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Abstract

Objectives Anxiolytic drug zolpidem was incorporated into the microcontainers

based on mesoporous calcium carbonate particles modified by diethy-

laminoethyl-dextran/hyaluronic acid shell. The release of zolpidem in saline solu-

tion and in polymer film modelling nasal mucosa was investigated. The

anxiolytic effect of zolpidem upon intranasal administration of microcontainers

and free medicine was determined by in vivo experiments on mice.

Methods The structures of all compounds during zolpidem synthesis were estab-

lished using nuclear magnetic resonance spectroscopy. The loading efficacy and

release kinetics of zolpidem were analysed by spectrophotometry. Surface mor-

phology of formulation was investigated by scanning electron microscopy. To

determine the effect of zolpidem-loaded containers administration by the intra-

nasal route in vivo experiments was carried out applying the open field test.

Key findings Nasal administration of zolpidem in the form of the microcontain-

ers based on mesoporous calcium carbonate particles modified by diethy-

laminoethyl-dextran/hyaluronic acid shell has a pronounced anxiolytic effect on

the behaviour of the animals in the open field test.

Conclusions The polyelectrolyte shell deposited together with zolpidem

enhances the loading efficacy of the microcontainers. In vivo experiments on

mice demonstrate increase in anxiolytic effect of zolpidem in microcontainers

compared with upon intranasal administration of free medicine.

Introduction

Lifestyle of the modern people often causes everyday stress

provoking daytime problems including sleepiness that can

contribute to anxiety, irritability, concentration problems,

memory problems, poor immune system function and

reduced reaction time.[1,2] Untreated insomnia can pro-

gress into chronic form and impact to a general feeling of

being unwell both mentally and physically.[3,4] All these

result in multiple daytime consequences that can lead to

depression, alertness and lowering of cognitive abilities.

Nowadays, various pharmacological agents are used as

an anxiolytic drugs and for the insomnia treatment. First-

generation hypnotics (barbiturates, carbamates, chloral

hydrate and methaqualone) induce a prolonged hyp-

nosedative effect, resulting in working daytime impairment

of the patients.[5] Benzodiazepine drugs were proposed as

the second-generation hypnotics and possess minor side

effects and toxicity. However, protracted application of

benzodiazepines provides ineligible side effects including

rebound insomnia.

In the last decades, a new generation of non-benzodiaze-

pine drugs – Z-drugs, which are widely used for the treat-

ment of insomnia, was emerged. Among them, zolpidem

(imidazopyridine) has become the most popular medicine

for this disease. Imidazopyridines could be useful in the
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management of short-term insomnia, but not for maintain-

ing sleep through the night. Besides hypnotic effect zolpi-

dem also possesses anxiolytic properties. For example,

anxiolytic-like activity of zolpidem in mice was demon-

strated by Griebel.[6] The clinical study showed that zolpi-

dem facilitates improving anxiety states of insomniac

patients.[7] In order to broaden the zolpidem action in the

treatment of different types of insomnia and depression,

the medicine could be incorporated into polymeric delivery

systems. Al-Dhubiab demonstrated an entrapment of zolpi-

dem into poly(lactic-co-glycolic acid) nanospheres that can

provide a rapid onset of action together with prolonged

release of the drug.[5] Trapani et al.[8] have also incorpo-

rated the hypnotic agent zolpidem in the microparticles

constituted by poly(DL-lactide) and poly(DL-lactide-co-

glycolide). Both approaches are based on the emulsion

methods using organic solvents.

In the present paper, we have proposed mesoporous

microcontainers based on biocompatible calcium carbonate

particles. The microparticles were synthesized by simple

and reproducible procedure without applying hazardous

solvents and chemicals. The porous structure of the cal-

cium carbonate ensures entrapment of the drug in the final

formulation. The freshly synthesized zolpidem was encap-

sulated into the microcontainers formed by the electrostatic

adsorption of polyelectrolytes onto surface of the micropar-

ticles.[9–11] We studied encapsulation efficacy and release of

zolpidem. The microcontainers are proposed for intranasal

delivery of the encapsulated compounds.

