Light controlled drug delivery containers based
on spiropyran doped liquid crystal micro
spheres

dO [ed1pawolg

Gia Petriashvili,"" Lali Devadze,' Tsisana Zurabishvili,' Nino Sepashvili,'
and Ketevan Chubinidze’
!Institute of Cybernetics of the Georgian Technical University, Thilisi, 0175, Georgia

’Ivane Javakhishvili Thilisi State University, 1 Ilia Chavchavadze Ave, Thilisi 0179, Georgia
“g petriashvili@yahoo.co.uk

Abstract: We have developed a novel, light activated drug delivery
containers, based on spiropyran doped liquid crystal micro spheres. Upon
exposure to UV/violet light, the spiropyran molecules entrapped inside the
nematic liquid crystal micro spheres, interconvert from the hydrophobic, oil
soluble form, to the hydrophilic, water soluble merocyanine one, which
stimulates the translocation of the merocyanine molecules across the
nematic liquid crystal-water barrier and results their homogeneous
distribution throughout in an aqueous environment. Light controllable
switching property and extremely high solubility of spiropyran in the
nematic liquid crystal, promise to elaborate a novel and reliable vehicles for
the drug delivery systems.
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1. Introduction

Controlled drug delivery systems are gaining increasing importance compared to the
traditional forms of drug administration. Delivering drug locally, in the targeted placement
and at the controlled portions, is a common way to decrease side effects due to the drug
toxicity and, consequently, maximally reduce the undesirable side effects. The drug can either
be adsorbed, dissolved, or dispersed throughout the nanoparticle complex or, alternatively, it
can be covalently attached to the surface [1]. Assorted types of remotely-triggerable drug
delivery systems have been developed, which rely on applying an external stimulus to release
the drug load [2]. Ideally, such systems could determine the timing, duration, dosage, and
even location of drug release, and could allow remote, noninvasive, repeatable, and reliable
switching of therapeutic agent flux [3]. As an example, the thermo sensitive polymers
consisting of drugs and gold nanoparticles have been shown to effectively release the
embedded drug upon local heating of the gold nanoparticles via near infrared light (NIR)
irradiation [4,5]. In other variants of such a system, magnetic nanoparticles have been used in
combination with an alternating magnetic field to impose local heating [6,7]. Recently, a wide
range of electromagnetic waves has been proposed to control drug release [8,9]. Light-
activated drug delivery offers distinct advantages over other stimuli, because it can release a
drug at a desired time and place, so that, they hit only targeted cells and not surrounding
healthy tissues [10]. At present, different mechanisms are elaborated and proposed that can
generally be distinguished based on illumination mode, which may range from femtosecond
pulses to continuous wave illumination [11].

In this study, we introduce a new concept of drug delivery system, based on the spiropyran
(SP) doped nematic liquid crystal (NLC) micro spheres. The proposed system represents an
emulsion formed by the immiscibility between the NLC micro spheres and a water
environment. The stable state of SP is a non colored closed molecular form, that can be
transformed into their merocyanine (MC) state, upon UV/Violet irradiation. The MC
conformation spontancously tends to come back to the SP state, and this transition can be
stimulated by irradiation with visible light or by heating. More specifically, the carbon—oxide
bond of the SP molecules is cleaved when it is transformed into the polar-colored MC form
[12]. Since the interconversion between the closed SP form and the open MC one, involves a
large molecular rearrangement, some compounds of this class does not exhibit
photoisomerization in solid-state conditions [13]. In order to efficiently switch SP molecules,
require conformational freedom, which usually is not available within the densely packed
arrays of molecules in the solid state. Due to the unique properties of liquid crystalline
materials, SP doped NLCs are assumed to have many advanced optical characteristics, quite
different from those of SP doped isotropic liquids, semiconductors and polymer systems.
Further, SP doped NLCs present additional advantageous features: an extremely high
solubility of SP in the NLC host, which can vary in the range 3-4% (by weight) without
destroying the liquid crystalline phase, a high orientational order parameter for SP molecules
provided by the spatial orientation of the NLC host molecules. The widespread utility of the
SP switch lies in the fact that SP and MC isomers have vastly different physicochemical
properties. The charge separation in MC gives rise to a large electric dipole moment,
particularly in comparison with the SP isomer. Density functional theory calculations, as well
as electrical interferometry and electrooptical absorption measurements have shown that
while the dipole moment of the SP form is in the range of ~4—6 D, this changes drastically to
~14-18 D for the MC form [12]. Therefore, upon the exposure to UV/Violet light, a
hydrophobic form of SP molecules undergoes a photoisomerization into the hydrophilic MC
form, that can potentially destabilize the lipid membrane of NLC-water interface so that, the
MC molecules can escape inside the aqueous medium.

