micromachines

Article

Surface Characteristics Affect the Properties of PLGA
Nanoparticles as Photothermal Agents

Vera L. Kovalenko 11, Olga A. Kolesnikova 1t Maxim P. Nikitin 12, Victoria O. Shipunova 1,2,%
and Elena N. Komedchikova !

check for
updates

Citation: Kovalenko, V.L.;
Kolesnikova, O.A.; Nikitin, M.P,;
Shipunova, V.O.; Komedchikova, E.N.
Surface Characteristics Affect the
Properties of PLGA Nanoparticles as
Photothermal Agents. Micromachines
2023, 14, 1647. https://doi.org/
10.3390/mi14081647

Academic Editor: Anna Vikulina

Received: 25 July 2023
Revised: 17 August 2023
Accepted: 18 August 2023
Published: 21 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Moscow Institute of Physics and Technology, 9 Institutskiy per., 141701 Dolgoprudny, Russia;
kovalenko.vl@phystech.edu (V.L.K.); kolesnikova.oa@mipt.ru (O.A K.); max.nikitin@gmail.com (M.P.N.);
elena.komedchikova@gmail.com (E.N.K.)

Department of Nanobiomedicine, Sirius University of Science and Technology, 1 Olympic Ave.,

354340 Sochi, Russia

*  Correspondence: viktoriya.shipunova@phystech.edu

These authors contributed equally to this work.

Abstract: Photothermal therapy is one of the most promising and rapidly developing fields in
modern oncology due to its high efficiency, localized action, and minimal invasiveness. Polymeric
nanoparticles (NPs) incorporating low molecular-weight photothermal dyes are capable of delivering
therapeutic agents to the tumor site, releasing them in a controlled manner, and providing tumor
treatment under external light irradiation. The nanoparticle synthesis components are critically
important factors that influence the therapeutically significant characteristics of polymeric NPs. Here,
we show the impact of stabilizers and solvents used for synthesis on the properties of PLGA NPs
for photothermal therapy. We synthesized PLGA nanocarriers using the microemulsion method and
varied the nature of the solvent and the concentration of the stabilizer—namely, chitosan oligosaccha-
ride lactate. A phthalocyanine-based photosensitizer, which absorbs light in the NIR window, was
encapsulated in the PLGA NPs. When mQ water was used as a solvent and chitosan oligosaccharide
lactate was used at a concentration of 1 g/L, the PLGA NPs exhibited highly promising photothermal
properties. The final composite of the nanocarriers demonstrated photoinduced cytotoxicity against
EMT6/P cells under NIR laser irradiation in vitro and was suitable for bioimaging.

Keywords: PLGA; polymeric nanoparticles; water-in-oil method; photothermal therapy; magnesium(II)
phthalocyanine

1. Introduction

Photothermal therapy (PTT) has become a promising approach for cancer therapy
because it has a number of advantages over traditional methods of treatment—namely,
surgery, chemotherapy, and radiotherapy [1]. PTT is a highly selective method that provides
a spatially and temporally targeted action on cancer cells, and minimizes the risk of side
effects associated with non-specific treatments, ensuring a more focused and effective
therapeutic outcome [2—4]. Moreover, PTT treatment techniques are capable of inducing
the release of tumor-associated antigens through generated heat. This, in turn, leads to the
activation of the immune response and the subsequent destruction of cancer cells, resulting
in the long-term effectiveness of the therapy [5].

Nanoparticles have significantly revolutionized cancer treatment, offering a multitude
of advantages. Through precise targeting and controlled drug release, nanoparticles can
minimize off-target effects and reduce systemic toxicity associated with conventional cancer
treatments [6]. Encapsulation of photothermal dyes into nanoparticles can enhance the
biodistribution of the photothermal dye in the organism and achieve a greater accumulation
of therapeutic/diagnostic substances in the tumor in comparison with the introduction of
a free dye, which is mainly filtered by the kidneys. Phthalocyanine dyes are particularly
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notable among photothermal dyes due to their unique physical and chemical properties,
such as their light absorption in the transparency window of biological tissues, their thermal
stability—allowing for repeated irradiation—and their low absorption in the 400-600 nm
range, resulting in reduced sun-induced cytotoxicity [7,8].

PLGA nanoparticles are actively used as a drug encapsulation platform for efficient
drug delivery to tumors; this can be attributed to their biocompatibility, controlled drug-
release capabilities, and successful approval by the Food and Drug Administration (FDA)
for clinical use in diagnostic and therapeutic applications [9,10]. PLGA nanoparticles can be
manufactured using reproducible and scalable techniques such as solvent evaporation, the
microfluidic method, the solvent displacement method, ionic gelation, and others. One of
the most commonly used PLGA synthesis methods is solvent evaporation, allowing the op-
timization of the properties of nanoparticles by slightly changing the synthesis parameters.

When optimizing nanoparticles for therapeutic and diagnostic applications using
the common solvent evaporation synthesis method, most attention is usually paid to the
variation of the so-called “main” components of the synthesis, such as the properties of the
PLGA polymer—e.g., the molecular weight of the PLGA, the ratio of lactic and glycolic
acids, the presence of terminal carboxylic or ester groups, and other parameters [11-13].
Much less attention is paid to the influence of those components that are not included in the
final composition of the nanoparticle—the solvent used, the pH and ionic strength of buffer
systems, the presence of stabilizers, and other parameters. Many research studies have
examined how synthesis parameters impact the physicochemical characteristics of PLGA
nanoparticles—specifically the size, shape, (-potential, and also their cytotoxic properties
in vitro [14-18]. However, the choice of coating and stabilizer solvent has a significant
impact on the nanoparticle size and therapeutic molecule encapsulation efficiency.

In this work, we investigated for the first time the role of the stabilizer solvent and
coating concentration during PLGA synthesis in modulating the photothermal properties
of phthalocyanine-loaded PLGA NP in vitro and ex vivo bioimaging studies.

