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ABSTRACT

The solubility enhancement of diazepam and nitrazepam in water was analyzed depending on temperature and amount
of orcyclodextrin (a~CD), f-cyclodextrin (5-CD) and 2-hydroxypropyl-f-cyclodextrin (2-HP-5-CD). The interactions
of drug-cyclodextrin in solution were investigated by the phase-solubility analysis. Diazepam (nitrazepam) content in
aqueous complexation medium was analyzed UV spectrophotometrically. Classical solubility data were used to derive
apparent stability constants (K;.;) which were used to derive thermodynamic parameters for the diazepam (nitraze-
pam)-cyclodextrin complexes. Since all phase solubility plots were of A _types, and calculated Slopes after linear re-
gression analysis were found to be less than 1, it could be assumed that stoichiometry of the formed binary systems was
1:1. According to the calculated K., values, the stability of the complexes of diazepam and nitrazepam with ¢~CD,
S-CD and 2-HP-$-CD varies as follows: 2-HP-5-CD > -CD > o~CD. The o~CD has higher affinity for dissolving ni-
trazepam compared to diazepam. While all parameters lead to an improvement in solubility, the largest effect was
obtained for guest-host complexation with 2-HP-f-CD. The solubility of diazepam and nitrazepam in water increased
93.02 times and 64.23 times, respectively, in the presence of 40% (w/w) 2-HP-$-CD, at 25°C. Solubility data for diaze-
pam and nitrazepam in aqueous 2-HP-S-CD were used to derive thermodynamic parameters, AG® at 298 K = —14.43
kI'mol™', AH" = 0.79 kJ'mol "', AS" at 298 K = 51.17 J mol "K'' and AG" at 298 K = —~13.43 kJ'mol ', AH" = 2.38
kJ-mol ™', AS® at 298 K = 53.01 J-mol "K', respectively. Formation of inclusion complexes substantially increases the
water solubility of diazepam and nitrazepam. Diazepam and nitrazepam dissolution thermodynamics in aqueous
2-HP-$-CD were characterized by spontaneous and endothermic dissolution and hydrophobic interactions.
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1. Introduction plexes with many drugs [6,7].

In aqueous solutions, cyclodextrins form complexes
with many drugs through a process in which water
molecules located in the central cavity are replaced by
either the whole drug molecule, or more frequently, by
some lipophilic portion of the drug structure (Figure 3).
Since no covalent bonds are formed or broken during the
drug-cyclodextrin complex formation, the complexes are
in dynamic equilibrium with free drug and cyclodextrin
molecules [3-5].

Diazepam and nitrazepam are benzodiazepine drugs
(Figure 1). They are commonly used for treating anxiety,
insomnia and muscle spasms [1]. The solubility was
found to be 1.6228 x 10 mol-L™" for diazepam, while
the solubility of nitrazepam was 1.1554 x 10™* mol-L ™",
at 25°C [2]. In liquid medical forms, diazepam and ni-
trazepam are available as oral solutions (0.4 mg or 1 mg
of diazepam/mL solution and 1 mg nitrazepam/mL solu-
tion), as an oral suspension (0.5 mg or 1 mg of nitraze-

pam/mL suspension) and as a solution for injection (5 mg
diazepam/mL solution for injection).

Cyclodextrins (CDs) are non-toxic cyclic oligosaccha-
rides containing at least 6 D-(+)-glucopyranose units
attached by o~(1,4) glucoside bonds (Figure 2). As a
result of their molecular structure, with hydrophilic exte-
rior surface and hydrophobic cavity interior, cyclodex-
trins possess a unique ability to form inclusion com-

Copyright © 2012 SciRes.

