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solubility profiles of cefdinir with BCD and HPBCD were classified as A_-type, which indicates the for-
mation of 1:1 stoichiometry inclusion complexes. Stability constants with 1:1 molar ratio obtained from
the phase solubility diagrams were 120.38 4 1.07 and 58.60 + 1.20 M~ for BCD and HPBCD, respectively.
Binary systems of CEF with 3CD and HPCD prepared by kneading method were characterized by Fourier

lc(?f';‘i/girfs" transformation-infrared spectroscopy (FTIR) and X-ray powder diffractometry (XRD). The aqueous solu-
Cyclodextrins bility of CEF was enhanced by 101% for 3CD and 23.4% for HPCD, respectively. The dissolution profiles of
Dissolution inclusion complexes were determined and compared with those of CEF alone and their physical mixtures.
Inclusion complex The dissolution rate of CEF was increased by 3CD and HPBCD inclusion complexation moderately. How-
Antimicrobial activity ever, the antimicrobial activity of CEF was increased significantly (p <0.001) by 3CD and HPBCD inclusion
complexation against S. aureus and E. coli. In all these studies, HPRCD had superior antimicrobial activity
than that of CD while BCD had greater effect on solubility enhancement of CEF.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Cefdinir  (CEF; [6R-[6c,7B(2)]]-7-[[(2-amino-4-thiazolyl)
(hydroxyimino) acetyl] amino]-3-ethenyl-8-o0xo-5-thia-1-
azabicyclo [4.2.0]-oct-2-ene-2-carboxylic acid; Fig. 1) is

a semi-synthetic third generation broad-spectrum oral
cephalosporin active against Gram-positive and Gram-negative
bacteria [1]. It is used in the treatment of acute chronic bronchitis,
rhinosinusitis and pharyngitis [2,3]. However, the oral bioavail-
ability of CEF is only 21-25% [2], which is mainly due to its poor
aqueous solubility. Poor bioavailability may in turn provide lower
antimicrobial activity and this may give rise to the development
of resistance by the microorganisms. Therefore, attempts were
made in order to improve the solubility and dissolution rate
of CEF using cyclodextrins. Further, the effect of cyclodextrin
inclusion complexation on antibacterial activity of CEF was also
investigated.

Cyclodextrins (CDs) are popular for their ability to form inclu-
sion complex that increase the aqueous solubility and driving
force for diffusion across the biological membrane for lipophilic
drugs [4-7]. However, while forming inclusion complex with
hydrophobic drugs, they do not alter their molecular structure
and permeability characteristics [8]. Complexation with cyclodex-
trins has been extensively used to enhance the aqueous solubility
and dissolution rate of poorly water-soluble drugs [9-11]. CDs
have become popular due to their hydrophilic nature and abil-
ity to improve the solubility of poorly water-soluble drugs,
enhancement in physicochemical properties and chemical sta-
bility of drugs [12]. Due to hydrophobic central cavities, CDs
are capable of forming stable complexes with properly sized
guest molecules [13]. Some chemically modified CDs such as
hydroxypropyl B-cyclodextrin (HPBCD) have gained importance,
because of their suitable cavity sizes and greater hydrophilic-
ity. CDs act as excellent carriers for the hydrophobic drug
molecules in solution phase and deliver them to the surface of
the biological membrane [14]. It has been also reported that,
CDs can improve antimicrobial properties of chemotherapeutic
agents by increasing their release rate from inclusion complex
[15].

The objective of the present work was to study the effect of
cyclodextrin inclusion complexation on aqueous solubility, dis-
solution rate and antimicrobial activity of CEF. The inclusion
complexes of CEF with BCD and HPBCD were prepared by knead-
ing method. The solubility type and the stability constants of the
complexes were established according to phase solubility studies.
The dissolution properties of inclusion complexes were studied
and compared with CEF alone and physical mixtures. Antimicro-
bial activity of inclusion complexes was checked by cup-plate
method against Gram-positive species S. aureus and Gram-negative
species E. coli and compared with CEF alone and physical mix-
tures. Fourier transformation-infrared spectroscopy (FTIR) and
X-ray powder diffractometry (XRD) were used to characterize the
solid-state properties of CEF, physical mixtures and inclusion com-
plexes.
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Fig. 1. Chemical structure of cefdinir.