#253581 Received 10 Nov 2015; revised 9 Dec 2015; accepted 3 Jan 2016; published 11 Jan 2016
(C) 2016 OSA 1 Feb 2016 | Vol. 7, No. 2 | DOI:10.1364/BOE.7.000442 | BIOMEDICAL OPTICS EXPRESS 443



2. Materials and methods
2.1 SP-NLC mixture preparation

To prepare SP-NLC mixture, we used next commercially available compounds: BL-038, as a
nematic host (from Merck), 1',3’,3’-Trimethyl-6-nitro-1',3’-dihydrospiro[chromene-2,2'-
indole] as a photochromic material (from Sigma-Aldrich). It should be noted that the SP, we
used in our experiments, is essentially insoluble in water, whereas the solubility in NLC is
very high - 3-4%wt. The photo-switching behavior and absorption spectra of the mixtures
were investigated with a UV/VIS Spectrometer (AvaSpec 2048, Avantes) at room
temperature. For a light induced generation of the polar-colored MC form, we irradiated
samples using a 100 W mercury lamp (HG 100 AS, Jelosil) equipped with a 320-410 nm
bandpass filter, and the diode pumped solid state laser (Shangai Dream Lasers Technology
Co. Ltd.) with a maximum power 50 mW at wavelength A = 405 nm. For the vigorous
agitation of SP-NLC-water emulsion, we used a Vortex test tube mixer, with controlled
mixing speed in the range of 0-2800 rpm. To enclose the emulsions, small laboratory glass
bottles were used. The images of SP-NLC emulsified micro spheres were obtained with the
use of a polarizing microscope coupled to a digital camera (from Polam), and a fluorescence
microscope (from Nicon).

At first, a SP doped NLC mixture was prepared by mixing the nematic host and SP
material with the following concentration ratio: 96wt.% BL-038 + 4wt.% SP. Prior to
preparing the SP doped NLC micro spheres emulsified in water, in order to demonstrate a
light stimulated photoisomerization, a macro size drop (3mm) of the SP doped NLC mixture
was slowly immersed in the bottle filled with deionized water. Then a laser beam was
forwarded to a sphere. During 4 seconds of laser irradiation, a color of the SP doped NLC
sphere was dramatically changed from red to dark purple one, Fig. 1.

Fig. 1. SP-NLC macro sphere in water, before the laser irradiation (a), and after 4s of laser
irradiation (b).

2.2 SP-NLC-water emulsion preparation

To form a SP-NLC-water emulsion, a mixture consisting of SP-NLC and water, was prepared
with the following percentage in weight: 95%wt. (90%wt. water + 10%wt. glycerol) + 5%wt.
(96% wt. BL-038 + 4%wt.SP). Glycerol was added to the aqueous phase in order to obtain a
homogeneous distribution of SP-NLC micro spheres in water-glycerol matrix and for the
emulsion stabilization [14]. Prepared mixture was agitated at 600 rpm, at room temperature
for 10 min. As a result, a homogeneous distribution of SP-NLC micro spheres suspended in
an aqueous matrix were obtained. The diameters of SP-NLC micro spheres were ranging from
10 to 15um.
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3. Optical measurements