The objectives of the present work were to prepare
aqueous solutions of diazepam and nitrazepam with o~
cyclodextrin (-CD), f-cyclodextrin (5-CD) and 2-hydro-
xypropyl-f-cyclodextrin (2-HP-£-CD) and to investigate
the possibility of improving the solubility of poorly water
soluble diazepam and nitrazepam by their comple- xation
with selected cyclodextrins. The effects of o~CD, SCD
and 2-HP-B-CD on equilibrium solubility were assessed
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Figure 1. Structural formulas of (a) diazepam and (b) ni-
trazepam.
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Figure 2. The chemical structures of (a) a-cyclodextrin (b)
p-cyclodextrin and its derivate.

via phase-solubility analysis as were the interactions of
these excipients on drug solubility under conditions fa-
voring oversaturation. The value of the apparent stability
constant (K.;) is used to compare the affinity of drugs
for different CDs [6]. A more precise method for evalua-
tion of the solubilizing effects of cyclodextrins is to de-
termine their complexation efficiency (CE). The utility
number (Ucp) greater or equal to 1 indicates that solu-
bilization is adequately provided by complexation with
the cyclodextrin tested. Many of the processes of pharma-
ceutical interest such as complexation can be described in

Copyright © 2012 SciRes.
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Figure 3. Shematic ilustration of the inclusion complex
formation.

terms of changes of the Gibbs free energy. The standard
free energy change is releated to standard entalpy change
and entropy change. Several driving forces have been
proposed to be important for the specific affinity of
ligand molecules (CDs) for the guest molecules (drugs)
[71.

2. Materials and Methods
2.1. Materials

Diazepam-(7-chloro-1,3-dihydro-1-methyl-5-phenyl-2H-
1,4-benzodiazepin-2-one) (Marsing & CoA, Denmark),
Nitrazepam-(1,3-dihydro-7-nitro-5-phenyl-2H-1,4-ben-
zodiazepin-2-on) (F.I.S.-Fabbrica Italiana Sintetici, Italy),
Acidum hydrochloricum fumans, 37%, pro analysi, (Al-
kaloid, Macedonia), c-cyclodextrin, M; = 972.86 g-mol '
(Fluka, Chemika, Switzerland), f-cyclodextrin, M, = 1135
g'mol”' (Fluka, Chemika, Switzerland), 2-Hy-droxypro-
pyl-S-cyclodextrin of molar substitution (MS) 0.6, M, =
1383 g-mol ™" (Fluka, Chemika, Switzerland).

2.2. Phase Solubility Studies

Solubility measurements and the determination of satura-
tion concentrations were carried out by adding excess
amounts of diazepam and nitrazepam to water/cyclodex-
trin mixtures. Concentrations of these cyclodextrins were
selected based on their solubility in water. Solutions with
o~CD were prepared at concentrations from 1% to 14%
(w/w) since it solubility is 14.5%. Solutions with S-CD
were prepared at concentrations from 0.5% to 1.8% (w/w)
(solubility is only 1.85%), while solutions with 2-HP-
SCD were prepared at concentrations from 1% to 40%
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(w/w) (solubility more them 50%). The solubility of
fS-cyclodextrin in water about at room temperature. The
diazepam/nitrazepam powder was added (Analytical
balance type XS 205, Mettler Toledo GmbH, Germany)
into dark, glass flasks containing already mentioned per-
centages of cyclodextrins (Tables 1-6). The samples
were shaken for 24 hours on thermostated shaking bath
(BDL, Type: GFL 1083, Czech Republic), to reach equi-

librium. Preliminary studies were carried out using dif-
ferent equilibration periods confirming that equilibrium
was reached within 24 h. Longer equilibration did not
result in increased diazepam and nitrazepam solubility.
Undissolved diazepam and nitrazepam were visualised
before and after the equilibrium was reached [6]. These
phase solubility experiments were repeated at different
temperatures (15°C, 25°C and 37°C £ 0.1°C).

Table 1. Solubility of diazepam in aqueous solutions depending on the concentration of o~CD at 15°C, 25°C and 37°C £ 0.1°C

(n=3).
S o) Sob(diazipam) RSD® Sen/Sp’ Sob(diazipam) RSD® Sen/Sp’ Sob(diazipam) RSD® Sen/Sp!
“ (at 15°C) (at 25°C) (at 37°C)
10.279 0.1849 1.65 1.30 0.2125 1.32 1.31 0.2404 1.79 1.45
30.837 0.2630 1.91 1.85 0.2947 1.54 1.82 0.3182 1.88 1.92
51.395 0.3698 1.73 2.60 0.4268 1.75 2.63 0.4467 1.74 2.69
102.790 0.5426 1.59 3.81 0.6891 1.78 4.25 0.7120 1.96 4.30
143.906 0.7112 2.01 5.00 0.8247 1.99 5.08 0.8551 1.98 5.16

*S—Concentration of cyclodextrin: &~CD, -CD or 2-HP-$-CD (mmol-L™"); °S,—Concentration of drug: diazepam or nitrazepam (mmol-L'); ‘RSD—Relative
standard deviation; Scp/Sp—Solubility enhancement factor calculated as the ratio of drug solubility in CD solution (Scp) versus drug solubility value (Sp)
measured in the absence of CD.

