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a b s t r a c t

In absence of dedicated children formulation, intravenous formulations of midazolam, which exhibit
strong bitterness, are occasionally used for oral or sublingual administration. In order to improve the
quality and the acceptance by children of a midazolam anesthesia premedication, a new 0.2% (w/v)
aqueous solution for oral administration has been prepared. The final formulation was obtained by the
adjunction of a sweetener (sucralose), an aroma (orange aroma) and �-cyclodextrin to a citric acid solu-
tion of midazolam. The �-cyclodextrin forms an inclusion complex with the hydrophobic midazolam
eywords:
-Cyclodextrin/midazolam inclusion
omplex
re-anesthesia
ral solution
MR

as evidenced using nuclear magnetic resonance spectroscopy (stoichiometry 1:1, K = 283 M−1). A sterile
filtration method was selected for the formulation microbial preservation using liquid chromatography
coupled to high resolution mass spectrometry (LC–HRMS). Finally, a routine high performance liquid
chromatography (HPLC) method is proposed for the quantitative determination of global midazolam
amount in the pharmaceutical preparation.
C–HRMS
PLC quantification

. Introduction

Midazolam is a preoperative anesthetic, it belongs to the class of
,3-dihydro-1H-1,4-benzodiazepine and exhibits anticonvulsant,
nxiolytic, muscle relaxant and sedative properties. Clinically the
idazolam is quite appreciated because of its pharmacokinetics

roperties (short half-life and short delay of action), the decrease
n post-surgical behavior’s troubles (McGraw and Kendrick, 1998;
o et al., 2001), its intrinsic anxiolytic properties and the antero-
rade amnesia it induces. Midazolam is commonly employed in
re-anesthesia of children due to its easiness of use when adminis-
ered orally or by sublingual routes. It is generally used at 0.2 mg/kg
hen administered by sublingual route and 0.4 mg/kg when admin-

stered by the oral one (Davies and Waters, 1998). However its main
rawback is its strong bitterness which may be disgusting for chil-
ren. Moreover midazolam formulations are hampered by its low

olubility in aqueous solution. The development of a new 0.2% (w/v)
queous oral solution which hides the bitterness of midazolam will
e more comfortable for the use of midazolam as pre-anesthetic
gent in pediatrics.

∗ Corresponding author.
E-mail address: florence.pilard@u-picardie.fr (F. Djedaini-Pilard).

378-5173/$ – see front matter. Crown Copyright © 2009 Published by Elsevier B.V. All rig
oi:10.1016/j.ijpharm.2009.05.029
Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

Midazolam is a weak acid with a pKa of 6.2 in water. It is
well documented that this acido-basic equilibrium involves the
opening of the diazepin ring by cleavage of the imine function
leading to the formation of an amino ketone, known as “ring-
open” form (Loftsson et al., 2001). At neutral and physiological pH,
midazolam is a hydrophobic drug with a partition coefficient log P
(octanol/water) = 4.8, having a weak solubility in water (approx-
imately 10.3 mg/mL pH 3.4, 25 ◦C) (Ali and Upadhyay, 2008). For
pharmaceutical applications, acid buffer such as citric acid/sodium
citrate can be added to improve midazolam solubility in aqueous
solution. On the other hand, it is well-known that cyclodex-
trins (CDs) can form inclusion complexes with a variety of guest
molecules and that inclusion in CD is a convenient alternative to
solve the problem encountered in the administration of hydropho-
bic drugs in terms of stability, solubility and also bioavailability
(Dodziuk, 2006; Loftsson et al., 2007). In some cases the CDs are
also used to reduce several drawbacks such as local drug irritation or
bad tastes (Loftsson and Duchêne, 2007). Several and recent inves-
tigations have attempted to form inclusion complexes between

midazolam and CDs (Loftsson et al., 2001; Armijo et al., 2004; Ali
and Upadhyay, 2008; Amorim et al., 2008). T. Loftsson has shown
that solubilization of benzodiazepines (alprazolam, midazolam and
triazolam) was enhanced in presence of �-CD or sulfobutylether-�-
CD (17 mg/mL pH 4.3, SBE�-CD 14% (w/v) for midazolam) leading to

hts reserved.

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:florence.pilard@u-picardie.fr
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Table 1
Formulation components.