2. Materials and Methods
2.1. Synthesis of Polymeric Nanoparticles

PLGA was used as a matrix for nanoparticle synthesis by the oil-in-water microemul-
sion method, as described by us previously [19]. Briefly, the emulsion was formed by
adding 350 pL of a dichloromethane solution containing 40 g/L PLGA and 1 g/L of mag-
nesium(II) phthalocyanine (Sigma, Darmstadt, Germany) to 3 mL of 3% aqueous polyvinyl
alcohol, PVA (Mowiol 4-88, Sigma, Darmstadt, Germany) with 1 g/L chitosan oligosaccha-
ride lactate (5 kDa, Sigma, Darmstadt, Germany). The emulsion was sonicated for 1 min
at 35% amplitude and 200 W power and gently shaken for 40 min for dichloromethane
evaporation. The obtained nanoparticles were washed by triple centrifugation for 10 min
at 2500x g and resuspended in 200 uL of Milli-Q water (mQ). The final concentration of
the nanoparticles was determined by drying at 90 °C.

2.2. Electron Microscopy

Images of synthesized nanoparticles were obtained with an MAIA3 scanning electron
microscope Tescan (Tescan, Brno, Czech Republic) at an accelerating voltage of 7 kV.
Samples of nanoparticles resuspended in water at a concentration of 10 pug/L were air-
dried on a silicon wafer on a carbon film and analyzed immediately. SEM images were
processed using Image]J software to get the size distribution of the nanoparticles.

2.3. Photothermal Properties Study

A colloidal solution of nanoparticles at a concentration of 1 g/L in phosphate-buffered
saline (PBS) was irradiated with a 1.2 W/cm? 808 nm laser in a 2 mL Eppendorf-like tube
in triplicate. The temperature change was recorded continuously with an FLIR One Pro
thermal imaging camera (Teledyne FLIR, Santa Barbara, CA, USA). The experiment was
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conducted at a constant room temperature. The samples were in a thermostat at 27 °C
before irradiation to eliminate temperature differences between samples.

2.4. [-Potential Measurements

The C-potential of the PLGA nanoparticles was measured using the electrophoretic
light scattering technique with a ZetaSizer Nano ZS analyzer (Malvern Instruments Ltd.,
Worcestershire, UK) in 10 mM NaCl.

2.5. Measurement of Pht-Mg Incorporation

The incorporation of Pht-Mg was investigated by fluorescence spectroscopy. PLGA
nanoparticles were dissolved in a DMSO:mQ ratio of 1:1 and then fluorescence was mea-
sured using a CLARIOstar Plus microplate analyzer (BMG LABTECH) at A¢x = 669 nm,
Aem = 700 nm. The incorporation of Pht-Mg was calculated using a fluorescence calibration
curve for Pht-Mg in the same solution.

2.6. Cell Culture

EMT6/P mouse mammary cells (BRC Lab collection, MIPT, Moscow, Russia) were
cultivated in DMEM medium (PanEco, Moscow, Russia) supplemented with 10% fetal
bovine serum (HyClone, Logan, UT, USA), 2 mM L-glutamine (PanEco, Moscow, Russia),
and penicillin/streptomycin (PanEco, Moscow, Russia) and incubated in a humidified
atmosphere with 5% CO, at 37 °C.

2.7. Flow Cytometry Analysis

To determine the specificity of the obtained nanoparticles, 1 x 10® EMT6/P cells
were resuspended in 300 uL. PBS with 1% BSA and mixed with PLGA nanoparticles at
various concentrations. The mixture was incubated for 15 min, then cells were washed from
unbound nanoparticles by centrifugation at 100x ¢ and analyzed on a Novocyte 2000R
flow cytometer (ACEA Biosciences, San Diego, CA, USA; excitation laser 640 nm, emission
filter 675/30 nm).

2.8. Cytotoxicity Assay

The cytotoxicity of the nanoparticles was determined using a resazurin-based toxicity
assay. Cells were incubated with nanoparticles at various concentrations in 200 pL complete
DMEM medium without phenol red in a 2 mL tube for 2 h in a humidified atmosphere
with 5% CO, at 37 °C, and then irradiated with an 808 nm laser. The cells were then
diluted with full medium and seeded on a 96-well plate at 2 x 10° cells per well in
150 uL. DMEM medium with 10% FBS and cultured for 48 h. After 48 h of incubation,
the medium was removed and 100 pL of resazurin solution (13 mg/L in PBS) was added
to each well. The samples were incubated for 1.5 h at 37 °C in a humidified atmosphere
with 5% CO;. Fluorescence was measured using a CLARIOstar Plus microplate analyzer
(BMG LABTECH) at Aex = 570 nm, Aern = 600 nm. Data are presented as a percentage of
untreated cells.

2.9. Bioimaging Ex Vivo

To measure the bioimaging abilities of the nanoparticles, empty glass capillaries and
capillaries with 40 pg of nanoparticles were covered with boneless turkey thigh fillet slices,
and the fluorescence intensity was measured. Boneless turkey thigh fillets were cut into
slices from 1 to 10 mm thick to obtain different thicknesses of tissue. Two groups of glass
capillaries (n = 3 in each group) were used: control empty capillaries and capillaries with the
addition of 10 pL of PLGA NP at a concentration of 8 g/L. Ex vivo imaging was performed
with a LumoTrace FLUO bioimaging system (Abisense, Sochi, Russia) as follows: the meat
was imaged with fluorescence at Aex = 730 nm and a 780 nm long-pass filter.
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3. Results
3.1. Design of the Experiment

The design of the study is presented in Figure 1 and included two parts:

(i) The selection of the optimal stabilizer solvent and coating concentration during PLGA
nanoparticle synthesis. Phthalocyanine-loaded PLGA nanoparticles were synthesized
using the microemulsion solvent evaporation method. Polyvinyl alcohol (PVA) was
chosen as the stabilizer for the NP synthesis as it is the most frequently used stabilizing
agent [20]. The chitosan oligosaccharide lactate was used as a coating due to its ability
to reduce the burst release of the encapsulated drugs. To obtain PLGA NP with the
most prominent photothermal properties, the PVA solvent and the concentration of
the chitosan lactate were varied during NP synthesis.

