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The application of nanotechnology is important to improve research and
development of alternative anticancer therapies. In order to accelerate research
related to cancer diagnosis and to improve the effectiveness of cancer treatment,
various nanomaterials are being tested. The main objective of this work was basic
research focused on examination of the mechanism and effectiveness of the
introduction of nanoencapsulated photosensitizers to human carcinoma (A549) and
normal cells (MRC-5). Newly encapsulated hydrophobic indocyanine-type photo-
sensitizer (i.e., IR-780) was subjected to in vitro studies to determine its release
characteristics on a molecular level. The photosensitizers were delivered to carci-
noma and normal cells cultured under model conditions using multiwell plates and
with the use of the specially designed hybrid (poly(dimethylsiloxane) (PDMS)/
glass) microfluidic system. The specific geometry of our microsystem allows for
the examination of intercellular interactions between cells cultured in the micro-
chambers connected with microchannels of precisely defined length. Our microsys-
tem allows investigating various therapeutic procedures (e.g., photodynamic
therapy) on monoculture, coculture, and mixed culture, simultaneously, which is
very difficult to perform using standard multiwell plates. In addition, we tested the
cellular internalization of nanoparticles (differing in size, surface properties) in car-
cinoma and normal lung cells. We proved that cellular uptake of nanocapsules
loaded with cyanine IR-780 in carcinoma cells was more significant than in normal
cells. We demonstrated non cytotoxic effect of newly synthesized nanocapsules
built with polyelectrolytes (PEs) of opposite surface charges: polyanion—polyso-
dium-4-styrenesulphonate and polycation—poly(diallyldimethyl-ammonium) chlo-
ride loaded with cyanine IR-780 on human lung carcinoma and normal cell lines.
However, the differences observed in the photocytotoxic effect between two types
of tested nanocapsules can result from the type of last PE layer and their different
surface charge. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4941681]

INTRODUCTION

Lab-on-a-chips have now become accepted tools used for fundamental biological studies as
they enable one to perform highly controlled in vitro experiments. A number of devices for the
cell cultivation, single-cell, migration analysis, and cell based toxicity tests are reported.k3 In
the microsystems, cells can be easily manipulated, and cellular environment can be precisely
controlled.* Besides, there are also commercial microfluidic systems dedicated for cell
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engineering. The applications of the microfluidic systems are becoming wider and wider: start-
ing with simple toxicity tests, through the use them for new drugs discovery, analysis, and
matching of delivery methods, up to advanced diagnostics at the cellular level.”® Probably in
the future, we will take the advantage of them in the development of tissue engineering, includ-
ing organ assist and organ replacement.””® Important advantage of the microfluidic systems is
the option of designing of their structures, according to the specific customer requirements.
This allows targeting of cells, for example, in accordance with the designed geometry of the
microchannels, and control or evaluate of various cell behaviors as cell-cell interactions, or bio-
chemical signaling.®'°

The use of microfluidic systems for toxicity studies and cellular engineering is supported
by a lot of examples. Huh et al. presented a microfluidic system that reconstitutes the functional
surface of the human lung and checked a possibility of its application in nanotoxicological
tests.'' Kim et al. designed a microfluidic system for evaluation of silica nanoparticles’ cytotox-
icity towards human intestinal epithelial cells (Caco-2).'*'* Also a microfluidic platform for
anticancer drug testing was developed. Sung et al. studied drug effectiveness in a microchip on
three different cell types: cultures of liver, tumor, and marrow cells at the same time.'* The
microsystems designed for the evaluation of the efficiency of other methods of the fight against
cancer, e.g., photodynamic therapy (PDT), can also be applicable. The effectiveness of PDT is
based on three independent factors: a photosensitizer (PS), intracellular oxygen, and light that
is absorbed by the photosensitizer.'> The examination of PDT procedure on the normal and car-
cinoma cells cultured in the separated and the “mixed” culture can also be performed using the
microfluidic systems.'®

The application of nanotechnology is important to improve research and development of al-
ternative anticancer therapies. In order to accelerate research related to cancer diagnosis and to
improve the effectiveness of cancer treatment, various nanomaterials are being developed.'’
Recently, the microsystems have become popular tools for nanoparticles’ testing, e.g., to deter-
mine their stability, toxicity, or physico-chemical and biological properties. Mahto et al. pre-
sented a lab-on-a-chip system for the analysis of the toxicity of quantum dots. The authors
checked the effect of Cd-Se/Zn-Se quantum dots on the BALB/3T3 cell line.'®

Nanoparticles allow modification of the properties of photosensitizers used in photody-
namic therapy. Scientists proved that various nanomaterials in combination with the photosensi-
tizers may not only improve the efficiency of photodynamic therapy but also reduce the side
effects.'”'” Nanoparticles can increase the effectiveness of PDT, because they prevent from the
aggregation of the photosensitizer, improve the mechanism of absorption of the chemical com-
pound by the cells or completely eliminate this necessity by spontaneous singlet oxygen pro-
duction.® Same nanoparticles may protect the photosensitizer against cellular environment,
e.g., destructive enzymes. Thereby, significant improvement of the stability and other pharma-
cokinetic properties of the photosensitizers is observed.?’ On the other hand, some methods
using nanoparticles, such as photosensitizer encapsulation, protect the non-cancer cells against
the adverse effects of a photoactive drug.