In the previous study, we demonstrate the high efficiency

of the microcontainers based on calcium carbonate parti-

cles to the brain delivery of central anesthetic loperamide

upon their intranasal administration.[12,13] Current

research demonstrates an effective nasal delivery of sedative

agent zolpidem that could be useful in the treatment of var-

ious anxiety disorders. The microcontainers administrated

nasally could extend an activity of zolpidem and prolong its

anxiolytic action.

Previously, it was demonstrated that CaCO3 powder for-

mulation increases the nasal bioavailability of hydrophilic

compounds in a range of molecular weights presumably

through retardation of the drug outflow from the nasal cav-

ity.[14] The intranasal administration has the great potential

advantage for the rapid drug delivery to the central nervous

system together with non-invasiveness and fast onset of

medicine therapeutic effect. So, in work[15] pharmacoki-

netic studies in rats demonstrated that intranasally admin-

istered zolpidem could achieve significantly faster

absorption rate and higher plasma concentration than that

by oral route. Application of polymer vehicles for the intra-

nasal administration can impart several advantages to the

drug formulation, such as increase in the residence time in

nasal cavity (delay of mucacellular clearance followed by

prolonged drug adsorption and more sufficient pharmaco-

logic effect), high bioavailability and easiness of use.

Experimental Section

Materials

Diethylaminoethyl-dextran (DEAE-D, MW 150 kDa) was

obtained from SERVA, Germany. Hyaluronic acid (HA,

MW 200–300 kDa), alginic acid sodium salt (15–25 cP, 1%
in H2O), sodium carbonate, sodium chloride, calcium

chloride, sodium bicarbonate, toluene, ethyl alcohol, 5-

methyl-2-aminopyridine, 4- methylbenzaldehyde and

dichloromethane were purchased from Sigma-Aldrich and

used without any further purification unless otherwise

noted. Zolpidem was used as water-soluble tartrate.

Toluene, ethyl alcohol and dichloromethane were dried

and purified under nitrogen using standard meth-

ods and were distilled immediately before use.[16] Parent

(E)-5-methyl-N-(4-methylbenzylidene)pyridin-2-amine was

prepared according to published procedure from the

4-methylbenzaldehyde and 5-methyl-2-aminopyridine.[17]

Methods

The structures of all compounds were established using 1D

NMR (1H, 13C) spectroscopy. NMR spectra were acquired

on Bruker Avance 300 spectrometer at room temperature;

the chemical shifts d were measured in ppm relative to the

solvent (1H: CDCl3, d = 7.27 ppm; 13C: CDCl3,

d = 77.00 ppm). Splitting patterns are designated as s, sin-

glet; d, doublet; t, triplet; q, quartet; m, multiplet; dd, dou-

ble doublet; ddd, double double doublet. The coupling

constants (J) are in Hertz. High-resolution and accurate

mass spectra were obtained on BrukermicrOTOF-QTM

ESI-TOF (electrospray ionization (ESI)/Time of Flight) and

Thermo Scientific* LTQ Orbitrap mass spectrometers. IR

spectra were recorded on a Specord M-80 instrument in

KBr pellets. Melting points (mp) are uncorrected and were

measured on a Boetius capillary mp apparatus. Analytical

thin layer chromatography (TLC) was carried out on silica

gel plates (silica gel 60 F254 aluminium supported plates);

the visualization was accomplished with an UV lamp

(365 nm). Column chromatography was performed on sil-

ica gel 60 (230–400 mesh; Merck & Co., Kenilworth, NJ,

USA) treated with 1% triethylamine solution in petroleum

benzene.

The loading efficacy and release of zolpidem were anal-

ysed by spectrophotometer Perkin Elmer Lambda 650. Sur-

face morphology was investigated by scanning electron

microscope Jeol JSM-7401F.

High-resolution mass spectra (HRMS) were measured

using ESI.[18] The measurements were carried out in
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positive ion mode (interface capillary voltage 4500 V); the

mass ratio was from m/z 50 to 3000 Da; external/internal

calibration was performed using an electrospray calibrant

solution. Syringe injection was used for solutions in

CH3CN (low rate 3 ml/min). Nitrogen was applied as a dry

gas and the interface temperature was set at 180°C. Mass

spectra were recorded on a Finnigan Mat INCOS 50 Quad-

rupole Mass Spectrometer at 70 eV. Melting points are

uncorrected and were measured on a Boetius capillary

melting point apparatus. Analytical TLC was carried out on

silica gel plates (silica gel 60 F254 aluminium supported

plates); the visualization was accomplished with an UV

lamp (365 nm). Column chromatography was performed

on silica gel 60 (230–400 mesh; Merck & Co., Kenilworth,

NJ, USA) treated with 1% triethylamine solution in petro-

leum benzene. Alkynes, aldehydes and 2-aminopyridines

were commercially available, as well as copper(I,II) salts,

and were used without additional purification. All reactions

were carried out using freshly distilled and dry solvents.

