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Photodynamic therapy is an effective method for the treatment of several types of cancerous and
noncancerous diseases. The key to the success of this treatment method is effective drug delivery to the
site of action, for instance, a tumor. This ensures not only the high effectiveness of the therapy but also
the suppression of side effects. But how to achieve effective targeted delivery? Lately, much attention
has been paid to systems based on the so-called Trojan horse model, which is gaining increasing
popularity. The principle of this model is that the effective drug is hidden in the internal structure of a
nanopatrticle, liposome, or nanoemulsion and is released only at the site of action. In this review article,
we focus on drugs from the group of mitotic poisons, taxanes, and their use with photosensitizers in
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combined therapy. Here, we discuss the possibilities of how to improve the paclitaxel and docetaxel
bioavailability, as well as their specific targeting for use in combined photo- and chemotherapy.
DOI: 10.1039/d2tb02147a Moreover, we also present the state of the art multifunctional drugs based on cabazitaxel which, owing

to a suitable combination with photosensitizers, can be used besides photodynamic therapy and also in
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1. Introduction

Photodynamic therapy (PDT) is a method with great potential
for the treatment of both cancerous and noncancerous diseases.
It is based on the simultaneous presence of three factors: light,
oxygen, and a photosensitive drug (PS). Each component alone
should not affect cell proliferation, however, when combined, they
eliminate the diseased tissue. Due to the light absorption and
energy transfer, a PS is excited, i.e., the transition of an electron of
a PS from the ground state (S,) to a higher energy state (S,) occurs
without changing its spin. This singlet excited state S; of the PS is
characterized by a short lifetime in the order of nanoseconds. The
PS in the S, state can radiate the obtained energy in the form of
fluorescence emission or heat dissipation thereby returning to the
ground state S,. However, due to the intersystem crossing, in
which the spin changes occur, it may result in the transition of a
PS from the S; state to a more stable and long-lived triplet state
(Ty), which is very important from the point of view of PDT. Then,
the PS relaxes from the T, state back to its ground state S, by
radiation of the received energy in the form of phosphorescence,
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photoacoustic imaging or sonodynamic therapy.

or by energy transfer to other molecules in the vicinity. This
energy transfer can generate various types of radicals such as *OH,
*HO,, and *OOR, collectively referred to as reactive oxygen species
(ROS). When the energy is transferred directly to the molecular
oxygen (%0,), highly reactive singlet oxygen (‘O,) is formed.
Reactive oxygen species together with singlet oxygen are respon-
sible for the oxidation of other molecules present in the cell; this
oxidative stress then leads to cell structure damage followed by
cell death," for schematic depiction, see Fig. 1.

The PDT method has been successfully used already for
many years for the treatment of several diseases such as age-
related macular degeneration,”” head and neck cancer,®®
bladder cancer,'®"® non-small lung cell carcinoma,"® actinic
keratoses,"* ' cutaneous T-cell lymphoma,'”*® or other types
of dermatological carcinomas.'® In clinical and pre-clinical
trials, PDT and photodynamic diagnostics are also being eval-
uated for the treatment of brain cancer,?® prostate cancer,?'>*
and gynecological diseases.**>” However, the broader use of
PDT for the treatment of other cancer types is still limited.
One of the reasons is the relatively shallow (2-3 mm) tissue
penetration of light with a wavelength of 630 nm.?® As a result,
only cells with accumulated PS that are directly illuminated by
the light source are effectively eliminated. This problem can be
partially solved by the use of a PS absorbing in the near-infrared
region of the electromagnetic spectra, which is characteristic of

This journal is © The Royal Society of Chemistry 2023


https://orcid.org/0000-0003-1055-4026
https://orcid.org/0000-0002-3008-1396
http://crossmark.crossref.org/dialog/?doi=10.1039/d2tb02147a&domain=pdf&date_stamp=2023-08-24
https://rsc.li/materials-b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2tb02147a
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB011036

Open Access Article. Published on 16 March 2023. Downloaded on 11/9/2025 11:05:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Type | reaction