(ii) The optimal PLGA formulation was chosen to further test NIR-induced cytotoxicity
on cancer cells in vitro and ex vivo bioimaging studies.

Chitosan lactate

Nature of solvent .
concentration
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2 ~ ==
>
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\/
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Figure 1. Stabilizer solvent and coating concentration screening—scheme of the experiment. In the
first step, solvents of different natures and various chitosan lactate concentrations were tested to
obtain the PLGA nanoformulation with the optimal physicochemical and photothermal properties. In
the second step, dark and photoinduced cytotoxicity in vitro and ex vivo bioimaging of the optimal
nanoformulations were studied.

3.2. Effect of Stabilizer Solvent during Synthesis on the Photothermal Properties of PLGA NP

First, we studied the influence of the PVA solvent used during synthesis on the pho-
tothermal properties of the PLGA NP. Phthalocyanine-loaded PLGA NPs were synthesized
using Milli-Q-water (mQ), pH 6.2, sodium acetate buffer, pH 4.5 (CH3COONa) or PBS
buffer, pH 7.4 as the PVA solvent (Figure 2a). The concentration of chitosan lactate was
maintained at 1 g/L in all these buffer systems. The photothermal properties of the magne-
sium phthalocyanine-loaded PLGA NPs (PLGA /Pht-Mg) were investigated by irradiating
a solution of NPs in water with an 808 nm laser for 10 min.



Micromachines 2023, 14, 1647

50f12

a b
= N
Photothermal e .
sensitizer PVAinY | " PTT agent

mQ —

o]

‘ L

< | PLGA

©

u 2 Biocompatible @

Py f\/\" - -'\ fluorescent g-

&% § " @ photosensitizers
CHp‘é nin Ultrasound ® 200 nm K
E a
PLGAin ... Chitosan lactate
dichloromethane i e T T T T T T
| M’ il Time (min)
Chitosan B 4?7‘! A
lactate ovnin B PBS == NPin PBS
in iy »
PBS \ - NPinmQ -+ NP in CH,COONa

Figure 2. The choice of optimal PVA solvent in the synthesis of PLGA /Pht-Mg nanoparticles.
(a) Scheme of PLGA nanoparticle synthesis. A mixture of PLGA and Pht-Mg in dichloromethane was
poured into a PVA solution containing chitosan lactate oligosaccharide at different concentrations
and sonicated. (b) Photothermal properties upon 808 nm laser irradiation of PLGA /Pht-Mg NP
synthesized using PVA dissolved in water (mQ), pH 6.2, acetate buffer, pH 4.5 or PBS, pH 7.4.

PLGA nanoparticles synthesized with mQ and PBS as solvents had superior pho-
tothermal properties compared to PLGA synthesized with sodium acetate as the solvent
(Figure 2b). These two types of nanoparticles reached a plateau after 7 min of irradiation;
however, NPs prepared with mQ had a higher heating rate and were selected as the PVA
solvent for further syntheses.

The measurement of the Pht-Mg loading efficiency showed that the dye loading was
equal to 46.3 £ 6.2, 30.2 £ 8.2, and 16.0 &+ 2.4 ug of Pht-Mg per 1 mg of PLGA/Pht-
Mg for nanoparticles synthesized with mQ, PBS, and sodium acetate, respectively—thus
demonstrating an 80.4%, 61.7%, and 49.9% loading efficiency during the synthesis (225 pg
of Pht-Mg were used in the synthesis per 36 mg of PLGA).

3.3. Effect of Coating Concentration during Synthesis on the Physicochemical Characteristics of
PLGA NPs

Next, to study the effects of the coating concentration—namely, of the chitosan
oligosaccharide lactate—on the properties of PLGA nanoparticles, a series of syntheses of
PLGA /Pht-Mg NP were carried out as shown in Figure 3a. The chitosan lactate concentra-
tion during the synthesis was varied from 0 g/L to 3 g/L. Scanning electron microscopy
(SEM) was used to obtain micrographs of PLGA /Pht-Mg (Figure 3b), which were then
processed using the Image] software package (Figure 3c). According to the obtained data
(Figure 3d), it was found that there was no direct correlation between the size of the NPs
and the chitosan lactate concentration during the synthesis.

The C-potential of PLGA nanoparticles with different concentrations of chitosan lactate
was studied using the electrophoretic light scattering method; the results are presented
in Table 1 and Figure Al. From the obtained data, it is difficult to draw an unambiguous
conclusion about the influence of chitosan lactate concentration on the (-potential of
PLGA /Pht-Mg NPs.

Then, the effects of the chitosan lactate concentration on the photothermal properties
of the nanoparticles were investigated. Resuspended in mQ), nanoparticles were irradiated
with an 808 nm laser for 10 min. As shown in Figure 3e, nanoparticles with a concentration
of chitosan lactate at 3 g/L during the synthesis had the most pronounced photothermal
properties—namely, the nanoparticles heated up to 40 °C in 10 min.
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Figure 3. Synthesis and characterization of PLGA nanoparticles. (a) Scheme of PLGA nanoparticle
synthesis. A mixture of PLGA and Pht-Mg in dichloromethane was poured into the PVA solution
containing chitosan lactate oligosaccharide at different concentrations and sonicated. (b) Scanning
electron microscopy images of PLGA /Pht-Mg NP obtained right after synthesis, 1 week after and
5 months after synthesis. (c) Size distribution of PLGA /Pht-Mg nanoparticles with various chitosan
lactate concentrations used during the synthesis, obtained via SEM image processing. (d) The average
size of nanoparticles with various chitosan lactate concentrations used during the synthesis, obtained
via SEM image processing. Data presented are mean + s.d. * p < 0.05, ** p < 0.01, ns p > 0.05, Paired
two-sample t-test for mean. (e) Photothermal properties of PLGA /Pht-Mg nanoparticles synthesized
with chitosan lactate at the concentrations 0 g/L; 0.08 g/L; 0.5 g/L;1g/L;and 3 g/L.

