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Abstract: Midazolam, a potent anxiolytic drug with sedative properties, is
susceptible to degradation by both light and hydrolysis in aqueous solution.
When formulated as an intranasal product, it was found to be effective in
achieving seizure control in epileptic patients. In order to deliver an adequate
therapeutic dose to a patient, a nasal formulation requires the concentration of
midazolam to be higher than its aqueous solubility. One way to increase mida-
zolam solubility to a therapeutic concentration is complexation with randomly
methylated-f-cyclodextrin. Thus, it is important to determine how complex-
ation with cyclodextrin affects the rate of degradation and type of midazolam
degradants that are formed. It was found that complexation with cyclodextrin
decreases its photostability. More importantly, the degradation profile for
midazolam is significantly altered when it is complexed with randomly methyl-
ated-f-cyclodextrin, which was partly confirmed in a previous work. By con-
tinuing this study, degradation products, not found in the photodegradation of
uncomplexed midazolam are observed in significant quantities when it was
complexed with randomly methylated-S-cyclodextrin. The decreased photo-
stability was accompanied by the appearance of two new degradation products,
an intermediate structure and a dimer. Photoproduct formation followed the
same pattern as in the forced degradation studies, further confirming the pre-
sence of an intermediate. The production of these new photodegradants, char-
acterized with their MS spectra, and a proposed degradation mechanism of
midazolam are discussed.

Keywords: benzodiazepine photostability; high performance liquid chromato-
graphy; liquid chromatography-tandem mass spectrometry.
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2 AGATONOVIC-KUSTRIN et al.
36 INTRODUCTION
37 The benzodiazepine, midazolam (MDZ), is a potent drug with anxiolytic,

38  hypnotic, amnestic, anticonvulsant, skeletal muscle relaxant, and sedative pro-
39  perties, and is commonly used as a preoperative anesthetic agent, especially for
40  pediatric patients.! A growing interest in alternative forms of drug administration
41  has led to the development of nasal formulations of MDZ for sedation before
42 surgical, dental or diagnostic procedures, and for treatment of seizures in children
43  and adult patients as safe and inexpensive means to rapidly achieve seizure
44 control.! The nasal route has been explored widely for delivery of a large number
45  of drug molecules, due to its rich vasculature and thin epithelial lining that
46  enables drug to reach systemic circulation after administration via nasal route
47 directly and provides rapid onset of action. Since no nasal preparation is com-
48  mercially available, midazolam solution for injection has been used.2:3 Since
49  commercially available formulation for intravenous application contain low con-
50  centration of MDZ, due to its low solubility, large application volumes exceeding
51  the limited nasal capacity have to be used to achieve adequate dosing. In order to
52 deliver therapeutic midazolam doses in smaller volumes, nasal preparations with
53 MDZ concentration exceeding its solubility must be developed. MDZ is water-
54 soluble at pH values lower than 4 and lipid-soluble at pH values above 5 and
55 therefore lipid soluble at physiological pH.# The water solubility of MDZs inc-
56  reases at pH values less than 4.0 due to ring opening and ionization3 whereby
57  MDZ is reversibly converted to the corresponding benzophenone, an open ring
58  form with a highly ionizable primary amino group. Thus, at pH > 5, the drug is
59  largely present in the lipid soluble, closed ring form. Although, solubility of
60  MDZ increases at lower pH, the use of an intranasal acidic MDZ solution would
61  result in severe irritation and swelling in the nasal cavity. In order to deliver an
62 adequate therapeutic dose to a patient, a nasal formulation requires the concentra-
63  tion of MDZ to be higher than its water solubility (i.e., <0.1 mg L-! at the phys-
64  iological pH of 7.4).

65 Cyclodextrins (CDs) are commonly used to improve the solubility of poorly
66  water-soluble drugs, by a process of inclusion complexation of the drug into the
67  CD cavity. The cavity size is the major factor in determining which type of CD
68  should be used for complexation with a particular drug. a-CDs contain six gluco-
69  pyranose units, resulting in a small cavity, which can only incorporate low mole-
70 cular weight compounds or compounds with aliphatic side chains. y-CDs, on the
71 other hand, have eight glucopyranose units, resulting in a substantially larger
72 cavity so that the CD hydrophobic groups cannot effectively interact with many
73 molecules to facilitate complexation. y-CDs are effectively able to accommodate
74  and complex larger molecules, such macrocycles and steroids. However, the
75  smaller cavity diameter of f-CDs (seven glucopyranose units) is found to accom-
76  modate and effectively complex most drug compounds (aromatic and hetero-
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ANALYSIS OF DEGRADATION OF MIDAZOLAM COMPLEXES 3

cyclic molecules). Hence, f-CD is commonly used as a complexing agent in
many CD complex drug formulations.>