The developed nanoparticles may have dimensions (50—150 nm) preventing their penetration
into normal cells, which is difficult in case of soluble photosensitizers used as a solution.”'** The
nanoparticles’ dimension manipulation is one of the method, which extort, so-called, active target-
ing. Its purpose is selective penetration of photosensitizers’ molecules to carcinoma cells.?*
Selectivity of the applied photosensitizers is increased by the surface modification of the
nanoparticles.'”

The photosensitizers may be combined with the nanoparticles in different ways, but encap-
sulation is one of the most effective methods. Earlier investigations related to encapsulation of
a photosensitizing dye—methylene blue, have shown that loading the photosensitizers into
microenvironments of polymeric nanocarriers may successfully protect the photoactive chemical
compound from both any enzymatic degradation, and sudden changes in the environmental fac-
tors including temperature and/or pH.>* This method also reduces the toxicity of the photoactive
compound. This is of particular importance for healthy cells, when using this compound as a
photosensitizer in anticancer therapy. Moreover, encapsulation allows binding of different
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ligands to the surface of nanoparticles. This may intensify the active targeting process.”> Some
methods of encapsulation allow for controlled, continuous release of different compounds, for
example, their encapsulation in biodegradable polymeric nanoparticles.”® This allows checking
the effect of continuous release of the photosensitizer on the effectiveness of PDT procedure.

The development of novel types of micro- and nanocontainers is constantly one of the
main frontiers in the scientific research. In the last few years, the major progress has been
achieved in the template-based approaches to produce a variety of hydrophobic drug-loaded
nanocarriers for drug delivery, diagnostics, or other biomedical applications.””*® One of the
most versatile methods of formation of nanostructured functional coatings on colloidal cores,
including the oil one, comprises the sequential adsorption of polyelectrolytes (PEs) called the
layer-by-layer (LbL) technique.”” % Among many micellar aggregates and their mediated poly-
meric systems, biocompatible long-sustained release oil-core polyelectrolyte nanocarriers are
used. They are fabricated by the subsequent multilayer adsorption of PE at the micellar struc-
tures. Among them, oppositely charged polyelectrolytes have been found to successfully encap-
sulate indocyanine-type hydrophobic photosensitizers in order to target cells and avoid drug
degradation and toxicity. It also allows improving drug’s efficacy, its stability, and better intra-
cellular penetration, owing to their enhanced permeation, specific cell targeting, and long circu-
lation in blood stream.?'™>

We have selected a NIR heptamethine indocyanine dye (i.e., IR-780 iodide) as a model hydro-
phobic photosensitizer basing mainly upon its excellent optical properties and good photosensitizing
attributes. IR-780 indocyanine due to its characteristic excitation (Jexe.=7791nm) and emission
(Zem. = 805 nm) wavelengths and high molecular extinction coefficient (¢ =27.4 x 10*M™! cmfl)
has been adopted so far as a non-targeting contrast agent in clinical and experimental NIR imaging
and as a promising second generation photosensitizer in PDT.** However, IR-780 as many other
hydrophobic cyanines can be disposed to light-induced decomposition (i.e., photobleaching) both
in vitro and in vivo resulting in the loss of absorbance, fluorescence, and photoactivity, and thus pos-
sibly limiting its use in PDT.*° In order to increase the potential of hydrophobic cyanines towards
improvement of drug efficacy, its stability, and better intracellular penetration, they need to be
encapsulated in nanocarriers to avoid any unexpected problems with photoactivity and to improve
their dissolution performance by means of encapsulation via template-mediated processes.”’~’

The main objective of this work is a basic research focused on examination of the mecha-
nism and effectiveness of the introduction of a photosensitizer to carcinoma cells in the form of
nanocarriers such as PE nanocapsules and then performing cytotoxicity tests during photody-
namic therapy based on the use of model conditions and designed system lab-on-a-chip. Newly
encapsulated hydrophobic indocyanine-type photosensitizer (i.e., IR-780) was subjected to
in vitro studies to determine its release characteristics on a molecular level. In addition, we
tested the cellular internalization of nanoparticles (differing in size, surface properties) in carci-
noma and normal lung cells.

MATERIAL AND METHODS

Most of the starting materials were purchased from Aldrich or Fluka and used as received.
Other reagents and solvents were of commercial grade and were not additionally purified
before the use. Cyanine-type photosensitizer: IR-780 iodide, human serum albumin (HSA),
oleic acid (OA), as well as polyelectrolytes of opposite charges: polyanion—polysodium
4-styrenesulphonate (PSS, Mw 70kDa) and polycation—poly(diallyldimethyl-ammonium) chlo-
ride (PDADMAC, Mw 100-200kDa) were obtained from Sigma-Aldrich. Surfactant:
N,N-bis[3,3/(trimethylammonio)-propyl]dodecanamide dimethylsulfate (C,,(TAPAMS),) was
synthesized according to the method described in previously.>> Water used for all experiments
was distilled and purified by using of a Millipore (Bedford, MA) Milli-Q purification system.