After the preparation, a SP-NLC-water emulsion was sandwiched between two cover glasses
and was assembled in an optical cell, whose gap was set to 100pm. Prepared optical cell was
placed under the polarizing microscope. In Fig. 2(a), from the top view, shown a distribution
of SP-NLC micro spheres inside the water environment. The colors of the micro droplets are
produced by the interference between the ordinary and extraordinary rays of transmitting
light, which caused by the radial configuration of the NLC molecules inside the sphere, Fig.
2(b). The location of the SP in NLC matrix, causes to the alignment of SP molecules parallel
to the host NLC molecules so that, the orientation of SP molecules inside the NLC micro
sphere follows the radial configuration of the NLC molecules. To visualize the alignment of
SP-MC molecules, we irradiated an optical cell by UV/VIS mercury lamp, equipped with
350-410 nm bandpass filter. A distance from the lamp to the sample was adjusted to 25 cm.
The light intensity at the sample, measured by optical power/energy meter, was 0.30 mW/cm?>.
An exposure time was 5s. During this period a numerous quantity of SP form was
photoisomerized to the MC form. In Fig. 2(c), shown an image of SP doped NLC micro
sphere between crossed polarizers, when irradiated by a mercury lamp. Red circles
correspond to the regions in which the MC molecules are either aligned horizontally or
vertically in the field of view, confirming a radial orientation of MC molecules, similar to the
orientation of NLC molecules. In Fig. 2(d), is demonstrated the same micro sphere, but image
was taken in the reflectance mode.

NLC molecules

Water

a b ¢ d

Fig. 2. Polarizing microscope observation of SP-NLC micro spheres emulsified in an aqueous
medium (a), a schematic representation of the spatial distribution of the molecules inside NLC
micro sphere (b) which results a radial director profile with a point defect in the center of the
micro sphere. Images of MC-NLC micro sphere upon irradiation of UV/Violet light in the
transmittance (c), and reflectance (d) modes respectively.

Chemically, NLC consist of amphiphilic molecules. Therefore, they have two distinctly
different characteristics, polar and nonpolar in different parts of the same molecule, that
induces a strong homeotropic anchoring at the NLC-aqueous interfaces. The competition
between elasticity and interface tension formed around the NLC micro spheres can be
controlled by the difference between the polarities of the two liquids. Photoisomerizable
molecules that experience a conformational change upon light illumination are promising
candidates for the controlling of elastic/tension forces between two liquid mediums. The
change of the anchoring condition has a striking effect on the nematic order parameter, which
is presented at the interface of the NLC-water phases. In our case, upon UV/Violet
illumination, a photoisomerization of SP molecules into MC ones, can potentially disrupt the
NLC -water barrier and allow for release of MC molecules. In order to prove that SP-MC
photoisomerization is linked to the destabilization of NLC-water barrier and MC molecules
are able to pass through this phase boundary, we carried out next measurements. For the
experimental manipulation we used five glass bottles filled with just prepared [95%wt
(90%wt. water + 10%wt. glycerol) + 5%wt (96%wt.BL-038 + 4%wt. SP)] emulsion. Then
each bottle, except one, was irradiated by mercury lamp, equipped with a 350-410 nm band-
pass filter. The light intensity, measured at the samples, was about 0.50 mW/cm®. The
exposure time for the each bottle was different so that, the first one was irradiated for 4s,
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second one - for 8s, third one - for 12s and fourth one -for 16s. Immediately, after the light
irradiation, each bottle, including non irradiated one, was agitated using a test tube shaker
with shaking orbital speed equal 80 rpm. A time of agitation for each bottle was equal to 10s.
After this procedure, a non irradiated bottle appears as non colored milk like substance,
whereas the color of each irradiated bottle gradually changes from the pale red-orange to the
deep red-violet one, Fig. 3.

Fig. 3. Bottles with SP-NLC-water emulsions: (a) exposure time O s. shaking time 10 s. (b)
exposure time 4 s. shaking time 10 s. (c) exposure time 8 s. shaking time 10 s. (d) exposure
time12 s. shaking time 10 s. (e) exposure time 16 s. shaking time 10 s.