Parent N,N-dipropylpropiolamide was prepared according

to published procedures.[19]

Synthesis of zolpidem

Synthesis of zolpidem was achieved by modified proto-

cols.[20–22]

5-Methyl-N-(4-methylbenzylidene)pyridin-2-amine
(1)

The mixture of toluene aldehyde (6.6 ml, 0.055 mol) and

5-methyl-2-aminopyridine (5.4 g, 0.050 mol) was kept at

room temperature overnight. Precipitate formed was par-

ticulated and vigorously stirred with 10 ml of Et2O for 1 h.

The precipitate was separated by filtration, residue washed

with Et2O (2 9 5 ml) and dried at 60°C under vacuum to

give 7.2 g (67% yield) product 1 as pale yellow solid. mp

119–120°C; Rf = 0.51 (petroleum ether - EtOAc, 5 : 1). 1H

NMR (300 MHz, CDCl3): d 9.12 (s, 1H, CH=N), 8.31 (s,

1H, Py), 7.88 (d, J = 8.07 Hz, 2H), 7.54 (d, J = 9.53 Hz,

1H, Py), 7.25 (d, J = 8.07 Hz, 2H), 7.22 (d, J = 9.53 Hz,

1H, Py), 2.42 (s, 3H, Me), 2.36 (s, 3H, Me); 13C NMR

(75 MHz, CDCl3): d 162.1 (CH), 159.2 (C), 149.1 (CH),

145.9 (CH), 142.4 (C), 133.6 (C), 131.4 (C), 129.6

(2 9 CH), 129.5 (2 9 CH), 119.3 (CH), 21.8 (CH3), 15.9

(CH3); HRMS (ESI) 211.1230, calcd. for C14H15N2
+

211.1230.

Ethyl 2-(6-methyl-2-(p-tolyl)imidazo[1,2-a]pyridin-
3-yl)acetate (3)

The mixture of imine 1 (2.1 g, 0.01 mol), CuCl (26.0 g,

0.26 mol) and ethyl propiolate 2 (0.98 ml, 0.01 mol) in dry

toluene (20 ml) was refluxed under inert over 1 h. Result-

ing mixture was deluted with EtOAc (20 ml) and washed

with ammonium hydroxide solution (28% NH3 in H2O,

3 9 20 ml). Organic fraction was dried over Na2SO4 and

solvent was removed under reduced pressure. Product was

purified by column chromatography on silica gel to give

2.3 g (75% yield) of imidazopyridine 3 (eluent: Et3N:

EtOAc:petroleum ether 1 : 40 : 40).

Yellow solid, mp 85–99°C; Rf = 0.20 (petroleum ether –
EtOAc, 3 : 1). The spectral data and melting point matched

that reported by Namboothiri and coworkers.[21] 1H NMR

(300 MHz, CDCl3): d 7.90 (s, 1H), 7.74 (d, J = 8.07 Hz,

2H), 7.62 (d, J = 8.80 Hz, 1H), 7.29 (d, J = 8.07 Hz, 2H),

7.11 (d, J = 8.80, 1H), 4.24 (q, J = 7.39 Hz, 2H), 4.02 (s,

2H), 2.41 (s, 3H), 2.38 (s, 3H), 1.29 (t, J = 7.39 Hz, 3H);
13C NMR (75 MHz, CDCl3): d 169.6 (CO), 144.5 (C),

144.0 (C), 137.6 (C), 131.4 (C), 129.4 (2 9 CH), 128.4

(2 9 CH), 127.6 (CH), 122.0 (C), 121.4 (CH), 116.8 (CH),

112.4 (C), 61.5 (CH2), 30.9 (CH2), 21.3 (CH3), 18.4 (CH3),

14.2 (CH3); IR (KBr) 3429 (w), 1722 (s), 1185 (w), 789 (w)

cm�1; MS (ESI) 308 [M]+.