Components Quantities

Midazolam 200 mg
�-Cyclodextrin 8000 mg
F. Marçon et al. / International Journ

he formulation of a midazolam nasal spray (Loftsson et al., 2001). A
omplete characterization by NMR of midazolam hydrochloride/�-
D complex has been also reported pointing out the formation of
:1 inclusion complex (Ali and Upadhyay, 2008).

In the present work, we wish to demonstrate that the use of
-CD can offer solutions for midazolam bitterness masking and
olubility improvement. At our knowledge, no inclusion complex
as been previously described between �-CD and midazolam. Fur-
hermore, �-CD is the less toxic (Bar and Ulitzur, 1994) and the

ore water soluble (Szejtli, 1992) of the natural CDs. In a first
pproach, the advantages of the �-CD formulation, in terms of sol-
bility and taste have been investigated. NMR characterization of
he complex formed with midazolam used as guest and �-CD used
s host in citric acid aqueous solution is presented. 1H NMR studies
ave confirmed the formation of inclusion complex and allowed
he determination of stoichiometry and associate constant value.
he 3D structure in solution of the complex was elucidated using
-Roesy experiment (Péan et al., 1999). The influence of the differ-
nt components of the dedicated preparation upon the stability of
he complex has been also evaluated. On the other hand, the mida-
olam stability according to the formulation sterilization process
as monitored using LC–HRMS. Finally, a high performance liq-
id chromatography (HPLC) quantification method was validated

or controlling the midazolam concentration in pharmaceutical
atches.

. Materials and methods

.1. Materials

Midazolam, citric acid, sucralose and orange aroma were pur-
hased from INRESA pharma (Bartenheim, France), CDs were
urchased from Wacker Chimie (Lyon, France), sterile water for

njection from Lavoisier (Paris, France). All components were
harma-grade and/or approved for human use. Analytical grade
PLC solvents were purchased from Fischer Scientific (Illkirch,

rance) or VWR (Pessac, France). D2O for NMR experiments was
urchased from CortecNet (Voisins le Bretonneux, France).

.2. Solubility studies

Phase solubility studies were carried out as described by Higuchi
nd Connors (1965). Excess amounts of midazolam were added
300 mg) to a 10 mL citric acid solution (4.2 g/L) containing differ-
nt concentrations (from 2.5 to 20 mM) of CDs. The suspensions
ere maintained at 25 ◦C for 24 h. Then, an aliquot was filtered

hrough 0.2 �m cellulose filters from Grace (Templemars, France),
:1000 diluted in the citric acid solution and analyzed by UV
�max = 223–227 nm) using a SECOMAM UviLight PC 2 spectropho-
ometer (Alès, France).

.3. NMR studies

All NMR experiments were performed at 500.13 and 300.13 MHz
sing Bruker DRX500 and DMX300 spectrometers equipped with
Z-gradient unit for pulsed-field gradient spectroscopy. Me4Si was
sed as an external standard and calibration was performed using
he signal of the residual protons of the solvents as a secondary
eference. Measurements were performed at 300 K with careful

emperature regulation. The length of the 90◦ pulse was approx-
mately 7 �s. 1D NMR data spectra were collected using 16K data
oints. 2D experiments were run using 1K data points and 512 time

ncrements. The phase sensitive (TTPI) sequence was used and pro-
essing resulted in a 1K × 1K (real–real) matrix. Details concerning
xperimental conditions are given in the figure captions.
Sucralose 150 mg
Citric acid 420 mg
Orange aroma 12 drops
Sterile water QSP 100 mL

2.3.1. Determination of the stoichiometry
Job Plot procedure (Job, 1925) was applied. 1H NMR spectra of

twelve samples of mixture of �-CD and midazolam were recorded
in 40 mM of citric acid solution. The sum of both species was kept
constant at 10 mM, the molar ratio r of each component was varied
from 0 to 1. The observation of any chemical shift of the host or guest
varying in a linear fashion with the concentration of bound species
was obtained and affords the corresponding Job plots as described
elsewhere (Djedaini-Pilard et al., 1990).

2.3.2. Determination of the associate constant value
The concentration of �-CD was kept constant at 0.2 mM in pres-

ence of 40 mM of citric acid while the concentration of midazolam
was varied from 20 to 35 mM. Measurements of �-CD chemical
shift were performed at 300 K with careful temperature regulation
(Benesi and Hildebrand, 1949; Péan et al., 1999).