Preparation of polyelectrolyte nanocapsules loaded with IR-780 cyanine

Both IR-780 cyanine-loaded and empty nanocapsules were prepared by a direct LbL satura-
tion method described in our previous study.”* Commonly, in the case of the loaded
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TABLE I. Characteristics of IR-780-loaded and empty nanocapsules prepared by LbL approach.

No. System name Dy (nm)* PdI® { (mV)® Cir.7so (M) EE (%)°
1 C2(TAPAMS),/OA/water(PDADMAC/PSS); s(nanocapsules 1) 96 0.11 —-42 empty

2 C1(TAPAMS),/OA/water(PDADMAC/PSS); 5 (nanocapsules 1) 106 0.16 —41 78.1 97

3 C12(TAPAMS),/OA/water(PDADMAC/PSS),(nanocapsules 2) 99 0.14 +56 empty

4 C2(TAPAMS),/OA/water(PDADMAC/PSS), (nanocapsules 2) 111 0.18  +59 60.1 95

“Hydrodynamic diameter (DH) determined by dynamic light scattering.
PPolydispersity index (PdI) determined by dynamic light scattering.
“Zeta potential ({) measured by the microelectrophoretic method.
dConcentration (CIR-780) of encapsulated cyanine.

“Encapsulation efficiency [EE].

nanocapsules, the hydrophobic photosensitizer IR-780 was, in the first step, dissolved in oleic
acid (0.2 mg/ml) prior to emulsification with C;,(TAPAMS),. Next, the oil-core nanoemulsion
templates were covered via the LbL adsorption of oppositely charged polyelectrolytes: anionic
PSS and cationic PDADMAC to form multilayer shell nanocapsules. Solutions of the selected
PE’s (of concentration equal to 2 g/dm®) were prepared by dissolving each polyion in NaCl so-
lution of ionic strength 0.015M without any pH adjustment. The optimal ratio of empty and
loaded nanoemulsion to polyion concentrations was determined by measuring zeta potential of
formed nanocapsules and investigating their stability.

Characterization of nanocapsule size, surface charge, and morphology

The zeta potential ({-potential) of nanoemulsion templates and nanocapsules was measured
by the microelectrophoretic method using a Malvern Zetasizer Nano ZS apparatus according to
the method described previously.*' Each value of (-potential was obtained as an average of
three subsequent runs of the instrument with at least 20 measurements. The size distribution
(i.e., the hydrodynamic diameter) of the nanosystems was determined by Dynamic Light
Scattering (DLS) using Zetasizer Nano Series from Malvern Instruments with the detection
angle of 173° in optically homogeneous square polystyrene cells. All measurements were per-
formed at 25°C. Each value of hydrodynamic diameter was obtained as an average of three
runs with at least 10 measurements. The DTS (Nano) program was applied for data evaluation.
The corresponding hydrodynamic diameter (Dy) and polydispersity index (PdI) are listed in
Table I with the {-potential values. The imaging of the obtained nanocapsules was investigated
by scanning electron microscopy (SEM) and atomic force microscopy (AFM) according to
detailed procedure described our earlier studies.® In the case of SEM observation, the shape
and morphology of the dry nanocapsules were investigated by field emission SEM (JEOL JSM-
7500F), at an operation voltage of 15keV. The samples were prepared by placing a drop of
nanocapsules suspension on the copper cylinders and drying overnight. The morphology of the
nanocapsules was checked using the Veeco NanoScope Dimension V. AFM with an RT ESP
Veeco tube scanner. The scanning speed was 0.5 Hz, and a low-resonance-frequency pyramidal
silicon cantilever resonating at 250-331 kHz was employed (at a constant force of 20—80 N/m).
The nanocapsules were allowed to adsorb on a freshly cleared mica surface for 24 h by dipping
it in the suspension and then removing the excess of substrate by rinsing mica plates with dou-
ble distilled water and drying at room temperature.

Encapsulation and photobleaching of IR-780 cyanine

Encapsulation efficiency (EE) of multilayer nanocapsules and photobleaching study of the
free and encapsulated IR-780 was determined spectrophotometrically using UV-Vis
Spectrophotometer U-2900 (Hitachi) according to the detailed protocols described in our previ-
ous studies.’® All the irradiation experiments were performed using an OPTEL Fibre
Iluminator (Opole, Poland) equipped with a band pass glass filter (SCHOTT GLASWERKE
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GmbH) to isolate the 760—800nm spectral interval. The rate of photobleaching was evaluated
by measuring the cyanine absorption spectrum in the 500-800 nm range upon exposure of 3 ml
solutions containing 4 uM IR-780 or its encapsulated form to the lamp operating at the energy
dose of 100mW/cm?. The solutions were irradiated in open 1cm quartz cuvettes with continu-
ous stirring. The absorbance measurements were carried out every 2 min during the irradiation.

Cellular uptake

Human lung carcinoma (A549) and human fetal lung fibroblast (MRC-5) cells were
obtained from American Type Culture Collection and European Type Culture Collection. The
cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) medium (Sigma Aldrich)
supplemented with 10%,,, fetal bovine serum (Gibco), 1%,, streptomycin and penicillin
(Sigma Aldrich) in a humidified atmosphere (5% CO,, 37 °C).