Potassium 2-(6-methyl-2-(p-tolyl)imidazo[1,2-a]
pyridin-3-yl)acetate (4)

KOH solution (0.8 g, 14.29 mmol) in EtOH (10 ml) was

added to solution of imidazopyridine 3 (1.3 g, 3.68 mmol)

in EtOH (20 ml) at room temperature under stirring. The

stirring was continued till the starting material completely

disappeared (10–15 min). Then activated carbon (200 mg)

was added and the reaction mixture was stirred for 10–
15 min. The resulting mixture was filtered through a pad

of celite and the solvent was evaporated in vacuo. The resi-

due was dissolved in water (10 ml) and extracted with

CH2Cl2 (3 9 10 ml). The crude solution of potassium salt

4 was directly used for the next step without purification.

2-(6-Methyl-2-phenylimidazo[1,2-a]pyridin-3-yl)
acetic acid (5)

Acetic acid (0.8 ml) was added to a stirred solution of salt

4 in water (10 ml) at room temperature. Then acetone

(1–2 ml) was added and reaction mixture was kept over

0–10°C for additional 30 min. Precipitate formed was

washed with water (3 9 5 ml), acetone (5 ml) and dried at

r.t. to give 0.69 g (67% yield) of pure acid 5.

White solid, mp 220–223°C; Rf = 0.42 (CH2Cl2 –
MeOH, 4 : 1). The spectral data and melting point

matched that reported by Namboothiri and coworkers.[21]

1H NMR (300 MHz, DMSO-d6): d 8.14 (s, 1H, Py), 7.69

(d, J = 8.06 Hz, 2H), 7.46 (d, J = 8.80 Hz, 1H, Py), 7.24

(d, J = 8.07 Hz, 2H), 7.10 (d, J = 8.80, 1H, Py), 2.33 (s,

3H), 2.28 (s, 3H); 13C NMR (75 MHz, DMSO-d6): d 171.6
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(CO), 142.8 (C), 141.9 (C), 136.5 (C), 132.0 (C), 129.1

(2 9 CH), 127.8 (2 9 CH), 127.1 (CH), 122.4 (C), 120.8

(CH), 116.5 (C), 115.9 (CH), 31.9 (CH2), 20.9 (CH3), 17.9

(CH3); MS (ESI) 280 [M]+.

N,N-dimethyl-2-(6-methyl-2-(p-tolyl)imidazo[1,2-
a]pyridin-3-yl)acetamide (7, Zolpidem)

PCl5 (1.0 g, 4.92 mmol) was added to a stirred suspension

of imidazopyridine carboxylic acid 5 (0.69 g, 2.46 mmol)

in CH2Cl2 (20 ml) and the reaction mixture was kept at

room temperature till the starting compound was comple-

tely consumed (monitoring by TLC). Then the reaction

mixture was cooled to 0°C and dimethylamine gas (excess)

was bubbled through it. The stirring was continued till the

completion of the reaction (30–45 min). The reaction mix-

ture was washed with ice-water (3 9 6 ml) and dried over

Na2SO4. Solvent was removed under reduced pressure and

the residue was washed with Et2O (3 9 5 ml) to get pure

amide 7 (0.42 g, 56% yield).

White solid, mp 195–198°C; Rf = 0.20 (petroleum ether

– EtOAc, 1 : 3). The spectral data and melting point

matched that reported by Namboothiri and coworkers.[21]

1H NMR (300 MHz, CDCl3): d 8.10 (s, 1H, Py), 7.61 (d,

J = 8.06 Hz, 2H), 7.48 (d, J = 8.80 Hz, 1H, Py), 7.24 (d,

J = 8.07 Hz, 2H), 7.07 (d, J = 8.80, 1H, Py), 2.94 (s, 3H),

2.87 (s, 3H), 2.37 (s, 3H), 2.31 (s, 3H); 13C NMR (75 MHz,

CDCl3): d 168.6 (CO), 144.1 (C), 144.0 (C), 137.5 (C),

132.0 (C), 129.1 (2 9 CH), 127.8 (2 9 CH), 127.5 (CH),

122.4 (C), 121.8 (CH), 116.5 (C), 113.8 (CH), 37.7 (CH3),

36.0 (CH3), 30.4 (CH2), 20.9 (CH3), 17.9 (CH3); MS (ESI)

307 [M]+.

