University of
< Reading

Polyelectrolyte nanocontainers: controlled
binding and release of indomethacin

Article

Accepted Version

Mirgorodskaya, A. B., Kushnazarova, R. A., Nikitina, A. V.,
Semina, I. I., Nizameeyv, |. R., Kadirov, M. K., Khutoryanskiy, V.
V. ORCID: https://orcid.org/0000-0002-7221-2630, Zakharova,
L. Y. and Sinyashin, O. G. (2018) Polyelectrolyte
nanocontainers: controlled binding and release of
indomethacin. Journal of Molecular Liquids, 272. pp. 982-989.
ISSN 0167-7322 doi: 10.1016/j.mollig.2018.10.115 Available
at https://centaur.reading.ac.uk/80120/

It is advisable to refer to the publisher’s version if you intend to cite from the
work. See Guidance on citing.

To link to this article DOI: http://dx.doi.org/10.1016/j.molliq.2018.10.115

Publisher: Elsevier

All outputs in CentAUR are protected by Intellectual Property Rights law,
including copyright law. Copyright and IPR is retained by the creators or other
copyright holders. Terms and conditions for use of this material are defined in
the End User Agreement.

www.reading.ac.uk/centaur


http://centaur.reading.ac.uk/71187/10/CentAUR%20citing%20guide.pdf
http://www.reading.ac.uk/centaur
http://centaur.reading.ac.uk/licence

University of
< Reading
CentAUR

Central Archive at the University of Reading

Reading’s research outputs online



Polyelectrolyte nanocontainers: controlled binding and release of indomethacin

Alla B. Mirgorodskaya®®, Rushana A. Kushnazarova?®, Anastasiya V. NikitinaC, Irina I. Semina’,
Irek R. Nizameev?, Marsil K. Kadirov?, Vitaliy V. Khutoryanskiy?, Lucia Ya. Zakharova?®,
Oleg G. Sinyashin *°

8Arbuzov Institute of Organic and Physical Chemistry of FRC Kazan Scientific Center of
RAS, 8 Arbuzov street, Kazan, 420088, Russian Federation
b Kazan National Research Technological University, 68 K. Marx street, Kazan, 420015,
Russian Federation
¢ Kazan State Medical University, 49, Butlerov street Kazan, 420012, Russian Federation
dSchool of Pharmacy, University of Reading, Whiteknights, PO Box 224, Reading, RG6
6AD, United Kingdom

Corresponding author: Alla Mirgorodskaya; Telephone: +7(843) 2 73 22 93;
Fax: +7(843) 2 73 22 53; 8, ul.Akad. Arbuzov, Kazan, 420088, Russia;

e-mail: mirgoralla@mail.ru, mirgorod@iopc.ru

Abstract. Herein, polyelectrolyte capsules containing anti-inflammatory drug
indomethacin were formed using layer-by-layer strategy, which involves alternative deposition
of oppositely charged polyelectrolytes, such as poly(acrylic acid) and poly(ethyleneimine) (or
chitosan) onto the drug substrate. Two variants of encapsulation have been implemented: direct
deposition of polyelectrolytes onto indomethacin dispersed in water at pH 6, and preliminary
formation of soft matrix by solubilization of indomethacin in micellar solutions of cationic
surfactants. The inclusion of indomethacin into nanosized polyelectrolyte capsules
(hydrodynamic diameter of three- and five-layer capsules is 90-180 nm) has given a new form of
indomethacin with the drug content of 0.20-0.25%, which exceeds its limiting solubility in water
nearly by the factor of 40. The choice of materials and procedures used for preparation of
capsules, as well as the number of polyelectrolyte layers that form shell has provided the control
of the drug release from capsule and resulted in the design of pharmaceutical dosage forms with
long-lasting effect.
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1. Introduction

The development of medicine, pharmacology, and biotechnologies resulted in the growing
interest in the design of new systems for encapsulation and delivery of drugs. Recent
investigations showed that the objects of supramolecular chemistry represented by amphiphilic
compounds and biocompatible polymers can provide background for the design of various types
of nanocontainers (micelles, nano- and microemulsions, liposomes, polyelectrolyte capsules, and
others), which can retain drugs and preserve them from adverse environmental factors along with
their target delivery and long-standing effect [1-9]. These nanocontainers possess several
advantages, among which following can be highlighted: (1) simplicity and high processability;
(2) nanoscale range, which provides long-lasting circulation in organism; (3) high affinity to cell
membranes, (4) microheterogeneous nature of nanosystems, which provides the delivery of both
hydrophobic and polar molecules; (5) low concentration range of the compounds, which
determines low toxicity of the systems; and (6) sensitivity to external stimuli, which controls
drug release. By varying the conditions of synthesis and the structure of building blocks for the
preparation of nanocontainers, one can optimize their properties assuming the features of a
particular drug and aims of its further application.