Table 1. Zeta potential study of PLGA /Pht-Mg nanoparticles with several concentrations of chitosan
oligosaccharide lactate.

Chitosan Concentration (g/L) Zeta Potential (mV)

0 —2.0+4.0
0.08 53+54
0.38 58 +37
0.5 44439
0.75 52443
1.5 -52+3.8
3.0 -1.8+3.5

The measurement of the Pht-Mg loading efficiency showed that the dye loading was
equal to 28.3 + 0.2, 25.8 £ 0.3, 55.6 £ 6.2, 46.3 & 0.7, and 72.7 £ 6.7 ug of Pht-Mg per
1 mg of PLGA/Pht-Mg for nanoparticles synthesized with 0, 0.083, 0.5, 1, and 3 g/L of
chitosan lactate, respectively—thus demonstrating a 37.7%, 34.3%, 74.1%, 61.7%, and 96.9%
loading efficiency during the synthesis (225 pg of Pht-Mg were used during the synthesis
per 36 mg of PLGA). Chitosan lactate is known to reduce the leakage of the encapsulated
drug, which results in an enhanced loading efficiency as well as Pht-Mg retention inside
PLGA nanoparticles [21,22].
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Based on the obtained data, by varying the concentration of chitosan lactate, it is
possible to influence the photothermal properties of nanoparticles without affecting their
physicochemical properties—namely, their size and (-potential.

3.4. In Vitro Study of PLGA/Pht-Mg Interaction with Cells: Flow Cytometry Analysis and In Vitro
Cytotoxicity Tests
To investigate the non-specific binding of the synthesized nanoparticles, PLGA NPs
were incubated with EMT6/P cells and the binding efficiency was measured using flow
cytometry (Figure 4a). Due to the fact that cancer cells have a negative surface charge, an
increase in the concentration of positively charged chitosan on the surface of nanoparticles
led to an obvious increase in the binding of nanoparticles to cells, due to electrostatic inter-
actions. This trend was observed up to a concentration of 1.5 g/L. However, upon reaching
a concentration of 3 g/L, a significant decrease in the binding of nanoparticles to cells was
observed. Most likely, this occurred due to the complete coverage of the surface of nanopar-
ticles with chitosan lactate, which led to an increase in the aggregation and sedimentation
stability of the nanoparticles—which, in turn, led to reduced non-specific binding.
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Figure 4. Study of PLGA /Pht-Mg NP interactions with EMT6/P cells. (a) Flow cytometry analysis of
PLGA /Pht-Mg NP binding efficiency to EMT6/P cells. (b) Cytotoxicity of PLGA /Pht-Mg NP under
808 nm laser light irradiation, measured by a resazurin test.

For further experiments, we selected nanoparticles with a concentration of 3 g/L
of chitosan lactate during the synthesis as they had the most prominent photothermal
properties and decreased non-specific binding. In order to confirm the photoinduced
cytotoxicity of the synthesized nanoparticles, a series of cytotoxicity studies were carried
out on EMT6/P cells. Cells were incubated with polymeric nanoparticles at varying
concentrations for 2 h, followed by the removal of unbound nanoparticles. Then, the cell
suspension was subjected to 808 nm irradiation. After 48 h of cultivation, a resazurin-based
cytotoxicity test was performed (Figure 4b). As a result, the nanoparticles demonstrated an
absence of dark cytotoxicity (cytotoxicity without laser irradiation), while the laser-induced
cytotoxicity of the tested nanoparticles was concentration-dependent, with the highest
cytotoxicity observed at a concentration of 1 g/L.

3.5. Bioimaging Study of PLGA/Pht-Mg NP Ex Vivo

PLGA /Pht-Mg nanoparticles synthesized with 3 g/L of chitosan lactate were placed in
glass capillaries and covered with fillets of different thicknesses to simulate different tissue
depths. As shown in Figure 5, the fluorescence of nanoparticles can be accurately detected
at a depth of up to 3 mm. With an increase in tissue thickness, the fluorescence from the
particles remained detectable even at a depth of 7 mm, although their precise localization
could not be determined. This suggests that the nanoparticles have the potential to provide
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diagnostic information, but further improvements may be necessary to precisely identify
their exact location within thicker tissues.
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Figure 5. Bioimaging study of PLGA /Pht-Mg NP ex vivo. (a) Fluorescent images of empty glass
capillaries (shown in the red frame) and glass capillaries with PLGA /Pht-Mg NP (shown in the green
frame) covered with turkey fillet. (b) Fluorescence intensity of PLGA /Pht-Mg NP at different tissue
depths. Dots represent the signal-to-noise ratio of the fluorescence intensity from capillaries with
PLGA NPs or empty glass capillaries to meat.

4. Discussion

Nanomedicine has emerged as a promising field for cancer treatment, offering innova-
tive approaches for improving traditional methods of treatment. In particular, oncothera-
nostics is of great interest due to its focus on the development of nanoagents that possess
both diagnostic and therapeutic capabilities simultaneously. Oncotheranostic nanoagents
can be designed to specifically target cancer cells, delivering therapeutic agents directly
to the tumor site with high precision—reducing side effects and improving treatment
outcomes [23].