The flow cytometry analysis (FACS) was performed for quantitative testing of intracellular
uptake of IR-780 cyanine by A549 and MRCS5 cells. For this purpose, 70% confluent cell cul-
tures were incubated for 24 h with 4 uM of free (native) and encapsulated IR-780 cyanine. The
cells incubated with culture medium and comparative amounts of nanocapsules without cyanine
were used as control samples. Next, the cells were detached and washed twice with phosphate
buffer solution (PBS). Finally, the cells suspended with 1 ml PBS were analyzed using FACS
(Becton Dickinson) equipment with an argon laser (488 nm) and red-diode laser (635 nm). After
excitation of samples at 635 nm, the fluorescence emission intensity was measured using a 661/
16 nm band pass filter. The data were analyzed using CellQuest software and presented as
single-parameter histograms and geometric mean (GMean) of fluorescence intensity.

Cellular internalization

The A549 and MRC-5 cells were seeded on cell culture dishes with glass bottom (CELL
viewTM, Greiner bio-one) and incubated with nanocapsules for 24 h. Next, the cells were exam-
ined under the confocal scanning laser microscope (FLUOVIEW FV10i-LIV Confocal Laser
Scanning Microscope, Olympus) by using a 635nm excitation filter. The data were analyzed
using Fluoview FV10i software (Olympus).

Microsystem geometry

Cytotoxicity and photocytotoxicity (evaluation of PDT procedures) were analyzed in a
microfluidic platform (Fig. 1). The microsystem was made of PDMS (Sylgard 184, Dow
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FIG. 1. Photo of the microsystem (a), scheme of the microchambers connected with the microchannels (b).
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Corning) and a sodium glass plate (Helmand, 75mm X 55mm x 0.5 mm). Microstructures in
PDMS were fabricated using a photolithography and replica molding techniques according to
the protocols described in our previous work.** To obtain the sealed microsystem, PDMS and
glass plates were bonded using surface plasma activation (Plasma Preen System Inc. II 973).

The geometry of used microsystem was based on the design presented in our previous
work.'® The microsystem consists of four microstructures with a network of microchannels
which are arranged in V-shaped configuration. Each V-shaped microstructure provided various
types of cell cultures: monoculture, coculture, and mixed culture (see Fig. 1(b)). Monocultures
of two different cell lines were performed in three pairs of the microchambers, without any
additional (connecting) microchannels. The next five microchambers (connected with micro-
channels having a length of: 1000, 800, 600, 400, and 200 um, respectively) provided cocultures
of cells and cells’ migration analysis along the connecting microchannels. The mixed culture
was obtained in the common microchamber, in which two cell lines were seeded side by side,
simultaneously. The geometry of the microsystem also consists of a concentration gradient gen-
erator (CGG). Thanks to this, in V-shaped structures four different concentrations of tested pho-
tosensitizer in a single step can be evaluated.

Cytotoxicity assays
Macroscale

Two kinds of nanocapsules, dependent on the number of polyelectrolyte layers:
C2(TAPAMS),/OA/water(PDADMAC/PSS); s (we called as nanocapsules 1) and
C12(TAPAMS),/OA/water(PDADMAC/PSS), (we called as nanocapsules 2), were investigated
(Table I). Empty (unloaded) and loaded with cyanine IR-780 nanocapsules 1 and nanocapsules
2 were prepared in DMEM culture medium at concentration range of 0-6 uM. Moreover,
400 uM stock solution of free IR-780 cyanine (native sample) was prepared in ethanol. Next,
the final concentration (0—6 uM) of free cyanine was obtained by dilution in DMEM. Culture
medium without cyanine and solution of empty nanocapsules 1 and empty nanocapsules 2
were used as control samples.

A549 and MRCS5 cells were seeded at a density of 10* cells/well in DMEM on 96-well
plates and incubated for 24 h in the CO, cell culture incubator. After that time, the medium in
the wells was replaced with 200 ul of the tested samples (empty and loaded nanocapsules 1, 2
with cyanine IR-780 as well as free IR-780 cyanine solution), prepared according the procedure
described above. Next, the cells were incubated overnight. Finally, the cytotoxicity of empty
and loaded nanocapsules as well as a free cyanine was investigated using MTT assays
(Invitrogen) according to the protocol suggested by the manufacturer.

The microsystem

Before the cell culture, the microsystem was prepared according to the protocol described
in our previous work.'® Next, 2 x 10° cells ml~' A549 and MRCS5 cell suspensions were seeded
through two V-shaped inlets of each V-shaped microstructure (a flow rate of 5 ul min~") using
the peristaltic pumps (Ismatec Reglo-Digital MS-4/12) (Fig. 1). The microsystems with A549
and MRCS5 cells, cultured for 24 h in V-shaped structures (Fig. 1(b)), were utilized for cytotox-
icity and photocytotoxicity tests. The tested solutions (6 uM of cyanine-loaded nanocapsules 1,
2, or free cyanine) and DMEM medium (as a control solution) were introduced through two
CGG inlets with a flow rate of 5ul min~' for 10 min. After passing the CGG microchannels,
four different concentrations of the tested photosensitizers (0, 2, 4, and 6 uM) were obtained.
Next, the microsystem was sealed and placed for 24 h in the CO, incubator.