In this work, we focused on indomethacin, a non-steroidal anti-inflammatory drug,
possessing analgesic, anti-febrile, and antiaggregatory activity [10,11]. However, its wide
application is limited because of side effects and poor solubility in water, which decreases its
bioavailability [12-16]. Considerable attention is devoted to the solution of this problem. For this
purpose, micellar systems, microemulsions, solid lipid and polymeric particles have been
explored [17-21]. However, there are still no optimal nanocontainers for indomethacin, which
completely meet the requirements for drug delivery systems in living organisms, such as high
loading degree, size of less than 200 nm, controlled release of drug, and low toxicity.

In our previous studies, in order to increase the solubility of indomethacin, we used
micellar solutions of non-ionic surfactants approved for medicinal and pharmacological
applications, as well as solutions of dicationic surfactants [22,23]. On the one hand, the choice of
dicationic surfactants was due to the fact that there are data on successful use of indomethacin—
cationic surfactant compositions in ophthalmology and dermatology [24-27]. On the other hand,
low critical micelle concentration (cmc) values and a significant solubilization capacity of
dicationic surfactants provide their use as cationic agents with a reliable safety, which combine
high effectiveness and minimum toxic effects. Using surfactant solutions, we increased the
solubility of indomethacin by more than two orders of magnitude [22,23]; however, this was still
insufficient to achieve a therapeutically relevant concentration. In addition, micellar systems are

dynamic and, therefore, they do not have constant composition.



Analysis of recent publications in addition to our experience [28-33] allowed us to
conclude that polyelectrolyte micro- and nanocapsules are promising for the design of containers
for drug delivery. An important advantage of these capsules is the ability to control their
protective properties and the drug release by the directional screening of the materials for the
formation of shell, as well as the conditions of their formation and operation.

To prepare nanocontainers, we chose the layer-by-layer (LbL) technique, involving
adsorption of oppositely charged polyelectrolytes onto the surface of colloidal particles [34-36].
This method is characterized by simplicity, high reproducibility, cost effectiveness, quick nature
of the process, and the preparation of homogeneous nanosized particles. To design these
capsules, a broad range of natural (polysaccharides and polypeptides) and synthetic (poly(acrylic
acid), sodium polystyrene sulfonate, and poly(allylamine hydrochloride)) polyelectrolytes is
available [37-42]. These features justify the marked advantages of layer-by-layer deposition over
alternative techniques, e.g. polymerization, coacervation, and so on. There are different
modifications of the protocols of encapsulation of organic compounds using layer-by-layer
method. Two of them are the most popular, namely, direct deposition of polyelectrolytes onto
substrate, which is successfully used only in the case of charged compounds; and the preliminary
inclusion of the substrate into the sacrificial matrix, which assumes the destruction and removal
of excipient materials after the formation of polyelectrolyte shell [43-48]. Recently, reports
appeared on the procedures, which consider the preliminary solubilization of uncharged
compounds using the micelles of ionic surfactant. The charged surfactant—substrate complex acts
as a “soft” template, which could be used for layer-by-layer deposition of polyelectrolytes [31-
33, 49].

In this work, we aimed at the preparation of nanosized polyelectrolyte capsules loaded with
indomethacin, which provides prolonged release and protects against adverse environmental
effects. For shell formation, poly(acrylic acid) (PAA) was used as a polyanion, while
poly(ethylene imine) (PEI) or low-molecular weight chitosan acted as polycations. In this study,
two variants of the capsules preparation were used: (1) direct deposition of polyelectrolytes onto
indomethacin dispersed in aqueous solution or (2) the protocol, involving preliminary
solubilization of indomethacin in micellar solutions of cationic surfactants with the formation of
a charged indomethacin—surfactant complex. In order to solubilize indomethacin, the following
cationic surfactants were used: cetyltrimethylammonium bromide (CTAB) and hexamethylene-
1,6-bis(dimethylhexadecylammonium dibromide (16-6-16). Structural formulas of the

compounds are given below.
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This work involved the following stages: (1) formation of three-, five-, and seven-layered
capsules using various modifications of LbL method; (2) evaluation of losses of indomethacin
during encapsulation; (3) determination of size and surface charge of capsules; (4) evaluation of
their penetration ability; and (5) determination of the toxicity of drug loaded capsules.

