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Abstract: Microencapsulation and targeted delivery of cytotoxic and antibacterial agents of
photodynamic therapy (PDT) improve the treatment outcomes for infectious diseases and cancer.
In many cases, the loss of activity, poor encapsulation efficiency, and inadequate drug dosing hamper
the success of this strategy. Therefore, the development of novel and reliable microencapsulated
drug formulations granting high efficacy is of paramount importance. Here we report the in vitro
delivery of a water-soluble cationic PDT drug, zinc phthalocyanine choline derivative (Cholosens),
by biodegradable microcapsules assembled from dextran sulfate (DS) and poly-L-arginine (PArg).
A photosensitizer was loaded in pre-formed [DS/PArg]s hollow microcapsules with or without
exposure to heat. Loading efficacy and drug release were quantitatively studied depending on the
capsule concentration to emphasize the interactions between the DS/PArg multilayer network and
Cholosens. The loading data were used to determine the dosage for heated and intact capsules to
measure their PDT activity in vitro. The capsules were tested using human cervical adenocarcinoma
(HeLa) and normal human dermal fibroblast (NHDF) cell lines, and two bacterial strains, Gram-positive
Staphylococcus aureus and Gram-negative Escherichia coli. Our results provide compelling evidence
that encapsulated forms of Cholosens are efficient as PDT drugs for both eukaryotic cells and bacteria
at specified capsule-to-cell ratios.

Keywords: polyelectrolyte multilayer microcapsules; photodynamic therapy; Cholosens;
post-loading; high-temperature treatment; encapsulation efficacy
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1. Introduction

Photodynamic therapy (PDT) is one of the modern methods for the treatment of cancer and
infectious diseases that hold the promise of selective erasing of the pathologic area [1-3]. PDT is
performed through the delivery of a photosensitizing agent with negligible dark toxicity to a diseased
tissue, followed by excitation of the drug with the light of an appropriate wavelength. In response
to light, the photosensitizer produces free radicals and/or reactive oxygen species that kill the target
pathogenic or cancer cells [4,5]. Photosensitizer molecules with strong absorption peaks in the far-red
or near-infrared regions are preferential for use in PDT because they allow the treatment of deeper
tissues due to deeper penetration of the activation energy in comparison with the drugs absorbing at
shorter wavelengths. The efficacy of PDT could be increased further by targeting the affected area with
a delivery platform, which helps to improve the site-specificity and bioavailability of the PDT drug,
thereby producing minimal impacts of drug activation on the surrounding healthy tissues [6-11].

Several organic and inorganic particle formulations of the PDT drugs for cancer treatment have
shown superiority over the respective free therapeutics [6,11-13]. A clear preference based on a higher
efficacy belongs to nanomaterials capable of passively targeting tumors via the enhanced permeability
and retention (EPR) effect. However, multiple deficiencies of nanomaterials related to their inherited
properties, e.g., structural instability, or their systemic, long-term, and dose-dependent toxicities [11],
are promoting the development of safer alternatives. Micron or submicron-sized polymeric multilayer
capsules (PMC) assembled on CaCOj5 vaterite sacrificial templates via alternate adsorption of biodegradable
polyelectrolytes represent the system of choice for the delivery of PDT drugs, owing to their long-term
structural stability and low toxicity [14,15]. PMC have been developed as a universal delivery platform
for many essential biologically active molecules, such as growth factors [16-18], antigens [19], unspecific
components of the immune system [20], enzymes [21-24], DNA [25,26], RNA [27-29], and anticancer
drugs [30,31], providing multiple options for targeting and controlled release by remote and local physical,
chemical, and biological stimuli [32,33]. Advancements in the miniaturization of vaterite templates
and their respectively assembled PMC [34-36] have eased a long-held concern about the ability of such
capsules to penetrate tissues and cells for delivery of drugs via intravenous injections. PMC with the size
of ~250 nm were internalized by macrophages and epithelial cells of the lungs and liver with efficacy
higher than 75% when administered in mice through an injection into the tail vein [31].

There are two widely accepted classic ways to encapsulate a molecular payload in polymeric
multilayers. Depending on the succeeding order of the capsule assembly and loading, they are respectively
called pre-loading and post-loading. Pre-loading involves absorption of the molecules of interest by
templates (e.g., porous vaterite or mesoporous silica particles) followed by the capsule assembly, with
subsequent template dissolution. Post-loading comprises molecular diffusion of the drug in the hollow
PMC upon immersion into a solution of the payload [37,38]. The efficacy of each loading method strongly
depends on the permeability of the polymeric multilayer network by the payload molecules, which can
be altered by varying the pH of the continuous phase [39-41] or by the exposure to heat [42—-44].

Until recently, the polyelectrolyte multilayer network was considered a membrane that is not
permeable for large molecules with a molecular weight exceeding 1 kDa [45]. According to this concept,
free diffusion of smaller molecules was thus unrestricted. As such, the encapsulation of low molecular
weight, water-soluble compounds has not been attempted using the classic loading methods. In a
series of publications [31,36,46], we extended this concept by bringing into consideration the ionic
charge compensations occurring within the multilayer infrastructure [47]. There are two types of
charge compensations in the PMC network: one that is formed by the interaction of the multilayer
polyelectrolytes (we define it as “intraneous” compensation); the other one is the “extraneous”
compensation held by the original counterions coming with the individual polyelectrolytes before
forming the PMC. These are small oppositely-charged ions of the water phase, such as H*, Na*,
OH™, CI', etc. We envisioned that in such complex, intermixed ionic surroundings, the payload
molecules of ionic nature would compete with the extraneous ions for respective resident ions in the
polyelectrolyte network, thereby partially getting trapped in the capsule membrane [46]. Consistent
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with this assumption, we successfully applied a classic post-loading method to encapsulate low
molecular weight water-soluble compounds in PMC [31,46], providing experimental evidence that a
certain portion of the ionic payload gets associated with the polyelectrolyte multilayer wall, rather
than arrives into the capsule interior [46].

High-temperature treatment of post-loaded PMC increases the number of polymer groups involved
in the intraneous charge compensation, leading to the following three consequences: (1) tightening up
the pores in the polyelectrolyte multilayer network and thus sealing the capsule; (2) capsule shrinking;
(3) displacement and loss of some amount of payload associated with the polyelectrolyte multilayer
wall via the extraneous charge compensation. Elsewhere, we have studied the physical-chemical
aspects of the temperature effect on PMC, including detailed comparative research of the loading
efficacy for rhodamine B for heated and intact capsules made of different polyelectrolyte pairs [36,46].
In addition, we have demonstrated a similar cell internalization rate in vitro for heated and intact
capsules [31]; however, a complete dataset revealing the influence of temperature on the therapeutic
efficacy of PMC post-loaded with low molecular weight water-soluble drugs is still missing.