After that time, cytotoxicity tests or PDT procedures (light irradiation) were performed.
For PDT procedures, the cells were irradiated through the PDMS layer using a high power
light-emitting diode (LED) (a distance of 10mm, time 10min, 4=780nm, energy dose
6.5mW/cm? and 10mW/cm?). The viability of the cells was determined 24 h after the incuba-
tion with the photosensitizer or after the PDT procedures. Cyto- and photocytotoxicity were
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investigated using calcein AM (CAM, Sigma Aldrich) and propidium iodide (PI, Sigma
Aldrich) for cells’ staining. The “cellSens Dimension” image analysis software (Olympus) was
used for data acquisition and analysis. Experimental data are expressed as mean * standard
deviation (SD) from at least four independent experiments.

RESULTS AND DISCUSSION

Fabrication and characterization of IR-780 loaded polyelectrolyte multilayer
nanocapsules

In any nanocarrier preparation method, special attention has to be paid on the aspects deter-
mining the container features responsible for the best attainment of the final goal. Improving
cellular uptake, solubility and release of active molecules, stability of the colloidal system and
its protection from the aggregation in aqueous media, can be realized by the use of charged
multilayer container shells.”” Therefore, the oil-core PE shell nanocapsules obtained by the LbL
approach can be considered as suitable containers for a variety of insoluble in water, hydropho-
bic cargoes. Being composed of the liquid core (e.g., nanoemulsion or emulsion oil droplets),
which is surrounded by the multilayer polyelectrolyte shell forming a sort of a shield that pro-
tects the loaded core from the surrounding medium, in particular, from decomposition of the
given ingredient during long storage or delivery to the targeted site. Moreover, it is possible to
fabricate the designed cargo-loaded multilayer nanocapsules with a good control of size (e.g.,
to get the nanoproducts ca. 150nm in diameter) and desirable shell properties. The latter corre-
sponds to the nanocapsules with hydrophilic surfaces, including functionalized, that is capable
of appreciable surface interactions with biological systems (treated as high biocompatibility)
and improved accumulation in tumor tissues.*>** Additionally, due to the presence of multi-
layer shield, encapsulated therapeutic molecules can be protected from the biological environ-
ment. Moreover, their bioavailability and biodistribution can be enhanced. Consequently, the
formation of the multilayer polyelectrolyte nanocapsule shells was performed by subsequent
adsorption of PSS/PDADMAC polyelectrolytes from their solutions without the intermediate
rinsing step, according to the LbL procedure for the nanoemulsion-templated approach
described in detail in Material and Methods section. It was established that surface charge and
composition of nanocapsules are among the most important physical and chemical factors influ-
encing the toxicological effects and success of polyelectrolyte nanocapsules interactions with
cells.?® Therefore, for our study, we have chosen the multilayer nanocapsules with different PE
shell type (terminated by PDADMAC or PSS) and loaded by various concentration of IR-780
cyanine dye. The composition and physicochemical properties of both empty and cyanine-
loaded nanoemulsion-templated nanocapsules are summarized in Table I. The surface charge
was determined by {-potential measurements and as it has been proved in our previous studies,
the stable nanostructures were obtained when the zeta potential of nanocarriers with the
adsorbed PE layer was close to the zeta potential of the same polycation or polyanion in solu-
tion.”**> Consequently, the volumes of polyelectrolyte solution used to form each layer of
nanocapsules shell were determined experimentally by the evaluation of the results of simulta-
neous zeta potential measurements. The results of (-potential measurements during the LbL
deposition are typical zigzag dependence used as evidence for the formation of consecutive
layers and stability of the obtained nanocapsules. The values of the {-potential oscillated from
—42 to +58 mV for PDADMAC/PSS polyelectrolyte pairs. It proved that the obtained capsules
shells were stable with zeta potential ranges for PSS and PDADMAC layers.

As it has been reported previously,” the most suitable size and narrow size distribution of
a drug delivery system are the key factor in their biodistribution and prolonged circulation fol-
lowed by the accumulation in the tumor tissues. The effective drug delivery system should
have a diameter between 100 and 200 nm to avoid clearance by first pass renal filtration as well
as detection by the phagocytic system and consequently achieve a longer circulation time in the
bloodstream.”® In our study, the average size (hydrodynamic diameters, Dy;) of the obtained
multilayer nanocapsules was dependent on the number of PE layers (Table I) and ranged from
96 nm (empty nanocapsules 1) to 111 nm (loaded nanocapsules 2). The example of the DLS
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size distribution graph for IR-780-loaded nanocapsules 1 is presented in Fig. 2(a). The suspen-
sions were reasonably monodisperse (low values of PdI < 0.25), which made them good candi-
dates for anticancer therapies. Imaging of the obtained nanocapsules by SEM and AFM tech-
nique proved its roughly spherical and moderately uniform shape (Figs. 2(b) and 2(c)).
Furthermore, the nanocarriers do not show any enhanced aggregation, and non-loaded crystals
of IR-780 cyanine present on the nanoparticles outer surface were not detected. The average
size of the most observed particles is around 100 nm, which is in good agreement with the val-
ues obtained by DLS in the wet conditions (Fig. 2(a)).