2.4. Formulation and study of the oral solution

2.4.1. Final formulation
Several formulations were prepared with different excipient

concentrations. The final solution is described in Table 1. The mida-
zolam concentration selected was 2 g/L for an usual dose estimated
at 0.2 mg/kg. Solutions were prepared by dissolution at room tem-
perature of components. The pH of the final formulation was 2.8.

2.4.2. Sterilization methods
Two sterilization processes were investigated using LC–HRMS:

sterile filtration via Stericup filter (0.22 �m) from Millipore (Guyan-
court, France) and steam sterilization with a Subtil Crepieux (Lyon,
France) autoclave (120 ◦C, 35 min). Pharmaceutical solutions were
prepared at University Hospital of Amiens following good manu-
facturing practice used in France (AFSSaPS, 2007).

2.4.3. LC–HRMS studies
LC–HRMS analyses were performed on a Prominence UFLC sys-

tem (Shimadzu, Duisburg, Germany) coupled with a Q-TOF Ultima
Global hybrid quadrupole time-of-flight instrument (Waters-
Micromass, Manchester, UK), equipped with a pneumatically
assisted electrospray ionization (ESI) source (Z-spray) and an addi-
tional sprayer for the reference compound (Lock Spray). The elution
was performed using a 1 mL/min mobile phase gradient pro-
grammed from water containing 0.1% formic acid (A) to acetonitrile
containing 0.1% formic acid (B) as follows (A:B): 95:5 (t = 0 min),
5:95 (t = 30 min), 5:95 (t = 40 min). The solutions were loaded on
a Symmetry C8 (3.5 �m, 100 mm × 4.6 mm) column (Waters, Saint
Quentin en Yvelines, France) using a sample injection volume of
2 �L (dilution to 1/20 in water of the original formulations, corre-
sponding to solutions at 0.1 mg/mL). The effluent was flow-split via
a peek tee with 1:4 of the flow directed toward the electrospray (ESI)
source of the Q-TOF instrument and the residual 3:4 directed toward

a UV detector (Shimadzu SPD-20A) set to 220 nm. ESI-MS data were
recorded in the positive ion mode. The source and desolvation tem-
peratures were 120 and 250 ◦C, respectively. Nitrogen was used
as a drying and nebulizing gas at flow rates of 450 and 100 L/h,
respectively. Typically, the capillary voltage was 1 kV and the cone
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oltage 180 V. Lock mass corrections, using appropriate cluster ions
f an orthophosphoric acid solution (0.1% in H2O/CH3CN 50/50, v/v),
ere applied for accurate mass measurements (elemental compo-

ition determination). The mass range was 50–1000 Da and spectra
ere recorded at 1 s/scan in the profile mode at a resolution of

0,000 (FWHM). Data acquisition and processing were performed
ith MassLynx 4.0 software.

.4.4. HPLC quantification

.4.4.1. Chromatographic conditions. Quantification of midazolam
olutions was designed on a Waters Alliance (Saint Quentin en Yve-
ines, France) chromatography system composed of a Waters 2695
njection module and a Waters 2996 diode array detector (DAD).
hromatography column used was a Waters symmetry C8 (5 �m,
50 mm × 4.6 mm) protected by a guard column (Waters symme-
ry C18; 5 �m, 20 mm × 3.9 mm). The flow rate was 1 mL/min and
he optimized mobile phase was a 25/75 (v/v) mixture of phos-
hate buffer (pH 3.8) and acetonitrile. The column was conditioned
uring 35 min prior each run.

.4.4.2. Midazolam peaks integration. At pH 3.8, the midazolam is
resent in open and closed ring forms inducing two chromatogram
eaks and UV spectra. The retention time was 2.5 min for the ring-
pen form (�max 212 and 253 nm) and 3.6 min for the ring-closed
orm (�max 217 nm). The ratio between open and closed form is
ltered by pH (Orive et al., 1989), mobile phase and �-CD. To avoid
he multiplicity of equilibriums, the two chromatogram peaks were
ntegrated and the corresponding areas were added for the deter-

ination of total midazolam content.