Polymeric particles, specifically PLGA, are receiving significant attention among
oncotheranostic agents due to their biocompatibility, non-toxic nature, and controlled
drug-release properties [24]. PLGA nanoparticles can encapsulate a wide range of thera-
peutic agents, including drugs and imaging agents, protecting them from degradation and
improving their stability and biodistribution [25-27]. Moreover, PLGA NPs can be easily
customized through slight modifications in their synthesis parameters, which affect their
size, surface charge, and composition.

PLGA NPs have applications across various fields of cancer treatment [19,26-29]—in
particular, PLGA NPs are utilized as carriers in photothermal therapy. Photothermal ther-
apy (PTT) is a non-invasive and highly selective method. PTT is based on the ability
of photosensitizers—namely, nanoparticles or dyes—to convert absorbed light into heat.
This heat generation leads to localized hyperthermia within the targeted tissue or tumor,
resulting in thermal ablation or damage to cancer cells. By controlling the laser param-
eters, such as the power and exposure time, the intensity of the heat produced can be
precisely regulated.
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The selection of a photosensitizer is a critical factor in determining the efficacy of
phototherapy. Phthalocyanine dyes play a significant role in photothermal therapy due
to their unique characteristics. These dyes exhibit strong light absorption within the
near-infrared region, which enables deep tissue penetration and selective heating of the
target area upon laser irradiation. Moreover, phthalocyanine dyes are known for their low
cytotoxicity in the visible light range and their thermal stability.

The achievement of optimal outcomes in phototherapy relies on the efficient accumu-
lation of photosensitizers within the tumor. This crucial aspect is highly dependent on
the characteristics of the nanoparticles, which can be precisely fine-tuned by adjusting the
synthesis parameters.

We selected the microemulsion solvent evaporation method as a commonly employed
technique for PLGA NP synthesis, which has demonstrated the successful incorporation
of substances with diverse natures [29-37]. The role of the solvent in the synthesis of
PLGA nanoparticles is crucial, as it significantly impacts the efficiency of droplet formation
during the emulsification process, the stability of droplets, and affects drug encapsulation.
While many studies have primarily focused on investigating the influence of the polymer
solvent on the characteristics of PLGA nanoparticles, it is important to acknowledge the
contribution of the stabilizer solvent as well.

PVA is a commonly used stabilizer in the preparation of PLGA nanoparticles, affecting
the size of the PLGA nanoparticles, their colloidal stability, and their drug encapsulation
efficiency [38,39]. Here, we studied three commonly used buffer systems—namely, mQ
water, PBS, and sodium acetate—as PVA solvents. The osmolarity and pH of the solvent can
affect the efficiency of the incorporation of various substances into PLGA nanoparticles—in
particular, photosensitizers. Our results demonstrate that, for the efficient encapsulation of
hydrophobic dyes, mQ water emerges as the optimal PVA solvent. However, it is important
to note that these findings may vary when considering hydrophilic substances.

The coating of PLGA nanoparticles is another significant synthesis parameter that
plays a crucial role in determining nanoparticle size, preventing the leakage of encapsu-
lated substances, and impacts the interactions between nanoparticles and cells. In our
study, we specifically chose chitosan oligosaccharide lactate as a coating for the PLGA
nanoparticles due to its numerous advantages; these include compatibility with biological
systems, extended circulation time of the PLGA nanoparticles, minimized burst release of
encapsulated substances, controlled drug delivery, and enhanced cellular uptake owing
to its positive charge. In our study, we examined a broad range of chitosan lactate con-
centrations to identify the most optimal for the efficient incorporation of the dye and its
pronounced photothermal properties. Interestingly, the concentration of chitosan lactate
did not significantly impact the physicochemical properties of the particles, including their
size and zeta potential. This suggests that by varying the coating concentration, we can
enhance the photothermal properties of the nanoparticles and modulate their interactions
with cells without introducing notable changes to their physicochemical characteristics.

In this study, we demonstrated the effects of PVA solvent on the photothermal prop-
erties of PLGA nanoparticles. In addition, we investigated the relationship between the
concentration of chitosan lactate used during the synthesis and the size, charge, and pho-
tothermal properties of the obtained nanoparticles. The results showed that the PVA
solvent and chitosan lactate concentration did not directly affect the size and charge of the
nanoparticles, but did influence their photothermal properties. MQ as a PVA solvent and a
chitosan lactate concentration of 3 g/L were chosen for the synthesis to obtain the optimal
nanoparticle formulation for successful photoinduced cytotoxicity in vitro and bioimaging
ex vivo. These findings emphasize the importance of conducting further investigations to
gain a deeper understanding of the complex relationships between the synthesis factors
and resulting nanoparticles. By refining our understanding, we can optimize the design
and synthesis of nanoparticles for enhanced photothermal applications.



Micromachines 2023, 14, 1647

10 of 12

5. Conclusions

In conclusion, our study examined the role of the PVA solvent and chitosan lactate
concentration used during synthesis on the size, charge, and photothermal properties of
nanoparticles. Our results indicated that the PVA solvent and chitosan lactate concentra-
tion did not directly affect the physico-chemical properties of the PLGA NPs, but had a
significant influence on their photothermal properties.

Overall, our study highlights the importance of considering the role of solvents
and synthesis parameters on the photothermal properties of nanoparticles, providing
valuable insights for the development of advanced nanomaterials in the field of pho-
tothermal therapy. Continued investigations in this area will deepen our knowledge and

contribute to the advancement of nanoparticle-based therapeutic approaches for various
biomedical applications.
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Figure Al. Dependence of the zeta potential of PLGA nanoparticles on the concentration of chitosan
lactate in PLGA synthesis.