Preparation of nasal microparticle
formulation of zolpidem

The calcium carbonate microparticles were prepared by

method described in ref. [23]. Zolpidem tartrate salt was

incorporated into the microparticles by the adsorption tech-

nique.[24] Briefly, 15 mg of calcium carbonate microparti-

cles were dispersed in 1 ml of zolpidem tartrate solution in

water (1 mg/ml) and the suspension was mixed for 1 h on a

shaker. The polyelectrolyte shell was deposited on the sur-

face of the microparticles by electrostatic adsorption tech-

nique (Layer-by-layer method).[23,24] Namely, the particles

were dispersed in 1 ml of DEAE-D solution (2 mg/ml,

0.15 M NaCl) and incubated for 15 min on the shaker.

Afterwards, the particles were separated from the mixture

by centrifugation and washed with water for three times.

Formation of HA layer was performed using the same pro-

cedure, where 1 ml of HA solution (2 mg/ml, 0.15 M NaCl)

was added to the particles followed by shaking for 15 min

and washing using centrifugation/resuspension procedures.

In the case of simultaneous adsorption of the polyelectrolyte

and zolpidem, 0.5 ml of polyelectrolyte solution in 0.5 M

NaCl and 0.5 ml of zolpidem tartrate solution (1 mg/ml)

were added to the microparticles on each step of the layer

deposition. After mixing for 15 min on the shaker, the

microparticles were collected by centrifugation and washed

with water. Loading efficiency of the microcontainers was

determined by spectrophotometry calculating the difference

of optical density of the initial zolpidem solution and super-

natant solutions at 295 nm. To estimate the loading capac-

ity of the calcium carbonate microparticles in weight

percentage (wt %), the loading amounts of zolpidem com-

pound (mg) were normalized by the weight of dry calcium

carbonate microparticles (mg). The encapsulation efficiency

of each microcontainer was calculated as follows:

Preparation of sodium alginate film

The cross-linked polymer film was prepared as described in

ref. [25]. Shortly, 2 wt% aqueous sodium alginate was

poured onto a cellulose filter (Millipore) saturated with 2

wt% CaCl2 solution and covered by the same filter for

15 min. The cross-linked film was washed with saline for

three times.

In vitro release of zolpidem from
microcontainers

Release in saline solution

The release of zolpidem was studied in vitro by incubation

of drug-loaded calcium carbonate microparticles without

shell and with polymer coating consist of two polymer

bilayers (HA and DEAE-D) in saline solution. Namely,

15 mg of zolpidem-loaded microcontainers were dispersed

in 10 ml of saline. At fixed intervals (10, 20, 30, 60 min)

the dispersion medium was withdrawn and replaced with

fresh dissolution medium. To construct the release versus

Encapsulation efficiency, wt% ¼ Total drug content, mg� Drug content in the supernatant, mg

Total mass of microparticles, mg
� 100%:
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time profiles and compare two proposed types of the

microcontainers (quantify the released amount of the

drug), calcium carbonate microparticles were sedimented

after the certain period of time and the zolpidem content in

the supernatant was analysed. Drug release was quantified

using a calibration curve of zolpidem. The results were

expressed as a percentage of the drug released as shown

below:

Drug released% ¼
Amount of drug released at time t;mg

Total amount of encapsulated drug, mg
� 100%:

Release in sodium alginate films

Sodium alginate film was placed into a Petri dish with

100 ll of saline solution slightly covering the film, and

15 mg of the microcontainers were distributed on its sur-

face. After certain time intervals, the microcontainers were

withdrawn from the film surface. To determine the zolpi-

dem release amount, the film was placed in 5 ml of saline

for 3 days and solution was analysed by spectrophotometry

method as described above.

Nasal administration of zolpidem-loaded
microcontainers to mice

The organization and implementation of animal experi-

ments were carried out in accordance with the order of the

Ministry of Health of Russia No. 199 dated 1 April 2016

“On approval of the rules of proper laboratory practice”.