2. Materials and methods
2.1. Materials

Cefdinir was kindly supplied by Lupin Ltd.,, Mumbai, India
as a gift sample. B-Cyclodextrin (3CD) and 2-hydroxypropyl -
cyclodextrin (HPBCD) were kindly supplied by Panacea Biotech,
Chandigad, India. The degree of substitution for 2-hydroxypropyl
B-cyclodextrin (HPBCD) was 0.65 [16]. All the reagents used were
of analytical grade. Double distilled water was used throughout the
experiments.

2.2. Phase solubility studies

Phase solubility studies were carried out in water in tripli-
cate according to the method described by Higuchi and Connors
[17]. Excess amount of CEF (50 mg) was added to 20 ml of aque-
ous solutions containing various concentrations of CD or HPRCD
(0-0.01 M). Then, the suspensions were shaken on rotary shaker at
25+ 2°C for 4 days. After equilibrium was achieved, the samples
were filtered through 0.45 um membrane filter and appropriately
diluted. The concentration of CEF was determined spectrophoto-
metrically (Shimadzu UV-vis Spectrophotometer, 1700, Japan) at
286 nm. The apparent stability constants Ks were calculated from
phase solubility diagrams with the assumption of 1:1 stoichiometry
according to the following equation:

slope

Ks = So(1 — slope)

(1)
Sp is the solubility of CEF in absence of CDs.

2.3. Preparation of solid binary systems

The following binary systems of CEF with 3CD and HPBCD were
prepared in 1:1 molar ratio.

2.3.1. Preparation of physical mixtures of CEF with SCD and
HPBCD

The physical mixtures (PM) of CEF-3CD and CEF-HP(3CD in 1:1
molar ratio were prepared by mixing individual components that
had previously been sieved through sieve no. 60.

2.3.2. Preparation of inclusion complex by kneading method

CEF and CDs with 1:1 molar ratio were accurately weighed and
transferred to mortar. The mixtures were then triturated in a mor-
tar with a small volume of water-ethanol (1:1 v/v) solution till a
homogenous paste was formed. The paste formed was kneaded for
45 min and then dried at 45°C in an oven. The dried masses were
pulverized and sieved through sieve no. 60.

2.4. X-ray powder diffractometry

The XRD patterns of CEF, CEF-3CD, CEF-HPBCD inclusion com-
plexes and physical mixtures were recorded by using Philips
Analytic X-Ray—PW 3710 (Holland) diffractometer with tube anode
Cu over the interval 5-70°/26. The operation data were as follows:
generator tension (voltage) 40kV, generator current 30 mA and
scanning speed 2°/min.

2.5. Fourier transformation-infrared spectroscopy
Infrared spectra were obtained using a PerkinElmer spectrum-

one FTIR spectrometer using KBr disks. The samples were
previously ground and mixed thoroughly with KBr. The KBr disks
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were prepared by compressing the powder. The scanning range was
kept from 4000 to 450 cm™!.

2.6. Saturation solubility studies

Saturation solubility studies were performed in distilled water
in triplicate according to the method reported by Higuchi and Con-
nors [17]. Excess of pure drug, physical mixtures and inclusion
complexes were added to 20 ml of distilled water taken in screw
cap tube and shaken for 24 h in rotary flask shaker at a room tem-
perature to achieve the equilibrium. In preliminary studies, it was
found that equilibrium solubility was achieved in 24 h and therefore
samples were shaken for 24 h. Appropriate aliquots were then with-
drawn and filtered through Whatman filter paper no. 41. The filtrate
so obtained was analysed spectrophotometrically at 286 nm. The
results obtained from saturation solubility studies were statistically
validated using ANOVA (Tukey-Kramer multiple comparisons test).