Formulations of a 0.2 % (w/v) oral solution of MDZ containing y-CD and
citric acid were previously investigated.® More recently, however, it was
demonstrated that the use of randomly methylated-$-CD (RM—f-CD) as a solu-
bilizer significantly reduces the rate of degradation of MDZ.” RM-8-CDs have
replaced y-CD with partially methylated CDs in order to improve the solubility
and stability of MDZ oral formulations, with the aim of developing a palatable
buccal-nasal formulation. Due to their high aqueous solubility (> 500 mg mL-1)
and their ability to form inclusion complexes, methylated CDs are widely used in
drug formulations to improve drug solubility8 and to reduce the rate of hydro-
lysis? and photodegradation.!? Substitution of the hydroxyl with methoxy groups
imparts a slightly lipophilic character to the molecule, which also facilitates per-
meation through the mucosa.!!

Although the photostability of MDZ is well documented,*12-14 the rate of
photodegradation and the nature and distribution of photodegradants may change
when MDZ forms an inclusion complex with CD.15-17 CDs have the potential to
control chemical and photochemical reactions, due to the microplanarity of the
host cavity and limited molecular mobility of the guest molecule, due to steric
constraints. The nature of the lowest excited states of the guest molecule, deact-
ivation pathways and the fate of the reaction may be modulated by the CD mic-
roenvironment. Thus, structural changes in drug molecules that occur when they
form a complex with CD may accelerate drug degradation.!® The rate of second-
ary reactions may also be influenced and the chemical evolution of reaction
intermediates controlled.!8 Quantitative high performance liquid chromatography
(HPLC) methods have been used to study the decomposition of MDZ in formul-
ations!® and to determine the amount of MDZ and its metabolites in blood
plasma.20

Since the presence of RM—$-CD results in different degradation from those
observed in the absence of RM—f-CD, the aim of present study was to investigate
more deeply the obtained products. Based on results of the photostability, kinetic
studies and MS characterization, a degradation mechanism of midazolam is
proposed as well as a model of the RM—3-CD-MDZ inclusion complex.

Phase solubility studies conducted according to the method of Higuchi and
Connors?! confirmed the ability of RAMEB to solubilize the target concentration
of 10 mg mL~1 of MDZ.

EXPERIMENTAL

Chemicals

MDZ was kindly donated by Aspen-Pharmacare, South Africa and was used without
further purification. RM—$-CD was purchased from Cyclolab, Hungary. All other chemicals
used were of analytical reagent grade. HPLC grade methanol was obtained from Romil
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Limited (Cambridge). Water for chromatography was obtained from a Milli-Q® water purific-
ation system (Millpore, MA, USA).

HPLC instrumentation

Analysis of MDZ and its degradants was performed using HPLC (Spectra series P100
pump, Thermo separation products, Virginia, USA) in an isocratic mode and a UV 100 vari-
able wavelength ultraviolet (UV) detector. The flow rate was 1 mL min’!, the injection
volume was 20 pL, the column was used at room temperature (25£2 °C) and detection was
performed spectrophotometrically at 240 nm. Methanol was used as the organic mobile phase
component. The optimum organic/aqueous phase ration was found to be 70:30 and the mobile
phase was modified by addition of ammonium acetate as recommended for LC-MS studies to
improve the performance of an LC-MS screening method. For very weak basic compounds,
such as amides, the ammonium ions in the mobile phase promoted proton adduct responses.?2

The retention times obtained with a pBondapak C18 10 um column were compared with
those obtained using a Waters Spherisorb ODS2 5 pum column.

Phase solubility studies

The phase solubility studies were performed in triplicate. A 75 mg of MDZ was placed
in a conical flask and suspended in 5 ml of phosphate buffer solution (pH 5.8) containing 0, 5,
were then stoppered, covered in foil, and shaken in a water bath at 25+1 °C. The samples were
then analysed after 24 h using a UV method. The presence of photodegradation products was
ruled out by covering the flasks with foil during the phase solubility studied. The procedure
was repeated with phosphate buffer at pH 5.0.

UV method development

Midazolam (50 mg) was dissolved in 0.1 M HCI and diluted to 100 mL with the same
solvent. The resultant solution was diluted to achieve concentrations of 0.005, 0.01, 0.015,
0.02 and 0.025 mg mL"!. The absorbances of these solutions were measured at 258 nm (Aay)
and a standard calibration curve was constructed by plotting absorbance versus concentration.

Photostability kinetic studies

MDZ solutions (0.5 mg mL-!) in phosphate buffer (pH 5.0) were prepared in the pre-
sence and absence of RM—$-CD, in 2 mL clear glass (USP standard type 1 glass) ampoules
(including dark controls) and irradiated at 550 W m2 for 12 h (1.2 million lux h) in order to
degrade the drug to approximately 10 % of its original concentration.2* An Atlas SUNTEST
CPS+ (Atlas Material Testing Technology B.V, Germany), fitted with a Xenon lamp and
Solar ID65 filter was used for the irradiation of the samples. The temperature in the Suntest
cabinet was maintained at 40+2 °C.