Materials

Indomethacin with 99% of purity was purchased from Sigma-Aldrich and used as received.
To form polyelectrolyte capsules, PAA (MW 1800 Da), branched PEI (MW 25000 Da), and low-
molecular weight chitosan (MW 50,000-190,000 Da) (Sigma-Aldrich) were used. To prepare
micellar solutions, CTAB (Sigma-Aldrich) or dicationic surfactant 16-6-16 were used. 16-6-16
was synthesized by the reaction of N,N,N',N'-tetramethyl-1,6-hexamethylenediamine with excess
n-hexadecyl bromide in acetone followed by double recrystallization from ethyl alcohol
according to the procedure from [50]. Some synthetic details are given in Supporting
information.

2.2 Preparation of polyelectrolyte capsules

Polyelectrolyte capsules were formed using layer-by-layer technique using a template composed
of micellar solutions of cationic surfactants with solubilized indomethacin forming a positively
charged surfactant/drug complex. In this procedure, 0.0075 g of indomethacin was added into 6
mL of 1.2:10* mol/L aqueous solution of dicationic surfactant 16-6-16 (when CTAB was used

its concentration was 3-10 mol/L) and stirred for 30 min at 1000 rpm. Then this mixture was



centrifuged at 13000 rpm for 13 min and the precipitate was isolated. After that, 8 mL of 1
mg/mL PAA was added to this precipitate and vigorously stirred for 5 min. The centrifugation
was repeated and the precipitate was isolated. Similar procedure was used with PEI (or chitosan):
8 mL of 1 mg/mL polyamine solution was added to the precipitate followed by stirring and
centrifugation. pH 6-7 was maintained in all solutions during this procedure. The pH of solutions
was adjusted using HCI or NaOH and it was controlled using a Hanna 213 pH-meter equipped
with a HI 1330 electrode. Depending on the task, the procedure for deposition of polyelectrolytes
was repeated and capsules with the specified number of layers were prepared. After deposition of
the last layer of polyanion, the precipitate was separated and 4 mL of bidistilled water was added
for further storage and testing of the capsules.

An alternative procedure for encapsulation of indomethacin was used for direct deposition
of polyelectrolyte shell onto the dispersed drug. The method for encapsulation is analogous to
that described above; however, in this case, the polycation layer was deposited first. In this
procedure, 0.0075 g of indomethacin was added into 6 mL of water (pH 7) and stirred for 15 min
at 1000 rpm. After that, 8 mL of 1 mg/mL PEI (or chitosan) was added and vigorously stirred for
5 min. Then this mixture was centrifuged at 13000 rpm for 15 min and the precipitate was
isolated. After that, 8 mL of 1 mg/mL PAA was added to this precipitate and vigorously stirred
for 5 min and precipitate was isolated by centrifugation. The procedure for deposition of
polyelectrolytes can be repeated and capsules with the specified number of layers were prepared.

The capsules prepared using this method were positively charged.

2.3 Control of losses of indomethacin during encapsulation

Losses of indomethacin at each stage of capsule formation were controlled by spectrophotometry
using Specord 250 Plus spectrophotometer (Germany). For this purpose, solutions remaining
after the deposition of each polyelectrolyte layer were collected and their absorbance (D) at 327
nm was determined. The concentration of indomethacin (C) in the supernatant was evaluated
using Lambert—Beer equation C = D/(exL), where ¢ is the molecular absorption coefficient
corresponding to 5800 mol/(L cm) [22,23], in the case of indomethacin in neutral media and L is
the optical path length. Then, assuming the volume of filtered solutions, the total content of
indomethacin was determined and the losses at each stage of capsule formation were evaluated.
The encapsulation efficiency (EE,%) and loading capacity (LC) were evaluated from equations:

Total amount, , — Free, ,
Total amount;,

EE (%) = «x100%),

Total amount, , — Free,
Total amountof polyelectr olyte

x100% .