Animals were kept in accordance with SP 2.2.1.3218-14

“Sanitary and epidemiological requirements for the device,

equipment and maintenance of experimental biological

clinics (vivariums)” of 29 August 2014 No. 51. The experi-

ments were approved by the Commission on Biomedical

Ethics of the Federal State Budgetary Institution “Research

Zakusov Institute of Pharmacology” (Protocol No. 5 of 11

July 2017).

To determine the effect of zolpidem-loaded microcon-

tainers administration by the intranasal route in vivo exper-

iments was carried out applying the open field test. The

subjects were male BALB/c mice (n = 50, 20–25 g). The

mice were obtained from the Branch of Shemyakin–
Ovchinnikov Institute of Bioorganic Chemistry RAS in

Pushchino. All mice were housed at a vivarium at the Zaku-

sov Institute of Pharmacology in standard conditions with

free access to water and food ad libitum up to 17 per cage.

They were allowed to acclimate 7 days after arrival on stan-

dard diets and normal 12-h day/night regimen. The animals

were divided into three groups. The saline was adminis-

tered to the first (control) group, zolpidem dissolved in

saline (second group) and suspension of zolpidem-loaded

microcontainers in saline (third group) were administered

in a dose of 3 mg/kg to the animals. The drugs were admin-

istered nasally 2 h before the study. The estimation of

zolpidem anxiolytic activity was performed using the open

field test.[26] The open field apparatus consists of a circular

open field 65 cm in diameter surrounded by a white plastic

wall 35 cm high. The surface is divided by black lines into

18 compartments plus one central and 13 holes 1.5 cm in

diameter in the floor. Before experiment, the mice were

kept in a darker chamber compare to the experimental

field. In the beginning of each test, every mouse was intro-

duced to the same peripheral square of the arena and was

allowed to explore the arena freely for 3 min. The experi-

ments were conducted in a sound-attenuated room with

40–50 lux light intensity in the centre of the apparatus.

Recordings of entries into central and peripheral areas,

rearing and climbing were made. A global activity score was

composed of the scores sum for each sectors entering. The

anxiolytic-like effect was calculated on the base of increased

time in the central zone of the apparatus, total locomotors

activity and number of rearings. The values obtained for the

control and test groups were processed statistically using the

program Statistica 6.0 (“Stat Soft”, Tulsa, OK, USA).

Results and Discussion

Synthesis of zolpidem

Synthesis of zolpidem was achieved in five steps (Figure 1),

including: (1) copper(I) chloride promoted cyclization of

imine 1, obtained from toluene aldehyde and 5-methyl-2-

aminopyridine, with ethyl propiolate 2 towards imidazo

[1,2-a]pyridine 3, (2) further saponification of CO2Et-

group by potassium hydroxide results in salt 4, (3) acidifi-

cation of the former led to free acid 5, (4) final treatment of

the 5 with phosphorus pentachloride, followed by (5)

in situ amidation of instable acyl chloride 6 with dimethyl

amine leads to product 7. The total yield of isolated pro-

duct 7 was 19%. This synthetic approach can be considered

as an adapted for scientific laboratories an excellent alterna-

tive to employed in chemical industry methods of zolpidem

synthesis, relied on heterocyclizations of 2-aminopyridines

with a,b-unsaturated carbonyl.[27–30]

Encapsulation of zolpidem

The amount of zolpidem incorporated in calcium carbon-

ate by adsorption process was 5.7 wt%. To determine the

influence of a polyelectrolyte shell formed on the surface of

calcium carbonate microparticles loaded with zolpidem on

the entrapment efficacy and release of the drug, two

polysaccharides – HA and DEAE-D – were deposited on
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the microparticle surface by electrostatic adsorption. Zeta-

potential measurements indicate recharge of the micropar-

ticle surface after each polyelectrolyte layer deposition

proving formation of the polyelectrolyte shell of the micro-

containers. The microscopic image of the microcontainers

with polyelectrolyte shell revealed their spherical shape and

developed surface (Figure 2). The mean size of such micro-

containers is 3500 � 700 nm (PDI 0.28) (Figure S1),

which is optimal for the administration through the nasal

route, where particles are deposited on the nasal mucosa

and reach the actual site of action.[31,32]

We found that the shell formation causes desorption of

the drug from the microcontainers leading to the encapsu-

lation efficiency decrease. One polyelectrolyte layer adsorp-

tion leads to 3 wt % loss of the encapsulated drug amount,

two layers reduce encapsulation amount to 1.2 wt % (Fig-

ure 3). Finally, significant loss of the drug takes place by

increasing the number of polyelectrolyte layers deposited

on the microcontainers. To overcome this problem, we per-

formed simultaneous adsorption of the polyelectrolytes and

zolpidem. This method significantly improved the micro-

containers loading capacity, which linearly increased with

the increase in number of layers and amounted to 13.4

wt% for 4 polyelectrolyte layers (Figure 3).