Samples (2 mL) were removed at 1 h intervals over the 12 h period, diluted to a final
volume of 10 mL and then analyzed. Control samples were covered in foil and treated in the
same way as the exposed samples. Degradation was calculated as a percentage of the height of
the drug peak, with respect to the peak height obtained from analysis of the original solution.
The appearance of the major degradation products was also monitored and calculated as a
percentage of the highest concentration achieved.

LC-MS/MS
The HPLC chromatograms obtained from the photostability kinetic studies were exam-

ined and representative samples of the drug and photoproducts in the presence and absence of
RM-$-CD were selected and analyzed by LC-MS to obtain the molecular masses of the
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ANALYSIS OF DEGRADATION OF MIDAZOLAM COMPLEXES 5

degradation products. LC-MS/MS was then used to identify the photodegradants. For the MS

with an atmospheric pressure chemical ionization (APCI) ion source was used. Separation was
performed on a Waters Spherisorb 5 um ODS2 column (250 mmx4.6 mm).

Thermal stability studies

To investigate the influence of temperature on the degradation of MDZ, 2 mL aliquots of
MDZ solution (0.5 mg mL-!, with and without 30 % )W/V IBM;@:QD) were sealed in ampoules,

covered in foil and placed in ovens at temperatures of 275, 30, 40, 50, 60 and 70 °C. The
samples were removed after 12 h and analyzed.

RESULTS AND DISCUSSION

A simple UV method with 0.1 M HCI as the solvent was developed for use
in midazolam—RM—$-CD phase solubility studies. The method showed good
linearity, with the linear regression equation y = —0.000051 + 0.02754 (y is the
midazolam concentration and 4 the absorbance) with a correlation coefficient of
0.99. It was accurate with 98.9-101.6 % percent recovery. Precision of the
method was determined by calculating the relative standard deviation (RSD). The
RSD for replicate measurement at three different concentration within the linear
range was less than 1 %, indicating adequate precision.22

The highest concentration of MDZ of 8.4 mg mL™' that was achieved in the
phosphate buffer pH 5.8, was below the target concentration. However, in the

In both cases, the phase solubility curves obtained were of the Ap-type, sug-
gesting the formation of higher order complexes (Fig. 1). The results of the phase
solubility studies indicated that desired solubility of 10 mg mL~! was achieved
with 30 % w/v RM—f-CD at pH 5.0.

0.035 T pH 5.0 A
/

0.030 T - e

0.025 T

0.020 T

0.015 T

0.010 1

0.005 T

Midazolam concentration, mol L!

0 0.05 0.1 0.15 0.2 025
RM-B-CD concentration, mol L

Fig. 1. Solubility of midazolam in phosphate buffers versus RM—$-CD concentration.
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6 AGATONOVIC-KUSTRIN er al.

The developed HPLC method was found to have sufficient accuracy with an
average recovery of 100+2 % for replicate measurements at low, mid and high
concentrations of MDZ within the working concentration range. The accuracy of

three known concentrations of MDZ (0.4, 0.5 and 0.6 mg mL-!). Linearity was
confirmed to be within the range 0.002 to 0.02 mg mL~!, with a high correlation
coefficient of 1.00. The precision of the method, in terms of repeatability, was
satisfactory with relative standard deviations of 0.62 and 0.40 % (n = 6) at low
and mid concentrations within the working range.

The limit of quantification (LOQ) was found to be 0.002 mg mL~!. The
robustness of the method was demonstrated during method development, when it
was shown that the best peak resolution was reached when the pH of the mobile
phase was between 6 and 8, the concentration of ammonium acetate in the mobile
phase was between 20 and 40 mM, with the organic/aqueous phase ratio main-
tained at 70:30 methanol/water. The ruggedness of the method was confirmed by
the robustness and intermediate precision results, which had a RSD of 0.9 and 0.5
%, respectively, thus ensuring that the method is precise and suitable for use for
the analysis of MDZ. The LC-MS method was reliable in evaluating the specif-
icity of the assay in the absence of RM—$-CD, but for the solutions containing
RM-p-CD, a photodiode array detector was required in order to obtain a peak
due to the presence of MDZ alone.

In the samples without RM—$-CD, degradation products started appearing
after 2 h of irradiation. A slight yellowish—brown color developed simultaneously
that intensified on continued irradiation. After 6 h, a precipitate formed which
was readily soluble in the dilution solvent used for analysis (methanol/water).
The control samples, with and without RM—$-CD, were clear and colorless, until
the end of the experiment. Analysis of the exposed samples containing RM—f-
CD showed that degradation products begun to form during the first hour of
exposure. No suspended particles were observed throughout the experiments, but
a slight yellowish—brown color was observed.

