drug content of TS microspheres was determined 
by an extraction method reported by Kim et al. (25). 
Microspheres (25 mg) were added to chloroform 
(20 mL) to dissolve the polymer matrix. Terbutaline 
sulfate was then extracted with distilled water (100 

mL). The amount of terbutaline sulfate in the aqueous 
phase was analyzed by UV spectrophotometry (Jenway 
6305 UV/Vis Spectrophotometer, Essex, UK) at 278 
nm after suitable dilution.

2.5. Evaluation of  micromeritic characteristics of TS 
microcapsules

The prepared TS microspheres were evaluated for the 
following parameters:

2.5.1. Particle size distribution

According to the sieve analysis method stated by U.S.P. 
XXIV for testing powder fineness, a definite weight 
of TS microspheres was placed on the mechanical 
sieve shaker and analyzed for particle size distribution 
(USP, 2002). The powder was shaken for a defined 
period of time (15 min) using a range of standard sieves 
with openings from 100 to 900 μm. The material that 
passes through one sieve and was retained on the next 
fine sieve was collected and weighed. The obtained 
batches were separated into different fractions based 
on their particle size (900, 715, 565, 407.5, 282.5, 225, 
and 100 μm). The logarithm of the particle size was 
plotted against the cumulative percent frequency on a 
probability scale and a linear relationship was observed. 
From this linear plot, both the geometric mean diameter 
(dg) and geometric standard deviation were measured 
for the TS microspheres equivalent to 50% on the 
probability scale. The geometric standard deviation was 
calculated from the slope of the line and the geometric 
standard deviation which was the quotient of the ratio 
of 50% size and 16% undersize.

Table 1. Box-Behnken design

Formula No.

T1
T2
T3
T4
T5
T6
T7
T8
T9

  T10
  T11
  T12
  T13
  T14
  T15

Speed (X1)

–1
  0
  0
+1
–1
–1
  0
  0
  0
+1
+1
–1
  0
  0
+1

Drug: polymer  (X2)

–1
–1
–1
–1
  0
  0
  0
  0
  0
  0
  0
+1
+1
+1
+1

Span 80 (X3)

  0
–1
+1
  0
–1
+1
  0
  0
  0
–1
+1
  0
–1
+1
  0

Independent variables*

Coded values

–1
  0
+1

Actual values*

X1 (rpm)

500
700
900

X2 (ratio) 

1:4
1:6
1:8

X3 (%)

1
   1.5

2
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2.5.2. Density

For determination of bulk density of the microcapsules, 
a sample of 50 g was poured into a 100 mL graduated 
cylinder (38). The cylinder was then dropped from a 
height of 1 inch onto a hard surface three times at 2 
sec intervals. The volume of the powder was then read 
and used to calculate the bulk density by dividing the 
weight in (g) by the volume in (cm3). For determination 
of tap density of the microcapsules, tapping onto a hard 
surface was carried out until a constant volume was 
achieved. This volume was taken and used to calculate 
the tap density of the microcapsules.

2.5.3. Hausner ratio

Hausner ratio is the ratio between bulk density and tap 
density. It gives an idea about the flow characteristics 
of powder particles. The powder has good flow when 
the ratio is less than 1.2, while if the ratio is more than 
1.2 this indicates poor flow.

2.5.4. Compressibility percent

Compressibility is indirectly related to the relative 
flow rate, cohesiveness, and particle size of a powder. 
A compressible material has generally less flow, and 
powders with compressibility values greater than 
20-21% have been found to exhibit poor flow properties 
(39). The compressibility of a material can be estimated 
as follows:

     Compressibility % = (ρtap – ρbulk / ρtap) × 100

2.5.5. Photomicroscopic observation of TS microspheres

Photomicroscopy has the advantage of providing 
a direct visual representation of the particles being 
measured. A photomicroscope can provide details 
about shape, crystal habit, and homogeneity of 
the tested sample. In the present study a diluted 
suspension of TS microspheres in liquid paraffin was 
mounted on a slide, and then a photograph for each 
microsphere was taken from the prepared slide.

2.6. Preparation and assay of TS capsules

Capsules were prepared by putting the equivalent 
of 7.5 mg of TS in the microsphere form into hard 
gelatin capsule of zero size. The procedure was 
done for each suggested formula based on their 
drug content.  For assay, each TS capsule was 
emptied and its microsphere content was dissolved 
in methylene chloride and the drug was determined 
spectrophotometrically at 278 nm. The assay was done 
in triplicate.

2.7. In vitro dissolution and kinetic studies of TS capsules

In vitro drug release was studied according to the USP 
XXIV basket method using Dissolution Apparatus 
Type I (Pharma Test PTWII, Hamburg, Germany). The 
dissolution medium employed was 900 mL of HCl 
(pH 1.2) for 2 h which was then changed to 900 mL 
phosphate buffer (pH 6.8) at 37 ± 0.5ºC. The basket 
speed was 50 rpm. At appropriate time intervals, 5 
mL of each sample was taken and replaced by fresh 
dissolution media. The samples were analyzed at 278 
nm by UV/VIS spectrophotometry.

3. Results and Discussion

3.1. Optimization results for preparation of microspheres

Box-Behnken design was used for formulating TS 
microspheres. This design deals with optimization of 
formulation variables to improve in-vitro release of TS 
capsules. A three-factors, three levels Box-Behnken 
design with speed (X1), drug-polymer ratio (X2) and 
percent of span 80 (X3) as independent variables were 
selected for the formulation.