Excited singlet state ROS
$ —— Electron transfer
T ) ....Intersystem crossing
S ’ e/
Y H Excited triplet state .

e T,

10,

30,

Light absorption
Fluorescence
Phosphorescence

Cancer cell

Type Il reaction death

Ground singlet state (So)

Fig.1 A simplified scheme of the Jablonski diagram extended by the
mechanism of photodynamic therapy. After the light of the respective
wavelength is absorbed by a photoactive molecule, it is excited and
transitions from the ground state (Sp) to the higher singlet excited states
(S1, Sy) occur. From these excited states, the molecule can return to the
ground state So while releasing energy in the form of fluorescence
emission. Via intersystem crossing, the molecule can transfer into a more
stable triplet state (Ty), and its energy can be radiated in the form of
phosphorescence by the transition to the ground state So. However, if a
molecule in T; reacts with biomolecules (type | reaction), electron transfer
can occur to form reactive oxygen species (ROS). The molecule in Ty
can also react directly with the molecular oxygen to form singlet oxygen
(type Il reaction). Created by BioRender.com.

deeper tissue penetration. Another approach for PS photoacti-
vation is the application of optical fibers, which can be intro-
duced directly into the tumor lesion instead of light sources
working only on the surface.”® However, there are still other
limitations that hamper broader PDT utilization. These are
insufficient capabilities in specific drug delivery to the diseased
tissue caused either by low PS solubility, high aggregation,
or poor PS selectivity for tumor cells.

Therefore, a more recent approach combining PDT with
other treatment methods, for instance, chemotherapy, has
emerged. Such a combination has been proven very effective,
especially in cancer treatment. The combination of these
approaches results in a highly effective reduction in the number
of cancer cells, minimization of side effects, and also reduction
of the risk of cancer cell resistance development.*** When a
PS and an antitumor drug are applied as a mixture (in one
injection), their simultaneous delivery to the target tissue and,
thus, their synergistic effect is not guaranteed. These facts have
led many research groups to the development of PSs that
combine a PS and a chemotherapeutic agent in one moiety,
often encapsulated in nanoparticles (NPs). The use of NPs is
one of the possibilities for drug delivery based on the “Trojan
horse strategy”, i.e., “hiding” the drug in the internal structure
of NPs based on which the hidden drug can be more efficiently
and in a more facile manner transported to the target tissue.
Such an approach provides an advantage in crossing the cell
membrane and in some cases also the blood-brain barrier.
In addition, specific targeting can ensure that the drug is
delivered to a specific tissue, thus eliminating or minimizing
side effects on the whole organism. The advantage of the
“Trojan horse approach” is also the possibility of encapsulating
several active substances with different mechanisms of action
in one system at the same time, which increases the probability
of success in the fight against the disease.

This journal is © The Royal Society of Chemistry 2023
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Among the widely used chemotherapeutics, there belong
drugs based on mitotic poisons, for instance, paclitaxel,
colchicine, and vincristine. These compounds block the poly-
merization or depolymerization of microtubule fibers. The use
of mitotic poisons has its limitations, especially, it is the low
water solubility and high systemic toxicity of these compounds.
However, due to their great clinical potential, they are of
frequent choice for use in drug combinations, in which their
side effects can be effectively eliminated.** The encapsulation
of multiple agents with therapeutic potential into a single
particle provides an opportunity for accurate and controlled
delivery of multiple drugs to a target area that enhances the
synergistic effect of both therapeutics.