Moreover, UV-Vis spectroscopy was used to demonstrate both the encapsulation of IR-780
cyanine into liquid cores covered by polyelectrolyte shells as well as to estimate its photo-
bleaching rate in comparison to the native (non-loaded) dye form (see Fig. S1).*> Along with
spectrophotometric analysis, we detected that IR-780 is loaded into the nanocapsules liquid
core with high drug EE between 90% and 97% (Table I).

Fig. S1(a) demonstrates the UV—Vis spectra of IR-780-loaded nanocapsules 1 compared
with the spectrum for empty ones and the spectrum of the photosensitizer dissolved in acetone-
water mixture (acetone: H,O = l:l).45 The characteristic peak at 786 nm has been observed in
the case of freshly prepared cyanine-loaded nanocarriers (higher absorbance was noted in
acetone: H,O sample containing the same concentration of IR-780). This proves that the photo-
sensitizer was enclosed inside of nanocarriers. Furthermore, the spectrum of dye-loaded nano-
carriers is not significantly changed after three months storage of the nanocapsules in the dark.
It gives the evidence for long-term photostability and the enclosure of cyanine-dye into liquid
cores covered by polyelectrolyte shells. As it has been mentioned, the use of indocyanines as
effective photosensitizers may be limited by their photobleaching, resulting in the loss of their
photoactivity.*® Our experiments, performed under conditions similar to that described before,
prove that encapsulation of the IR-780 in the oil-core multilayer nanocapsules reduces the pho-
tobleaching and thus enhances its photodynamic effectiveness. Fig. S1(c) shows the absorbance

a
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FIG. 2. Characteristics of IR-780-loaded nanocapsules 1 along with DLS (a), SEM (b), and AFM (c). Example for
C»(TAPAMS),/OA/water(PSS/PDADMAC); 5 (see the row 2 in Table I).
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changes of the cyanine encapsulated in the all studied types of nanocapsules compared to solu-
tion containing free IR-780 as a function of irradiation time.* In agreement with the three-
phase process behavior,*® the cyanine molecules loaded in multilayer nanocarriers exhibited
better photostability during irradiation than the respective free dye. Furthermore, IR-780 encap-
sulated by nanoemulsions covered by four PE bilayers (nanocapsules 2) photobleaches slightly
lower than when enclosed in nanocapsules with thinner coat (nanocapsules 1) (see Table I).
The observed phenomenon confirmed the earlier findings,>*”° indicating that both the nanopar-
ticles’ oil core and PE shell thickness may significantly enhance the photostability of the hydro-
phobic photosensitizer. Other important in vitro features of the encapsulated IR-780 such as re-
active oxygen species (ROS) and release characteristics are supplemented in the supplementary
material (Figs. S2 and S3).%

Cellular uptake

Flow cytometry allows determining the qualitative and quantitative accumulation of PS
encapsulated in nanocarriers, based on the fluorescence emitted by the PS after excitation with
a specific wavelength of light. This technique has been used in the similar study of cellular
internalization, which showed the concentration and time dependences of cyanine PS’
accumulation.’

The results presented in Fig. 3 show the cellular uptake of free cyanine IR-780 and nano-
capsules 1 and 2. The analysis carried out using flow cytometry demonstrated accumulation of
the photosensitizers in A549 and MRC-5 cells. We observed a significant increase in the fluo-
rescence signal emitted from cells treated with the nanocapsules 1 and 2 in relation to the resid-
ual autofluorescence of untreated cells (Gpean from 3 to 8a.u. for A549 and MRC-5 cells,
respectively). As control samples, we used A549 and MRC-5 cells untreated with cyanine IR-
780.

Moreover, the accumulation of IR-780-loaded nanocapsules 1 and 2 in carcinoma cells
was about 4 times higher than in normal cells. It indicates that the synthesized nanocapsules
can be successfully used as potential delivery systems of hydrophobic photosensitizers to the
carcinoma target cells. For nanocapsules 2, slightly higher fluorescence signal was observed. It
can be assigned to the type of last PE layer in synthesized nanocapsules. This may be the total
effect of both nanocarriers structure and the surface charge of the nanocapsules as similarly
observed in our previous FACS study for MCF-7/WT cells treated by IR-786-loaded nanocap-
sules with different (PSS/PDADMAC), shell.*

On the other hand, the cellular uptake of free cyanine IR-780 in A549 cells was almost 2
times higher in relation to the nanocapsules 1 and 2. While in the case of MRC-5 cells we
observed an inverse trend, cellular uptake of free cyanine IR-780 was almost 2 times lower.