TS microspheres were prepared by the ESE 
technique. This method is generally known to be simple, 
reproducible and economical. Eudragit RSPM was used 
to control the release of TS from the microcapsules. The 
drug polymer ratios employed were 1:4, 1:6, and 1:8. 
Microspheres were formed in the presence of a small 
amount of aluminum tristearate. Flocculation was clearly 
recognized when no aluminum tristearate was added to 
the system. Specifically, with 5% aluminum tristearate, 
the microspheres were nearly uniform and free flowing 
with good reproducibility. Aluminum tristearate reduces 
the interfacial tension and prevents electrification and 
flocculation during the preparation of microspheres. 
Addition of excess aluminum tristearate (10-20%) to 
the system resulted in a large amount of aggregates. The 
action of aluminum tristearate as smoothing agent and 
liquid paraffin as external phase were used as  part of 
the ESE technique while the surfactant (Span 80) was 
used as emulsifying agent.

3.2. Drug content determination

The production yield is a measure of accuracy of the 
microencapsulation technique, since it measures the 
actual weight of the prepared microspheres (drug and 
other excipients). This value was calculated by dividing 
the actual weight of the prepared TS microspheres 
by the theoretical weight. While the drug content 
determination measures the actual weight of TS itself 
inside the microspheres. The range of the production 
yield of the prepared microspheres was found to be 
between 46.7% and 98.7% as shown in Table 2. The 
greatest yield appeared in formula Tl4 (98.7%) while 
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the lowest yield appeared in formula T2 (46.7%). 
Formulae T3, T4, T6, T7, T8, T9, T10, T11, and T12 showed 
a production yield above 85%. Formulae T1 and T5 had 
a production yield of 78.7 and 78.2%, respectively. 
The rank order of the drug content was measured by 
the deviation from the theoretical weight. Formula 
T15 gave the best drug content of the prepared TS 
microspheres (140.1%), while formula T2 showed the 
lowest value (51.8%).

3.3. Micromeritic properties

3.3.1. Particle size distribution

The particle size distribution of different formulae 
of TS microspheres was determined by the sieve 
analysis method. Formulae T3, T4, T7, T8, and T9 
exhibited the best distribution pattern as the largest 
weight determined lied between 500-315 μm. While, 
formulae T7, T10, and T11 gave the second best group 
distribution as largest weight calculated lied between 
800-500 μm. The remaining formulae exhibited 
either low or high distribution as the largest weight 
determined lied either below 200 μm or above 800 
μm. The sieve analysis data of each formula was used 
to determine the average arithmetic mean diameter. 
The results obtained were in agreement with the 
weight distribution. The arithmetic mean diameters 
of low distribution gave values between 250-330 μm. 
while that of high distribution gave values between 
500-610 μm. At the same  time, the arithmetic mean 
diameter of the good distribution formulae lied 
between 330-500 μm. Probability scales were used to 
calculate the geometric mean diameter and geometric 
standard deviation. These values were obtained by 
plotting the particle size in micrometers on the x-axis 
versus the cumulative percent frequency under size 
(probability scale) on the y-axis. The geometric mean 
diameter for each formula was determined at the 
50% size while the geometric standard deviation was 

calculated by dividing the 50% size / 16% undersize.

3.3.2. Density, Hausner ratio, and compressibility 
index

The bulk densities of TS microspheres ranged from 
0.190 g/cm3 to 0.467 g/cm3. While, the tap densities 
ranged from 0.333 g/cm3 to 0.666 g/cm3. Formula F15 
gave the lowest values for both bulk and tap densities. 
While, formulae T5 and T12 gave the highest values. 
The values of Hausner ratio below 1.2 indicated good 
flow while the values above 1.2 indicated poor flow 
properties. Formulae T1, T5, T6, T9, and T10 showed good 
flow while the remaining formulae exhibited a values 
higher than 1.2. The values of percent compressibility 
below 20-21% exhibit good flow while the values 
greater than 21% indicate poor flow. Formulae Tl, T5, 
T6, T9, and T10 showed good flow while the remaining 
formulae exhibited values higher than 21%. It is 
obvious from the data in Table 3 that there was an 
inverse proportionality between the particle size and 
the particle number for TS microcapsules studied. The 
best formulae in terms of micromeritic properties were 
found to be T2, T1, T15, T13, and T12.

3.3.3.  Photo-microscopic determination of TS 
microcapsules

Photo-microscopic technique was used to get a clear 
view of the surface morphology of the prepared 
TS microspheres. Also, this technique reflects the 
efficiency of the ESE process. It was found that the 
majority of TS microcapsules were irregular in shape 
except formulae T3 and T9 in which the shape of the 
particles were semi-spherical, as observed in Figure 1.

3.4. In vitro release of TS capsules

In vitro release studies of TS capsules containing 
different drug-polymer ratios were evaluated by 

Table 2. Production yield and percentage recovery of TS microcapsules

Formula No.

T1

T2

T3

T4

T5

T6

T7

T8

T9

  T10

  T11

  T12

  T13

  T14

  T15

Core/coat ratio

1:4
1:4
1:4
1:4
1:6
1:6
1:6
1:6
1:6
1:6
1:6
1:8
1:8
1:8
1:8

Production yield (%)

78.7
46.7
91.2
87.6
78.2
91.2
92.2
88.2
90.3
86.3
96.3
95.7
80.3
98.7
83.3

Theoretical drug 
content (mg)

20.00
20.00
20.00
20.00
14.26
14.26
14.26
14.26
14.26
14.26
14.26
11.11
11.11
11.11
11.11

Actual drug content (mg)

26.76
10.36
13.76
15.84
  9.42
11.41
13.53
  8.89
13.44
10.25
  9.36
11.33
13.07
  8.83
15.56

Drug content (%)

133.80
  51.80
  68.80
  79.20
  66.05
  80.01
  94.88
  62.34
  94.24
  71.87
  56.63
101.90
117.60
  79.47
140.10
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Figure 1. Photomicroscope images of TS microspheres.