2.7. Dissolution studies

The dissolution rate studies of CEF alone, physical mixtures and
inclusion complexes were performed in triplicate in a dissolution
apparatus (model: Veego DA-6-D tablet dissolution test apparatus,
Mumbai, India) using the paddle method (USP Type II). Dissolution
studies were carried out using 900 ml of 0.1 M phosphate buffer
(pH 7.0) at 37 £0.5°C at 100 rpm. 300 mg of CEF or its equivalent
amount of CEF-CDs complexes was added to 900 ml of 0.1 M phos-
phate buffer (pH 7.0). Samples of 5ml were withdrawn at time
intervals of 5, 10, 20, 30, 50 and 60 min. The volume of dissolu-
tion medium was adjusted to 900 ml by replacing each 5 ml aliquot
withdrawn with 5 ml of fresh 0.1 M phosphate buffer (pH 7.0). The
solutions were immediately filtered through 0.45 wm membrane
filter, suitably diluted and the concentrations of CEF in samples
were determined spectrophotometrically at 286 nm. The results
of dissolution studies were statistically validated using ANOVA
(Tukey-Kramer multiple comparisons test).

2.8. Antimicrobial studies

In vitro antimicrobial studies of inclusion complexes were per-
formed by cup-plate method against Gram-positive species S.
aureus and Gram-negative species E. coli in the concentration of
0.2 pg/ml (MIC 0.1-0.5 pg/ml). The activities were compared with
pure CEF and physical mixtures. CEF was dissolved in small amount
of dimethyl formamide and suitably diluted with distilled water
to obtain the final concentration. Similarly inclusion complexes
and physical mixtures were dissolved separately in distilled water
and suitably diluted with the same to obtain the concentration of
0.2 pg/ml. Aqueous solutions of pure 3CD and HPBCD were used as
aplacebo control. The plates were incubated at 37 °C for 24 hand the
zone of inhibition was measured in mm. The results of antimicrobial
studies were statistically validated using ANOVA (Tukey-Kramer
multiple comparisons test).

3. Results and discussion
3.1. Phase solubility studies

The phase solubility profiles of CEF-B3CD and CEF-HPBCD are
presented in Fig. 2A and B, respectively. These plots showed that
aqueous solubility of the drug increases linearly as a function of
BCD and HPBCD. The phase solubility profile of CEF with 3CD and
HPBCD can be classified as A; -type. The linear host-guest correla-
tion coefficient r=0.9877 (r2 =0.9756) with a slope (m) of 0.08765
and r=0.9966 (2 =0.9932) with a slope (m) of 0.0688 suggested the
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Fig.2. (A)Phase solubility diagram of CEF-BCD system in water. (B) Phase solubility
diagram of CEF-HPBCD system in water.

formation of a 1:1 complex with respect to 3CD and HPBCD con-
centrations. The apparent stability constants, Ky.; obtained from
the slope of the linear phase solubility diagrams were 120.38 & 1.07
and 58.60 + 1.20 M~ for BCD and HPBCD, respectively (Eq.(1)). The
Ki.1 values suggested that CEF formed more stable complex with
[BCD than with HPBCD, which may be because of a steric hindrance
of hydroxypropyl group of HPRCD which has restricted the entry of
guest molecule into the CD cavity [13].

3.2. Fourier transformation-infrared spectroscopy

Fig. 3A illustrates the FTIR spectra of CEF, BCD, physical mixture
and CEF-BCD inclusion complex. IR spectrum of CEF (a) is charac-
terized by principal absorption peaks at 3300cm~! (O—H stretch
COOH), 2978 cm~! (C—H stretch cyclic), 2898 cm~! (C—H stretch),
1781 cm~! (C=0), 1667 cm~! (C=C alkene), 1610cm~! (C=C aro-
matic), 1544cm~! (N—H bending), 1428 cm~! (C—N stretch) and
656cm~! (C—S). The IR spectrum of BCD (b) shows prominent
peaks at 3398 cm~! (0O—H), 2925 cm~! (C—H), 1643 cm~! (H—O—H
bending), 1157 cm~! (C—0), 1028 cm~! (C—0—C).

The IR spectra of PM (c), shows peaks of both CEF and 3CD
with decrease in the peak intensity. However some peaks of CEF
at 3300, 2978, 2898 and at 656 cm~! were disappeared indicating
strong physical interaction of CEF with BCD. In the IR spectra of
inclusion complex (d) the peaks of CEF at 3300, 2978, 2898 and
at 656cm~! completely disappeared indicating that cephem ring
with carboxylic functional group of guest had been entrapped in
the hydrophobic cavity of host molecule. The peak of OH group of
BCD at 3398 cm~! was shifted towards lower frequency 3303 cm™!
due to intermolecular hydrogen bonding with CEF. The peak at
1649 cm~! in IR spectra of BCD due to water of crystallization, also
disappeared in both PM and inclusion complex [13]. These changes
occurred in IR spectra of samples indicated formation of inclusion
complex in solid state.