Small-to-medium molecular size PDT drugs stable to heating up to 70-90 °C are excellent
models with which to discover the potential of PMC as a delivery platform for therapeutics
encapsulated via the post-loading method. In this work, we used the phthalocyanine-based
dye, octakis{methylene[N-(2hydroxyethyl)-N,N-dimethylammonium]}chloride zinc phthalocyanine,
M = 1610 g/mol (Figure 1), which is currently marketed under the trade name Cholosens in Europe, as a
PDT drug for oncology and infectious diseases in dentistry, otorhinolaryngology, gynecology, urology, and
surgeries of various etiology [48-53]. Cholosens has an absorption peak at 680 nm. Light irradiation at this
wavelength causes the generation of singlet oxygen from Cholosens molecule with a high quantum yield of
100 J/cm? [54]. A recent study revealed the photobiological properties of non-encapsulated phthalocyanine
photosensitizers, including Cholosens [55]. The current work aims to determine the efficacy of dextran
sulfate (DS) and poly-L-arginine (PArg) PMC ([DS/PAgr]s) capsules loaded with Cholosens for the PDT
treatment on eukaryotic cells and bacteria studied in vitro. Human adenocarcinoma (HeLa) cells and
normal human dermal fibroblasts (NHDF) were used as corresponding models of cancer and normal
eukaryotic cells. The antimicrobial PDT effect was studied on Gram-positive and Gram-negative strains,
Staphylococcus aureus and Escherichia coli, respectively. In our work, we post-loaded the capsules with
Cholosens with and without exposure to high temperature (80 °C for 60 min), while also varying the
capsule concentration to get a better understanding of ionic interactions between the DS/PArg multilayer
capsules and Cholosens. PMC loading was then followed by detailed research of the heat treatment’s
influences on the potency of the encapsulated form of Cholosens, i.e., the drug release rate, internalization
of capsules by cells, and their dark and light toxicities.

Figure 1. Chemical structure of Cholosens.
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2. Materials and Methods

2.1. Materials

Poly(sodium 4-styrenesulfonate) (PSS, M = 70 kDa), a 20% w/w water solution of
poly(diallyldimethylammonium chloride) (PDADMAC, M = 100-200 kDa), dextran sulfate, sodium
salt (DS, M > 40,000), poly-L-arginine hydrochloride (PArg, M > 70,000), x-chymotrypsin from bovine
pancreas, calcium chloride dihydrate, anhydrous sodium carbonate, ethylenediaminetetraacetic acid
trisodium salt (EDTA), rhodamine 6G (RhD6G), fluorescein 5-isothiocyanate (FITC), phosphate-buffered
saline (PBS), Dulbecco’s minimum essential medium (DMEM), fetal bovine serum (FBS), Alamar blue,
and calcein-AM were purchased from Sigma-Aldrich. Minimum essential medium (MEM), penicillin,
streptomycin, trypsin, and trypan blue were purchased from Thermo Fisher Scientific. Hydrochloric
acid was obtained from Merck. Zinc phthalocyanine (Cholosens) was kindly provided by the Institute
of Organic Intermediates and Dyes (Moscow, Russia). All chemicals were used as received without
further purification.

Normal human dermal fibroblasts (NHDF) and HelLa cell cultures were obtained from the
Department of Cell Engineering, Education and Research Institute of Nanostructures and Biosystems,
Saratov State University, Russia. Staphylococcus aureus and Escherichia coli were from ATCC (ATCC
25923 and ATCC 25922, respective strains).

Deionized water with specific resistivity higher than 18.2 MQ cm™ from a three-stage Milli-Q
Plus 185 purification system was used in the experiments.

2.2. Preparation of Microcapsules and Loading with Cargo

A single batch of hollow PMC was prepared and used in all experiments described in
this manuscript.

The capsules were assembled and loaded with Cholosens following the method previously
described by our group [46]. In brief, the CaCO3 microparticle template was synthesized by mixing
2mL of each of 1 M CaCl; and Nap,COj solutions under vigorous agitation for 30 s. The obtained CaCOs3
spherical particles with (average diameter 4 pm) were collected by centrifugation and thoroughly
washed with DI water. Multilayer capsules comprising four bi-layers of DS/PArg were then assembled
on CaCOj via the layer-by-layer (LbL) method. DS and PArg were alternatively adsorbed from
2 mg/mL and 1 mg/mL of respective aqueous solutions, also containing 0.5 M NaCl, starting from
the DS layer. After each single layer formation, the particles were thoroughly washed with water to
remove the uncoupled polymer. The obtained coated particles were treated with 5 mL of 0.2 M EDTA
for 15 min to remove the inorganic phase resulting in the formation of hollow polymeric capsules.
Capsule suspensions containing variable numbers of particles were then re-dispersed in 1 mL of an
aqueous solution of Cholosens (0.05 mg/mL). After one hour of incubation needed for the infiltration of
Cholosens, each suspension was divided into two specimens. Capsules in specimen 1 were immediately
washed with DI water by centrifugation to remove the unloaded Cholosens, whereas capsules in
specimen 2 were heated up to 80 °C and kept for 60 min at constant shaking (500 rpm) before cooling
down for ten minutes and washing. The supernatants were collected to measure the concentration
of Cholosens (the data were further used to calculate the encapsulation efficacy, and the amount
of Cholosens loaded in PMC). Here and further in the manuscript, the concentration of Cholosens
in supernatants was determined spectroscopically (Synergy H1 reader (BioTek, Winooski, Vermont,
U.S.A.) by measuring the intensity of fluorescence at Aex = 685 nm, Aemy = 715 nm. The fluorescence
intensity data were then converted to concentrations using a calibration curve plotted for a series of
dilutions with a known concentration of Cholosens, which exhibited linear character in the measured
concentration range. Each calibration solution was prepared in 1x PBS to match the ionic strength of
the tested samples.
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The PMC were post-loaded with RhD6G of FITC dyes via incubation of the microcapsule
suspension in the respective solutions (0.1 mg/mL) for 60 min followed by three washing steps with
DI water.

2.3. Capsule Enzymatic Degradation

Cholosens-loaded capsule suspensions were lyophilized in FreeZone 12 Labconco freeze drier.
Each sample was then mixed with 1 mL of 1 mg/mL a-chymotrypsin dissolved in 1x PBS (pH 7.4) in
2mL centrifuge tubes and kept at 37 °C for 24 h. Undissolved polymeric complexes were then extracted
by centrifugation and resuspended again in the enzyme solution. The respective supernatants were
analyzed with fluorescence spectroscopy to determine the amount of Cholosens released from the
capsules after the complete digestion of the PMC.