A: TS microcapsule (T3)

B: TS microcapsule (T0)

A: TS microcapsule (T3)

B: TS microcapsule (T0)

Figure 2. In vitro release of TS capsules containing drug: polymer 
ratio 1:4.

Figure 3. In vitro release of TS capsules containing drug: polymer 
ratio 1:6.

Table 3. Determination of density, Hausner ratio, % compressibility and specifi c surfaces of TS microcapsules

Formula No.

T1

T2

T3

T4

T5

T6

T7

T8

T9

T10

T11

T12

T13

T14

T15

Density (g/cc) 

Tap

0.333
0.533
0.500
0.307
0.540
0.462
0.480
0.502
0.470
0.480
0.400
0.666
0.429
0.546
0.333

Bulk

0.285
0.400
0.363
0.200
0.467
0.414
0.300
0.375
0.400
0.446
0.285
0.421
0.300
0.401
0.190

Hausner ratio

1.16
1.33
1.37
1.54
1.15
1.11
1.60
1.33
1.12
1.07
1.40
1.58
1.43
1.36
1.75

Compressibility %

14.4
24.9
27.4
34.8
13.5
10.3
37.5
25.2
14.8
07.1
28.8
36.8
30.1
26.5
42.9

Specifi c surfaces 

SV
††

221
183
124
181
  98
  90
126
137
148
109
145
143
200
115
221

SW
†

  775
  458
  343
  907
  210
  218
  421
  366
  369
  244
  510
  339
  666
  288
1162

† Surface area per unit weight; †† Surface area per unit volume.
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measuring the cumulative percent release. Figures 2-4 
show the in vitro release of TS from capsules containing 
the drug and Eudragit in the ratios of 1:4, 1:6, and 1:8, 
respectively. The best formulae for in vitro release after 
a period of 8 h were observed to be T11, T7, T12, T9, and 
T14. The investigated formulae containing different 
drug-polymer ratios (1:4, 1:6, and 1:8) were arranged, 
in ascending order, in terms of micromeritic properties 
and in vitro release. The best formulae in terms of both 
in vitro release and micromeritic properties were found 
to be T11, T12, T9, T2, and T7.

3.5. Kinetic study of the in vitro release of TS capsules

The data of the in-vitro release from TS capsules 
were treated by different kinetic orders or systems to 
explain the release mechanism for each formula. The 
formulations were subjected to zero, first and second-
order kinetic equations, as well as, to Higuchi's 
diffusion model, Hixson-Crowell cube root law and 
Baker-Lonsdale equation. Table 4 shows the kinetic 

parameters for each formula according to the suitable 
order or system.

3.6. Data correlation with in vitro release and 
particle size

It was found that the particle size of the prepared 
microcapsules was an important factor affecting the in 
vitro release of the drug. Also the technique parameters 
had a great effect on in vitro release. So, the three levels 
of the Box-Behnken design studied were correlated with 
both in vitro release from TS capsules after 8 h on one 
side and particle size of TS microcapsules in the range 
500-315 μm on the other side. These relationships are 
illustrated in Figure 5. It shows the factor range of the 
three levels (–1, 0, and +1) which indicate the minimum 
and maximum level of each item used. For example, –
1 speed equals up to 500 rpm. Zero equals to 700 rpm 
and +1 equals to 900 rpm. It was found that increasing 
the speed of the apparatus would decrease and then 
increase the in vitro release after 8 h. The best speed for 
preparation of TS microspheres may be either 500 rpm or 
900 rpm. The same effect was observed using the second 
level i.e. the drug-polymer ratio) but the increase of the 
in vitro release in the 1:4 ratio was found to be less than 
the 1:8 drug-polymer ratio. The best drug-polymer ratio 
was found to be 1:8, while, the effect of Span 80% was 
decreased gradually from l% to 2%. The best percentage 
of Span 80 was found to be the lowest concentration, i.e. 
1%.

Based on these figures it could be interpreted that the 
optimum in vitro release of TS after 8 h was obtained 
at a speed of 500 or 900 rpm using a 1:8 drug-polymer 
ratio and 1% of Span 80. On correlating the factor range 
versus the obtained particle size percent in the range from 
500 μm to 315 μm of the prepared TS microspheres as 
seen in Figure 5B, the particle size percent studied would 
increase and then decrease by increasing the speed, drug-
polymer ratio and the Span 80%.

Figure 4. In vitro release of TS capsules containing drug: 
polymer ratio 1:8.

Table 4. Kinetic parameters for in vitro release of TS capsules

Formula No.