The HPLC chromatograms of the degraded samples (i.e., MDZ with and
without CD) are shown in Fig. 2. The MDZ peak has a retention time of 10.5
min. Small quantities of the two degradation products at 5.5 and 6.5 min were
detected in the MDZ solutions, but not in the MDZ RM-f-CD solutions. Two
other degradation products, only observed in MDZ RM-f-CD solutions, had ret-
ention times of 8.3 and 8.7 min with the degradation product with the higher ret-
ention time being more prominent. The major degradation products that were
observed in both MDZ and MDZ RM—$-CD solutions had retention times of 6.0
and 17.2 min. Thus, all degradants, except the one that eluted at 17.2 min, were
more polar molecules than MDZ as they had shorter retention times. Peaks of the
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230  major degradants are marked as A, B and C (degradation product C being only
231  present in the MDZ RM—£-CD solution) on the HPLC chromatograms.
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238 Fig. 2. HPLC chromatograms showing the peak of midazolam, M, after 8 h photodegradation
239 (a) in the absence and (b) in the presence of RM—A-CD and the peaks of degradants
240 A,Band C.
241 Results of the thermal stability studies showed that up to 1.5 % degradation

242  of the drug occurred in all samples subjected to heat for 24 h, both in the pre-
243 sence and in the absence of RM—f-CD, suggesting that degradation that was obs-
244 erved in the photostability studies samples was due to light and not heat, as pre-
245  viously suggested.” Degradation of MDZ in the presence and in the absence of
246  RM—f-CD was similar, with slightly decreased photostability in the presence of
247  RM-f-CD. Two degradants, labeled A and B. with retention times 6.0 and 17.2
248  min, respectively, were observed, while in the presence of RM—f-CD, two
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249  further degradants were evident at 89 min. For the purpose of this study, only
250  identification of the major component, marked as a degradant C, was considered.

251 Production of degradant A follows degradation of the drug. The maximum
252 concentration of photodegradant C was reached after 6 h, Production of the third
253 degradant, degradant C, reached a maximum amount after about 7 h, when
254  approximately 90 % of the drug had been degraded. The amount of C then dec-
255  reased over the next 3 h to about 15 % of its maximum value. At this total time of
256 10 h, the amount of degradant B reached a maximum. A similar trend was seen in
257  the forced degradation studies. These results indicate that photodegradant C may
258  be an intermediate that decomposes into degradant B.!

259 The results of LC-MS analysis including the M+1 peaks for the degradants,
260  their retention times and proposed structures are listed in Table 1. The degrad-
261  ation products observed only in solutions of MDZ, at retention times 5.5 and 6.5
262  min, exhibited peaks at m/z 342 (14 %, relative abundance — RA) and 343 (27 %
263  RA), respectively. The structures proposed for the photoproduct with m/z 342 are
264  the hydrolysis products 1-hydroxymethylmidazolam (1) or 4-hydroxymidazolam
265  (2), which are also the primary metabolites of MDZ. The photoproduct with m/z
266 343 has proposed structure (4).

267 TABLE L. Retention times, M + 1 peak values and proposed structures of photodegradants

Retention time, min M+1 Proposed structure
5.5 342 HOHZCYN HchN
N/ N
cl —N CI —N
O O
Y] or )
6.0 289 P{ 0
N

iy

3
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268  TABLE L. Continued
Retention time, min M+1 Proposed structure
6.5 343

8.3 575
8.7 358
17.2
269 Mass spectra of degradation products, with m/z values of 289, 273, 358 and

270 575 obtained by MS-MS analysis, are shown in Figs. 3a—d and 4a—d, respect-
271 ively. In Fig. 3a, the molecular-ion peak (m/z 289, 23 % RA) is still visible, with
272 an NHy adduct (m/z 306, 11 % RA) also observed. The molecular mass of this com-
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Fig. 3. Mass spectra of: a) degradant A with the M + 1 peak at m/z 289 and
b) degradant B with the M+1 peak at m/z 273.

pound is the same as one reported by Andersin et al.!2 and, on this basis, deg-
radant A is proposed to be N-desalkylflurazepam, or 7-chloro-5-(2-fluorophe-
nyl)-1,3-dihydro-2H-1,4-benzodiazepin-2-one (structure 3) and is one of the
starting compounds in the synthesis of MDZ. The base peak at m/z 261 (100 %
RA, M-27) could be due to loss of HCN, and the peaks observed at 270 (35 %
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284 RA, M-H,0) and 260 (16 % RA, M—CO) were previously reported.23 Other
285  peaks observed were at 226 (57 % RA), 208 (36 % RA) and 140 (56 % RA).
286  Photodegradation of MDZ to degradant A follows the opening of the imidazole
287  ring with subsequent substitution to form benzodiazepinone.
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292 Fig. 4. Mass spectra of: a) degradant C with the M + 1 peak at m/z 358 and