2.4. Release of Cholosens

The cumulative release of Cholosens from 4.5 x 10% [DS/PArg]s microcapsules in 1 mL of 1x PBS
(pH 7.4) was measured with fluorescence spectroscopy over 48 h. The medium was fully refreshed at
each timepoint.

2.5. Uptake of Microcapsules by Cells

Uptake of PMC was studied on HeLa cells by flow cytometry. For this purpose, the capsules were
labeled with FITC (Aex = 491 nm, Aem = 516 nm). The cells were seeded in 24-well cell culture plates at
the density of 10000/cm? in 0.5 mL DMEM supplemented with 10% FBS and 1% penicillin-streptomycin
appropriate for the cell passage and incubated for 24 h. The medium was then replaced by the fresh
DMEM containing FITC-labelled PMC (5 capsules/cell). After incubation for 1, 2, 4, and 24 h to allow
the capsule uptake, the cells were rinsed with PBS (pH 7.4) three times, trypsinized, centrifuged, and
kept in ice-cold PBS until study with a FACSCalibur flow cytometer. The cells were treated with trypan
blue to quench the extracellular fluorescence of FITC and to detect the signal from internalized capsules
solely [56]. Quantitative data were obtained using the BD CellQuest software.

2.6. PDT Activity of Cholosens-Loaded Microcapsules on Human Cells

HeLa and NHDF cells were seeded in a 96-well cell culture plate at the density of 10* cells per
well. Each well in the culture plate was filled with 100 uL of MEM supplemented with 10% FBS, also
containing 1% penicillin-streptomycin. The plates were incubated at 37 °C in 5% CO; atmosphere.
Twenty-four hours after plating, free or encapsulated forms of Cholosens were added to the culture
medium followed by incubation overnight. The encapsulated form of Cholosens was represented by
loaded [DS/PArg]y shells with or without consequent heat exposure. PMC were added to the culture
medium at the densities of 5, 20, or 40, and each capsule contained 0.9 + 0.13 pg of Cholosens.

The cell culture medium was further replaced with PBS to reduce optical density. Each well of the
plate was irradiated with a light-emitting diode of 680 nm wavelength (Polironik, Moscow, Russia) for
7.5 min with an intensity of 4000 Ix (corresponding to 80 mW/cm?). Upon that, PBS was replaced by
the cell culture medium again.

In the last step, 10 puL (10% V/V) of fluorescence dye Alamar blue was added to each well for
detecting viable cells followed by 24 h of incubation. Fluorescence intensity of the samples (excitation
560 nm, emission 590 nm) was then measured spectroscopically.

Corresponding data on the viability of non-irradiated HeLa and NHDF cells grown without any
of encapsulated or free forms of Cholosens were taken as 100%.

2.7. Antimicrobial PDT Activity of Photosensitizer-Loaded Microcapsules

The antibacterial activity of Cholosens-loaded PMC against the strains of S. aureus and E. coli
was defined using the modified method of minimum inhibitory concentration. The experiments were
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conducted in triplicate to ensure statistical significance. Both Staphylococcus aureus and Escherichia coli
were cultured and kindly provided by Saratov Institute of Traumatology and Orthopedics (Saratov,
Russia). Nutrient agar was prepared and provided by the Institute of Organic Intermediates and Dyes
(Moscow, Russia).

Next, 300 pL of suspensions containing microorganisms (3 x 10° cells/mL) were mixed with
microcapsule suspensions in different ratios (ranging from 3 to 80 capsules/cell) and incubated for
60 min. After that, the mixtures were irradiated with a 680 nm light-emitting diode, as described above.
100 pL of each light-treated suspension was then inoculated on the surface of NA obtained from 20 mL
of 1.5% sterile NA medium solidified in the Petri dishes (2R = 7.5 cm). The Petri dishes were incubated
for 24 h at 37 °C to grow individual bacterial colonies on the solid medium surface. The numbers of
cells in the original suspensions were adjusted in such a way as to avoid confluence. Non-irradiated
bacterial samples cultured in a similar way were used as a negative control. Corresponding data on
the viability of non-irradiated S. aureus and E. coli grown without any of encapsulated or free forms of
Cholosens was taken as 100%. The results were presented as arithmetic means and standard deviations.

2.8. Characterization

The obtained PMC were visualized with a scanning electron microscope (SEM): the FE SEM
JSM6700F instrument in the secondary electron imaging mode at 5 keV. The samples were prepared by
placing a 10 pL droplet of microcapsule suspension on a silicon substrate followed by drying overnight.
The surface of the sample was then covered with a layer of gold before taking the SEM images.

The shell thickness was measured by atomic force microscopy (AFM) performed with an NT-MDT
Ntegra spectra probe station in a semi-contact mode with the GOLDEN series probes NSG10 having a
curvature radius of 6 nm. The samples for AFM measurements were prepared by drying 2 pL droplets
of the capsule suspensions on the surface of a cover glass.

Capsule concentration in suspensions was obtained using a hemocytometer as an average of 5
measurements for each sample.

Capsule loading was measured via two complementary approaches. In the first approach, the
supernatants collected after loading were analyzed spectroscopically. The cumulative loss of payload
upon loading and consecutive washings was then deducted from its initial amount to obtain the weight
of loaded Cholosens and loading efficacy. The loading efficacies of thermally treated vs. intact PMC
were compared using the following equation:

m|Chol — m|Chol .
Ecomp(o/o) _ [ Y Osens]heated [ O Osens} intact x 1000/0,
m[Cholosens;,,;,.+

where Ecomp—the comparative encapsulating efficacy of two approaches; m[Cholosens];,,,;,; and
m[Cholosens;,;,,—the amount of Cholosens in heated and intact capsules, respectively.

In the second approach, the amount of Cholosens released from the enzymatically digested
capsules was measured by fluorescence spectroscopy.

Complementary information on the capsule size and visual evidence of cellular uptake and
cancer cell elimination by Cholosens-loaded PMC was provided by confocal laser scanning microscopy
(CLCM) using Leica TCS SP8 X (Leica Microsystems, Wetzlar, Germany).

Before taking the images, each capsule sample was manually scanned along the z-axis in the
fine-focus regime to reveal the focal plane where the shells displayed the darkest interior at the
maximal outlined area. The focus was then set up on this plane, and the sample was imaged. Captured
capsules displaying the darkest interior (at least 20 per each sample) were measured to reveal the
average diameter.