Cellular internalization

The confocal microscope imaging was performed to evaluate if there would be an
increased intracellular distribution of photosensitizers’ nanocapsules in A549 and MRC-5 cells.
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FIG. 3. Distributions of fluorescence intensity of A549 and MRC-5 cells incubated with three different forms of cyanine
IR-780. The cells were exposed to 4 uM of free cyanine and 4 uM of nanocapsules 1 and 2 for 24 h. On the graph, the geo-
metrical means (Gy,can) 0f red fluorescence intensity are displayed in the inset.
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After 24 h of incubation with nanocapsules 1 and 2, we observed multiple fluorescent points at
the carcinoma and normal cells’ membrane surfaces (Fig. S4).45 This indicates that the both
nanocapsules 1 and 2 efficiently localize throughout the cytoplasm in A549 and MRC-5 cells.
As control samples we used untreated cells of both lines.

Cytotoxicity tests in a macroscale

One of the most important criteria that must be fulfilled by the photosensitizer is that it
must not cause acute cytotoxicity. For this purpose, the safe range of photosensitizers’ concen-
trations to the cells was determined. Therefore, MTT assay was used for the quantitative viabil-
ity determination of the A549 and MRC-5 cells treated with different forms of cyanine IR-780.

Based on the MTT viability assays, we explored that free cyanine IR-780 and nanocap-
sules 1 and nanocapsules 2 (tested concentrations: 2, 4, and 6 uM) did not show cytotoxic
effect on both A549 and MRC-5 cell lines after 24 h of incubation (Fig. 4). The carcinoma and
normal cells viability was approximately 90%—-100% for all the tested forms of the
photosensitizer.

Cytotoxicity and photocytotoxicity tests in the microsystem

After the investigation of cellular uptake, internalization and optimization of non cytotoxic
range of cyanine IR-780 concentrations in the macroscale, we performed cyto- and photocyto-
toxicity tests of free cyanine and nanocapsules 1 and 2 in the microsystem.
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FIG. 4. (a) A549 and (b) MRC-5 cells viability after 24 h incubation with nanocapsules 1 and nanocapsules 2 and free
cyanine IR-780.
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FIG. 5. A549 and MRC-5 cells viability after 24 h of incubation with nanocapsules 1 (a) and nanocapsules 2 (b) and free
cyanine IR-780 (c) and after 24 h of carried out PDT procedures (A=780nm, energy dose 6.5 mW/cm?, t=10min) for
monoculture, coculture, and mixed culture.

The use of the chip (Fig. 1) enabled one step analysis of different types of culture: mono-
culture, coculture, and mixed culture of carcinoma A549 and normal MRC-5 cells. This
allowed conducting additional studies of cytotoxicity and photocytotoxicity not only on separate
cell lines but also on coculture (such tests were not possible in the macroscale). This was based
on the normal and carcinoma cells culture in microchambers with precisely defined distances
(connecting microchannels) between them (Fig. 1(b)).

The results of cyto- and photocytotoxicity tests of the nanocapsules 1 and 2 and free cya-
nine IR-780 are presented separately in Figs. 5(a)-5(c), respectively. The cells’ viability was
calculated for each microchamber after 24h of cyanine IR-780 treatment (cytotoxicity tests)
and 24h after the irradiation (photocytotoxicity tests). Moreover, exemplary photographs of
A549 and MRC-5 cells stained with CAM and PI for viability evaluation after PDT procedure
are shown in the supplementary material.*’ In addition, cell viability for A549 and MRC-5 cells
in the mixed culture (common microchamber, Fig. 1(b)) is presented without distinguishing the
cell lines. Similar to the macroscale, research on the free cyanine and nanocapsules 1 and
nanocapsules 2 (tested concentrations: 2, 4, and 6 uM) performed in the microsystem did not
reveal cytotoxicity of photosensitizers to A549 and MRC-5 cells (data not shown). It proved
that the designed microsystem can be applied for cytotoxicity tests, successfully. The main
advantage of the proposed microfluidic-based platform is a possibility for creation of culture
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conditions similar to in vivo. Thanks to the flow conditions as well as carcinoma-normal cell
coculture (in precisely defined distances), it could be possible a deeper investigation how the
presence of carcinoma cells influences normal cells after PDT procedures. Therefore, the photo-
cytotoxicity of the tested photosensitizers were analyzed in the microsystem (Fig. S5).*
Following the PDT procedures (irradiation at A=780nm, energy dose 6.5mW/cm?,
t=10min), there was no decrease in the viability of A549 and MRC-5 cells incubated with
nanocapsules 1 for each type of cell culture performed in our microsystem (Fig. 5(a)), while
we observed a decrease in the viability (to the level of 75%—-80% for A549 cells and 60%—65%
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FIG. 6. A549 and MRC-5 cells viability after a 24 h incubation with the 6 uM of nanocapsules 1 (a) and nanocapsules 2
(b) and after 24 h of carried out PDT procedures (4 =780nm, energy dose 10 mW/cm?, t=10min) for the monoculture,
coculture, and mixed culture.
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for MRC-5 cells) for monocultures of both carcinoma and normal cell lines incubated with
nanocapsules 2 (Fig. 5(b)). A IC50 (half maximal inhibitory concentration) for monoculture
was determined. The IC50 value was high: 21 uM and 18 uM for A549 and MRCS cells,
respectively. The IC50 was determined by linear regression method using Microsoft Excel.