Zhi, D.; Yang, T.; O'Hagan, J.; Zhang, S.; Donnelly, R.F. Photothermal therapy. J. Control. Release 2020, 325, 52-71. [CrossRef]

Zou, L.; Wang, H.; He, B.; Zeng, L.; Tan, T.; Cao, H.; He, X.; Zhang, Z.; Guo, S.; Li, Y. Current Approaches of Photothermal
Therapy in Treating Cancer Metastasis with Nanotherapeutics. Theranostics 2016, 6, 762—772. [CrossRef] [PubMed]

Mallory, M.; Gogineni, E.; Jones, G.C.; Greer, L.; Simone, C.B. Therapeutic hyperthermia: The old, the new, and the upcoming.
Crit. Rev. Oncol. Hematol. 2016, 97, 56-64. [CrossRef]

References
1.
[PubMed]
2.
3.


https://doi.org/10.1016/j.jconrel.2020.06.032
https://www.ncbi.nlm.nih.gov/pubmed/32619742
https://doi.org/10.7150/thno.14988
https://www.ncbi.nlm.nih.gov/pubmed/27162548
https://doi.org/10.1016/j.critrevonc.2015.08.003

Micromachines 2023, 14, 1647 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Jung, H.S.; Verwilst, P.; Sharma, A.; Shin, J.; Sessler, J.L.; Kim, J.S. Organic molecule-based photothermal agents: An expanding
photothermal therapy universe. Chem. Soc. Rev. 2018, 47, 2280-2297. [CrossRef] [PubMed]

Hu, Q.; Huang, Z.; Duan, Y,; Fu, Z; Bin, L. Reprogramming Tumor Microenvironment with Photothermal Therapy. Bioconjug.
Chem. 2020, 31, 1268-1278. [CrossRef]

Bobo, D.; Robinson, K.J.; Islam, ]J.; Thurecht, K.J.; Corrie, S.R. Nanoparticle-Based Medicines: A Review of FDA-Approved
Materials and Clinical Trials to Date. Pharm. Res. 2016, 33, 2373-2387. [CrossRef]

Cai, Y.; Si, W.; Huang, W.; Chen, P; Shao, J.; Dong, X. Organic Dye Based Nanoparticles for Cancer Phototheranostics. Small 2018,
14, €1704247. [CrossRef]

Wong, R.C.H.; Lo, P-C.; Ng, D.K.P. Stimuli responsive phthalocyanine-based fluorescent probes and photosensitizers. Coord.
Chem. Rev. 2019, 379, 30-46. [CrossRef]

Lim, Y.W,; Tan, W.S.; Ho, K.L.; Mariatulqabtiah, A.R.; Abu Kasim, N.H.; Abd Rahman, N.; Wong, T.W.; Chee, C.F. Challenges
and Complications of Poly(lactic-co-glycolic acid)-Based Long-Acting Drug Product Development. Pharmaceutics 2022, 14, 614.
[CrossRef]

Ghitman, J.; Biru, E.L; Stan, R.; Iovu, H. Review of hybrid PLGA nanoparticles: Future of smart drug delivery and theranostics
medicine. Mater. Des. 2020, 193, 108805. [CrossRef]

Skidmore, S.; Hadar, J.; Garner, J.; Park, H.; Park, K.; Wang, Y.; Jiang, X.J. Complex sameness: Separation of mixed poly(lactide-co-
glycolide)s based on the lactide:glycolide ratio. J. Control. Release 2019, 300, 174-184. [CrossRef] [PubMed]

Janoria, K.G.; Mitra, A.K. Effect of lactide/glycolide ratio on the in vitro release of ganciclovir and its lipophilic prodrug
(GCV-monobutyrate) from PLGA microspheres. Int. |. Pharm. 2007, 338, 133-141. [CrossRef] [PubMed]

Amjadi, I.; Rabiee, M.; Hosseini, M.S.; Mozafari, M. Synthesis and characterization of doxorubicin-loaded poly(lactide-co-
glycolide) nanoparticles as a sustained-release anticancer drug delivery system. Appl. Biochem. Biotechnol. 2012, 168, 1434-1447.
[CrossRef] [PubMed]

Vallorz, E.L.; Encinas-Basurto, D.; Schnellmann, R.G.; Mansour, H-M. Design, Development, Physicochemical Characterization,
and In Vitro Drug Release of Formoterol PEGylated PLGA Polymeric Nanoparticles. Pharmaceutics 2022, 14, 638. [CrossRef]
[PubMed]

Chen, Y.-C.; Hsieh, W.-Y.; Lee, W.-F,; Zeng, D.-T. Effects of surface modification of PLGA-PEG-PLGA nanoparticles on loperamide
delivery efficiency across the blood-brain barrier. J. Biomater. Appl. 2013, 27, 909-922. [CrossRef]

Chatterjee, M.; Chanda, N. Formulation of PLGA nano-carriers: Specialized modification for cancer therapeutic applications.
Mater. Adv. 2022, 3, 837-858. [CrossRef]

Alkholief, M.; Kalam, M.A.; Anwer, M.K.; Alshamsan, A. Effect of Solvents, Stabilizers and the Concentration of Stabilizers on
the Physical Properties of Poly(d,l-lactide-co-glycolide) Nanoparticles: Encapsulation, In Vitro Release of Indomethacin and
Cytotoxicity against HepG2-Cell. Pharmaceutics 2022, 14, 870. [CrossRef]

Hoda, M.; Sufi, S.A.; Cavuturu, B.; Rajagopalan, R. Stabilizers influence drug-polymer interactions and physicochemical properties
of disulfiram-loaded poly-lactide-co-glycolide nanoparticles. Future Sci. OA 2018, 4, FSO263. [CrossRef]

Shipunova, V.O.; Kovalenko, V.L.; Kotelnikova, P.A.; Sogomonyan, A.S.; Shilova, O.N.; Komedchikova, E.N.; Zvyagin, A.V,;
Nikitin, M.P; Deyev, S.M. Targeting Cancer Cell Tight Junctions Enhances PLGA-Based Photothermal Sensitizers” Performance In
Vitro and In Vivo. Pharmaceutics 2021, 14, 43. [CrossRef]