.4.4.3. Validation of HPLC quantification method. Based on the data
f the Société Française des Sciences et Techniques Pharmaceu-
iques (Hubert et al., 2007a,b), the validation method consisted in
four day trials. First day, the linearity of the calibration curve was
ssessed in a fixed concentration range. Six 5-points calibration
urves were established using standard solutions. These solutions
ere prepared by dilution of midazolam in a phosphate buffer (pH

.8). Final concentrations of standard solutions used for calibration
ere 0.05, 0.1, 0.2, 0.3 and 0.4 g/L. Injection volume was set to 10 �L.

hen the quantification method was achieved for the three other
ays. Three control batches containing exactly the same ingredients
han the pharmaceutical solution dosed at 1.60, 2.00 and 2.40 g/L
i.e. 2.00 g/L ± 20%) were prepared for this purpose. These control
atches were diluted to 1:10 in phosphate buffer (pH 2.8) and the

njection volume was set to 10 �L. Each control batch was analyzed
ix times (i.e. 6 samples × 3 levels × 3 days) for linearity, trueness
nd precision.

.4.4.4. Assessment of matrix effect. Assay for matrix effect was eval-
ated by comparing result of dosages of the 2.00 g/L control batch
ith a control solution dosed at 2.00 g/L (3 samples × 3 days), made

s mentioned before for calibration curves solutions.

.4.4.5. Data processing. Linearity was controlled by successive lin-
ar regression, ANOVA and residuals plots analysis. All statistics
ere performed using R software (R Development Core Team, 2008)

nd p-values < 0.05 were regarded as statistically significant.

. Results and discussion

.1. Preliminary and solubility studies
The potentiality of the three main CDs (�-, �- and �-CD) to
mprove the solubility in water and to mask the bitterness of

idazolam was evaluated using a preliminary experiment. Aque-
us solutions containing 10 mM of �-, �- or �-CD and 5 mM of
Fig. 1. Phase solubility diagram of midazolam in citric acid buffer (4.2 g/L) at 25 ◦C:
�-CD (�), �-CD (�) and �-CD (�).

midazolam were prepared in presence of 40 mM of citric acid.
The resulting solutions were tasted to appreciate the influence
of each CD on midazolam bitterness. At this stage, the taste of
aqueous solution was not modified by the presence of �-CD.
Conversely, solutions containing �- or �-CD exhibited a signifi-
cantly decrease of the bitterness consistent with the formation
of inclusion complexes. It should be pointed out that, in these
conditions, the sample obtained in presence of �-CD appeared
completely clear indicating an increase of apparent solubility of
midazolam while in presence of �- or �-CD a precipitate appeared
rapidly.

Solubility of midazolam alone has been evaluated to 5.3 g/L
(16.3 mM) in the formulation citric acid buffer (4.2 g/L, 25 ◦C). Phase
solubility techniques were used to assess the formation of inclusion
complexes between midazolam and �-, �- or �-CD in the citric acid
buffer. As shown in Fig. 1, a linear increase of midazolam solubil-
ity was verified as a function of CD concentration, suggesting the
formation of a solution complex in all cases.

Moreover, it is well known that the value of the apparent stability
constant is directly related to the slope of the linear part of the
solubility curves (Higuchi and Connors, 1965). In these conditions,
the inclusion complex obtained in presence of �-CD seemed to be
very weak while �-CD and above all �-CD formed stronger inclusion
complexes.

3.2. NMR studies

First, we will highlight the formation of midazolam/�-CD inclu-
sion complex by 1H NMR. Then, we will present its stoichiometry
determined by NMR titration experiment and an estimation of the
association constant will be given. Structural analysis using 2D
ROESY will be described to explain the mode of penetration of
midazolam into the �-CD.

3.2.1. NMR evidence of the formation of midazolam/CD inclusion
complex

In order to determine the best CD candidate to form inclusion
complex, the �-, �- and �-CD have been selected based on the pre-
liminary and solubility results. To demonstrate whether or not the
interaction between midazolam and CDs occurred via an inclusion
complex, 1H NMR experiments study has been performed based on
the variations of chemical shifts of the protons H-3, H-5 from the

CDs (10 mM in D2O with 40 mM of citric acid).

In the presence of midazolam, the signals of protons from �-CD
did not show significant chemical shifts changes in 1H NMR spectra.
Furthermore, it is noteworthy that a precipitate quickly appeared
in the sample. In view of these results, �-CD failed to solubilize
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The �-CD concentration was set to 0.2 mM and that of the mida-
zolam varied between 20 and 35 mM, the citric acid concentration
was kept constant at 40 mM. The Benesi–Hildebrand procedure use
a graphical approach, however, this one presents some limitations
with systems exhibiting limited solubility, as in the present case.
ig. 2. Partial 500 MHz 1H NMR spectra of �-CD (10 mM in D2O with 40 mM of citr
ssignment of the signals from the CD moiety.

fficiently midazolam through an inclusion complex; this could be
xplained by the too small size of the �-CD’s cavity.