2. Taxanes in combined phototherapy
and chemotherapy

Medicines based on clinically approved taxanes represent great
potential in combined anticancer therapy. Taxanes belong
among plant alkaloids that are responsible for the inhibition
of tubulin depolymerization in cells. The mechanism of action
of taxanes is based on their ability to stabilize microtubule
fibers by binding to the B-tubulin subunit of the tubulin dimer.
The exact effect of taxanes is dependent on the amount
administered; for example, low doses of paclitaxel (PTX,
5-10 nM) lead only to cell cycle arrest but the cells survive.
While at high doses of PTX (10-500 nM), there is a permanent
cessation of mitosis, the formation of the atypical mitotic
spindle, and abnormal microtubule aster.>® The formation of
these structures prevents the further course of mitosis and
leads to cell apoptosis. Therefore, PTX has been widely used in
medicine as a chemotherapeutic for the treatment of breast,
ovarian, and non-small cell lung carcinoma. However, the low
solubility of PTX has led scientists to the development of novel
formulations and derivatives, in which case, drug combinations
have come to the forefront of interest. A detailed overview of the
various drug combinations involving PTX is given in Skubnik
et al.,’>® which summarizes not only the co-administration of
two different separate drugs but also two drugs joined in one
molecule. The progress in the development of nano-formulated
taxanes via the use of novel biomaterials and NP drug delivery
systems was summarized by Zhang et al.*” In this comprehen-
sive review, they discussed the importance of nano-formulated
taxanes in synergistic therapy strategies (e.g., combination with
surgery, chemo- and radiotherapy) and nano-formulated tax-
anes in targeted drug delivery in preclinical and clinical use.*”
Here, we focus mainly taxanes, paclitaxel, docetaxel, and caba-
zitaxel, used as chemotherapeutics in combination with photo-
sensitizers adminitered together in one particle/delivery agent.

2.1. Paclitaxel-based prodrugs

One of the possibilities in the development of novel drugs is the
preparation of so-called prodrugs, i.e., inactive forms of drugs
that are converted into active substances only after their
administration, or rather after their delivery to the target tissue.

J. Mater. Chem. B, 2023, 11, 8622-8638 | 8623
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Fig. 2 (A) Anillustration of paclitaxel modification to inactive PTX prodrug

which is converted to an active PTX form in the target tissue; (B) an
amphiphilic PTX prodrug can create self-assembling nanostructures,
which are disassembled in the target tissue and an accessible form of
PTX is released; (C) a combination of singlet oxygen-cleavable PTX
prodrug with a photosensitizer as a multimodal approach in cancer
treatment. Created by BioRender.com.

Prodrugs can be prepared by modifying the original chemical
structure of a drug, but also by conjugation with another
molecule or cleavable linker (Fig. 2).

The prodrug approach is a strategy chosen also by Bio et al.,*®
who prepared a series of three singlets oxygen-activable PTX
prodrugs targeted to the mitochondria of cancer cells. These
newly prepared prodrugs consisted of PTX covalently linked to
one of three mitochondriotropic cations: rhodamine (RH),
4-carboxy-1-methylpyridinium chloride (CAT), or triphenylpho-
sphonium (TPP), which were connected to a singlet oxygen-
cleavable amino acrylate linker. The second molecule used in
the system, Bio et al. presented, is hexyl-5-aminolevulinic acid
(hALA), resp. protoporphyrin IX (PpIX), which after photoacti-
vation generates singlet oxygen. hALA has been approved by
the U.S. Food and drug administration for the diagnosis of
non-muscle-invasive bladder cancer. In the body, hALA, alike
5-aminolevulinic acid, serves as a precursor in the biosynthesis
of the PpIX photosensitizer in high yields.****° In the study of
Bio et al.,*® the prodrug chemotherapeutics RH-L-PTX, TPP-L-
PTX, or CAT-L-PTX were co-administered (a concentration
range of 0.25-1.25 puM) with hALA (0.5 mM) to the rat cells
derived from bladder carcinoma (AY-27). After 2 h, the PpIX
internalized in the cells was photoactivated (530 nm, 10 mW cm )
which induced the formation of singlet oxygen. The increased
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amount of singlet oxygen leads to fast cleavage of the prodrug
molecule and PTX release. This photoinduced chemotherapy
resulted in 84, 82, and 80% elimination of AY-27 cells after
treatment with 0.25 uM concentration of RH-L-PTX, TPP-L-PTX,
and CAT-L-PTX, respectively. PDT alone (hALA/PpIX + photoactiva-
tion) induced the elimination of only 40% of the AY-27 cells.
Without hALA, the prodrugs did not induce significant phototoxi-
city or cytotoxicity. In addition, the intracellular localization of
PpIX was detected in the mitochondria of AY-27 cells. The same
localization site was determined also for the fluorescent RH-L-PTX
prodrug. This result suggests that the prepared prodrugs effectively
target the AY-27 cell mitochondria, which is an attractive compart-
ment for effective photo-/chemotherapy.*® However, the presented
study does not report on any other studies of the prepared
prodrugs, for instance, using 3D cell models of spheroids, or
in vivo tests using experimental animals. It is therefore a question
of whether the high efficiency would be preserved in more complex
systems as well. In this case, what could be a limitation is the
different delivery efficiency/rate of prodrugs and hALA, which were
reported to be administered separately.