Table 2. Solubility of diazepam in aqueous solutions depending on the concentration of f-CD at 15°C, 25°C and 37°C + 0.1°C

(n=3).
S o) Sob(diazipam) RSD® Sen/Spe Sob(diazipam) RSD® Scn/Sp? Sob(diazipam) RSD® Sen/Sp’
(at 15°C) (at 25°C) (at 37°C)
4.405 0.2529 1.95 1.78 0.3267 1.80 2.01 0.3807 1.89 2.30
8.811 0.3986 2.05 2.80 0.4935 1.65 3.04 0.5391 1.95 3.25
13.216 0.5443 2.03 3.83 0.6379 1.85 3.93 0.6960 1.83 4.20
15.859 0.6044 1.89 4.25 0.7239 1.52 4.46 0.7944 1.78 4.79

Table 3. Solubility of diazepam in aqueous solutions depending on the concentration of 2-HP-f-CD at 15°C, 25

°C and 37°C £

0.1°C (n=3).
S -tp-p.cp) 8 (b RSD* Sen/Sp? 80" o) RSD* Scn/Sp” S (Gazepam) RSD* Sen/Sp’
(at 15°C) (at 25°C) (at37°C)
7.231 0.4232 0.43 2.98 0.4921 0.57 3.03 0.5589 0.82 3.37
18.077 0.7031 0.71 4.94 0.8254 0.90 5.09 0.8288 1.11 5.00
36.153 1.3942 0.56 9.80 1.6719 0.61 10.30 1.8201 1.21 10.98
72.307 3.1189 1.05 21.93 3.3210 0.76 20.46 3.9403 0.72 23.77
144.613 6.4794 0.84 45.56 7.4464 0.95 45.89 7.6734 0.58 46.30
289.226 13.0852 1.07 92.00 15.0948 0.70 93.02 15.5565 0.77 93.85
Table 4. Nitrazepam solubility in different concentrations of o~CD at 15°C, 25°C and 37°C = 0.1°C (n = 3).
S*wen) 2 sy RSD* Sen/Sp? o g RSD* Sen/Sp’ So'apum) RSD* Sen/Sp’
: (at 15°C) (at25°C) (at 37°C)
10.279 0.1386 1.01 1.39 0.1717 1.46 1.49 0.1866 1.02 1.54
30.837 0.1991 1.80 2.00 0.2328 0.86 2.01 0.2417 0.91 2.00
51.395 0.2488 2.04 2.50 0.3032 1.65 2.62 0.3271 1.23 2.71
102.790 0.4330 1.06 4.35 0.4888 1.08 4.23 0.5318 1.68 4.40
143.906 0.5866 1.11 5.89 0.6978 1.34 6.04 0.7288 1.13 6.03
AJAC
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Table 5. Nitrazepam solubility in different concentrations of #-CD at 15°C, 25°C and 37°C = 0.1°C (n = 3).

b b
So (nitrazepam) So (nitrazepam)

b
So (nitrazepam)

S*sco) (at 15°C) RSD* Sen/Sp’ (at 25°C) RSD* Scn/Sp’ @t 37°C) RSD* Sen/Sp’
4.405 0.1493 0.54 1.50 0.1900 0.68 1.66 0.1934 1.24 1.60
8.811 0.2090 1.48 2.10 0.2631 1.22 2.28 0.2844 1.05 2.35
13216 0.2648 0.94 2.66 0.3377 1.03 2.92 0.3448 1.55 2.85
15.859 0.3057 1.59 3.07 0.3868 1.84 3.35 0.4159 0.91 3.44

Table 6. Nitrazepam solubility in different concentrations of 2-HP-#-CD at 15°C, 25°C and 37°C £ 0.1°C (n = 3).

b
So (nitrazepam)

b
Su (nitrazepam)

b
So (nitrazepam)