T1

T4

T2

T10

T14

T5

T6

T8

T9

T3

T7

T15

T11

T12

T13

Intercept

1.662
1.673
0.012
0.014
0.015
58.37
39.83
48.88
39.85
0.768
0.606
0.713
0.004
0.005
0.044

Slope

0.065
0.083
0.008
0.004
0.002
11.33
11.52
7.668
9.488
0.209
0.077
0.223
0.012
0.016
0.028

Correlation coeffi cient

0.985
0.983
0.995
0.991
0.924
0.989
0.979
0.979
0.990
0.989
0.993
0.995
0.985
0.969
0.993

Specifi c Rate constant (h–1)

0.150
0.192
0.008
0.004
0.002
11.33
11.52
7.668
9.788
0.209
0.077
0.223
0.012
0.016
0.028

t1/2 (h)

4.608
3.592
1.132
2.237
3.403
19.46
18.82
42.50
27.76
4.561
12.22
4.271
4.294
3.248
1.919

Order of reaction

First
First

Second
Second
Second

Diffusion
Diffusion
Diffusion
Diffusion

H-C†

H-C
H-C

B&L*

B&L
B&L

† Hixson Crowell cube root law; * Baker-Lonsdal equation
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Figure 5. Response surface plots showing the effect of different levels of independent variable (X) on particle size (Y1).  X1 = speed (rpm); 
X2 = drug : polymer; X3 = % span 80.
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3.7. Characterization of TS microspheres and formulated 
capsules using response surface methodology

The dependent variables studied were Y1 (percent 
particle size range between 500-315 μm) and Y2 
(cumulative percent released after 8 h). Based on the 
experimental design, the factor combination resulted 
in different TS release rates. The range of response 
for Y1 was 29.60% in T7 (maximum) and 11.6% in T1 
(minimum). The range of response for Y2 was 90.7% 
in T3 (maximum) and 61.3% in T7 (minimum). The 
dependent and independent variables were related using 
mathematical relationships obtained from the statistical 
package. The polynomial equation obtained was:

Y1 (Particle size) = 26.95 + 1.58X1 + 1.46X2+ 1.09X3 
– 4.95X1² – 5.82X2² – 2.15X3² –1.96X1X2 + 0.55X1X3 
– 1.79X2X3

Y2 (Dissolution after 8 h) =  62.33 – 0.55X1 – 
3.50X2  – 7.38X3 + 5.72X1² + 16.87X2² +  6.42X3²  + 
3.27X1X2 – 1.13X1X3 – 5.02X2X3

The equations represent the quantitative effect of 
process variables (X1, X2, and X3) and their interactions 
on the responses (Y1 and Y2). The values of X1, X2, 
and X3 were substituted in the equation to obtain 
the theoretical values of Y1 and Y2. The theoretical 
(predicted) values were compared with the observed 
values and were found to be in reasonably close 
agreement. Table 5 shows the observed, predicted and 
residual values for particle size, while Table 6 shows 
the observed, predicted and residual values for the in 
vitro release after 8 h.

The relationship between the dependent and 
independent variables were further elucidated using 
contour plots and response surface plots. In Figure 6 
are the contour plots showing the effect of factors X1, 

X2, and X3 on the response Y1, where the small circles 
indicate levels at which maximum response would be 
observed. Figure 7 shows the response surface plots 
for the independent variables and their influence on the 
response Y1 (particle size). At low levels of X3 (Span 
80), Y1 increased from 19.36 to 23.26% when the speed 
(X1) was increased from 500 to 900 rpm. At high levels 
of X3, Y1 was increased from 15.35 to 21.45% when 
the speed (X1) was increased from 500-900 rpm. At low 
levels of X1 (Speed), Y1 increased from 15.3 to 19.36% 
when the span 80% (X3) was decreased from 2 to 1%. 
At high levels of X1, Y1 was increased from 21.45 to 
23.26% when the span 80 (X3) was decreased from 2 
to 1%. At low levels of X3 (Span 80), Y1 was increased 
from 12.6 to 18.1% when the drug-polymer ratio (X2) 
was increased from 1:4 to 1:8. At high levels of X3, Y1 
was decreased from 23.45 to 21.78% when the drug-
polymer ratio (X2) was increased from 1:4 to 1:8. At 
low levels of drug-polymer ratio (X2) Y1 was decreased 
from 23.4 to 12.6 when the span 80 (X3) was decreased 
from 2 to 1%. At high levels of X2, Y1 was decreased 
from 21.78 to 18.1% when the span 80 (X3) was 
decreased from 2 to 1%. At low levels of X1 (Speed), 
Y1 was increased from 11.6 to 19.45% when the drug-
polymer ratio (X2) was increased from 1:4 to 1:8. At 
high levels of X1, Y1 was decreased from 23.75 to 
16.85% when the drug-polymer ratio (X2) was increased 
from 1:4 to 1:8. At low levels of drug-polymer ratio (X2) 
Y1 was decreased from 23.75 to 11.6% when the speed 
(X1) was decreased from 900 to 500 rpm. At high levels 
of X2, Y1 was increased from 16.85 to 19.45% when the 
speed (X1) was decreased from 900 to 500 rpm.

Figure 5 represents the contour plots showing the 
effects of factors X1, X2, and X3 on the response Y1 
(particle size), where the small circles indicate levels at 
which maximum response would be observed. Figure 
6 shows the response surface plots for the independent 
variables and their influence on the response Y2 

Table 5. Actual values, predicted values and residuals for particle size

Formula No.

T1

T4

T2

T10

T14

T5

T6

T8

T9

T3

T7

T15

T11

T12

T13

Variable levels*

X1

–1
  0
  0
  1
–1
–1
  0
  0
  0
  1
  1
–1
  0
  0
  1

X2

–1
–1
–1
–1
  0
  0
  0
  0
  0
  0
  0
  1
  1
  1
  1

X3

  0
–1
  1
  0
–1
  1
  0
  0
  0
–1
  1
  0
–1
  1
  0

Actual

11.60
12.60
23.45
23.75
19.36
15.35
29.60
23.60
27.65
23.26
21.45
19.45
18.10
21.78
16.85

Pred.