HeLa cells were plated into a Petri dish and incubated for 24 h before staining with a calcein-AM
dye (Aex =495 nm, Aemy, =515 nm). For staining, 1 um of calcein-AM solution with an initial concentration
of 1 mg/mL was added per one milliliter of the culture medium to achieve 0.001 mg/mL of calcein-AM.
The cells were then kept in an incubator for 30 min, followed by thorough washing by PBS to remove



Pharmaceutics 2020, 12, 610 7 of 22

the excess of the dye. Upon that, the suspension of the Cholosens-loaded capsules (2 capsules/cell) or
a Cholosens aqueous solution were added into the cell medium. After two hours of incubation, the
CLSM images were taken. The amount of added free Cholosens was as such to level with the total
amount of the photosensitizer in the capsules (assuming 0.9 pg of Cholosens loaded in a single capsule).
The position on the z-axis for imaging of HeLa cells was found manually by scanning the observed
group of cells in the fine-focus regime to reveal the ventral area of the cell, which typically had the
strongest signal from the calcein-AM dye (green fluorescence) and the largest observed area with the
green fluorescence. This technique ensured that the observed Cholosens-loaded PMC (red fluorescence)
were internalized by cells without the necessity of co-localization of the capsules with the cell nucleus.
Cholosens-loaded [DS/PArg]s microcapsules were visualized at Aex = 685 nm, Aeyn = 715-780 nm.
Photodynamically-induced damage of HeLa cells by different forms of Cholosens was visualized by
irradiation of the respective samples with white laser (WLL E, avg. power 1.0 mW) at 670 nm. A single
cell in the treated area received approximately 0.1 mW irradiation dose.

2.9. Data Analysis

Statistical analysis of data was conducted using unpaired two-tailed Student’s t-test. Data are
presented as the means + standard deviations (SD). Two levels of significance were established (p <
0.05 and < 0.01).

3. Results

3.1. Temperature-Induced Morphological Changes in the [DS/PAgr]y PMC System

We have previously determined a temperature treatment profile leading to size reduction
and tightening of PMC capsules at 90 °C for 60 min [36]. In this case, to ensure the stability
and biological efficacy of Cholosens, we lowered the temperature to 80 °C while keeping the
treatment duration unchanged. Images obtained by scanning electron microscopy (SEM), confocal
laser scanning microscopy (CLSM), and atomic force microscopy (AFM) in Figure 2 depict the
[DS/PArg]s microcapsules before and after heating to validate and quantify the PMC response to
treatment at the modified conditions. Upon exposure to 80 °C for 60 min, the capsules underwent
morphological changes that we observed previously, i.e., a decrease in size and tightening [36]. SEM
images (Figure 2al,a2) reveal the overall size reduction and (significantly) increased thickness of the
heat-treated polymeric multilayer shells compared to intact PMC. Capsules also gained rigidity after
heat exposure so that the smallest particles in the batch were able to stay spherical after drying on a
solid support. In addition, SEM confirms the transformation of all capsules in the batch in response to
80 °C.

Estimations of the average capsule size using the CLSM images (Figure 2b1,b2) and respective
cross-sections (for example see Figure S1) revealed that the capsules contracted after heating from
4.95 + 0.65 um to 3.78 + 0.4 pm; that gives the size decrease of ~23%. In this study, the heated shells
demonstrated an increase in thickness from 0.073 + 0.009 um to 0.114 + 0.025 um (~35% increase)
according to the AFM data (Figure 2c1,c2,d1,d2).
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Figure 2. (al,a2) SEM and (b1,b2) CLSM images of [DS/PArg],; microcapsules: (al,b1) intact; (a2,b2)
after heat treatment at 80 °C for 60 min. The capsules were post-loaded with RhD6G for visualization
with CLSM at Aex = 525 nm, Aem = 548 nm. (c1,d1) and (c2,d2) AFM images and respective phase
contrast of the capsules (c1,c2) before and (d1,d2) after heat treatment.

3.2. PMC Loading and Release of Cholosens

Suspension of loaded capsules gained a bright blue color after the diffusion of Cholosens. Free
Cholosens has two absorbance peaks at 635 and 680 nm. Figure S2 depicts the absorbance spectrum of
Cholosens after the encapsulation. The positions of absorbance peaks of the encapsulated drug did
not significantly shift when compared to those of the free drug, indicating that no structural change
occurred upon the loading process.

Cholosens loading was assessed by the quantitative analysis of the loading efficiency that was
essential for administration dosage of heated and intact encapsulated drug forms for in vitro studies.
Previously we showed that the amount of rhodamine B detected in DS/PArg capsules was lower for
heated analogs in comparison with the untreated PMC. Moreover, the loading of heated capsules did
not depend much on the capsule concentration that was varied in the range of 6.9 x 10’-3.4 x 10°
capsules/mL, whereas the loading of non-treated PMC gradually increased with the increasing of the
number of capsules in the sample [46]. The particular aspects of loading Cholosens in [DS/PArg], PMC
were discovered upon varying the capsule concentration from 0.6 X 10® to 9 X 10® capsule/mL at a
constant concentration of Cholosens (0.05 mg/mL).

The amount of Cholosens loaded in the [DS/PArg]s microcapsules was measured by two
complementary approaches, i.e., (1) by measuring the residual concentrations of the drug in the
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supernatants obtained after loading (Figure 3), and (2) by measuring the concentrations of the drug
released after enzymatic degradation of the loaded PMC (Figure S3). Spectroscopic measurements
of the supernatants obtained after the loading of Cholosens (Figure 3a) revealed that the residual
concentration of the drug had decreased with increasing the capsule concentration for both heated and
intact PMC. The minimal concentrations of Cholosens were detected in the samples containing the
highest amounts of intact or heated PMC, i.e., 9 X 108 capsules/mL. At this capsule concentration, the
residual concentrations of Cholosens were 2.2% and 6.2% of the initial 0.05 mg/ml for intact and heated

capsules, respectively.
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Figure 3. Loading of Cholosens in [DS/PArg]s microcapsules with and without heat treatment (80 °C,
60 min) depending on the capsule concentration: (a) spectroscopically measured concentration of
Cholosens remaining in supernatant after loading; (b) calculated amount of Cholosens in pg loaded in

a single capsule.