In the case of �-CD (with successive additions of aliquots of
idalozam solution leading to final concentrations in range of

–10 mM), the data obtained in 1H NMR are in agreement with the
iterature (Ali and Upadhyay, 2008) since upfield shifts on H-3, H-5

ere observed confirming the formation of a host-guest complex
ith midazolam.

By comparison of the 1H NMR spectra obtained for the �-CD in
he absence as well as in the presence of midazolam, we observed
arge variations of chemical shifts for H-3 and H-5 protons (Fig. 2).
he addition of midazolam led to a shielding of H-3, H-5, H-6
hereas H-1, H-2, H-4 seemed to be less affected by this addition.

he shifts of the CD cavity protons surely due to the anisotropic
urrent effect of the aromatic cycles from midazolam allowed to
vidence interaction of the midazolam with the �-CD via the for-
ation of an inclusion complex.

As a conclusion to this section, it should be noted that �-CD as
ell as �-CD gave inclusion complexes with midazolam evidenced

y the induction of strong variations of the chemical shifts of pro-
ons of the cavity of CDs while this was not the case for the �-CD. In
greement to our preliminary studies (Section 3.1), �-CD seems to
e the more appropriate host to enhance the solubility and decrease
he bitterness of midazolam.

.2.2. NMR determination of the stoichiometry of
idazolam/�-CD inclusion complex

As described above, it has been shown the formation of a
idazolam/�-CD inclusion complex thanks to the variation of

hemical shifts from the protons H-3, H-5 located inside the
ydrophobic cavity of the �-CD. The stoichiometry of the complex

ould not be determined directly, that is the reason why we used
he continuous variation’s method so called “Job’s method” based
n NMR titration experiments (Djedaini-Pilard et al., 1990). As a
rerequisite to apply this method, the total concentration of �-CD
nd midazolam was kept constant (10 mM), the ratio r being varied
) in the absence (A) and in the presence of 12 mM of midazolam (B) at 300 K, with

from 0 to 1. Plots of the observed �ı·[�-CD]t as a function of r led
to Job plots depicted in Fig. 3. This procedure was performed for all
protons of the �-CD and yielded identical results. In all cases, the Job
plots showed a maximum at r = 0.5 and symmetrical shapes indi-
cating that the complex had 1:1 stoichiometry and that no other
complex was present.

3.2.3. NMR determination of the associate constant of
midazolam/�-CD inclusion complex

The apparent association constant K was determined by the
Benesi–Hildebrand method (Amato et al., 1992; Péan et al., 1999).
Fig. 3. Continuous variation plot (Job plot) for all protons of the �-CD.
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ig. 4. Partial contour plot of a T-ROESY experiment (spin lock: 300 ms, 22 dB) per-
ormed at 500 MHz on �-CD/midazolam inclusion complex (10 mM, D2O, 40 mM
itric acid). Vertical scale: CD area, horizontal scale: aromatic area of midazolam.

evertheless, the average association constant K has been eval-
ated from the protons H-3, H-5 of the �-CD to yield a value of
83 M−1 at 300 K.

.2.4. Structure of midazolam/�-CD inclusion complex
Based on the T-Roesy spectral data, the structure of the

idazolam/�-CD inclusion complex was established (Péan et al.,
999). The presence of cross-peaks between aromatic protons of
idazolam and those from �-CD fully supports the formation of

n inclusion complex. Strong interactions between protons H-5
nd H-6 located on the upper rim of �-CD and protons of fluoro-
ubstituted aromatic ring (H-4′, H-5′, H-6′ and H-7′) of midazolam
ave been observed (Fig. 4). H-8′, H-9′ and H-10’ protons of chloro-
ubstitued aromatic ring exhibited also interactions with H-5 and
-6 of �-CD. It should be pointed out that H-3 of �-CD located inside

he cavity did not show any cross-peak with proton of midazolam.
Based on these results and taking account the 1:1 stoichiome-

ry of �-CD/midazolam inclusion complex, it should be concluded
hat the midazolam moiety implicated is the fluoro-aromatic ring
s also described with the �-CD/midazolam inclusion complex (Ali
nd Upadhyay, 2008). But in our case, the penetration of the guest
nside the highest CD’s cavity is deeper since H-8′, H-9′ and H-
0′ protons of chloro-substituted aromatic ring exhibit also strong
nteraction with �-CD. Moreover, the main difference with the �-
D/midazolam complex is the mode of entry of the guest into the

D cavity: with �-CD only protons of the narrower rim side (i.e. H-
and H-6) exhibit strong interactions with protons of midazolam.

he proposed structure of the �-CD/midazolam inclusion complex
s displayed in Fig. 5.