293 b) degradant M + 1 peak at m/z 574.9.
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294 The M+1 peak m/z 273, which corresponds to the loss of C1,2! for degradant
295 B was not detected (Fig. 3b). The base peak is at m/z 177 (100 % RA,
296  M-CgH4F) and other peaks were m/z 237 (44 % RA, M—Cl), 245 (21 % RA) and
297 253 (14 % RA, M-F). The molar mass of degradant B suggests that it is
298  6-chloro-2-methyl-4-(2-fluorophenyl)-quinazoline.!2 Andersin et al. also rep-
299  orted the formation of a precipitate in solutions of MDZ exposed to daylight.
300  Their analysis of the purified precipitate revealed that the precipitate was
301 6-chloro-2-methyl-4-(2-fluorophenyl)-quinazoline. In this study, the precipitate
302  appeared after 6 h of exposure and the amount of B was also approaching a
303  maximum value. The proposed identification of B as structure 5, is consistent in
304  that the compound is more hydrophobic than degradant A (structure 3). The ret-
305  ention time of B was 17.2 min in contrast to the other degradants that had shorter
306  retention times than MDZ (R; = 10.5 min). Due to its non-polar nature, it is not
307  surprising that degradant B precipitated out of the aqueous solution as its con-
308  centration increased. The absence of a precipitate in the RM—4-CD solutions, in
309  spite of the evidence of the presence of B as a major degradation product, could
310  be explained by the ability of RM—4-CD to improve the solubility of the hydro-
311  phobic degradant compounds present.

312 The experimentally determined UV A4 values of degradants A and B were
313 consistent with literature values (Table II) for their proposed structures.

314 TABLE II. UV A, values of degradants A, B and C (nm)

Degradant Experimental Literature values'?
A 229 230
318 318
B 230 206
327 230
326
C 215 —
333
315 The retention time (8.7 min) of degradant C suggests that it is more polar

316  than MDZ. It possibly contains oxygen, resulting in a higher molecular mass.
317  The mass spectrum of degradant C (Fig. 4a) shows an M+1 peak at m/z 358 (72
318 % RA). It is important to stress that a compound with this molecular mass has not
319  been previously reported in photodegradation studies of MDZ. The base peak at
320  m/z 316 (100 % RA), and the peak at m/z 297 (75 % RA) could be due to loss of
321  CHs, followed by subsequent loss of CH3CH;0O. A fragment equivalent to the
322 M+1 peak of degradant B, m/z 273 was observed. From the kinetic studies, it was
323 postulated that degradant C is an intermediate in the formation of B. This means
324  that C may have the structure of B as part of its structure.!4 The degraded sol-
325  utions were covered in foil, stored in a refrigerator (543 °C) and analyzed by
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326  HPLC after a few weeks. After this time, the peak due to the drug had slightly
327  decreased and the peak for degradant C had almost disappeared, while the peak
328  for B had significantly increased, which is further indication that C may be an
329  intermediate of B. The structure of C was therefore proposed to be structure 6.
330  Degradation of MDZ through C to B is an additional reaction pathway that was
331  observed in the presence of RM—f-CD, which explains the slight increase in the
332 degradation rate.

333 Another degradant caused by the presence of RM—f-CD may be a dimer of
334 one of the degradation products. The mass spectrum (Fig. 4b) shows a base peak
335  at m/z 556 (100 % RA, M-H;0), and other peaks at 381 (52 % RA) and 367 (95
336 % RA). The proposed structure (structure 7) is a dimer of a major degradation
337  product (6-(6-chloro-2-methyl-3H-quinazolin-4-ylidene)-cyclohexa-2,4-dienone)
338  of MDZ without CD in the aqueous solution.!4 The MS data suggests the dimer
339 is formed through loss of a Cl atom from each molecule, resulting in free rad-
340  icals, which then combine with each other. Formation of this dimer and intermed-
341  iate degradant C (structure 6) is unique to the CD environment. The reactions are
342  made possible by the ability of CD to stabilize free radicals,24 and by conform-
343  ational control which results in stabilization of certain reaction intermediates.
344  Since hydroxylation is attributed to the escape of degradants from the CD cage, it
345  is suggest that an important part of the degradation reaction pathway results from
346  the recombination of radicals, which are not in the solvent but are trapped in the
347  CD cavity.

348 The major degradation product (molar mass 323.1) in solutions exposed to a
349  high pressure mercury lamp by Andersin and coworkers!2 was not observed in
350  the present work. Even the degradant that formed the dimer (m/z 575) was only
351  present in small quantities. Degradant B, one of the major degradation products
352  in this study, occurred in the solutions exposed to daylight, where A was present
353  in small amounts.