The loading data obtained through measurements of Cholocesns released from
enzymatically-degraded capsules (Figure S3a) and through the analysis of its residual amount
in the supernatant (Figure 3a) are generally in good agreement and so is the respective data on the
loading of a single capsule (Figure 3b and Figure S3b) calculated from the corresponding datasets
plotted in Figure 3a and Figure S3a. In essence, capsules in bigger batches do entrap larger amounts of
Cholosens. A sharp decrease in the loading of a single capsule, however, was observed at the biggest
concentration of 9 x 10® capsules/mL. The observed result contains no contradiction if we take into
account the residual concentrations of Cholosens observed for the capsule concentration 4.5 x 10%
capsules/mL, which were approximately 20% and 10% of the initial amount in suspension for intact
and heated capsules, respectively. As such, at a higher capsule concentration, the drop in the loading
per capsule was well-expected because almost the same amount of Cholosens was spread across a

larger number of capsules.
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The total amount of loaded Cholosens significantly increased when increasing the capsule
concentration for both intact and heated capsules (Figure 3a, Figure S3a). Besides, the amounts of
loaded Cholosens in the DS/PArg heated and intact microcapsules were close or slightly higher in the
case of heated PMC for the majority of the capsule concentrations (Figure 4). At9 x 108 capsules/mL,
intact PMC displayed better loading than their heated counterparts.
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1 " 1 " 1 n
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Figure 4. Loading of Cholosens in [DS/PArg], microcapsules with and without heat treatment (80 °C,
60 min) depending on the capsule concentration: comparative loading efficacy for heated vs. intact
capsules. The loading efficacies of heated vs. intact PMC were compared using the data on the
Cholosens loading in a single capsule displayed in Figure 3b.

Figure 5 shows the respective release profiles of Cholosens from intact and heated capsules over
48 h. The amount of Cholosens released from the intact PMC at each timepoint was roughly about
two times higher than from the heated ones, thereby emphasizing the effect of polymeric multilayer
network tightening for the diffusion of Cholosens upon exposure to 80 °C.
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Figure 5. Cumulative release of Cholosens from 4.5 X 108 [DS/PArg], microcapsules intact or treated
by elevated temperature upon loading (80 °C, 60 min) in 1 mL of 1 x PBS buffer.

3.3. Cellular Uptake of [DS/PArgls Microcapsules

Before engaging in the in vitro experiments, we studied the morphology of [DS/PArgls
microcapsules in the cell culture medium. As such, we observed no changes for the capsules
suspended in water or 1x phosphate-buffered saline (PBS). Capsule cellular internalization was then
studied on HeLa cells by analyzing approximately 10* cells per sample by flow cytometry. The PMC
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were post-loaded with FITC for analytical purposes. In each sample, the cells were mixed with capsules
in a concentration of 10 capsules/cell. The uptake level (the proportion of cells (%) with at least one
capsule) was determined as the median fluorescence intensity in each sample related to the median
fluorescence intensity of the control cells incubated without capsules. The results are reflected in
Figure 6a as mean values + standard deviations.
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Figure 6. Interactions of [DS/PArg],; microcapsules with HeLa cells: (a) flow cytometry data on the
capsule internalization (10 capsules/cell) showing percentages of cells with at least one capsule (*
p < 0.05, intact vs. heated capsules with the same duration of incubation); (b) characteristic CLSM
image of HeLa cells incubated with heat-treated [DS/PArg]y; microcapsules loaded with Cholosens
(three capsules/cell, 24 h, 37 °C). Green color displays the calcein-AM dye metabolized by viable
cells (Aex = 495 nm, Aem = 515 nm), and red color displays Cholosens encapsulated in [DS/PArg]y
microcapsules (Aex = 685 nm, Aem = 715-780 nm).

Internalization of [DS/PArg]y microcapsules by HeLa cells was a time-dependent process, wherein
the number of cells with internalized capsules had gradually increased. Similarly to the data described
elsewhere [57], the highest capsule internalization rate by HeLa cells was observed during the first
four hours (Figure 6a). The uptake efficacy was slightly higher for heated capsules than for intact
ones over the early two hours (* p < 0.05); no significant difference in the uptake of heated and
intact PMC was observed at the next timepoints, indicating no prolific impact of the capsule size
difference (Table S1). After 24 h, nearly 82% of the studied HeLa cells had internalized the [DS/PArg]s
microcapsules. The emission spectrum of Cholosens has a sharp peak at ~700 nm wavelength that
allows visualization of the Cholosens-loaded PMC in the cell culture medium and inside the cells
after internalization. A typical CLSM image of the cells containing Cholosens-loaded capsules at 24 h
timepoint supports the flow cytometry data (Figure 6b).
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3.4. Comparison of the Actions of the Encapsulated and Free Forms of Cholosens on Human Cell Lines

The cytotoxicity of the free and the [DS/PArg]s-encapsulated Cholosens was studied on the normal
(NHDF) and cancerous (HeLa) human cell lines by varying the capsule/cell ratio from 1 capsule/cell up
to 40 capsules/cell. HeLa and NHDF cells were cultured overnight in the Cholosens containing medium
or with the Cholosens-loaded PMC; then, the number of viable cells was measured by detection of the
metabolic activity through staining the cells with a resazurin-based dye, Alamar Blue. Control groups
for both cell lines were incubated in the culture medium with no added capsules or free drug at 37 °C.
After 24 h, the medium was exchanged for 1x PBS buffer before cell irradiation with a laser diode to
avoid absorption of light by the medium.

Non-encapsulated Cholosens possessed concentration-dependent toxicity for both studied cell
lines, which was markedly reduced after the drug encapsulation in [DS/PArg], (Figure 7a). Both intact
and heated encapsulated forms of Cholosens did not affect the viability of HeLa cells at all studied
capsule/cell ratios. As suggested by Figure 6b, HeLa cells internalized a large number of capsules
with no adverse effects on morphology. The captured cells display a well-defined cell shape spread
typical for attached HeLa cells. After 24 h of incubation with PMC, the cells exhibit sufficient adhesion,
indicating that they were healthy and that they tolerated the internalized capsules well. The NHDF
cells became significantly inhibited by the encapsulated forms of Cholosens at the capsule concentration
of 20 capsules/cell (Figure 7a). At one and five added capsules per cell, the Cholosens-loaded capsules
were significantly less cytotoxic than the non-encapsulated drug (Table S2).
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Figure 7. Light and dark viability of HeLa and NHDEF cells in the presence of free and encapsulated forms
of Cholosens: (a) cell viability depending on the number of Cholosens-loaded [DS/PArg]s microcapsules
(intact or heated) in the culture medium; (b) comparative effect of the free and encapsulated forms
of Cholosens after light irradiation. HeLa/pure and NHDF/pure refer to the cells untreated with any
form of Cholosens. Corresponding data on the viability of non-irradiated HeLa and NHDF cells grown
without any of encapsulated or free forms of Cholosens were taken as 100%. The respective Student’s
t-test results are shown in Tables S2-56. * p < 0.05, ** p < 0.01 when compared heated vs. intact capsules

(a), and encapsulated forms of Cholosens vs. free drug (b). The respective IC50 values for each drug
form are shown in Table S10.
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Light cytotoxicity of the encapsulated and free forms of Cholosens was measured comparatively
after irradiation of the respective wells with adherent HeLa and NHDF cells with a 680 nm light-emitting
diode for 7.5 min at the power density of 80 mW/cm? over the area of ~0.8 cm?. The data in Figure 7a
demonstrate a significant decrease in fluorescence signal (i.e., the metabolic activity) in the control
groups for both HeLa and NHDF cells in response to the light irradiation: the residual viability
of the treated cells was ~40%. Cell treatment with encapsulated and free Cholosens (equal to five
capsules/cell and higher) resulted in a drastic drop in the number of living cells of both cell lines after
light irradiation when compared to the non-irradiated cells.