LC(%)=



2.4 Determination of size and charge of capsules

Sizes and zeta potential of polyelectrolyte capsules were determined using Malvern
ZetaSizer Nano (Malvern Instruments, UK). The source of laser radiation was a He-Ne gas laser
with the power of 10 mW and the wavelength of 633 nm. The light scattering angle is 173°. The
pulse accumulation time is 5-8 min. The signals were analyzed using a single-plate multichannel
correlator coupled with IBM PC compatible computer equipped with the software package for the
evaluation of effective hydrodynamic radius of dispersed particles.

Transmission electron microscopy (TEM) images were obtained on a Hitachi HT7700
TEM instrument (Japan) operated at 110 kV accelerating voltage. The samples were dispersed
on 300 mesh copper grids with continuous carbon-formvar support films.

2.5 Drug release studies

The release of indomethacin from capsules was studied using dialysis method. To carry
out these studies, aqueous solution containing capsules with imdomethacin was transferred
into the dialysis bag with the molecular weight cut-off 40 kDa, which was then immersed
into the beaker containing a total of 100 mL of phosphate buffer solution (pH 6.86). The
process was conducted at constant stirring maintaining the temperature of the medium at
37°C. After particular time intervals, aliquots were taken from the solution and their
absorbance at 327 nm was measured using spectrophotometer, and the concentration of
indomethacin (C) was evaluated using Lambert—Beer equation. Using these data, the
dependence was plotted, which reflects the change in the drug concentration with time. This
dependence reached a plateau in the end of the drug release from capsules. Each experiment
was repeated at least 3 times. Experimental data were analized by nonlinear least squares

regression, using Origin Pro 8.5 software.

2.6 Determination of toxicity of indomethacin loaded into polyelectrolyte capsules

Investigation of acute toxicity was carried out according to ref [51,52]. In brief, 96 outbred
male mice weighing 22-24 g and 84 male rats weighing 180 — 220 g were used in these
experiments. Each dose was administered intraperitoneally and intragastrically to six mice and
six rats. The mortality rate was observed in all the doses after 24 and 48 hrs. The experiment was
repeated in triplicates with each concentration. LDsg was calculated by graphical method from
dependence of percent mortality versus indomethacin concentration. For subsequent verification,
LDso values were obtained by graphical methods of Dragstedt-Behrens as given by Carpenter
[53].
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All experiments involving animals were performed in accordance with the guidelines set by
the European Communities Council Directive (1997). All in vivo experiments reported in this
work were approved by the Ethical Committee of Kazan State Medical University (approval
number 5 from 28th May 2012). Animals were housed in stainless steel cages, were fed with
standard multiration pellets for rodents (Effect Ltd., Chapaevsk, Russian Federation), and had

unlimited access to water.

3. Results and discussion

3.1. Size and charge of polyelectrolyte capsules loaded with indomethacin

Among various LbL methods, we selected two alternative protocols of shell formation for
the preparation of polyelectrolyte capsules with encapsulated indomethacin. The first protocol
involved solubilized form of the drug using micelles of cationic surfactants and the second
protocol utilized a direct deposition of polyelectrolytes onto the dispersed drug. In the former
case, the drug/surfactant complex is formed, which has a positive surface charge before
deposition of the first layer of a polyanion. This enhances electrostatic interactions in the system
and affects capsule size. As a surfactant, we employed conventional CTAB and its dicationic
counterpart 16-6-16 characterized by a significantly lower threshold of micelle formation and
high solubilization capacity [8]. The direct deposition of polyelectrolyte shell onto indomethacin
was carried out at pH 6-7. Since indomethacin has a pK of 4.5 [54], it is almost completely
ionised under pH conditions used. In this case, the polycation layer is deposited first and the
surface of the capsule bears positive charge.

The number of polyelectrolyte layers was varied from 3 to 7. The scheme of the

encapsulation of indomethacin involving its prior solubilization in micelles is shown in Fig.1.
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Fig.1. Scheme of formation of polyelectrolyte capsules.



Investigation of the properties of capsules involved the determination of their size and
charge, evaluation of the encapsulation efficiency, and studies of drug release.