354 The results of this study indicate that MDZ undergoes a highly sequence-
355  -selective photoreaction pathway following inclusion complexation with RM—f-
356  -CD. RM—$-CD can thus alter the photobehavior of a MDZ molecule, by changing
357  the ground state distribution of reactive and non-reactive conformers (“conform-
358  ational control”) resulting in selectivity,25 and thus the reaction could be directed
359  along one of the competing pathways.26

360 A variety of non-covalent intermolecular bonds are involved in the form-
361  ation of a stable complex with RM—$-CD that should protect the MDZ molecule
362  against attack of other reactive molecules and thus increase its chemical stab-
363 ility.? CDs are known to accelerate or to retard various reactions. For example,
364  when an ester group of a guest molecule is fixed close to the catalytic site of CD
365  (hydroxyl group of the sugar), the ester will be hydrolyzed faster. However, the
366  rate of hydrolysis will decrease when the ester is inside the CD cavity. The mole-
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367  cular size of MDZ, calculated using Molecular Modeling pro 5.10 is estimated to
368  be 14.67 A, in molecular length (x), 11.59 A width (y), and 4.27 A depth (2).
369  However, the RM—f-CD diameter inside cavity is 6.0-6.5 A, while its outside
370  diameter is 15.4 A and height is 7.9 A, which corresponds approximately to the
371  size of an aromatic ring (calculated size 6.18 A in length, 6.82 A in width, and
372 3.54 A in depth). Therefore, RM—5-CD is only able to accommodate slightly
373  more than one aromatic ring within its cavity.

374 NMR studies have confirmed MDZ RM-f-CD complex formation by the
375  shift observed in the peaks for both MDZ and RM—4-CD.27 1H- and 13C-NMR
376  have provided an idea how the guest substrate is positioned in the CD cavity. The
377  shielding of the CD cavity protons and associated shift changes in the signal for
378  the MDZ protons in the mixtures of CD and MDZ are attributed to the aromatic
379  ring penetrating into the CD cavity, thereby confirming the formation of an inc-
380  lusion complex. The structure of the MDZ RM—f-CD complex was established
381  using two dimensional NMR (ROESY) spectral data.28 The signals for the pro-
382  tons belonging to the aromatic ring containing fluorine exhibit strong cross cor-
383  relation peaks with the CD cavity protons. Taking into account the 1:1 stoichio-
384  metry of the complex, it was concluded that the fluorine-containing ring pene-
385  trates the -CD cavity resulting in the formation of a 1:1 complex. The signals
386  for the H-8 of the chlorine containing aromatic ring (next to the chlorine sub-
387  stituent) also exhibited a strong interaction with the protons inside the CD cavity.
388  However, H-9 and H-10 did not show any cross peaks with the CD cavity pro-
389  tons (Fig. 5). Thus, the possibility of another 1:1 complex involving penetration
390  of the chlorine-containing ring was ruled out because interaction of the protons
391  from the ring containing chlorine with the cavity protons was not evidenced.
392 Therefore, it could be concluded that the fluorine-containing aromatic ring and
393  the chlorine substituent and H-8 from the other aromatic ring are likely to be
394  inside the RM—$-CD cavity.

1

HSC\(/N / 2

10 N

Fig. 5. Proposed model of the RM—f-CD-MDZ inclusion complex.

395 The “cage effect” of inclusion of molecules in the CD cavity cause radical
396  pairs to undergo reaction before being able to diffuse into the surrounding
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397  medium. This occurs to a lesser extent in the solution outside the CD cavity due

398  to more rapid diffusion.2?
399 CONCLUSIONS

400 It has been shown that complexation with RM—4-CD slightly decreased the
401  photostability of MDZ. The decreased stability was accompanied by the appear-
402  ance of two new degradation products: i) an intermediate [(E)-{1-[6-chloro-4-(2-
403  -fluorophenyl)-2-methylquinazolin-1(2H)-yl]ethylidene}amino]acetaldehyde

404  (structure 6/degradant C) that degrades to 6-chloro-2-methyl-4-(2-fluorophenyl)-
405  -quinazoline (structure 5/degradant B); and i7) a dimer (structure 8) formed from
406  free radicals (structure 7) derived from previously reported photodegradant 6-(8-
407  -chloro-1-methyl-4,5-dihydro-2,5,10b-triaza-benzo[e]azulen-6-ylidene)-cyclo-
408  hexa-2,4-dienone33 as a result of the loss of a Cl atom. Photodegradation product
409  formation followed the same pattern as in the forced degradation studies, further
410  confirming the presence of an intermediate. The photodegradation chemistry of a
411  drug molecule is different when encapsulated because the interior of the cyclo-
412 dextrin cavity constitutes an isolated environment where the included species is
413 usually present as a single molecule. The photochemistry is therefore generally
414  restricted to intramolecular events, except in cases of multiple occupancy.