Fig. 3B shows the FTIR spectra of CEF, HPBCD, physical mixture
and CEF-HPBCD inclusion complex. The IR spectrum of HPRCD (b)
shows prominent peaks at 3390cm~! (O—H), 2928 cm~! (C—H),
1647 cm~! (H—O—H bending). In physical mixture the broad peak
of HPBCD (c) at 3390 cm~! was shifted to 3365 cm~1. All the peaks
of CEF completely disappeared with a shift of 1781-1767 cm~1. The
FTIR spectra of HPBCD complex (d), shows complete disappearance
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Fig. 3. (A) FTIR spectra of CEF-BCD systems: (a) CEF; (b) BCD; (c) physical mixture
and (d) inclusion complex. (B) FTIR spectra of CEF-HPBCD systems: (a) CEF; (b)

HPBCD; (c) physical mixture and (d) inclusion complex.

A)

(b)

Counts

(d)

20 40 60
26 (°)

o

(a)

M (b)

Counts

()

e O

20 40 60
26 (°)

o+

Fig. 4. (A) XRD patterns of CEF-BCD systems: (a) CEF; (b) BCD; (c) physical mixture
and (d) inclusion complex. (B) XRD patterns of CEF-HPBCD systems: (a) CEF; (b)

HPBCD; (c) physical mixture and (d) inclusion complex.
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Table 1

Solubility data of pure cefdinir, physical mixtures and inclusion complexes

System Solubility in water at 25°C S.EM.
(pg/ml)* (mean=+S.D.)

Cefdinir (CEF) 431.97 + 1.56 0.89

BCD physical mixture 720.13 + 1.49° 0.86

BCD complex 869.27 + 1.76 hac 1.02

HPBCD physical mixture 493.00 + 1.611 0.93

HPBCD complex 531.93 + 1.66"> 0.96

* Indicates mean of three experiments; S.D.: standard deviation; S.E.M.: standard
error of mean; ' p value compared to pure CEF (p<0.001); *p value compared to
BCD physical mixture (p<0.001); ®p value compared to HPBCD physical mixture
(p<0.001); p value compared to HPRCD complex (p <0.001).

of the CEF peaks at 3300, 2978, 2898 and at 656 cm~! with strong
decrease in peak intensity. This suggested that, CEF could form
inclusion complex with HPBCD in solid state. All the binary sys-
tems of CEF-CD did not show any new peaks, indicating no chemical
bond formation in the complexes.

3.3. X-ray powder diffractometry

The XRD pattern of CEF showed (Fig. 4A and B) peaks that were
intense and sharp, indicating its crystalline nature. Crystallinity was
determined by comparing some representative peak heights in the
diffraction patterns of the binary systems with those of a reference.
CEF showed sharp peak at 26° (26) with highest peak intensity 231.
The relative degree of crystallinity (RDC) was calculated according
to the equation:

RDC — lsam (2)
Iref

where Isam is the peak height of the sample and I is the peak height
at the same angle for the reference with the highest intensity [18].
The peak height at 26° (20) was used for calculating the RDC of
kneaded and physical mixture binary system. The RDC values of
corresponding binary systems of CEF-3CD (Fig. 4A) were 0.6233
and 0.7532, respectively. However, the RDC values of correspond-
ing binary systems of CEF-HPBCD (Fig. 4B) cannot be calculated as
the peak of CEF at the same angle completely disappeared in these
binary systems. The diffraction pattern of all binary systems of CEF
also showed other peaks of CEF with decrease in the peak intensity
indicating reduction in crystallinity. However in the binary systems
of CEF-HPBCD, the crystallinity of CEF was found to be reduced to a
greater extent, evidenced by complete disappearance of intense of
peaks of CEF. Further, XRD studies of CEF-HPBCD inclusion complex
(4B-d) shows typical and characteristic hollow pattern of HPRCD
suggesting formation of inclusion complex in solid state. In case of
CEF-BCD inclusion complex (4A-d), the intense and sharp peaks of
CEF were highly diminished indicating formation of inclusion com-
plex. From the XRD studies it could be concluded that there might
be presence of some amorphous entities of pure CEF in inclusion
complexes.