Using electrophoretic light scattering, electrokinetic potential ({-potential) of particles
was monitored during the encapsulation (Fig.2). These data show the recharging of the system in
the process of shell formation. The final potential of the particles is shown to be determined by
the charge of polyelectrolytes and the order of deposition of layers; e.g. in the case of three-layer
capsules CTAB/PAA/PEI/PAA loaded with indomethacin, C-potential is -50 — -55 mV. Sizes of
the capsules were determined using dynamic light scattering. It was shown that the size
distribution of capsules is unimodal and is characterized by a polydispersity index of 0.1 - 0.3.
In the case of three-layered capsules when using micellar solution of CTAB as a template, their
hydrodynamic diameter is 190+11 nm, while in the case of dicationic surfactant 16-6-16 the
particle size was smaller (90-110 nm). The particle size increased slightly with an increase in the
number of layers (Fig. 3); e.g. 5- and 7-layered capsules had their diameter around 120+9 nm
and 140+10 nm, respectively.

80

60

40

20
0

-20

-40

-60

& mV

-80

Drug&CTAB 1layer (PAA) 2layer (PEI) 3layer (PAA)

Fig.2. Change of zeta-potential of particles during capsule formation.
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Fig.3. Change of hydrodynamic diameter of 16-6-16/PAA/PEI capsules loaded with
indomethacin after each deposited layer of polyelectrolytes.



Fig.4. TEM images of 3-layered capsules 16-6-16/PAA/PEI loaded with indomethacin.

Fig.5. TEM images of 5-layered capsules 16-6-16/PAA/PEI loaded with indomethacin.

Images obtained by transmission electron microscopy (Figs. 4,5) demonstrate that capsules
are spherical. The diameter of particles is 60-100 nm for 3-layered capsules and 120-150 nm for
5-layered capsules. These results are in good agreement with the DLS data.

Using spectrophotometry, the losses of indomethacin during synthesis were evaluated. It
was determined that losses were 40% when using dicationic surfactant 16-6-16, while in the case
of CTAB they were greater than 50%. Thus, dicationic surfactant possessing better solubilization
capacity than its monocationic counterpart provides an increase in the encapsulation efficiency
and the formation of the particles with a smaller size than in the case of CTAB. The substitution
of PEI by natural polycation chitosan gave three-layered capsules with the hydrodynamic

diameter of 105£12 nm; in this case, losses of indomethacin during synthesis were around 50%.
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Through the alternating PEI/PAA (or chitosan/PAA) deposition directly onto dispersed
indomethacin, three-layered positively charged capsules are formed, with a zeta potential of 65-
70 mV and hydrodynamic diameter of 170-180 nm and losses of preparation upon the LbL
process of ca. 50-60%. Thus, by varying the conditions of capsule preparation, one can prepare
nanosized polyelectrolyte capsules loaded with indomethacin with various surface charges. This
can be an essential factor determining mucoadhesive properties of the pharmaceutical form of
indomethacin [55].

An important aspect of the preparation of capsules is their loading capacity. For this reason,
a series of experiments were carried out, where the ratio and concentration of surfactant and
indomethacin were varied upon the formation of micellar template. The main problem was the
precipitation of free indomethacin during this procedure. Maximum loading was obtained under
the conditions described in Experimental section when using dicationic surfactant 16-6-16; in
this case, nanosized polyelectrolyte capsules with 0.20-0.25% of loaded indomethacin were

prepared, which is nearly 40 times as high as its maximum solubility in water.

3.2 Release of indomethacin from polyelectrolyte capsules

An important feature of polyelectrolyte capsules is their ability for a gradual drug release.
This process was controlled by dialysis followed by spectrophotometric determination of the
concentration of drug released. We adopted the procedure, which was suggested for
determination of the release of indomethacin from polyelectrolyte films [17] using a phosphate
buffer (pH 6.86) as a receiving medium atat 37 °C. In addition, we varied pH of medium in some
experiments in order to evaluate the impact of this factor on the penetration ability of the capsule
shell. In addition, we varied pH of medium in some experiments in order to evaluate the impact
of this factor on the penetration ability of the capsule shell in vitro.

Fig.6 illustrates the changes in the absorption spectra of the dialysate solutions with time
resulting from the release of indomethacin from capsules into the bulk medium. An increase in
the absorbance of the solution at maximum (Figs.7 and 8) reflects the release of indomethacin,
which depends on the nature of polyelectrolytes, the order and the number of deposited layers, as
well as the contribution of electrostatic interactions between layers controlled by the change of
pH. Some average characteristics of the capsules obtained from several independent

experiments, are given in Table 1.
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Fig.6. Change in the absorbance of dialysate solutions (indomethacin) with time (three-layered
capsules based on CTAB/PAA/PELI, 37 °C, pH 7).
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Fig.7. Release of free and encapsulated indomethacin from dialysis bag (three-, five-, and seven-
layered capsules 16-6-16/PAA/PEI, 37 °C, pH 7-9).
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Fig.8. Release of indomethacin from three-layered capsules 16-6-16/PAA/chitosan at pH 8 (1),
pH 7 (2), as well as from the five-layered capsules at pH 7(3) (37 °C).