11.18
14.64
20.40
20.27
17.74
18.81
26.95
26.95
26.95
19.80
23.08
18.03
21.15
19.74
17.27

Residual†

  0.42
–2.04
  3.05
  3.48
  1.62
–3.46
  2.65
–3.35
  0.70
  3.64
–1.63
  1.42
–3.05
  2.04
–0.42

Particle size Dissolution after 8 h

Actual

86.20
88.30
90.70
89.90
90.50
70.90
61.30
69.00
65.70
80.30
65.20
73.40
90.60
72.90
90.20

Pred.

92.25
91.48
86.77
84.60
81.27
68.78
62.33
62.33
62.33
82.43
65.43
78.70
94.52
69.73
84.15

Residual†

–6.05
–3.93
  3.93
  5.30
  9.23
  2.13
–1.03
  6.67
  3.37
–2.12
–0.23
–5.30
–3.92
  3.18
  6.05

* X1 = speed (rpm); X2 = drug: polymer; X3 = % span 80; † Residual value = actual value – predicted value.
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Figure 6. Response surface plots showing the effect of different levels of independent variable (X) on percent drug release from TS 
microspheres after 8 h (Y2). X1 = speed (rpm); X2 = drug: polymer; X3 = % span 80.
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Figure 7. Overlay plots showings the effect of different levels of independent variable (X) on the dependent variable; Y1 (right) particle 
size and Y2 (left) % drug release. X1 = speed (rpm); X2 = drug: polymer; X3 = % span 80.
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(dissolution after 8 h). At low levels of X3 (Span 
80%), Y2 was decreased from 90.5 to 80.3% when 
the speed (X1) was increased from 500 to 900 rpm. 
At high levels of X3, Y2 was decreased from 70.9 
to 65.2% when the speed (X1) was increased from 
500-900 rpm. At low levels of X1 (Speed), Y2 was 
increased from 70.9 to 90.5% when the span 80% (X3) 
was decreased from 2 to 1%. At high levels of X1, Y2 
was increased from 90.5 to 89.5% when the span 80 
(X3) was decreased from 2 to 1%. At low levels of X3 
(Span 80%), Y2 was increased from 88.3 to 90.6 % 
when the drug-polymer ratio (X2) was increased from 
1:4 to 1:8. At high levels of X3, Y2 was decreased 
from 90.7 to 72.9% when the drug-polymer ratio (X2) 
was increased from 1:4 to 1:8. At low levels of drug-
polymer ratio (X2), Y2 was decreased from 90.7 to 
88.3% when the span 80% (X3) was decreased from 
2 to 1%. At high levels of X2, Y2 was increased from 
72.9 to 90.6% when the span 80 (X3) was decreased 
from 2 to 1%. At low levels of X1 (Speed), Y2 was 
decreased from 86.2 to 73.4% when the drug-polymer 
ratio (X2) was increased from 1:4 to 1:8. At high levels 
of X1, Y2 was increased from 89.5 to 90.2% when the 
drug-polymer ratio (X2) was increased from 1:4 to 
1:8. At low levels of drug-polymer ratio (X2), Y2 was 
decreased from 89.9 to 86.2% when the speed (X1) 
was decreased from 900 to 500 rpm. At high levels of 
X2, Y2 was decreased from 90.2 to 73.4% when the 
speed (X1) was decreased from 900 to 500 rpm. By 
superimposing the contour plots of both responses we 
can delimit the optimal zone (Figure 7). We consider 
that the average particle size is optimum 20 to 25 
u and a satisfactory drug release will be achieved 
with a value more than 80%. This zone has been 
verified with an experimental point (speed 700 rpm, 
drug/polymer ratio 1:5.6, span 0.85%) which leads to 
optimal particle size and maximum drug release.

4. Conclusions

From the present investigations it can be concluded 
that the emulsion solvent evaporation technique is 
an effective method for the preparation of terbutaline 
sulfate microspheres using Eudragit RSPM as a 
release retardant. The application of a factorial design 
approach helped in identifying the critical factors in 
the preparation and optimization of microcapsules. 
The results of the experimental study confirm that 
the polymer and emulsifier concentration as well as 
the speed of emulsification, significantly influence 
the dependent variables, i.e., particle size and in vitro 
release. The total rank-order of terbutaline sulfate 
concerning the micromeritic parameters and the in-
vitro dissolution could be arranged in a descending 
order as follow: T12 > T11 > T9. An accelerated stability 
study of the TS microspheres will be a continuation of 
this work.
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ABSTRACT: The aim of  this  s tudy was  to 
determine the changes in the in vitro drug release 
from cross-linked hard gelatin capsules containing 
a water-insoluble drug. An immediate release 
hydrochlorothiazide (HCTZ) capsule formulations 
containing drug, lactose, starch 1500 were prepared 
and exposed to accelerated stability study (40°C/
ambient RH (relative humidity), 40°C/60% RH, 40°C/ 
75% RH, and 40°C/90% RH) in closed dark bottles 
for 4 weeks. Notable decrease in drug dissolution was 
observed after 4 weeks in all humidity conditions 
as compared with freshly prepared capsules. In an 
attempt to overcome capsule cross-linking, glycine 
alone, citric acid alone and both glycine and citric 
acid were added to the prepared formulations. In all 
humidity conditions, addition of glycine alone or citric 
acid alone did not affect the decrease in dissolution 
profile. On the other hand, addition of both glycine 
and citric acid together was found to prevent capsule 
cross-linking completely. Fourier transfer infra-
red (FTIR) spectroscopy and differential scanning 
calorimetry (DSC) were performed on blank capsules 
(with no glycine or citric acid) and after storage for 
4 weeks to identify the physicochemical changes in 
drug and other capsule components hence its effect 
on dissolution.