3.4. Saturation solubility studies

All the binary systems of CEF showed enhancement in the aque-
ous solubility as compared to pure drug alone (Table 1). The 1:1
inclusion complex of CEF with BCD showed higher solubility than
all other binary systems of CEF. The enhancement in the solubility
of complex is mainly attributed to the formation of stable inclusion
complex of CEF with BCD. The stability constant, 120.38 & 1.07 M~!
suggests that CEF and 3CD are having sufficient affinity towards
each other to form stable inclusion complex, as the solubility of
complex was found to be increased by 101%. The physical mixture
of CEF-3CD has also shown higher solubility (66.68%) than the
pure drug. The enhancement in aqueous solubility of CEF can be
explained in terms of wetting property and hydrophilicity of 3CD
with simultaneous reduction in the crystallinity of the drug caused
by the kneading process and inclusion into the hydrophobic cavity
of the BCD [19]. However, the binary systems of CEF-HP(3CD have
shown little increment in the solubility as compared to CEF-BCD
binary systems. The solubility of pure CEF has been increased only
by 23% when complexed with HPBCD. This may be due to lower K74
value (58.60+ 1.20M~!) of CEF-HPBCD complex. The low value
of stability constant indicates less affinity of HP3CD towards CEF.
However, overall effect of cyclodextrin complexation is the signif-
icant improvement in aqueous solubility of CEF as shown by the p
values in Table 1.

3.5. Dissolution rate studies

The dissolution curves of CEF-BCD and CEF-HPBCD binary sys-
tems in 0.1 M pH (7.0) phosphate buffer at 37 + 0.5 °C are shown in
Fig. 5A and B, respectively. The release rate profiles were expressed
as the percentage of drug released (vs.) time. The dissolution time
of CEF from inclusion complexes and physical mixtures was deter-
mined and further evaluated. Table 2 shows % drug dissolved at
5min (DPs), at 10 min (DPg), at 30 min (DP3() and at 60 min (DPgg).

According to these results, all the DP values obtained for physical
mixtures of both the cyclodextrins were not significantly differ-
ent than that of CEF alone (p>0.05). The kneaded products have
shown higher dissolution rate as compared to the physical mixtures
and pure drug. At DP5 and DPyg (p<0.05), and at DP3y and DPgg
(p<0.01), inclusion complex prepared with HPBCD had a signifi-
cant difference with respect to drug CEF alone whereas, inclusion
complex prepared with 3CD showed significant effect only at DP3,
(p<0.05) and DPgg (p<0.01) with respect to CEF alone. However,
there were no significant differences for all the DP values when
inclusion complexes were compared amongst the two CDs.

The moderate enhancement in dissolution rate has been
attributed to the formation of inclusion complexes in the solid state
with reduction in the crystallinity of CEF, as confirmed by XRD stud-
ies. The dissolution rate increase for inclusion complexes was due
to greater hydrophilicity, higher wetting effect, mechanical treat-
ment, which increased the contact between the drug and the carrier

Table 2

The dissolution parameters of pure cefdinir, physical mixtures and inclusion complexes in phosphate buffer pH 7 at 37 +£0.5°C

System DPs* +S.D. DP1o* +S.D. DP3p* £S.D. DPgo* £S.D.

Pure CEF 62.48 + 3.9 71.76 + 4.1 76.47 + 3.5 8212+ 43

BcD PM& 67.81 + 4.2 72.35 £ 3.7 7712 £ 4.3 85.22 £+ 4.1

BCD KN 7242 + 3.8 80.28 + 4.5 88.89 + 3.9 (p<0.05)' (p<0.05)" 99.65 + 3.4 (p<0.01)! (p<0.01)"
HPBCD PM$ 71.03 £+ 3.7 73.04 £ 38 7722 £ 3.9 90.32 + 4.1

HPBCD KN* 74.63 + 4.5 (p<0.05) 83.08 + 3.5 (p<0.05) 90.95 + 4.2 (p<0.01)! (p<0.05)% 99.89 + 4.0 (p<0.01)f