The effects of the encapsulated Cholosens in both heated and intact [DS/PArg], PMC compared to
the free drug form on the cell viability varied by up to 6-7%, except in the case of HeLa cells treated
with five intact capsules per cell; the viability of those was significantly different from the treatment
with free Cholosens (Figure 7b). It appears that at this capsule/cell ratio, the amount of Cholosens
delivered by capsules is not sufficient to provide the desired effect, but it is working as projected
at higher ratios. At the lowest capsule/cell ratio (i.e., 1 capsule/cell), the free form of the drug also
exhibited a limited advantage over the encapsulated form (Figure 7b, Table S2). The results of the
Student’s t-test showed that laser irradiation provided a significantly higher level of toxicity of the free
drug form in both cell lines (Table S3). Additionally, a high level of statistical significance (** p < 0.01) of
the difference between the toxicity of intact capsules after laser irradiation compared to non-irradiated
samples was confirmed for all studied capsule/cell ratios in both cell lines (Table S4). In the majority
of cases examined, the toxicity of the intact and heated Cholosens-loaded capsules is not significant
(Table S5). This phenomenon was observed both for the non-irradiated and irradiated conditions in
HeLa and NHDF cells. Rare cases of significant differences between intact and heated capsules are
marked in Figure 7a.

Cells were monitored by CLSM to detect photodynamically-induced damage of HeLa cells by
different forms of Cholosens. First, the cells were incubated in the Cholosens solution for a few hours,
followed by staining with a vital dye, calcein-AM. The cells were then irradiated at 670 nm for 60 s over
the sample area of ~175 x 175 um? to induce the generation of singlet oxygen by the photosensitizer.
HeLa cells incubated in the culture medium without adding Cholosens for the same duration were
used as a negative control after replacing the medium with 1x PBS buffer before light irradiation.

The control sample did not display any visible changes in the cell morphology after the irradiation
(Figure 8a,b). In the presence of Cholosens, however, the irradiated cells underwent dramatic
morphological changes even five minutes past the beginning of the light exposure, which was
accompanied by the formation of the vesicles over their surfaces (Figure 8c—f). Distinct transformations
of the cell shape and a consequent decrease in the fluorescence of calcein-AM over the next 20 min
indicate the destruction of the cells within the treated area, confirming the high potency of Cholosens
as a PDT drug (Figure 8c—f).



Pharmaceutics 2020, 12, 610 14 of 22

No Cholosens Added I(%polosens

’
255

Before irradiation

[1]
|, a.u.
255
220
200
180
160
140
120
100

After irradiation

80
60
40
0

0 ‘ : 200 m

Figure 8. CLSM images of calcein-AM-stained HeLa cells showing the photodynamic effect of a free
form of Cholosens added an amount equal to that of the encapsulated drug at the concentration of
three capsules per cell: (a,b) cells with no added Cholosens before and after light irradiation at 670 nm
for 60 s, respectively; (c,d) cells in the Cholosens solution before and after light irradiation at 670 nm for
60 s, respectively. Red squares in the images (c,d) outline the irradiated area in the sample containing
Cholosens. Zoom-in images of the outlined area before and after light exposure are shown to the right
of the individual images (c,d). Color scale from 0 to 255 a.u. depicts the fluorescence intensity for a
direct comparison of the images.

The light-induced cell elimination process by intact and heated encapsulated forms of Cholosens
was visualized using the same negative control as in the previous experiment, i.e., HeLa cells first
cultured in the medium with no added encapsulated or free photosensitizer and then transferred to 1x
PBS buffer right before the light irradiation. The control cells irradiated for 60 s with the 670 nm white
laser displayed no destructive processes 20 min after the light was switched off (Figure 9a,b).

Three capsules per cell was chosen as an optimal concentration for the CLSM experiments based
on the convenience of focusing on a single cell with internalized capsules. It would be harder to
accomplish this precision at higher capsule concentrations when the sample was saturated with such
cells. In addition, as suggested by Figure 7a, at three capsules per cell, the viability of non-irradiated
cells was not affected. For visualization of the encapsulated forms of Cholosens, we picked up the
area of 100 x 100 um? that included the cells with and without internalized capsules. Similarly to
the control sample, the cells in the selected area were irradiated for 60 s, followed by observations
and imaging 20 min after the light treatment was over (Figure 9c—f). The corresponding images in
Figure 9 depicting HeLa cells with internalized intact or heated PMC show a distinct decrease in
the fluorescence intensity of calcein-AM, which became apparent already after the first 30 s from the
beginning of light treatment. Light irradiation caused the formation of vesicles in some of the treated
cells with encapsulated Cholosens, which may be a sign of apoptosis (Figure 9f). Besides, the images
c—f in Figure 9 also suggest that even a couple of the drug-loaded capsules inside the cell was enough
to cause light-induced cell destruction.

As suggested by Figure 7, both HeLa and NHDF cells cultured with no added encapsulated or free
Cholosens were affected by laser treatment, so one might expect to see morphological changes in HeLa
cells under CLSM (Figure 8a,b and Figure 9a,b). It must be mentioned for this reason that the cells
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irradiated with the CLMS laser (Figure 8, Figure 9) received considerably lower irradiation dosages
compared to those treated with the light-emitting diode (Figure 7) due to a shorter time of exposure
and a lower irradiation power, which was below the threshold to overcome for morphological damage.

Before irradiation  After irradiation

[DS/PArg], with Cholosens, heated

Figure 9. CLSM images of calcein-AM-stained HeLa cells (green fluorescence) showing the
photodynamic effect of the encapsulated forms of Cholosens (red fluorescence): (a,b) control cells
incubated without PMC; (c—f) cells incubated with [DS/PArg],; microcapsules ((c,d) intact, (e,f) heated)
added at the concentration of three capsules/cell (37 °C, 24 h) before and after light irradiation at 670
nm for 60 s, respectively. White arrows point to the individual cells, which were exposed to light
irradiation. The capsules were added in the amount of three capsules/cell.