S o atp ) RS RSD®  Scp/Sp’ Ry RSD®  Scp/Sp’ Rt RSD®  Scp/Sp’
7.231 0.2488 0.80 2.50 0.3015 1.40 2.61 0.3275 0.85 2.71
18.077 0.4081 1.34 4.10 0.4867 1.21 4.21 0.5190 1.12 4.29
36.153 0.8461 0.95 8.50 0.9954 1.48 8.62 1.0309 1.06 8.53
72.307 1.4397 1.60 14.46 1.8752 1.49 16.23 2.0050 1.58 16.59
144.613 3.0715 1.08 30.86 3.7327 1.82 32.31 3.9381 1.05 32.58
289.226 6.2744 1.25 63.04 7.4209 1.37 64.23 8.1337 1.10 67.29

After reaching equilibrium, the samples (all suspend- K, = Slope (1)

sions) were filtered through a 0.2 um pore size mem-
brane filter (Cellulose acetate filter, Sartorius, Germany).
The concentrations of dissolved substances in water/
cyclodextrins mixtures were determined by absorption
spectroscopy using Shimadzu UV-1601, UV-VIS spec-
trophotometer (Shimadzu, Japan) at 360 nm (diazepam),
and 280 nm (nitrazepam) (Calibration curve for diaze-
pam: concentration range: 15 - 60 mg-L™', R* = 0.9998,
calibration curve for nitrazepam: concentration range: 2 -
10.2 mg-L™", R* = 0.9995). Aqueous solutions of diaze-
pam/nitrazepam and cyclodextins were diluted with 0.1
mol-L™" hydrochloric acid (which was previously used to
develop the calibration curve) since the samples of di-
azepam and nitrazepam in ¢o~CD and B-CD solution
leave white sediment when in contact with 0.5% w/v
H,SO,/CH;0H [8]. To nullify the absorbance due to the
presence of o~CD, A-CD, 2-HP-A-CD the apparatus was
calibrated with the corresponding blank in every assay.
Three replicates were made for each experiment (n = 3)
and the results are presented as the mean values (Tables
1-6).

The changes in the solubility of diazepam and nitra-
zepam resulting from the addition of various concentra-
tions of &+CD, S-CD and 2-HP-A-CD were used to plot
phase-solubility diagrams and to evaluate the stoichio-
metry and apparent stability constants of the resultant
complexes. The apparent stability constants (K;.;) were
estimated from the straight line of the phase solubility
diagrams according to the following Equation of Higuchi
and Connors [3,6]:

Copyright © 2012 SciRes.

S, (1—Slope)

where K., is the apparent stability constant (L-mol™), S,
is the saturation concentration of drug (diazepam or
nitrazepam) in pure water, and Slope denotes the slope of
the straight line. For 1:1 drug/cyclodextrin complexes the
complexation efficiency (CE) can be calculated from the
Slope of the phase-solubility diagram [3,9]:
CE:M:SO.KHZM ()
[CcD] (1—Slope)
where [D/CD] is the concentration of dissolved drug-
cyclodextrin complex, [CD] is the concentration of dis-
solved free cyclodextrin and Slope is the slope of the
phase solubility profile [19]. Complexation efficiency
(CE) was determined by measuring the solubility of
given drugs by 5 (for a-CD), 4 (for f-CD) and 6 (for
2-HP--CD) concentrations of respective cyclodextrin in
water. Determination of CE is a simple method for quick
evaluation of the solubilizing effects of different cyclo-
dextrins. The CE was used to calculate the drug:cyclo-
dextrin ratio (D:CD), which can be correlated to the
expected increase in formulation bulk [9]:

D:CD=1: 1+L 3)
CE
In order to asses the efficacy of cyclodextrin as a com-

plexing agent, the utility number (Ucp) was calculated
according to Equation 4 [10]:
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where K., is the apparent stability constant of a complex
with 1:1 stoichiometry, S, is the intrinsic solubility of the
drug, mp is the drug dose, mp is the workable amount of
cyclodextrin and molecular weights of cyclodextrin
(MrCD): and drug (MrD)~

2.3. Determination of Thermodinamic
Parameters

The standard free energy of transfer (AG, ) represents
the free energy of transfer of drug (solute) from pure
water to cyclodextrin cavity. The values of Gibbs free
energy change were calculated to understand transfer
process of diazepam (nitrazepam) from pure water to
aqueous solution of CDs. The AG, value can be ob-
tained using the following Equation:

AG. =-RTInS/S, )

in which /S, is the ratio of molar solubility of drug in an
aqueous solution of CD to that of molar solubility of
drug in pure water [11].