415 While the presence of the RM—3-CD improves the aqueous solubility of
416  midazolam, it also alters its photostability. Introduction of new photo degradants
417  must be taken into account when using RM—4-CD to improve MDZ solubility
418  and develop a feasible nasal formulation. Although photoinduced reactions might
419  or might not be identical in vitro and in vivo, basic knowledge on the reaction
420  mechanisms and products is important to ensure safe handling, packaging and
421  labeling of the formulation and reduced potential for adverse effects. The differ-
422 ences in the photostability upon complexation with cyclodextrin are affected by
423  the way the drug is encapsulated into cyclodextrin cavity, which helps to under-
424  stand whether the site of degradation is within the cyclodextrin cavity or not.
425  Further studies should be undertaken to determine the phototoxicity of the deg-
426  radants. Generally, photosensitivity reactions occur in patients to whom light sen-
427  sitive drugs have been administered, and have been related to the formation of
428  phototoxic degradants. Such drugs decompose to form radical intermediates and
429  highly reactive products, which react with the tissue cells resulting in adverse
430  effects, making the detection and identification of photodegradants important.
431  Thus, there is a need to determine the effect of the inclusion complexation with
432 cyclodextrins on the photodegradation profile of drugs.
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433 M3B0Q
434 XEMHUJCKA KAPAKTEPU3ALIUJA ITPOU3BOJA ®OTOPA3IPAOE KOMITJIEKCA
435 MUIA30/IAMA CA HACYMUYHO METUJIOBAHUM SUUKITOOEKCTPUHOM
436 METOIAMA HPLC U LC-MS/MS
437 SNEZANA AGATONOVIC-KUSTRIN', MOSIMOTSANA LEBETE®, MICHAEL E. BROWN?, DAVID W. MORTON?
438 u BEVERLEY D. GLASS'
439 "Faculty of Pharmacy, Universiti Teknologi MARA (UiTM), Selangor, Malaysia, “The School of Pharmacy and
440 Applied Science, La Trobe Institute of Molecular Sciences, La Trobe University, Bendigo, Victoria, Australia,
441 3Faculty of Pharmacy, Rhodes University, Grahamstown, South Africa and *Pharmacy, College of Medicine
442 and Dentistry, James Cook University, Townsville, Queensland, Australia
443 Mupaasonam, NOTEHIHjaIHH aHKCHOJIMTHYKH JIEK Ca CeNaTUBHUM CBOjCTBHMA, MOIOXKAH
444  je dotopasrpanmy ¥ XMODPOJM3M y BOLEHHM PAaCTBOpDMMA. YCTAaHOB/bEHO je 1a Cy HHTpaHa-
445 3anHe (GopMmynauuje eduKacHe y KOHTPOIM EMWIENTHYHMX Hamama. Kako 6w ce mocruria
446  apexBaTHa TepamMjcka 103a, HasauHe BojeHe dopmynauuje 6M Mopane na Oymy ca Behom
447 KOHILIEHTPALMjOM MHIA30/IaMa HEro WITO je HeroBa PacTBOP/BMBOCT. JelaH OfI auMHA f1a Ce
448 MOCTUTHE TEPANHjCKa 033 jECTE KOMIUIEKCHPAFke MHIA30/laMa HACYMHYHO METHIIOBAHUM

449 f-uuknonekcrpuHoM. CTora je BakHO #a ce yTBpAe Op3HHa pasrpame MHMAasonama M OAroBa-
450 pajyhu HacTanu MPOWU3BOIHM YKOJIHMKO je KOMIUIEKCHDAH. YCTAaHOB/BEHO je Ia je KOMIUIEKCH-

451 paHM mMupasonam (OTOHECTaOMIMHHjH Off HEKOMIUIeKcHpaHor. OHO WITO je BHULIE 3Ha4ajHO
452  jecre nma ce KO KOMIUIEKCHPAHOT MMIA30JiaMa jaBsbajy HOBH MPOU3BONM DA3rpajiibe y 3Ha-
453 YyajHUM KOHIeHTpauujama. CmameHa oTtocTabuiHoCT je mpaheHa 1mojaBoM IBa HOBA ITPOM3-
454 BOZla Pasrpajilbe, jeJHOr ca MpeasHOM CTPYKTYpOM M jenHor gumepa. Hacranax doroperpa-
455 JALMOHMX IPOW3BOZia OJHWIPaBa Ce I10 UCTOM MEXAHU3MY KOjH je YCTaHOB/bEH HCITUTHBABEM

456  npuHygHe pasrpafme, IITO MOTBPhyje MPHCYCTBO MpenasHUX CTPYKTypa. JaTa je AucKycHja
457  wnacranka doTonerpafallMoOHUX TPOU3BOA, KOjH Cy OKapakTepucahu MS mojainuma, v mpes-
458  noxeH je onropapajyhu MexaHu3am pasrpajimbe MuIasonama.