3.5. Effect of the Encapsulated Forms of Cholosens on Bacterial Cells

As claimed by the manufacturer, Cholosens is a potent antimicrobial PDT drug against Helicobacter
pylori, Campylobacter jejuni, Escherichia coli 1257, Escherichia coli 675, Enterococcus faecalis, Staphylococcuc
aureus, and some other pathogens. Here we compared the efficacies of free and encapsulated Colosens
to inhibit a Gram-positive bacterial strain of S. aureus (Figure 10a) and a Gram-negative bacterial strain
of E. coli (Figure 10b). The bacterial cells were incubated in a Cholosens solution or the drug-loaded
capsule suspensions for one hour before light irradiation, and viability measurements against the
untreated microorganisms kept without Cholosens. The same samples were also studied without light
irradiation to evaluate the dark toxicity of the respective drug forms.
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Figure 10. Light and dark viability of bacterial cells depending on the number of Cholosens-loaded
capsules (intact or heated) added to the culture medium: (a) Gram-positive S. aureus; (b) Gram-negative
E. coli. Corresponding data on the viability of non-irradiated S. aureus and E. coli grown without
any of encapsulated or free forms of Cholosens were taken as 100%. The figure legend is uniform
across the graphs a and b. The statistical significance of the differences between the observed results
was determined against the corresponding Cholosens solution with or without laser irradiation and
between the samples containing different numbers of capsules: three and nine capsules/cell (a) and 10
and 20 capsules/cell (b) (n = 6, * p < 0.05, ** p < 0.01). The respective Student’s t-test results are shown
in Tables S7-S9. The respective IC50 values for each drug form are shown in Table S11.

In our study, free Cholosens in solution revealed significant dark toxicity to S. aureus. The viability
of bacterial cells incubated with Cholosens dropped below 30% even at the lowest concentration
studied, which was equal to the amount of drug provided by three capsules per cell. The highest
studied concentration of Cholosens thus was equivalent to the amount of the drug loaded in 27 capsules
per cell, at which the cell viability dropped to almost 0% (Figure 10a). Predictably, E. coli showed
higher resistance to Cholosens conferred by the cell wall. The viability of E. coli cells was between
75% and 50%, depending on the drug concentration that was ranging from five to 80 capsules per cell
(Figure 10b).

The dark toxicity of both encapsulated drug forms to S. aureus decreased gradually from ~80% to
~35% in the investigated capsule density range, which was significantly lower than the dark toxicity of
free Cholosens. Besides, intact PMC possessed a significantly higher inhibition efficacy than the heated
ones (Table S7). Both encapsulated forms revealed the antimicrobial activity after light irradiation,
which is approaching the light toxicity of free Cholosens at the concentration equal to nine capsules
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per cell or higher. In this concentration range, the efficacies of heated and intact PMC were level as per
the Student’s t-test (Table S7).

For E. coli, the dark toxicity of heated [DS/PArgls microcapsules against this bacterial strain
was around 90% (of viable cells with respect to control) and lower compared to the dark toxicity of
intact PMC over the whole studied density range. On the contrary, intact capsules gradually became
more toxic upon increasing the capsule-to-cell ratio. Maximal light toxicity for E. coli achieved with
heated PMC was the ~28% of cells remained viable. The light-induced toxicity of intact capsules was
significantly higher than of their heated counterparts for all capsule/cell ratios (Table S8). The same
trend and level of significance were observed for non-irradiated samples with the only exception
at five capsules/cell (Table S8). An increase in the capsule/cell ratio from three to nine leads to a
significant decrease in the viability of Gram-positive S. aureus microorganisms; as for Gram-negative
E. coli., a significant decrease in viability was achieved by increasing the capsule/cell ratio from 10 to
20 (Table S9). These differences between the respective datasets are reflected in Figure 10. Thus, the
intact encapsulated form of Cholosens nearly matched the free drug inhibitory effect on E. coli at the
density of 20 capsules per cell, eliminating almost 70% of microorganisms; it further induced almost
full elimination of the bacteria at 80 capsules per cell.

4. Discussion

This study has developed biodegradable [DS/PArg], microcapsules assembled on the sacrificial
CaCOj vaterite template as a delivery platform for Cholosens, a novel PDT drug. Cholosens was
loaded on PMC via a classic post-loading method through the diffusion of drug molecules into the
capsules resuspended in the Cholosens solution. Loaded capsules were further heated at 80 °C for 60
min to study the effect of the heat treatment on the loading efficacy and photodynamic properties of
the encapsulated form of Cholosens.

Our results suggest that the chosen temperature regime leads to the morphological transformation
of capsules upon heat exposure, i.e., tightening of the polymeric multilayer network and capsule
contraction. It has to be noted that such treatment does not cause any adverse effects on the optical
and photodynamic properties of Cholosens.

In contrast to a poor loading of rhodamine B in DS/PArg microcapsules upon heating [46],
Cholosens was loaded to the PMC with high efficacy, when the total loading gradually enhanced
upon capsule concentration increase. For the highest concentration studied here (9 x 108 capsules/mL)
the loading efficacy exceeded 90%. Besides, unlike what was observed for rhodamine B, the loading
per capsule was higher for heated capsules compared to intact ones all the way until the capsule
concentration reached 9 x 108 capsules/mL (Figure 4). At this number of capsules, the loading efficacy
of heated vs. intact capsules showed an opposite trend. Similarly to how it was previously explained
for the loading of rhodamine B [46], the total amount of the Cholosens molecules displaced from the
shell into supernatant upon the capsule heating increased with the increase of the capsule concentration,
causing an overall comparative decrease of encapsulation efficacy in respect to intact PMC. Eventually,
at some point (9 x 108 capsules/mL in case of Cholosens), the number of displaced dye molecules
will overcome the amount of those entrapped in the capsules. The data in Figures 3 and 4 are likely
to feature a much stronger affinity of Cholosens in comparison to rhodamine B to the outer charge
compensation within the polymeric multilayer network. A possible reason here is a high affinity of
multiple Cholosens ionic centers to the counterions of the polymeric network in the capsule wall.
Unlike rhodamine B, which contains only a single ionic pair in the neutral state, Cholosens has seven
or eight of them, which essentially makes each molecule a potential cross-linker, thereby greatly
improving the rigidity of the PMC wall and its resistance toward contraction upon heat application.