The thermodynamic parameters results proved the
solubilization effect of the carrier (cyclodextrin) on the
drug (diazepam, nitrazepam). The thermodynamic pa-
rameters, i.e. the standard free energy change (AG"), the
standard enthalpy change (AH") and the standard en-
tropy change (AS”), can be obtained from the tempera-
ture dependence of the apparent stability constant of the
cyclodextrin complex [12]. The free energy of reaction is
derived from the apparent stability constant using the
relationship:

AG'=-2.303RT logK,, (6)

where K., is the apparent stability constant of a complex
with 1:1 stoichiometry, R is equal to the gas constant, T
is the absolute temperature.

The enthalpy (AH) values of solubility were measured
directly from the temperature dependence of the satura-
tion concentration. The enthalpies of reactions can thus
be determined from K., obtained at various temperatures
using the van’t Hoff Equation [13]. The AH" values
can be obtained from plot of log K., versus //T using the
following relationship:

AH® 1
logK,, =———+ 7
B T T SR T ™
where the Slope will provide the enthalpy data [12].
AH®
Slope = 8
Pe= 20 3

The standard entropy change (AS") for the complexa-

Copyright © 2012 SciRes.

tion reaction can be calculated using the expression [13,
14]:

AG* =AH" -TAS* )

3. Results and Discussion

Solubility Study of Diazepam and Nitrazepam in
the Presence of o~CD, f-CD and 2-HP-$-CD

The results of the change in diazepam and nitrazepam
solubility in water, depending on ¢~CD, SCD and
2-HP-B-CD concentration, are listed in Tables 1-6 and
Figures 4-9.

(mmol r )
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Figure 4. Phase solubility diagram of diazepam and o~CD
in distilled water at different temperatures.
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Figure 5. Phase solubility diagram of diazepam and f-CD
in distilled water at different temperatures.
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Figure 6. Phase solubility diagram of diazepam and 2-HP-f-
CD in distilled water at different temperatures.
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Figure 7. Phase solubility diagram of nitrazepam and a~CD
in distilled water at different temperatures.
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Figure 9. Phase solubility diagram of nitrazepam and 2-HP-
S-CD in distilled water at different temperatures.

The solubility of diazepam and nitrazepam increased
with increasing amount of CDs in water (Tables 1-6).
Hydroxypropyl-#CD (in concentration of 1% - 40%
w/w) increased the solubility of diazepam by 3.03 to
93.02 fold, S-cyclodextrin (0.5% - 1.8% w/w) increased
the solubility by 2.01 to 4.46 fold and o~CD (1% - 14%
w/w) increased diazepam solubility by 1.31 to 5.08 fold,
at 25°C. The solubility of nitrazepam was increased
64.23 fold at 40% (w/w) of 2-HP--CD (2.087 mg of
nitrazepam /mL), 3.35 fold at 1.8% (w/w) S-CD (0.109
mg of nitrazepam /mL), and solubility of nitrazepam was
increased 6.04 fold at 14% (w/w) of o~CD (0.196 mg of

Copyright © 2012 SciRes.

nitrazepam /mL) at 25°C. The highest solubility of both
drugs in water was achieved with 2-HP--CD, of all used
cyclodextrins. o~CD achieved more significant increase
in water solubility of nitrazepam than of diazepam.