459 (Tpumseno 29. centembpa, pesunupano 20. nenembpa 2015, npuxsahero 18. janyapa 2015)

460 REFERENCES

461 1. S. Bjorkman, G. Rigemar, J. Idvall, Brit. J. Anaesth. 79 (1997) 575

462 2. T.Mahmoudian, M. M. Zadeh, Epilepsy Behav. 5 (2004) 253

463 3. E. Lahat, M. Goldman, J. Barr, T. Bistritzer, M. Berkovitch, BMJ (Clin. Res. Ed.) 321
464 (2000) 83

465 4. R. Andersin, J. Pharm. Biomed. Anal. 9 (1991) 451

466 5. G. Tiwari, R. Tiwari, A. K. Rai, J. Pharm. Bioallied Sci. 2 (2010) 72

467 6. F. Margon, D. Mathiron, S. Pilard, A.-S. Lemaire-Hurtel, J.-M. Dubacle, F. Djedaini-
468 Pilard, Int. J. Pharm. 379 (2009) 244

469 7. D. Mathiron, F. Marcon, J. M. Dubaele, D. Cailleu, S. Pilard, F. Djedaini-Pilard, J.

470 Pharm. Sci. 102 (2013) 2102
471 8. J. Mannila, T. Jarvinen, K. Jarvinen, M. Tarvainen, P. Jarho, Eur. J. Pharm. Sci. 26
472 (2005) 71

473 9. T. Loftsson, M. E. Brewster, J. Pharm. Sci. 85 (1996) 1017

474 10. S. Scalia, R. Tursilli, V. lannuccelli, J. Pharm. Biomed. Anal. 44 (2007) 29

475 11. T. Loftsson, S. B. Vogensen, M. E. Brewster, F. Konradsdottir, J. Pharm. Sci. 96 (2007)
476 2532

477 12. R. Andersin, J. Ovaskainen, S. Kaltia, J. Pharm. Biomed. Anal. 12 (1994) 165

478 13. R. Andersin, S. Tammilehto, Int. J. Pharm. 56 (1989) 175



Send back the proof corrections within next 48 hours!

ANALYSIS OF DEGRADATION OF MIDAZOLAM COMPLEXES 1 7

479 14. B. D. Glass, M. E. Brown, S. Daya, M. S. Worthington, P. Drummond, E. Antunes, M.
480 Lebete, S. Anoopkumar-Dukie, D. Maharaj, Int. J. Photoenergy 3 (2001) 205

481 15. P. Bortolus, G. Grabner, G. Kohler, S. Monti, Coord. Chem. Rev. 125 (1993) 261

482 16. J. Mielcarek, J. Pharm. Biomed. Anal. 15 (1997) 681

483 17. U. Tadanobu, I. Keiko, H. Fumitoshi, U. Kaneto, Eur. J. Pharm. Sci. 1 (1993) 81

484 18. S. Sortino, S. Giuffrida, G. De Guldi, R. Chillemi, S. Petralia, G. Marconi, G. Condorelli,
485 S. Sciuto, Photochem, Photobiol. 73 (2001) 6

486 19. R. Andersin, S. Tammilehto, Int. J. Pharm. 123 (1995) 229

487 20. J. A. Carrillo, S. I. Ramos, J. A. Agundez, C. Martinez, J. Benitez, Ther. Drug Monit. 20
488 (1998) 319

489  21. T. Higuchi, K. A. Connors, in Advances in Analytical Chemistry and Instrumentation, C.
490 N. Reilley, F. W. McLafferty, Eds., Interscience, New York, 1965; pp. 117

491 22. H. G. Brittain, Pharm. Tech. 22 (1998) 82

492 23. R. Selkimaa, S. Tammilehto, Int. J. Pharm. 49 (1989) 83

493 24. A.V.Veglia, A. M. Sanchez, R. H. Derossi, J. Org. Chem. 55 (1990) 4083

494 25. B.N.Rao, N. I. Turro, V. Ramamurthy, J. Org. Chem. 51 (1986) 460

495  26. G.D.Reddy, V. Ramamurthy, J. Org. Chem. 52 (1987) 5521

496 27. A.R.Hedges, Chem. Rev. 98 (1998) 2035

497  28. S.M. Ali, S. K. Upadhyay, Magn. Reson. Chem. 46 (2008) 676

498 29. G. D. Reddy, G. Usha, K. V. Ramanathan, V. Ramamurthy, J. Org. Chem. 51 (1986)
499 3085.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