Keywords: Hard gelatin capsule, cross-linking, 
hydrochlorothiazide, relative humidity, starch

1. Introduction

Exposure of a dosage form to high temperature and 
relative humidity is an attempt to assess its long-

term stability in a relatively short period of time 
(1). While accelerated conditions at temperatures 
greater than 30°C and humidities outside the range of 
40-60% are not recommended by gelatin capsule shell 
manufactures (2), storage conditions more stressful 
than these are routinely required by governmental 
agencies as evidence of the long-term stability of the 
dosage form and the drug entity itself (3). Gelatin 
capsule cross-linking is a well known phenomenon 
that results in reduced dissolution of capsule products 
by time and/or under accelerated conditions. Cross-
linking is facilitated when the formulation in the 
capsule either contains a carbonyl compound as an 
impurity or decomposes into a carbonyl compound or 
derivative such as formaldehyde (4,5). Combination 
products of various antihypertensive drugs with 
hydrochlorothiazide (HCTZ) are routinely formulated 
to augment their pharmacological effects or to provide 
step-up therapy (6). HCTZ when incorporated in 
hard gelatin capsules can undergo hydrolysis with the 
formation of formaldehyde and 4-amino-6-chloro-
l,3-benzenedisulfonamide (free amine) (7,8). The 
degradation of HCTZ in a dosage form is undesirable 
since the US Pharmacopeia (USP) sets a tight limit 
for the free amine content of not more than 1% of 
the HCTZ potency due to toxicological reasons. On 
the other hand, by time and/or under the accelerated 
conditions, formaldehyde reacts with the amino acid 
groups within the gelatin shell to generate a cross-
linked structure. This leads to the formation of a very 
thin, tough, and water insoluble film noted around 
the capsule contents during dissolution testing, this 
water-insoluble thin film acts as a barrier, restricting 
drug release (9). The purpose of the present study 
is to evaluate the effect of storage conditions on 
the disintegration and dissolution of HCTZ from 
hard gelatin capsule. In addition, the study aimed 
to indicate that cross-linking has a great impact on 
the results of the in vitro dissolution testing which 
is commonly employed as a method to assess the 
stability of drug products (10). Besides, the study 
aims to overcome this capsule cross-linking problem 
throughout all humidity conditions.
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2. Materials and Methods

2.1. Materials

Hydrochlorothiazide was a kind gift from Hikma-Egypt 
Pharmaceuticals, 6th October City, Egypt. Lactose 
monohydrate powder was purchased from Cooper 
(Melun, France), pre-gelatinized starch (Starch® 1500) 
from Colorcon (Shizuoka, Japan), glycine from Winlab 
Laboratory Chemicals (Leicestershire, UK), citric 
acid and hydrochloric acid (34%) from Adwic (Cairo, 
Egypt). Magnesium stearate was supplied by SEDICO 
Pharmaceutical Co., 6th October City, Egypt. Capsules 
(size 1) were Coni-Snap® type (Capsugel, Colmar, 
France). All chemicals were of commercial analytical 
grade.

2.2. Preparation of capsules

The composition of the HCTZ capsules is shown 
in Table 1 as follows: Formulation (A) is the 
blank formula with neither glycine nor citric acid. 
Formulation (B) contains citric acid alone. Formulation 
(C) contains glycine alone, while formulation (D) 
contains both glycine and citric acid. All ingredients 
were passed through sieve #40, properly mixed 
together, and carefully filled into gelatin capsule.

2.3. In vitro dissolution study

Dissolution was performed using USP Apparatus 2 
(Vankel Industries, Cary, NC, USA) at 100 ± 1 rpm 
in 900 mL of SGF (pH 1.2) at 37 ± 0.5°C. To avoid 
floating, the capsules were ballasted by using a wire. 
Samples were filtered through a 0.45 μm pore size 
membrane filter (Millipore Co., Bedford, MA, USA) 
and analyzed spectrophotometrically (Shimadzu, 
model-UV-1601 PC, Kyoto, Japan) at 271 nm. The 
dissolution medium was replenished with fresh SGF 
(pH 7.4) maintained at 37°C. A cumulative correction 
factor was exploited to compensate for the withdrawn 
samples. Data were computed with reference to a 
standard calibration curve of the drug (r = 0.999) 
and the values obtained were the mean of three 
determinations. For dissolution stability evaluation, the 
capsules were packed in amber-colored glass containers 
and were exposed to 40°C/ambient RH, 40°C/ 60% RH, 

40°C/75% RH, and 40°C/90% RH in a stability cabinet 
(Climacell, Medcenter, Einrichtungen GmbH, MMM 
group, Germany) for 4 weeks after which dissolution of 
all stored formulations was performed under the same 
conditions previously mentioned.

2.4. Fourier transfer infra-red spectroscopy (FTIR)

Samples (2-3 mg) of the fresh and stored capsules 
were mixed each with about 100 mg of dry potassium 
bromide, and were compressed into discs under 
pressure of 10-15 pounds/inch2. The FTIR spectra were 
recorded.