The estimated values of Slopes of phase diagrams and
K1 are presented in Table 7. The solubility of diazepam
and nitrazepam increased linearly as function of chosen
cyclodextrins. Linearity was characteristic of the A; type
system and suggested that water-soluble complexes
formed in the solution. The Slope value was lower than 1,
thus indicating that the inclusion complexes in molar
ratio of 1:1 formed between the guest (diazepam, ni-
trazepam) and host molecule (CD). Assuming 1:1 com-
plexes were formed, the apparent stability constants (XK.;)
of the binary complexes were calculated using the linear
regression analysis method, from the diagrams according
to the following Equation mentioned above (Equation 1).
The K., of complexes were ranged in the following order:
2-HP-$-CD > -CD > o~CD, reflecting the greater affin-
ity of modified cyclodextrin for the studied diazepam and
nitrazepam compared to their parent o~ and f-CDs. Small
K., values (like diazepam/o~CD, nitrazepam/o~CD) in-
dicate too weak interaction, whereas a larger value indi-
cates the possibility of limited drug release from the
complex (optimal value 100 - 1000 M ") [3]. The value
of Kj.; with nitrazepam/o~CD is slightly higher in com-
parison to the value of K. of diazepam/o~CD complex.

The CE, D:CD and Ucp of binary systems as a result
of effect of the o~CD, S-CD and 2-HP-$-CD on diaze-
pam and nitrazepam intrinsic solubility (S,), at 25°C, are
presented in Table 8.

The aqueous solution of 2-HP-$-CD is most often a
better solubilizer than f-CD and ¢~CD (Table 8). From
our phase-solubility profile of diazepam with 2-HP-4-CD,
the CE of 0.055 was calculated, indicating that approxi-
mately one of every 19 cyclodextrin molecules forms a
complex with diazepam. The CE of nitrazepam with 2-
HP-$-CD was calculated to be 0.026, indicating that ap-
proximately one of every 40 cyclodextrin molecules
forms a complex with nitrazepam (25°C £ 0.1°C) [10].

Since all Up values are less than 1 (Table 8) the con-
centrations of selected cyclodextrins of 1% were not suf-
ficient to achieved complete solubilization of 1 mg di-
azepam and nitrazepam/mL water. The concentration of
10% (w/w) 2-HP-B-CD would be required to dissolve 1
mg diazepam/mL of water (Ucp = 1.07). For the same
concentration of diazepam dissolved in water, it would
be necessary to use 15% (w/w) of f-CD (Ucp = 1.34),
but the application of concentrations higher than 1.85%
of this cyclodextrin are not possible due to its limited
solubility in water [5]. The concentrations of 20% (w/w)
2-HP-f-CD (Ucp = 1.03) and 25% (w/w) of f-CD (Ucp =
5.1) would be adequate to dissolve 1 mg nitrazepam/mL
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Table 7. Diazepam and nitrazepam-cyclodextrin Slopes and apparent stability constants.

Diazepam Nitrazepam
o~CD

Temp. °(°C) Slope® rf Ky (M Slope’ f Ky (M8
15 0.0039 0.9977 27.5278 0.0033 0.9968 33.2631
25 0.0048 0.9932 29.7212 0.0039 0.9933 33.8868
37 0.0049 0.9937 29.7067 0.0041 0.9964 34.0614

BCD

Temp. (°C) Slope® rf Ky (M Slope’ f Ky (M8
15 0.0300 0.9963 217.4496 0.0130 0.9982 132.3249
25 0.0355 0.9988 226.8095 0.0170 0.9998 149.6808
37 0.0389 0.9954 244.1780 0.0180 0.9938 151.6543

2-HP-3CD

Temp. °(°C) Slope' rf K (M e Slope I Kiy (M e
15 0.0452 0.9992 332.8400 0.0214 0.9988 219.6990
25 0.0521 0.9985 338.6966 0.0253 0.9998 224.6572
37 0.0535 0.9995 341.0033 0.0277 0.9994 235.7086

*Temperature; " Values obtained directly from the drug phase solubility diagram; #The K., calculated from Slope of phase solubility diagram according to Equa-

tion (1).

Table 8. The complexation efficiency, drug: cyclodextrin molar ratio and utility number of diazepam and nitrazepam.