Release in saline solution

The percentage of zolpidem released from the microcon-

tainers was plotted as a function of time in Figure 4.

Cumulative release of zolpidem tartrate was not total

within 60 min, the released amount reached only about

50% from the encapsulated amount. The initial burst effect

is common to all microspheres[33] and may have functional

use in providing an initial dose during drug delivery, mini-

mizing any lag period. It is more likely to be due to the

presence of zolpidem on the surface of the microparticles

Figure 1 Scheme of zolpidem synthesis.

Figure 2 SEM-image of zolpidem-loaded CaCO3 microparticles

with (hyaluronic acid/diethylaminoethyl-dextran)2 shell.
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and its pores. This phase is followed by a controlled termi-

nal phase.

An immersion of the microparticles covered with HA/

DEAE-D in saline solution could lead to hydrophilic poly-

mer swelling and formation of a gel diffusion layer that

may hinder the outwards transport of the drug from the

microcontainers, hence producing a controlled release

effect. It can be seen that four polyelectrolyte layers depos-

ited on the zolpidem-loaded microparticles have a minor

effect on the release, particularly in its initial stages. Fig-

ure 3 demonstrates no significant slowdown of the zolpi-

dem release from the microcontainers due to the

polyelectrolyte layers deposition. Despite this, the

formation of the polymer shell imparts mucoadhesive

properties to the obtained system.

The mucoadhesive properties of the HA/DEAE-D com-

plex may promote the residence time prolongation of the

proposed microcontainers on the nasal mucosa, improving

the bioavailability of the drug.[34] The numerous hydrophi-

lic functional groups (such as carboxyl and hydroxyl

groups) could form hydrogen bonds with mucus glycopro-

tein during the process of mucoadhesion.[35] HA molecules

establish intimate contact with the mucus membrane by

swelling and adsorbing the water from the mucus layer. In

short, modification of the microcontainer surface with

polymer coating allows improving the adhesive properties

without attenuating drug release. There is also opinion that

mucoadhesive microspheres could increase the drug trans-

port by opening the tight junction of Caco-2 cells.[36]

Release in the model of nasal mucosa

We applied sodium alginate film as an elementary planar

model of nasal mucosa. The release of zolpidem from two

types of the microcontainers was studied: without polyelec-

trolyte shell and covered with four polyelectrolyte layers. It

was observed that about 6% of the encapsulated drug

amount was released from the uncovered microparticles in

60 min (Figure 5). Zolpidem diffusion into alginate gel

found to be significantly slower compare to the release in

saline. The difference in the release profile between two

types of the microcontainers and methods of the release

investigations is about 5%. The effect of multiple polyelec-

trolyte shell remains the same regardless the release condi-

tions.

We observed a relatively slow release on a planar surface

of the alginate film in a model experiment that can be

explained by the lack of shaking conditions compare to first

release experiment in eppendorf tubes. Forced by shaking,

zolpidem desorption from the microcontainers is about 10

Figure 3 Loading capacity of zolpidem into CaCO3 microparticles

corresponding to the different entrapment procedures. The polyelec-

trolyte layer deposition on the microparticle surface results in zolpi-

dem desorption from the microcontainers. Simultaneous adsorption of

the polyelectrolytes and zolpidem leads to the increase in the micro-

container loading efficacy. [Colour figure can be viewed at wileyonli-

nelibrary.com]

Figure 4 Release profile of zolpidem from the microcontainers into

saline solution. [Colour figure can be viewed at wileyonlinelibrary.

com]

Figure 5 Cumulative zolpidem release from the microcontainers

into the sodium alginate film. [Colour figure can be viewed at

wileyonlinelibrary.com]
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times higher, but these conditions poorly simulate the real

in vivo situation. At the same time, the nasal cavity offers

other conditions (differs in humidity, pH level, enzymes),

suggesting a higher release of the drug. Especially enzymes

can have strong effect on the release of therapeutic in vivo.