*Indicates mean of three experiments; S.D.: standard deviation; PM: physical mixture; KN: kneaded product (complex); DPs: % dissolved at 5 min; DPq: % dissolved at 10 min;
DP3: % dissolved at 30 min; DPg: % dissolved at 60 min; ' indicates p value compared to pure CEF: significant at all DP values; ¥ indicates p value compared to HPRCD PM:
significant at only DP3o; ! indicates p value compared to pure CEF: significant at only DP3o and DPg; ! indicates p value compared to BCD PM: significant at only DP3o and
DPeo; 8 indicates p value compared to pure CEF: not significant at all DP values (p>0.05); * indicates p value compared to BCD KN: not significant at all DP values (p > 0.05).
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Fig. 5. (A) The dissolution diagram of CEF-BCD systems at 37 +0.5°C: (4) CEF;
(m) physical mixture and (a) inclusion complex. (B) The dissolution diagram of
CEF-HPBCD systems at 37+ 0.5 °C: (4) CEF; (M) physical mixture and (a) inclusion
complex.

Table 3
Antimicrobial activity of pure cefdinir, physical mixtures and inclusion complexes

System Zone size (mm)* mean £ S.D.
S. aureus S.E.M. E. coli S.E.M.
CEF 3.1+ 0.36 0.21 29 +0.31 0.18

BCD (placebo control) - - - -
HPBCD (placebo control) - -
BCD physical mixture 6 + 0.35' 0.20

6 + 0.25 0.15*

BCD complex 7 £0.257  0.15 8 £ 0.35 0.2044
HPBCD physical mixture 5+ 0.32f 0.19 59 +0.32 0.19¢
HPBCD complex 11 + 0.35tP¢  0.20 12.1 £ 0.26 0.15%ef

* Indicates mean of three experiments; S.D.: standard deviation; S.E.M.: standard
error of mean; ' p value compared to pure CEF (S. aureus: p<0.001); * p value com-
pared to BCD physical mixture (p<0.05); ® p value compared to HPBCD physical
mixture (p<0.001); ¢ p value compared to BCD complex (p<0.001). ! p value com-
pared to pure CEF (E. coli: p<0.001); ¢ p value compared to BCD physical mixture
(p<0.001); ¢ p value compared to HPBCD physical mixture (p<0.001); f p value
compared to 3CD complex (p <0.001).

and ability to form stable inclusion complex of the 3CD and HP3CD
[20].

3.6. Antimicrobial studies

The antimicrobial activity of all binary systems of CEF with 3CD
and HPBCD against Gram-positive (S. aureus) and Gram-negative
(E. coli) species was checked by cup-plate method and compared
with the pure CEF. The results are summarized in Table 3. These
studies revealed that all binary systems of CEF have shown greater
antimicrobial activity than CEF alone. However, CEF-HPBCD inclu-
sion complex has shown significant and highest zone of inhibition
against both the microorganisms as compared to pure CEF alone

and its all other binary systems. The greater antimicrobial activity of
CEF-HPBCD inclusion complex may be due to the ability of HPRCD
to release the drug readily from the inclusion complex [15]. Fur-
ther, the low stability constant of CEF-HP3CD complex favours the
rapid release of drug from the inclusion complex. On the contrary,
the high value of stability constant of CEF-BCD complex perhaps
hinders the release of pure drug from the complex. Thus HPBCD was
found to be superior to $CD in enhancing antimicrobial activity of
CEF as shown by the p values in Table 3.

4. Conclusion

The present investigation revealed that CEF can form inclusion
complex with both BCD and HPBCD in solid state. The stoichiome-
try of complex formation is in 1:1 molar ratio with better stability
constant. From these results, it can be assumed that the formation
of the inclusion complex of CEF with either 3CD or HP3CD can
increase the aqueous solubility of CEF. The improved dissolution
rate may be due to increase in solubility, brought about by com-
plexation, amorphizing power of CDs and mechanical treatment.
From these evidences it can be concluded that the aqueous solu-
bility and dissolution rate of CEF can be significantly increased by
forming an inclusion complex with CDs. Further, it is found that
CDs can also improve the antimicrobial activity of CEF in vitro by
increasing its release rate. In all these studies, HPRCD was found to
be superior to 3CD with respect to antimicrobial activity while 3CD
was found to be superior with respect to enhancement in aqueous
solubility of CEF.
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