Jeon, H.J.; Jeong, Y.I; Jang, M.K.; Park, Y.H.; Nah, ].W. Effect of solvent on the preparation of surfactant-free poly(DL-lactide-co-
glycolide) nanoparticles and norfloxacin release characteristics. Int. ]. Pharm. 2000, 207, 99-108. [CrossRef]

Meng, Q.; Wang, A.; Hua, H; Jiang, Y.; Wang, Y.; Mu, H.; Wu, Z,; Sun, K. Intranasal delivery of Huperzine A to the brain using
lactoferrin-conjugated N-trimethylated chitosan surface-modified PLGA nanoparticles for treatment of Alzheimer’s disease. Int.
J. Nanomed. 2018, 13, 705-718. [CrossRef] [PubMed]

Kim, B.-S.; Kim, C.-S.; Lee, K.-M. The intracellular uptake ability of chitosan-coated Poly (D,L-lactide-co-glycolide) nanoparticles.
Arch. Pharm. Res. 2008, 31, 1050-1054. [CrossRef] [PubMed]

Siddique, S.; Chow, ].C.L. Recent Advances in Functionalized Nanoparticles in Cancer Theranostics. Nanomaterials 2022, 12, 2826.
[CrossRef]

Rezvantalab, S.; Drude, N.I; Moraveji, M.K,; Giivener, N.; Koons, E.K.; Shi, Y.; Lammers, T.; Kiessling, F. PLGA-Based
Nanoparticles in Cancer Treatment. Front. Pharmacol. 2018, 9, 1260. [CrossRef] [PubMed]

Shipunova, V.O.; Komedchikova, E.N.; Kotelnikova, P.A.; Zelepukin, I.V.; Schulga, A.A.; Proshkina, G.M.; Shramova, E.I.; Kutscher,
H.L.; Telegin, G.B.; Kabashin, A.V.; et al. Dual Regioselective Targeting the Same Receptor in Nanoparticle-Mediated Combination
Immuno/Chemotherapy for Enhanced Image-Guided Cancer Treatment. ACS Nano 2020, 14, 12781-12795. [CrossRef]
Komedchikova, E.N.; Kolesnikova, O.A.; Tereshina, E.D.; Kotelnikova, P.A.; Sogomonyan, A.S.; Stepanov, A.V.; Deyev, S.M.;
Nikitin, M.P,; Shipunova, V.O. Two-Step Targeted Drug Delivery via Proteinaceous Barnase-Barstar Interface and Doxorubicin-
Loaded Nano-PLGA Outperforms One-Step Strategy for Targeted Delivery to HER2-Overexpressing Cells. Pharmaceutics 2022,
15, 52. [CrossRef] [PubMed]

Sogomonyan, A.S.; Deyev, S.M.; Shipunova, V.O. Internalization-Responsive Poly(lactic-co-glycolic acid) Nanoparticles for
Image-Guided Photodynamic Therapy against HER2-Positive Breast Cancer. ACS Appl. Nano Mater. 2023, 6, 11402-11415.
[CrossRef]


https://doi.org/10.1039/C7CS00522A
https://www.ncbi.nlm.nih.gov/pubmed/29528360
https://doi.org/10.1021/acs.bioconjchem.0c00135
https://doi.org/10.1007/s11095-016-1958-5
https://doi.org/10.1002/smll.201704247
https://doi.org/10.1016/j.ccr.2017.10.006
https://doi.org/10.3390/pharmaceutics14030614
https://doi.org/10.1016/j.matdes.2020.108805
https://doi.org/10.1016/j.jconrel.2019.03.002
https://www.ncbi.nlm.nih.gov/pubmed/30853529
https://doi.org/10.1016/j.ijpharm.2007.01.038
https://www.ncbi.nlm.nih.gov/pubmed/17363204
https://doi.org/10.1007/s12010-012-9868-4
https://www.ncbi.nlm.nih.gov/pubmed/22976852
https://doi.org/10.3390/pharmaceutics14030638
https://www.ncbi.nlm.nih.gov/pubmed/35336011
https://doi.org/10.1177/0885328211429495
https://doi.org/10.1039/D1MA00600B
https://doi.org/10.3390/pharmaceutics14040870
https://doi.org/10.4155/fsoa-2017-0091
https://doi.org/10.3390/pharmaceutics14010043
https://doi.org/10.1016/S0378-5173(00)00537-8
https://doi.org/10.2147/IJN.S151474
https://www.ncbi.nlm.nih.gov/pubmed/29440896
https://doi.org/10.1007/s12272-001-1267-5
https://www.ncbi.nlm.nih.gov/pubmed/18787796
https://doi.org/10.3390/nano12162826
https://doi.org/10.3389/fphar.2018.01260
https://www.ncbi.nlm.nih.gov/pubmed/30450050
https://doi.org/10.1021/acsnano.0c03421
https://doi.org/10.3390/pharmaceutics15010052
https://www.ncbi.nlm.nih.gov/pubmed/36678681
https://doi.org/10.1021/acsanm.3c01446

Micromachines 2023, 14, 1647 12 of 12

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Shipunova, V.O.; Komedchikova, E.N.; Kotelnikova, P.A.; Nikitin, M.P,; Deyev, S.M. Targeted Two-Step Delivery of Oncotheranos-
tic Nano-PLGA for HER2-Positive Tumor Imaging and Therapy In Vivo: Improved Effectiveness Compared to One-Step Strategy.
Pharmaceutics 2023, 15, 833. [CrossRef]

Kovalenko, V.L.; Komedchikova, E.N.; Sogomonyan, A.S.; Tereshina, E.D.; Kolesnikova, O.A.; Mirkasymov, A.B.; Iureva,
A.M.; Zvyagin, A.V.; Nikitin, PI.; Shipunova, V.O. Lectin-Modified Magnetic Nano-PLGA for Photodynamic Therapy In Vivo.
Pharmaceutics 2022, 15, 92. [CrossRef]