Fig. 5. Proposed model of �-CD/m
harmaceutics 379 (2009) 244–250

3.3. Influence of the formulation on the stability of the inclusion
complex

In order to investigate the effect of the formulation on the
interaction behavior with �-CD, we prepared a D2O solution con-
taining midazolam, �-CD and citric acid in agreement with the
dedicated formulation in which, we added increasing amounts of
orange aroma. Following these additions, it should be pointed out
that a precipitate appeared leading us to consider that competi-
tive process had to be taking account to rationalize this observed
data. To better understand this phenomenon, we studied the poten-
tial interactions between �-CD and orange aroma using 1H NMR
experiments. We have compared 1H NMR spectra of �-CD in the
formulation in the absence and in the presence of orange aroma
after addition of 10 and 20 �L into the solution. From these exper-
iments, chemical shifts variations of �-CD’s protons have been
observed indicating that an interaction occurred with the terpenes
of orange aroma, consistent with the formation of one or sev-
eral inclusion complexes. It is reported that some terpenes can
form inclusion complex with CD (Decock et al., 2006). As a conse-
quence, these complexes led to a displacement of the equilibrium
of �-CD/midazolam complex formation inducing midazolam pre-
cipitation in the solution. It should be concluded that addition of
several components in the final formulation leads to competitive
inclusion phenomenon those can be circumvented by an excess of
�-CD.

3.4. Effect of sterilization on midazolam stability

Microbiological quality requirements for oral solutions are men-
tioned in European Pharmacopeia (2007). In this context, an
important aspect in the development of a pharmaceutical formu-
lation is the choice of the sterilization process. Since the use of
some preservatives such as parabens (de Vries and Caira, 2008;
Qian et al., 2008) or benzalkonium chloride (Echezarreta-Lopez et
al., 2002) induce competitive complexation towards cyclodextrins,
steam sterilization (120 ◦C, 35 min) has been considered. The UV
chromatogram (220 nm) obtained for the LC–HRMS experiment is
presented Fig. 6 (bottom chromatogram). It clearly appeared that
steam sterilization alter midazolam formulation by the formation
of two degradation products detected at Rt = 7.5 and 7.8 min. These
two peaks revealed protonated molecules [M+H]+ at m/z 518.1 and
500.1, respectively.

Moreover, their isotopic patterns (Fig. 6) are similar to those
of midazolam open and closed forms indicating the presence of

one atom of chlorine in the structures of these two compounds.
For the structural characterization of low concentration compo-
nents in complex mixtures, the combination of the high resolution
capabilities of the quadrupole orthogonal time-of-flight mass spec-
trometer (Q-TOF) with on-line liquid chromatography is now a

idazolam inclusion complex.
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Fig. 6. LC–UV (220 nm) chromatogram of the �-CD/midazolam formulation following steam (bottom) and filtration (top) sterilization process.

Table 2
Results of the three day assay.

Introduced concentration (g/L) Measured concentration Recovery (%) Bias

Mean (g/L) SD (g/L) Absolute (g/L) Relative (%)
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2.030 g/L, p = 0.623).
We decided to fix the acceptance limits for the result of the

dosage of the pharmaceutical solution at 2.00 ± 0.10 g/L (i.e. ±5%).
All solutions outside this range will be discarded.

Table 3
Between and within series standard deviation.
.606 1.634 0.023

.008 2.030 0.030

.412 2.440 0.035

D: standard deviation of measured concentration.

ell establish tool (Lee et al., 1999). Accurate mass measure-
ents were carried out on the [M+H]+ ions of the two degradation

roducts allowing their respective elemental composition deter-
ination: C24H22N3O7FCl (found 518.1151; requires 518.1130) and

24H20N3O6FCl (found 500.1031; requires 500.1025). These results
howed that the degradation product at m/z 500.1 was proba-
ly resulting from a condensation (−H2O) between midazolam
C18H13N3FCl) and a molecule of citric acid (C6H8O7). If it is the
ase, the more polar open form should correspond to the m/z 518.1
+H2O). In order to obtain unambiguous assignment of these degra-
ation product structures, deeper structural analysis experiments,

ncluding NMR and MS–MS, are under active investigations in our
aboratory.