Table 1. Size of the polyelectrolyte capsules loaded with indomethacin and drug release

characteristics.

Released
Number . .
Shell Template EE,% LC, % Dn, M pH indomethacin, %
of layers
2h 5h
PAA/PEI CTAB 3 4645 14415 190+20 7 7243 89+4
7 6612 80+3
8 7313 85+3
PAA/PEI 16-6-16 3 60+3 17+1 100410
9 8714 94+4
PAA/PEI 16-6-16 5 60+3 13+1 12049 7 4742 63+3
PAA/PEI 16-6-16 7 60+3 9+0.8 140+11 7 33+2 4612
PAA/Chitosan 16-6-16 3 50+4 15+0.5 105%12 7 24+2 43+3
Without
PEI/PAA 3 5545 13+1 110+15 7 4542 7443
surfactant

The analysis of the data reveals that the release of encapsulated indomethacin occurs
significantly slower compared to the permeation of free drug through the dialysis membrane; that
is, the diffusion of the drug through the shell is a rate-determining step. This observation
indicates the possibility of using these polyelectrolyte capsules as pharmaceutical forms for drug
delivery with long-lasting effect.

The capsules with CTAB as a micellar template were found to be more permeable for
indomethacin than those prepared with 16-6-16 surfactant. With an increase in the number of
layers, the permeability of capsules decreases; e.g. the transition from three-layered to seven-
layered capsules slows down this process nearly by two times. The capsules, formed by the
direct deposition of polyelectrolytes onto indomethacin are slightly less permeable for the drug
than those, prepared with micellar template. Substitution of PEI by natural polyelectrolyte
chitosan results in a significant inhibition of the release of indomethacin. For example, 66% of
indomethacin is released within 2 h in the former case, while in the latter case its release is only
24% within the same time.

An important factor responsible for the release of encapsulated substrate is the solution pH:
the release of indomethacin is facilitated with the growth in pH (Fig.7). This can be rationalized
by the change in the charge of polyelectrolytes, weakening of binding of macromolecules, and
softening of shell. It can be suggested that the destruction of capsules would occur at a critical

pH value and the release of indomethacin would be related to this process.



In order to evaluate the stability of the capsules loaded with indomethacin, monitoring of
release processes was accompanied by the determination of particle size. The results obtained by
dynamic light scattering are given in Fig.9 (a,b), which show that the particle size distribution
remains unchanged for a long time in the range of pH 5-7 (Fig.9 a). The data obtained at pHs >
7.5 indicate instability of the system, which increases as the pH rise. To illustrate this, we placed
the capsules in a solution at pH 9.2. Both larger and smaller aggregates appear with time on the
diagram of particle distribution at pH 9.2, with polydispersity index increasing and unimodal
distribution distorted in some cases (Fig.9 b). All this suggests that capsules are partially broken

and the release of indomethacin is primarily related to this process.
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Fig.9. Changes in particle size distributions of three-layered capsules with time at pH 7 (a), pH
9.2 (b).

Similar result was obtained in the case of decrease in solution pH. (Fig.S3). For example,
under pH 4.5, the release of indomethacin from a three-layer capsule is approximately one and a
half times higher compared to neutral pH due to decrease of contribution of anionic form of
PAA.

To study the indometacin release from capsules the kinetic model of Ritger — Peppas [56]
has been used. This simple semi-empirical model is fully sufficient for spherical delivery
systems [57-59] and given by equation:

here M: and Mins are absolute cumulative amounts of drug released at time t and infinite time; k
is a constant incorporating structural and geometric characteristics of the particles, and n is the
release exponent, indicative of the mechanism of drug release. In the case of spherical delivery
systems when n = 0.43 drug release mechanism is Fician diffusion. An n value of 1 corresponds

to zero-order release kinetics (case Il transport); 0.43 < n < 1 means an anomalous (non-Fickian)