Additionally, supernatant replacement in the case of release

in saline maintains the sink conditions for zolpidem and

probably enhances the amount of the desorbed drug in

comparison with desorption to the film, where saturation

takes place and diffusion stops.

We suggest that a permanent long-term diffusion of the

drug will take place after reaching the nasal mucosa by the

microcontainers, which apparently will significantly

enhance the amount of the desorbed drug in comparison

with the model film.

Intranasal delivery of zolpidem to the
animals

Efficiency of the proposed microcontainers for intranasal

delivery of zolpidem was evaluated by in vivo experiments

using the open field test. We studied the anxiolytic effect of

pure zolpidem and zolpidem-loaded microcontainers

(zolpidem-loaded calcium carbonate microparticles coated

with the 5-layer (HA/DEAE-D)2/HA polyelectrolyte shell)

on mice.

The open field test is one of the most popular animal

model of anxiety-like behaviour investigations.[37] During

study of the mice behaviour, zolpidem solution (3 mg/kg)

caused an increase in horizontal activity from 37.93 � 3.41

for the control group animals to 54.00 � 5.59 (P < 0.05)

and the number of exits to the centre from 0.87 � 0.24 to

4.29 � 0.63 (P < 0.01). Administration of the zolpidem-

loaded microcontainers in the same dose (3 mg/kg) leaded

to the increase in horizontal activity from 37.93 � 3.41 to

56.38 � 3.61 (P < 0.01), vertical activity from 2.07 � 0.82

to 8.33 � 1.22 (P < 0.01) and the number of exits to the

centre from 0.87 � 0.24 to 4.46 � 0.54 (P < 0.01) com-

pare to the control group. The vertical activity (rearings)

parameter was grown from 3.07 � 0.90 for the free drug to

8.33 � 1.22 (P < 0.01) for the zolpidem-loaded microcon-

tainers (Figure 6).

Results demonstrate a classical anxiolytic activity of

zolpidem in dose of 3 mg/kg (the main parameters of anxi-

ety reduction in the open field test – horizontal activity and

the number of exits to the central sector). Zolpidem-loaded

microcontainers demonstrate a similar anxiolytic activity to

a free drug and even exceed it by one of the parameters.

This was expressed by a statistically significant increase in

vertical activity (rearings).

Thus, it was shown that zolpidem has a pronounced anx-

iolytic effect on the behaviour of the animals in the open

field test. Nasal administration of zolpidem in the form of

the microcontainers improves the drug availability. The

enhancement of the drug effect in the microcontainers

could be attributed to residence time increase in the zolpi-

dem-loaded microcontainers in the nasal cavity due to

mucoadhesive properties of the microcontainer shell. The

polymer shell facilitates prolonged and increased absorp-

tion of the zolpidem, while the free drug is removed from

the nasal epithelium by mucociliary clearance in shorter

period.

Figure 6 The results of the open field in vivo test for zolpidem-loaded containers. *Statistically significant difference (P < 0.01) from the control

group; **Statistically significant difference (P < 0.05) from the control group; P is the statistical significance of the results according to the

Kruskal–Wallis criterion. [Colour figure can be viewed at wileyonlinelibrary.com]
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Conclusions

The microcontainers based on calcium carbonate

microparticles were developed for the encapsulation of anx-

iolytic drug zolpidem. The polyelectrolyte shell formed

simultaneously with zolpidem increases the loading efficacy

of the microcontainers and prolongs the release in saline

and in the model of nasal mucosa. Rapid mucociliary clear-

ance of intranasally administered drugs is often a key factor

in deterioration of the bioavailability of the therapeutic

agents. The use of mucoadhesive polymer coating provides

a potential strategy for improving retention of drugs within

the nasal cavity, and thereby, improves the resultant

bioavailability. The results of the in vivo experiments

demonstrate the high efficiency of the microcontainers

based on calcium carbonate particles with mucoadhesive

polyelectrolyte shell for the delivery of zolpidem upon

intranasal administration.
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