Fluksman, A.; Lafuente, A.; Li, Z.; Sort, ].; Lope-Piedrafita, S.; Esplandiu, M.].; Nogues, J.; Roca, A.G.; Benny, O.; Sepulveda, B. Effi-
cient Tumor Eradication at Ultralow Drug Concentration via Externally Controlled and Boosted Metallic Iron Magnetoplasmonic
Nanocapsules. ACS Nano 2023, 17, 1946-1958. [CrossRef]

Kishimoto, T.K.; Ferrari, ].D.; LaMothe, R.A.; Kolte, PN.; Griset, A.P.; O'Neil, C.; Chan, V.; Browning, E.; Chalishazar, A.; Kuhlman,
W.; et al. Improving the efficacy and safety of biologic drugs with tolerogenic nanoparticles. Nat. Nanotechnol. 2016, 11, 890-899.
[CrossRef]

Zhao, Z.; Ukidve, A.; Krishnan, V.; Fehnel, A ; Pan, D.C.; Gao, Y.,; Kim, J.; Evans, M.A.; Mandal, A.; Guo, J.; et al. Systemic
tumour suppression via the preferential accumulation of erythrocyte-anchored chemokine-encapsulating nanoparticles in lung
metastases. Nat. Biomed. Eng. 2021, 5, 441-454. [CrossRef] [PubMed]

Kaplan, M.; Oztiirk, K.; Oztiirk, S.C.; Tavukcuoglu, E.; Esendagli, G.; Calis, S. Effects of Particle Geometry for PLGA-Based
Nanoparticles: Preparation and In Vitro/In Vivo Evaluation. Pharmaceutics 2023, 15, 175. [CrossRef] [PubMed]

Beck, L.R.; Cowsar, D.R,; Lewis, D.H.; Cosgrove, R.J.; Riddle, C.T.; Lowry, S.L.; Epperly, T. A new long-acting injectable
microcapsule system for the administration of progesterone. Fertil. Steril. 1979, 31, 545-551. [CrossRef] [PubMed]

Kaushik Tiwari, M.; Colon-Rios, D.A.; Tumu, H.C.R;; Liu, Y,; Quijano, E.; Krysztofiak, A.; Chan, C.; Song, E.; Braddock, D.T,;
Suh, H.-W,; et al. Direct targeting of amplified gene loci for proapoptotic anticancer therapy. Nat. Biotechnol. 2022, 40, 325-334.
[CrossRef]

Agarwal, R.; Johnson, C.T.; Imhoff, B.R.; Donlan, R.M.; McCarty, N.A.; Garcia, A.J. Inhaled bacteriophage-loaded polymeric
microparticles ameliorate acute lung infections. Nat. Biomed. Eng. 2018, 2, 841-849. [CrossRef] [PubMed]

Chen, Q.; Hu, Q.; Dukhovlinova, E.; Chen, G.; Ahn, S.; Wang, C.; Ogunnaike, E.A.; Ligler, ES.; Dotti, G.; Gu, Z. Photothermal
Therapy Promotes Tumor Infiltration and Antitumor Activity of CAR T Cells. Adv. Mater. 2019, 31, €1900192. [CrossRef]
Sahana, D.K.; Mittal, G.; Bhardwaj, V.; Kumar, M.N.V.R. PLGA nanoparticles for oral delivery of hydrophobic drugs: Influence of
organic solvent on nanoparticle formation and release behavior in vitro and in vivo using estradiol as a model drug. J. Pharm. Sci.
2008, 97, 1530-1542. [CrossRef]

Abdelkader, D.H.; Abosalha, A K.; Khattab, M.A.; Aldosari, B.N.; Almurshedi, A.S. A Novel Sustained Anti-Inflammatory
Effect of Atorvastatin-Calcium PLGA Nanoparticles: In Vitro Optimization and In Vivo Evaluation. Pharmaceutics 2021, 13, 1658.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/pharmaceutics15030833
https://doi.org/10.3390/pharmaceutics15010092
https://doi.org/10.1021/acsnano.2c05733
https://doi.org/10.1038/nnano.2016.135
https://doi.org/10.1038/s41551-020-00644-2
https://www.ncbi.nlm.nih.gov/pubmed/33199847
https://doi.org/10.3390/pharmaceutics15010175
https://www.ncbi.nlm.nih.gov/pubmed/36678804
https://doi.org/10.1016/S0015-0282(16)44002-1
https://www.ncbi.nlm.nih.gov/pubmed/446779
https://doi.org/10.1038/s41587-021-01057-5
https://doi.org/10.1038/s41551-018-0263-5
https://www.ncbi.nlm.nih.gov/pubmed/30854250
https://doi.org/10.1002/adma.201900192
https://doi.org/10.1002/jps.21158
https://doi.org/10.3390/pharmaceutics13101658

	Introduction 
	Materials and Methods 
	Synthesis of Polymeric Nanoparticles 
	Electron Microscopy 
	Photothermal Properties Study 
	-Potential Measurements 
	Measurement of Pht-Mg Incorporation 
	Cell Culture 
	Flow Cytometry Analysis 
	Cytotoxicity Assay 
	Bioimaging Ex Vivo 

	Results 
	Design of the Experiment 
	Effect of Stabilizer Solvent during Synthesis on the Photothermal Properties of PLGA NP 
	Effect of Coating Concentration during Synthesis on the Physicochemical Characteristics of PLGA NPs 
	In Vitro Study of PLGA/Pht-Mg Interaction with Cells: Flow Cytometry Analysis and In Vitro Cytotoxicity Tests 
	Bioimaging Study of PLGA/Pht-Mg NP Ex Vivo 

	Discussion 
	Conclusions 
	Appendix A
	References