diffusion release model; and n > 1 indicates a super case Il transport relaxational release [56].
The results obtained by fitting the release data in terms of Peppas equation are summarized in
Table 2 and Fig. S4. As can be seen n values obtained at pH 7-8 rang mainly around values of
0.4-0.5, which allows one to assume that the drug release mechanism is Fician diffusion. Values
of n slightly increase with an increase in the number of layers deposited; they are somewhat
higher for chitosan based capsules. For PAA/PEI capsules a decrease of n values at pH>8 can be
due to the fact that diffusion of drug from capsules is additionally contributed by partial
desintegration of capsule shells thereby enhancing drug release. In the case of PAA/chitosan
capsules n value of 0.49 at pH 8 probably testifies that the integrity of capsules is preserved. The
k values characterizing the diffusion rate depending on the structure of capsules decrease with an
increase of the number of layers; they are somewhat lower for the chitosan based capsules. The
latter can be of importance upon the fabrication of drug delivery systems with prolonged

released of the drug.

Table 2. Parameters obtained upon fitting experimental data (Figs 7,8) to Ritger —Peppas model.

capsule Number of pH k n
layers
PAA/PEI 3 9 0.70+0.019 0.26+0.027
PAA/PEI 3 8 0.57+0.019 0.28+0.030
PAA/PEI 3 7 0.47+0.025 0.41+0.043
PAA/PEI 5 7 0.34+0.012 0.42+0.024
PAA/PEI 7 7 0.23+£0.017 0.45+0.046
PAA/chitosan 3 8 0.25+0.009 0.49+0.016
PAA/chitosan 3 7 0.18+0.006 0.53+0.015
PAA/chitosan 5 7 0.01+0.003 0.61+0.015

The potential of in vivo application of indomethacin-loaded polyelectrolyte capsules leads to the
need to evaluate their safety. For this reason, we investigated acute toxicity of three-layered
empty and indomethacin-loaded capsules based on poly(acrylic acid)/chitosan. The experiments
were carried out in mice and rats by intraperitoneal injection (i.p.) and direct intragastric

administration (Table 3).



Table 3. Parameters of acute toxicity of free indomethacin and indomethacin-loaded

nanocapsules during administration to laboratory animals.

No. Substance LDso (mg/kg)

1 1945
Indomethacin i.p. to mouse

2 Indomethacin i.p. to rat 217

3 Nanocapsules with indomethacin i.p. to mouse 42+7

4 Nanocapsules with indomethacin i.p. to rat 4319

5 Indomethacin intragastrically to mouse 36+6

6 Indomethacin intragastrically to rat 3247

- Nanocapsules with indomethacin intragastrically to 70+11
mouse
Nanocapsules with indomethacin intragastrically to rat 60+12

9 Nanocapsules without indomethacin intragastrically to Not detected up to
mouse 2000 mg/kg

10 Nanocapsules without indomethacin intragastrically to Not detected up to
rat 3000 mg/kg

Our results on intraperitoneal administration of free indomethacin provided LDso values of
19+5 mg/kg (in mice) and 21+7 mg/kg (in rats), which broadly agrees with the literature data
(13£3 and 15+3 mg/Kkg, respectively [60]). The empty capsules were found to be nontoxic, with
lethal doses not detected even at the maximum injected concentration of 2000 mg/kg. The value
of LDso (mg/kg) of the capsules containing indomethacin was greater than that for the free drug
introduced into organism as an aqueous suspension. This result is independent of the route of
administration, i.e. intraperitoneal injection or intragastric administration, and is reproduced for
tests both on mice and rats. Capsules prepared in this study may be considered as drug carriers
alternative to other types of nanocontainers, e.g. indomethacin-loaded polymeric nanoparticles
prepared from self-assembled amphiphilic N-vinylpyrrolidone, for which LDs is 50-70 mg/kg
[54]. Meanwhile, the possibility of tuning the capsule properties by the variation of the number
and order of layer deposition, including the simple way of the control of drug release provides

them potential advantage for practical applications.

Conclusions

Encapsulation protocol has been developed for a model anti-inflammatory drug
indomethacin using layer-by-layer strategy, which involves the alternating deposition of
oppositely charged polyelectrolytes, such as poly(acrylic acid) and poly(ethylene imine) (or
chitosan) onto the drug substrate. Two variants of encapsulation have been implemented: 1)
direct deposition of polyelectrolytes onto indomethacin dispersed in water at pH 6, which



assumes the deposition of polycation (PEI) as the first layer. In this case, the particles carrying
positive charge are obtained (zeta potential is +65-70 mV); 2) preliminary formation of soft
matrix by solubilization of indomethacin in micellar solutions of cationic surfactants yielding
the capsules with negative charge on their surface (zeta potential is -50 to -55 mV). The
hydrodynamic diameter of three- and five-layered capsules is 90-180 nm and losses of
indomethacin during capsule preparation are <50%.