Using a volumetric pipette, from each bottle we extracted a small quantity of the
emulsions, which then were injected into the optical cells. A gap between two glass plates was
fixed 100 um. Under the optical microscope, for each optical cell we selected and marked the
areas, free of SP-NLC and MC-NLC micro spheres, to minimize a light scattering caused by
the micro spheres. By using a UV/Vis spectrometer, we recorded the light intensities passed
through the selected areas. Figure 4(a), shows the time-dependent increase of the absorption
of five optical cells. First cell was filled with non-irradiated SP-NLC-water emulsion, and
other four samples were filled with MC-NLC-water emulsions, after being irradiated by UV
lamp with the different exposure times. According to this dependence, a light absorption is
gradually increasing with respect to the increasing of exposure time. It is known, that unlike
from SP form, an MC form is characterized with fluorescent properties. Figure 4(b),
demonstrates a light emission of the MC-NLC-water emulsion, produced by MC molecules.
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Fig. 4. Light absorption as a function of the exposure time for the five optical cells filled with
SP-NLC-water and MC-NLC-water emulsions (a). A fluorescence emission from MC-NLC
micro spheres (b).

A rate of SP-MC phototransformation and the quantity of MC molecules that penetrate
through the NLC-water barrier, may increase dramatically using a laser irradiation. An optical
cell filled with SP-NLC-water emulsion was irradiated by the diode laser beam with A =
405nm and 5s of exposure time. In Fig. 5, shown 150 x150um size area of the sample, before
(a), and after (b), irradiation by a laser beam. Due to light absorption, caused by the MC
molecules, an exposed area looks much darker, than that of non-exposed one. We note that
not all MC molecules are transferred into the water environment, and some amount of them is
permanently located inside the MC-NLC micro spheres. As mentioned above, upon UV
irradiation, an emulsion of MC-NLC-water micro spheres emits a bright red light. This
fluorescence property of MC molecules is an attractive way for in vivo imaging and tracking
of SP-NLC micro container based drug delivery systems. By using a fluorescent microscope,
we captured the images of MC-NLC micro droplets emulsified in water Fig. 5(c), 5(d).
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Fig. 5. Images of SP-NLC-water emulsion, before (a), and after (b), exposure to the laser beam.
Distribution of MC-NLC micro spheres inside the optical cell, observed under the fluorescent
microscope (c,d).

According to our concept, initially, SP molecules are bound to the specific therapeutic
drug molecules, and this assemblage physically is entrapped inside the NLC micro containers.
Upon exposure to UV light, which results a SP-MC photoisomerization, the combination of
MC-drug molecules translocates across the NLC-water barrier and disseminates evenly
throughout in an extracellular environment, Fig. 6.
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Fig. 6. Schematic of light controlled drug release. SP-NLC micro sphere before (a) and after
(b) UV activation.

A major drawback is that, the UV/violet irradiation that stimulates a SP-MC
photoisomerization, has a limited tissue penetration, because light in this range of the optical
spectrum is highly absorbed and scattered by the different kinds of absorbing chromophores,
as blood, melanin, fat, yellow pigment, tissue orangels, etc. One way to overcome this
obstacle is to introduce a two-photon excitation. This method can be highly advantageous for
drug delivery systems because the reduced scattering and absorption of NIR irradiation (750-
900nm), results a deep penetration of light in the biological tissues.

5. Conclusion

In summary, we have demonstrated a novel, light controlled drug delivery system, based on
SP doped NLC micro spheres. Experimental results have shown that upon exposure to
UV/violet light, the photochromic molecules located inside the NLC spheres, experience an
interconversion from the hydrophobic, oil soluble, non-polar SP state, to the hydrophilic,
water soluble, highly polar MC state. Light induced photoisomerization destabilize NLC-
water interface, stimulates the translocation of MC molecules across the NLC- water barrier
and results their homogeneous distribution throughout in an aqueous environment. Proposed
strategy can be considered as a new platform for the photostimulated drug delivery systems
that offer the possibilities of the controlled delivery and release of a wide variety of drugs into
the body, at the suitable time and desired site, to fight different kinds of diseases including
cancer diseases.
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