Cell viability analysis in coculture was performed for the next five rows of microchambers
(Fig. 1(b)) connected together by the microchannels of precisely defined lengths (1000, 800,
600, 400, and 200 um) allowed to assess the influence of culture medium diffusion between the
microchambers on the normal and carcinoma cells’ proliferation. Coculture tests are very diffi-
cult or almost not possible to perform by using conventional macroscale multiwell plates. For
the coculture, as in the case of monocultures in the microsystem, the nanocapsules 1 did not
exhibit significant photocytotoxicity to carcinoma and normal cells after 24 h of incubation and
24 h after performing PDT procedures. Whereas we observed a decrease in A549 and MRC-5
cells viability (approximately to the level of 85% for carcinoma cells and 70% for normal cells)
for the nanocapsules 2. Moreover, we observed similar photocytotoxic effect of nanocapsules
2 in the mixed culture, as for the mono- and coculture. Whereas both carcinoma and normal
cell lines incubated with free cyanine IR-780 showed relatively high viability after the PDT
procedures (Fig. 5(c)). This indicates higher photocytotoxic effect of nanocapsules 2 in com-
parison with free photosensitizer.

In the next stage of our research, the energy dose of irradiation was increased to 10 mW/
cm?, as we believed that this would enhance the photocytotoxicity effect of the tested nanocap-
sules. On the other hand, we decided to incubate cells with the tested photosensitizers at their
concentration of 6 uM. It was the highest tested concentration of each type of the photosensi-
tizer that only in case of nanocapsules 1 did not exhibit any cyto- and photocytotoxic effect.
The results of cell viability are shown in Fig. 6.

This time a slight decrease in the viability of both A549 and MRC-5 cell lines incubated
with nanocapsules 1 (Fig. 6(a)) was observed (the effect was higher than obtained previously
for energy dose 6.5 mW/cm?). However, a significant decrease in the viability of the tested cell
lines treated with nanocapsules 2 (Fig. 6(b)) was noted. For monoculture A549 and MRC-5
cells’ viability was approximately 30% and 35%, respectively. On the other hand, for the con-
nected microchambers cells’ viability was a little bit higher for normal cells but for both cell
lines it was less than 20%. There was a slight decrease trend of the both cell lines viability
with diminishing distance between the microchambers. The lowest cells’ viability was observed
in the microchambers connected with the shortest microchannel. Based on these studies, it
could be concluded that the increase of energy dose to 10mW/cm? causes a significant decrease
in the cell viability for nanocapsules 2, whereas for the nanocapsules 1 photocytotoxic effect
was not so high. We assume that these phenomena can result from the nanocapsules’ surface
charge difference so more detailed research will be conducted in the nearest future.

CONCLUSIONS

In this paper, we have investigated efficacy of nanoencapsulated indocyanine-type photo-
sensitizers’ delivery to the cell cultured under model conditions using multiwell plates and the
specially designed hybrid (PDMS/glass) microfluidic system. The specific geometry of our
microsystem allows for the examination of intercellular interactions between normal (MRC-5)
and carcinoma cells (A549), cultured in the microchambers connected with microchannels of
precisely defined length (200-1000 ym). Such a construction allows investigating various thera-
peutic procedures (e.g., PDT) on cells under similar to in vivo conditions. During our studies,
the presented microfluidic system was used for determination of nanocarriers influence on three
types of cell cultures: monoculture, coculture, and mixed culture, simultaneously, which is very
difficult and time consuming to perform using standard 96-multiwell plates.

In our study, we demonstrated non cytotoxic effect of new synthesized nanocapsules built
with polyelectrolytes of opposite surface charges: polyanion—PSS and polycation—PDADMAC
loaded with cyanine IR-780 on human lung cell lines A549 and MRC-5. The long-term stability
of new synthesized dye-loaded nanocarriers was proved by their UV-Vis spectra acquisition after
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over three months storage. Moreover, flow cytometry and confocal microscope imaging were used
to evaluate selective accumulation of nanocapsules in both cell lines tested. Our data showed that
cellular uptake of nanocapsules loaded with cyanine IR-780 in carcinoma cells (A549) was more
significant than in normal cells (MRC-5).

After advanced characterization of two types of nanocarriers (nanocapsules 1 and nano-
capsules 2), their photocytotoxicity was evaluated on two cell lines in the microfluidic system.
The results obtained in microscale also proved low cytotoxicity of both tested nanosystems. In
turn, decrease in the viability of both cell lines was noticed after PDT procedure for nanocap-
sules 2. The photocytotoxic effect observed for nanocapsules 1 was not statistically significant.
However, after increasing of applied energy during PDT procedure, the photocytotoxic effect
observed was noticeable for nanocapsules 1 and much higher for nanocapsules 2 (cells’ viabil-
ity less than 20%). We suppose that the differences observed in the photocytotoxic effect
between two types of tested nanocapsules can result from the last PE layer and its different sur-
face charge. However, further studies are needed to explain this phenomenon and to improve
the photocytotoxic effect of PE nanoencapsulated photosensitizer.
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