While the heat treatment did not affect the loading, it had an impact on the release of Cholosens
from PMC. The heated capsules released the drug slower than their intact counterparts, which was also
a reason for their lower antimicrobial PDT activity in comparison to the untreated PMC (c.f. discussion
later in the text).
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The developed Cholosens-loaded [DS/PArg]s microcapsules and free drug were comparatively
studied on eucaryotic cells (human normal and cancerous cells, NHDF and HeLa, respectively) and
bacteria (S. aureus and E. coli); we aimed to determine the cytotoxicities, bacterial toxicities, and
anticancer and antimicrobial PDT efficacies of different drug forms.

Non-encapsulated Cholosens inhibited the metabolic activity of both human cell lines, which we
attributed to its electrostatic binding to the plasma cell membrane. Upon loading of Cholosens in
[DS/PArg]ly microcapsules, the drug toxicity was significantly mitigated, thereby providing distinctive
evidence of the postulated need for Cholosens encapsulation.

We figured out that capsules mainly deliver the photosensitizer to NHDF and HeLa cells through
cellular uptake. The internalization of capsules 4-6 pm in diameter by cancerous cells, including HeL.a,
has been well-described in literature [57,58], supporting our flow cytometry data (Figure 6a). Both
intact and heated PMC loaded with Cholosens displayed no dark toxicity to HeLa cells (Figure 7, Table
S6), which internalized a significant number of capsules while remaining healthy and attached to
the surface of the culture plate. Upon the light irradiation, both encapsulated drug forms showed
strong PDT activity in HeLa and NHDF cells, starting from five capsules per cell. Although differences
between the efficiencies of encapsulated and free Cholosens upon the light irradiation are statistically
significant for both cell lines (Table S3), the viability is negligible for all samples (for five capsules
per cell the viability varies within 3-5%, except for the 10% observed for Cholosens-loaded heated
capsules in the Hela cell line). We also observed that just a few internalized capsules were enough to
eradicate the HeLa cell after light irradiation.

NHDF cells poorly tolerated the encapsulated drug forms, showing viability below 80% already at
five added capsules per cell. This result indicates the necessity for a more profound understanding of
the mechanism of the capsule-cell interactions through in vitro and in vivo studies, while it highlights
the importance of cancer-targeting by delivery systems. Besides, further research on the design of
PMC for delivery of Cholosens or analogs needs to consider a short lifetime of singlet oxygen (about a
few us or less), so its oxidative effect cannot be extended past a proximate locale. Thus, the cell could
either undergo apoptosis or necrosis depending on which crucial organelle or functional molecule
(e.g., proteins, DNA, etc.) was affected by the delivered drug. For example, damage in DNA [59-61]
or the mitochondrial membrane [62,63] leads to apoptosis, while defects induced in the cytoplasmic
membrane can trigger the necrotic path of cell inactivation [64]. A deeper understanding of the capsule
fate after cell internalization would also help to optimize the design, and thus, the efficacy of PMC as a
carrier-system for anticancer PDT drugs.

As for the antimicrobial activity, free Cholosens inhibited the growth of S. aureus and E. coli without
activation by light significantly higher than both encapsulated forms at most of the studied capsule
densities and drug concentrations. (Tables S7 and S8). By virtue of its cationic nature, Cholosens inhibits
microorganisms via electrostatic binding to negatively-charged bacterial membranes. The [DS/PArg],
composition is supposed to have a positively-charged surface due to the outmost layer made of PArg.
Our findings, however, reveal that such capsules often display negative zeta-potential, with its absolute
value increasing after thermal treatment. This phenomenon warrants a separate study beyond the
scope of the current manuscript. We wanted to mention this aspect only because it one of the likely
reasons for the observed difference in dark antimicrobial efficacy that was established for free and
encapsulated forms of Cholosens. Besides, the electrostatic interactions between the positively charged
capsule surface and the negatively charged bacterial membrane are compromised by the presence of a
large number of solvated counterions at the surfaces, which could potentially deter the electrostatic
interactions of the large ionic species. Thus, the capsule size, geometry, and surface charge density will
play a crucial role in the reported here lesser efficacy of Cholosens-loaded PMC vs. the drug itself.

Unlike the cancer cells, bacteria are unable to uptake capsules due to their small size (about
a few microns). The current mechanism of action for many antibacterial drugs includes an initial
attachment of the oppositely-charged ionic drug to the bacterial surface by electrostatic interaction.
Aside from the size disparity, PMC-loaded Cholosens has a much more complex and better-balanced
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ionic interaction of Cholosens molecules and polymeric layers in the network and/or inside the capsules
than the pure drug. Therefore, not only the size of the PMC-loaded Cholosens but the reduced ionic
interaction of the loaded capsules with the bacterial surface makes the pure drug more prone to
get attached to the bacteria, further providing a desired photodynamic efficacy. The results of our
study are entirely consistent with the proposed mechanism of antimicrobial activity of the developed
capsules. Both heated and intact capsules loaded with Cholosens displayed the antimicrobial PDT
activity upon irradiation with 680 nm light against S. aureus and E. coli, which increased with increasing
the capsule/cell ratio. At most studied capsule densities, intact PMC had a higher inhibition activity
than the heated ones, which was likely due to an approximately two-times faster release of Cholosens
from the intact capsules compared to their heated counterparts. Lower inhibition level for E. coli
in comparison with S. aureus displayed by the free and encapsulated Cholosens is predictable and
consistent with the presence of cell walls in the Gram-negative microorganisms responsible for higher
resistance of such bacteria to chemical treatment. Besides, we demonstrated that at specific capsule
densities, their antimicrobial PDT activity matches the antimicrobial activity of the free drug.

Our study introduces the DS/PArg PMC as an efficient delivery system for the water-soluble
PDT drugs. Further development of the encapsulated drug forms would be aimed at the tailoring
mechanisms for controlled delivery, e.g., capsule size reduction for efficient tumor targeting via the
EPR effect. We believe that PMC produced via consecutive surface self-assembly of complementary
biocompatible, naturally-derived polyions will outperform the vast majority of nanomaterials in the
treatment of infectious diseases and cancer due to the stable structure and favorable safety profiles.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/7/610/s1.
Figure S1: Fluorescence intensity cross-section profiles of the intact and heated capsules labeled with RhD6G
(Aex = 525 nm, A¢m = 548 nm). Figure S2: The absorbance spectrum of Cholosens. Figure S3: Loading of
Cholosens in [DS/PArg]y microcapsules with and without heat treatment (80 °C, 60 min) depending on the capsule
concentration. Tables S1-59: Student’s t-test results for Figure 6, Figure 7, and Figure 10. Tables 510 and S11: IC50
values of free and encapsulated forms of Cholosens for HeLa, NHDF, S. aureus, and E. Coli.
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