2.5. Differential scanning calorimetry (DSC)

The instrument was calibrated using indium. Samples 
(3.49-5.8 mg) of the fresh and stored capsules were 
weighed directly into platinum pans and scanned 
between 80-140°C at a rate of 10°C/min. Dry nitrogen 
was used as a carrier gas with a flow rate of 30 mL/min.

2.6. Data analysis

A two factors three variables factorial is used which 
requires 9 experiments. The two factors X1, humidity 
percent and X2, addition of citric/glycine are represented 
by –1, 0, and +1, analogous to the low, middle and high 
values respectively (Table 2).
 The following quadratic model was built to describe 
the response:

      Yi  =  b0 + b1X1 + b2X2 + b11X1
2 + b12X2

2 + b13X1X2

where y is the response, x the factors, and b the 
coefficients of each term calculated by multiple 
regression analysis. The responses studied for the 
drugs were the disintegration time (Y1), amount 
dissolved or dissolution after 10 min (Y2) and after 20 
min (Y3).

3. Results and Discussion

3.1. In vitro dissolution study

Complete drug release was observed from the prepared 
HCTZ capsules after 20 min as shown in Figure 1. This 

 Levels

Table 2. Experimental domains and coding of the variables

Variables

Citric/glycine (X1)
Humidity (X2)

–1

Citric
60

0

Glycine
75

+1

Both
90

Y1    disintegration time of capsule
Y2    dissolution after 10 min
Y3    dissolution after 20 min

Responses

 Formulations (%w/w)

Table 1. Composition of different HCTZ formulations

Ingredients

Hydrochlorothiazide
Lactose
Citric acid
Glycine
Starch 1500
Magnesium stearate

    A

  50
244
  –
  –
  52.5
    3.5

    B

  50
242.2
    1.75
  –
  52.5
    3.5

    C

  50
235.25
  –
    8.75
  52.5
    3.5

    D

  50
233.5
    1.75
    8.75
  52.5
    3.5



www.ddtjournal.com

Drug Discov Ther. 2009; 3(3):136-142. 138

facilitated solubilization of glycine in humid conditions, 
thus becoming more evenly distributed throughout the 
capsule content and preventing cross-linking. FTIR and 

is due to the presence of the super-disintegrant starch 
1500 which acts by absorbing water, swelling, and 
producing the fast disintegration effect. After 4 weeks, 
there was a slight drop in the dissolution profiles for 
formulations A, B, and C at 40°C/ambient humidity, 
while formulation (D) showed no significant change in 
drug release (p > 0.05) (Figure 1). After 4 weeks, storage 
at 40°C/60, 75, or 90% RH, there was a significant drop 
in the dissolution profiles for formulations A, B, and C 
(p < 0.05), while formulation (D) exhibited no change in 
drug release. This is illustrated in Figure 2 and Table 3 
in which formulation (D) gave maximum DP5% (percent 
drug dissolved in 5 min), maximum DP20% (percent drug 
dissolved in 20 min), and maximum DE20 (Dissolution 
efficiency at t = 20 min). At all accelerated conditions, 
the remarkable decrease in dissolution was attributed 
to the formation of trace amounts of formaldehyde due 
to hydrolysis of HCTZ in humid environment, which 
interact with the amino acid groups within gelatin shell 
to generate a cross-linked structure and it becomes less 
soluble in aqueous media and thus decreasing the drug 
release from the capsule (11). In addition, formaldehyde 
which is a highly reactive substance, reacts with starch 
1500 leading to the loss of its swelling capacity (12), 
hence retarding its disintegration effect. Addition of 
citric acid (formulation B) was found to improve the 
dissolution slightly. This is due to the fact that the 
hydrolysis process of HCTZ is a pH dependent, so 
through manipulation of pH by adjusting the pH of the 
capsule content with citric acid to nearly 5.0 (optimums 
pH for HCTZ), hydrolysis of drug and subsequent 
formaldehyde formation will be reduced, thereby 
reducing gelatin crosslinking (13). Addition of glycine 
(formulation C) also improves the dissolution profiles 
as it functions as a carbonyl scavenger in gelatin capsule 
formulations, preventing the interaction of the aldehyde 
with the gelatin shell, thereby preventing gelatin cross-
linking (14). It is even reported that if the formaldehyde, 
initially present in the capsule fill, is scavenged by 
the use of glycine, it prevents or reduces the further 
introduction of aldehyde. Formulations containing 
both citric acid and glycine exhibited no decrease 
in dissolution profiles. It appeared that citric acid 

Table 3. Dissolution parameters of HCTZ formulations

Formulation

F zero T
F (A)i
F (B)i
F (C )i
F (D)i
F (A)ii
F (B)ii
F (C )ii
F (D)ii
F (A)iii
F (B)iii
F (C )iii
F (D)iii

DP5 (%)

  35.9
    1.8
  13.3
  24.7
  25.9
    3.8
    2.1
    4.6
  25.1
    0.91
    2.5
    1.6
  31.8

DP20 (%)

  100
    76.1
    81.7
    84.6
    99
      5.9
    37.4
    85
  100
    53.4
    52.5
    53.7
    97.3

DE20 (%)

   82.1
   47.7
   64.2
   73.2
   87.7
     5.4
   23.8
   65.9
   83.9
   24.9
   27.1
   27.5
   86.8

DP5: Percent drug dissolved in 5 min. DP20: Percent drug dissolved 
in 20 min. DE20: Dissolution effi ciency at t = 20 min (calculated from 
the area under the dissolution curve at t = 20 min and expressed as % 
of the area of the rectangle described by 100% dissolution in the same 
time). Each value is the average of three determinations. (i): 40°C/60 
RH, (ii): 40°C/75 RH, and (iii): 40°C/90 RH.