To avoid that chemical reactions occur in final batches, a sterile
ltration was investigated. The UV profile obtained for the filtered
olution (Fig. 6, top chromatogram) clearly evidenced that none of
he previously described degradation products was detected. This
as confirmed by the negative result of a specific MS search of

heir respective [M+H]+ ion. Following these observations, the final
icrobial preservation was realized in a 20 mL vial using a 0.22 �m

terile filter. This pharmaceutical preparation must be discarded
2 h after it has been opened.

.5. Quantification of midazolam in the formulation

For the control of midazolam concentration in pharmaceutical
atches, a validated quantification method was required. During
he validation of the HPLC–DAD method we assessed the linearity,
he trueness, the precision and the repeatability; the matrix effect
as also evaluated.
.5.1. Calibration curve
The calibration graph over the concentration range of 0.5–4 g/L

as found to be linear. This was confirmed by ANOVA (p < 0.001).
oreover residuals plots revealed no systematic deviation.
101.772 0.028 1.772
101.073 0.022 1.073
101.175 0.028 1.175

3.5.2. Linearity and trueness
Quantification results of the three day assays are shown in

Table 2. Control batches concentrations were calculated using accu-
rate weighted amounts of midazolam (these exact concentrations
are called “introduced concentration”). Measured concentrations
are concentrations calculated from the calibration curve. The quan-
tification method is linear between 1.606 and 2.412 g/L, this was
demonstrated by ANOVA (p < 0.001).

Trueness or absolute bias is expressed by the difference between
the introduced concentration and the measured one (Table 2).
These absolute biases are low and relative biases are <5%. Recoveries
are within a [95; 105]% range.

3.5.3. Intermediate precision and repeatability
Intermediate precision is assessed with the between series stan-

dard deviation. The repeatability is represented by the within series
standard deviation. All values are in acceptable ranges (Table 3).

3.5.4. Matrix effect
Absolute bias for the matrix effects is equal to 0.010 g/L and

relative bias is equal to 0.502%. Matrix has no or little effect on
the dosage of midazolam in pharmaceutical solution (2.020 g/L vs.
Introduced concentration (g/L) Between series SD (g/L) Within series SD (g/L)

1.606 0.015 0.009
2.008 0.019 0.012
2.412 0.021 0.019

SD: standard deviation.
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plexes of a cationic �-cyclodextrin polymer with butylparaben or triclosan. Int.
J. Pharm. 357, 244–251.
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. Conclusion

Based on clinician’s requests, a new 0.2% (w/v) midazolam
olution for oral routes including �-CD was developed. We have
emonstrated using NMR that �-CD offers two advantages: the
asking of the solution bitterness and the enhancement of mida-

olam solubility. This is the first report to our knowledge of a
-CD/midazolam complex. The 1H NMR studies of midazolam and
-CD in citric acid (40 mM) D2O solution confirmed the formation
f 1:1 �-CD/midazolam inclusion complex. Fluoro-substituted aro-
atic ring penetrates deeply into the �-CD from the narrower rim

ide leading to a relatively stable complex. The value of the asso-
iate constant of �-CD/midazolam inclusion complex (283 M−1) is
hree times higher than the one calculated for �-CD (108 M−1) (Ali
nd Upadhyay, 2008), this is in agreement with the enhancement
f the solubility and the decrease of the bitterness.

The strategic choice, in term of drug stability, of the formulated
olution microbial preservation was determinate by LC–HRMS.
inor byproducts were detected and characterized when using

team sterilization leading us to prefer a sterile filtration procedure.
inally, a robust and no-matrix affected HPLC–DAD quantification
ethod was proposed for the determination of global midazo-

am amount in the pharmaceutical preparation. Further studies
re needed to finalize this project. In order to determine an expi-
ation date for the preparation, we have already start stability
tudies following the ICH (International Conference on Harmoniza-
ion of Technical Requirements for Registration of Pharmaceuticals
or Human Use) guidelines. A clinical trial is in preparation to
etermine pharmacokinetics properties of this �-CD/midazolam
olution and to highlight �-CD effect on oral bioavailability of mida-
olam. Once these studies completed, the 0.2% (w/v) midazolam
olution proposed in this paper could easily be used in hospitals.
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