Drug Cyclodextrin" CE' Dose' (mg) D:CD* Ucp'
a-CD 0.0048 1 1:208 0.0144
diazepam S-CD 0.0368 1 1:28 0.0891
2-HP-$-CD 0.0549 1 1:19 0.1072
a-CD 0.0039 1 1:256 0.0113
nitrazepam p-CD 0.0173 1 1:59 0.0421
2-HP-3-CD 0.0260 1 1:40 0.0515

"g-cyclodextrin (a-CD), S-cyclodextrin (B-CD), 2-hydroxypropyl-B-cyclodextrin (2-HP-A-CD); 'Complexation efficiency calculated from Slope of phase solu-
bility diagram according to Equation (2); ‘Oral dosage (1 mg/mL - for a liquid dosage form); “The drug:cyclodextrin molar ratio is based on the calculated
complexation efficiency according to Equation (3); 'The utility number was calculated according to Equation (4). The Ucp was calculated for the values of .1,
S, for diazepam and nitrazepam determined at 25°C. The presented results for the Ucp are related to working concentration of 1 % cyclodextrin.

of water (for preparation of aqueous solution). Parenter-
ally diazepam is administered in the form of a solution.
Usually, two milliliter (2 mL) solution for injection (1
ampoule) contains 10 mg of diazepam. For 2-HP-$-CD,
maximum concentration of 40% (w/w) in the formulation
solution is workable due to increasing viscosity with the
increase in 2-HP-f-CD concentration, resulting in the
workable amount of 800 mg 2-HP--CD per ampoule if
the fill volume of 2 mL is used. We calculated Ucp of
0.86 for diazepam/2-HP-f-CD, while for nitrazepam/2-
HP-$-CD Ucp was been 0.417 at 25°C, when both drugs

Copyright © 2012 SciRes.

are administered in 5 mg/mL. Based on these results, the
application of 2-HP-A-CD at a concentration of up to
40% would be useful in aqueous solutions of diazepam
and nitrazepam (5 mg/mL), since they would require
concentrations in the upper range, especially in case of
nitrazepam. As a complexing agent, the a-CD has the
lowest ability for dissolving the tested benzodiazepines,
since it is necessary to use about 75% (w/w) for dissolve-
ing 1 mg of diazepam, and about 90% (w/w) for dis-
solveing 1 mg nitrazepam/mL aqueous solution.

The Gibbs free energy of transfer (AG, ) values of di-
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azepam and nitrazepam from pure water to aqueous solu-
tions with various concentrations of 2-HP--CD at 25°C
were calculated using the Equation (6). The obtained val-
ues of Gibbs free energy of transfer (AG,.") of diazepam
and nitrazepam from aqueous solution to the cavity of
2-HP-A-CD in the presence of excess amount of investi-
gated drugs, at 25°C, are shown in Table 9.

The AG, values provide information about whether
the reaction condition is favorable or unfavorable for
drug solubilization in the aqueous carrier solution. Nega-
tive Gibbs free energy of transfer values indicate favor-
able conditions. The AG,.° values were all negative for
2-HP-$-CD at various concentrations (Table 9), thus
indicating the spontaneous nature of diazepam and ni-

trazepam solubilization. These values decreased with
increasing concentration of 2-HP-f-CD, thereby demon-
strating that the reaction became more favorable as the
concentration of 2-HP-$-CD increased.

The dependancies of log K;.; on the reciprocal tem-
peratures (1/T:3.470 x 107 K" for 288.15 K, 3.354 x
107 K" for 298.15 K and 3.224 x 10~ K ™' for 310.15 K),
according to the van’t Hoff equation, are given in Figure
10 (for diazepam/CDs) and Figure 11 (for nitrazepam/
CDs). The corresponding thermodynamic values (Table
10) were calculated from the values of K;.; (AG®), using
the values shown in Figures 10 and 11 (AH"), and Equa-
tions 8 (AH") and 9 (AS").

Diazepam (nitrazepam) dissolution thermodynamics in

Table 9. Gibbs free energy of transfer (AG; ) for the solubilization process of diazepam and nitrazepam in aqueous solutions

of 2-HP-$-CD at 25°C.

Concentration of

AG,” (for diazepam)

AG,” (for nitrazepam)

2-HP-A-CD (mmol-L™") (kJ-mol )" (kJ-mol )"
7.231 —2.7497 —2.3769
18.077 -4.0317 -3.5643
36.153 -5.7815 -5.3379
72.307 —7.4626 -6.9078
144.613 —9.4839 —8.6140
289.226 —11.2353 -10.3177

"'Values are mean of three determinations (n = 3).

Table 10. Thermodynamic parameters for complexation of diazepam and nitrazepam with cyclodextrins.