The inclusion of indomethacin into nanosized polyelectrolyte capsules has resulted in a new
form of indomethacin with the content of the loaded drug of 0.20-0.25% that exceeds its limiting
solubility in water nearly by a factor of 40. The choice of materials and procedures used for
preparation of capsules, as well as the number of polyelectrolyte layers that form capsule shell
has provided the possibility to control drug release. These capsules are of potential interest for
design of pharmaceutical forms with long-lasting effects.
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Fig.1. Scheme of formation of polyelectrolyte capsules.
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Fig.2. Change of zeta-potential of particles during capsule formation.
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Fig.3. Change of hydrodynamic diameter of 16-6-16/PAA/PEI capsules loaded with
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Fig.5. TEM images of 5-layered capsules 16-6-16/PAA/PEI loaded with indomethacin.
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Fig.6. Change in the absorbance of dialysate solutions (indomethacin) with time (three-layered
capsules based on CTAB/PAA/PELI, 37 °C, pH 7).
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Fig.7. Release of free and encapsulated indomethacin from dialysis bag (three-, five-, and seven-
layered capsules 16-6-16/PAA/PEI, 37 °C, pH 7-9).
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Fig.8. Release of indomethacin from three-layered capsules 16-6-16/PAA/chitosan at pH 8 (1),
pH 7 (2), as well as from the five-layered capsules at pH 7(3) (37 °C).
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Fig.9. Changes in particle size distributions of three-layered capsules with time at pH 7 (a), pH
9.2 (b).
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The synthesis of hexamethylene-1,6-bis(dimethylhexadecylammonium dibromide (16-6-16)
16-6-16 was synthesized by the reaction of N,N,N',N'-tetramethyl-1,6-
hexamethylenediamine (0.01 mol) with excess n-hexadecyl bromide (0.022 mol) in acetone. The
mixture was stirred in the flask equipped with a reflux condenser for 8 h at 56 °C, then the
precipitate formed was recrystallized twice from ethyl alcohol. Yield 85%.
The synthesized compound was characterized by the following data: elemental analysis: for
Ca2HgoN2Br» calculated (%): C 64.42, H 11.58, N 3.57, Br 20.41; found (%): C 64.30,H 12.13, N
3.56, Br 20.90; melting temperature of 203-204°C. IR spectrum (KBr), v/icm™: 3432, 3006,
2920, 2852, 1495, 1471, 1396, 985, 946, 925, 785, 724. 1H NMR spectra were recorded by using
Bruker AVANCE 600 and Bruker AVANCE I1 400 instruments. 1H NMR (CDCls, &, ppm; J,
Hz) 0.87 [t, 6H, 2xN'CH2(CH2)1sCH:CHs J = 6.90]; 1.24-1.33 [br m, 52H,
2xN*CH2(CH2)13CH2CHa)]; 1.56 [br s, 4H, 2xN*CH2(CH2)13CH>CH3)]; 1.69 [br m, 4H,
N*CH2CH>(CH2).CH,CH2N]; 1.96 [br m, 4H, N*CH.CH2(CH,).CH.CH2N"]; 3.36 [s, 12H,
2xN*(CHa)2]; 3.46 [m, 4H, 2xN*CH2(CH2)13CH2CHz3]; 3.67 [m, 4H,
N*CH>CH(CH2)2CH2CH>N"]


mailto:mirgorod@iopc.ru

Indomethacin

'*"_,."_", 2
PEI
[Chil:oE:aan] PAA (Chitosan)

pH7

Fig.S1. Scheme of formation of polyelectrolyte capsules by direct deposition of polyelectrolytes
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Fig.S2. Change of zeta-potential of particles during capsule formation by direct deposition of

polyelectrolytes onto indomethacin dispersed in water
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Fig. S3. Release encapsulated indomethacin from dialysis bag at different pH (three-layered
capsules 16-6-16/PAA/PEI, 37 °C)
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Fig.S3. Release of indomethacin from three-layered capsules PAA/chitosan at pH 8 (1), pH 7

(2), as well as from the five-layered capsules at pH 7(3) (37 °C). Predicted data from equation
Ritger —Peppas are given by dashed lines.