Figure 1. Percent HCTZ released (F zero time) and after 4 weeks 
at 40°C/ambient humidity.
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Figure 2. Percent HCTZ released after 4 weeks at (a) 40°C/60% 
RH, (b) 40°C/75% RH, and (c) 40°C/90% RH. 
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DSC spectrum were carried out on all stored capsules 
in different conditions but only three formulations were 
chosen in this study to show the effect of storage on 
them. These formulations were F1 which contains citric 
acid only, F2 with glycine only, and F5 with both glycine 
and citric acid, all stored at 40°C/90% RH and were 
compared with blank formulation Fblank (containing no 
glycine and citric acid). 

3.2. Fourier transfer infra-red spectroscopy

The FTIR spectrum of plain HCTZ (Figure 3) illustrates 
peaks at 3362, 3267, and 3170 cm-1 assigned to NH and 
NH2 stretching. It also shows peaks at 1602 and 1520 
cm-1 corresponding to the heterocyclic ring system, and 
peaks at 2361 and 2339 cm-1 assigned to C-H stretching 
of the thiazide ring. In addition, it shows a peak at 1321 
cm-1 corresponding to SO2 asymmetric stretching and 
at 1174 and 1152 cm-1 corresponding to SO2 symmetric 
stretching.
 All fresh and stored formulations at different 
relative humidities showed a peak at 3526 cm-1 which 
characterized the stretching vibrations of O-H bonds of 
lactose alcohol group (corresponding to lactose used as 
filler), which could be free or bonded (15). 
 By comparing FTIR spectra of formulations Fblank, 
F1, and F2 stored at 40°C/90% RH for 4 weeks, the peak 
at 3170 cm-1 assigned to NH stretching of secondary 
amine of the intact drug disappeared, which might 
indicate the cleavage of the heterocyclic ring in the 
above formulations, while it was still present in formula 
F5 (Figure 3).
 The intensity of the peaks at 1165, 1143, 1068, 
and 1030 cm-1 corresponding to C-H stretching of 
formaldehyde was increased in spectra of formulae F1, 
F2, and Fblank indicating the presence of formaldehyde in 
large amount. On the other hand, the same peaks were 
found in the spectrum of formula F5, but with much less 
intensity indicating the presence of trace amounts of 
formaldehyde (15).
 By examining the FTIR spectra of the formulations, 

the peak at 2300 cm-1 assigned to the thiazide ring of the 
drug was absent in the spectrum of blank formulation 
which may be attributed to the absence of both glycine 
and citric acid. Conversely, this peak was found in 
the spectra of F1, F2, and F5 indicating the presence 
of the thiazide ring intact in these formulations (16). 
This result was correlated with that obtained from the 
dissolution studies where the blank formulation showed 
the least DP5%, DP20%, and DE20.

3.3. Differential scanning calorimetry

The DSC of plain HCTZ (Figure 4) shows an 
endothermic peak corresponding to its melting point 
at 271.13°C with an apparent heat of fusion of -123.41 
mJ which agrees with the melting point reported in 
Analytical Profiles (13). The disappearance of the 
peak of the drug in the thermograms of formulation F5 
proved that the drug was completely miscible in the 
excipients used. On the other hand, the same peak of 
the drug appeared in the thermograms of Fblank, F1, and 
F2 with relatively small intensity. This may be due to 
the absence of glycine in F1, absence of citric acid in F2 
and absence of both in Fblank which caused the drug to 
be less soluble in the mentioned formulations resulting 
in the appearance of its peak.

3.4. Data analysis

The causal factor and response variables were related 
using polynomial equation with statistical analysis 
through Design-Expert® software (17).
 The contour plots illustrating the simultaneous 
effect of the causal factors on individual and combined 
response variable are represented in Figures 5-7. 
This expression gives an insight into the effect of the 
different independent variables (response). A positive 
sign of coefficient indicates a synergistic effect while a 
negative term indicates an antagonistic effect upon the 
response (Tables 4-7).

139

Figure 3. FTIR spectra of drug, Fblank, F1, F2, and F5 stored at 
40°C/90% RH for 4 weeks.

Figure 4. DSC spectra of drug, Fblank, F1, F2, and F5 stored at 
40°C/90% RH for 4 weeks.
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Figure 5. Contours of disintegration time (Y1) as a function of humidity % (X1) and addition of citric/glycine (X2).

Figure 6. Contours of dissolution after 10 min (Y2) as a function of humidity % (X1) and addition of citric/glycine (X2).

Figure 7. Contours of dissolution after 20 min (Y3) as a function of humidity % (X1) and addition of citric/glycine (X2).
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4. Conclusion

In the environment of high humidity, the decrease in 
the dissolution of HCTZ capsules was attributed to 
the formation of formaldehyde due to the hydrolysis 
of HCTZ in the presence of moisture and excipients. 

The liberated formaldehyde reacted with the gelatin 
in the capsule shell and starch 1500 in the formulation 
to form an insoluble compound that led to a decrease 
in the dissolution profile and a decrease in the capsule 
disintegration capacity. This capsule cross-linking was 
overcome by using a combination of an amino acid 
(glycine) and a buffer (citric acid) which prevent the 
formaldehyde formation inside the capsule and thus 
attain its dissolution profile.
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