AG® AH’ AS*
Drug-CD (kJ-mol ") (kJ-mol ") (J'mol ™)
Diazepam-a-CD —8.4086 2.5200 36.6447
Diazepam-$-CD —13.4474 3.9200 58.2492
Diazepam-2-HP-4-CD —14.4415 0.8125 51.1628
Nitrazepam-o~CD —8.7341 0.7916 31.9494
Nitrazepam-$-CD —12.4169 4.5279 56.8329
Nitrazepam-2-HP-5-CD —13.4235 2.3861 53.0268
3.07 y=-0.0425x + 2.6706 3.0
= +
25— 251 y=-0.1248x +2.7732
~ — 0.2053x +3.048 E = = .
L 20 Y e 20 y=—0.2368x + 2.9524
= M
M 1.5 o 1.5 + s
o ¢ S y=-0.0414x + 1.6666
i) y=-0.1318x + 1.9034
1.0 T T T T T 1 1'0 ' ' ' ' ' '
320 395 330 335 3.40 345 3,50 3.20 3.25 330 335 3.40 3.45 3.50
Temperature (x 10 3 K 1) Temperature (X 1073 Kﬁl)
‘—o-diazepam-(x-CD -#-diazepam-B-CD  —k—diazepam -2-HP-B-CD ‘ §+nitrazepam-a-CD —E-nitrazepam-f-CD  —&-nitrazepam-2-HP-B-CD

Figure 10. van’t Hoff plot for diazepam solubility with
o~CD, S-CD and 2-HP-$-CD.

Copyright © 2012 SciRes.

Figure 11. van’t Hoff plot for nitrazepam solubility with
o-CD, fCD and 2-HP-$-CD.
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aqueous 2-HP-f-CD were characterized by negative AG”®
value, indicative of spontaneous dissolution and positive
AH’ value, indicative of endothermic dissolution [13].
The relatively large AS® of + 51.04 J-K '-mol™" and +
53.14 J-K "-mol™" for diazepam and nitrazepam, respect-
tively, can be attributed to the transfer of diazepam (ni-
trazepam) from aqueous medium to a more apolar site,
such as the cavity of 2-HP-f-CD. This transfer involves
breakdown of water structure around diazepam (nitraze-
pam), which creates a large positive AS® and a small
positive AH", apparently governed by hydrophobic in-
teractions.

4. Conclusions

The increase in solubility of diazepam and nitrazepam
displayed concentration dependency on CDs. The results
of the phase-solubility showed a positive effect of 2-HP-
S-CD on diazepam and nitrazepam in aqueous solutions.
The presence of 2-HP-$-CD was proven to increase the
solubility of diazepam (nitrazepam) by solubility enchan-
cement factor, Scp/Sp of about 93.0 (64.2) calculated as
the ratio of diazepam (nitrazepam) solubility in 289.23
mmol-L™" solution (Scp) versus diazepam (nitrazepam)
solubility value in the absence of 2-HP-5-CD at 25°C.
These K., CE and U¢p values show that 2-HP-4-CD can
be very useful as solubilizer in the desired formulation.
The calculated apparent stability constant was low for
diazepam/a-CD and nitrazepam/a-CD, indicating that a
relatively high amount of a-CD is required to achieve
complexation of diazepam and nitrazepam. On the basis
of the Ucp values, CDs are desirable for products with
low dose of the drug. To prepare aqueous solution of
nitrazepam (1 mg/mL), it would be sufficient to use 20%
(w/w) 2-HP-$-CD, while for making the aqueous solu-
tion of diazepam of the same concentration, 10% (w/w)
2-HP-$-CD would be required.

Thermodynamic parameters derived from diazepam
and nitrazepam solubility in the presence of various con-
centrations of CDs at several temperatures revealed that
the solubility of diazepam and nitrazepam increased pro-
portionally with an increase in temperature. Gibbs free
energy values were all negative, indicating the sponta-
neous nature of diazepam (nitrazepam) solubilization and
their values decreased in the following order: 2-HP-$-CD
< f-CD < a-CD. The determined enthalpies for the inter-
action of diazepam and nitrazepam with CDs clearly in-
dicate the interaction was endothermic. The positive
value for AS® can be explained in term of hydrophobic
effect which involves breakdown and removal of the
structured water molecules inside CD cavity and around
the non-polar substrate (diazepam, nitrazepam).
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