The second example of a PTX-based prodrug is the direct
conjugation of PTX to a PS, thus creating one molecule.*!
In this study, PTX was conjugated to a PS (phthalocyanine)
together with a folate receptor-targeting group attached via a
polyethylene glycol (PEG) linker of various lengths (1, 2, 3.5,
and 5k) which was compared to direct conjugation of both
moieties (without the PEG linker). The optimal length of the
PEG linker for efficient cell uptake of the prodrug was deter-
mined as 1-3.5k. In the case of direct PTX-PS conjugation, a
formation of prodrug aggregates occurred which resulted in a
reduction of prodrug transport into cells. In contrast, for the
longest PEG linker (5k), there was a steric hindrance of the
prodrug binding to the folate receptor, and due to the high
hydrophilicity of the conjugate, free transport of the drug
across the plasma membrane was limited. The prodrug photo-
toxicity was determined 72 h after laser irradiation (690 nm,
10 J em ?) when internalized in human cells derived from
ovarian carcinoma (SKOV-3, folate receptor positive), in which
the half-maximal inhibitory concentration (ICs,) values of the
prodrugs with medium lengths of the PEG linker (1-3.5k)
reached to ca. three times lower values than that of the directly
conjugated prodrug and prodrug with the longest PEG linker
(5k). Without photoactivation, only negligible prodrug cyto-
toxicity was detected at 500 nM concentration of all conjugates
with more than 90% of cells surviving after 72 h treatment.*’
The anticancer activity of the prodrug with 2k PEG linker was
further verified in BALB/c mice with implanted mouse cells
derived from colon carcinoma (Colon-26). The study focused on
the optimization of the so-called drug-light interval (DLI),
i.e., the time at which tumor photoactivation occurs counted
by the drug administration. DLI appears to be a very important
parameter of anticancer therapy utilizing PDT. This study
evaluated three DLIs, 0.5, 9, and 48 h, for 2k PEG (PTX-
phthalocyanine). In all three times, the colon-26 tumor progres-
sion in BALB/c mice slowed down or completely stopped.
In addition, in the case of DLI of 9 h, the tumor was fully

This journal is © The Royal Society of Chemistry 2023
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eliminated without remission within 90 days after photo-
activation. With shorter or, on the contrary, longer DLIs, the
tumor growth was initially suppressed after 3-7 days from
treatment, however, then, the tumor growth continued, which
shows the great importance of the correct timing of the photo-
activation after drug administration.*”

2.2. Nanoparticles and nanoemulsions with paclitaxel

Along with the rapid development in the field of nanotechnol-
ogies, nanomaterials, and biomaterial research, there has been
an increasing effort to use them in the preparation of novel
(bio)medicinal products. The most common delivery systems
that enhance PTX solubility and improve its pharmacological
properties like liposomes, NPs, micelles, prodrugs, emulsions,
implants, and cosolvent methods were summarized by Haddad
et al. (Fig. 3). The review focuses especially on nanocrystal
formulations of PTX."

However, the preparation of NPs that leads to improved drug
bioavailability, prolonged drug circulation in the bloodstream,
and specifically targeted drug accumulation at the site of a
tumor has remained an immense challenge, especially for
multimodal drugs. Moreover, researchers have also increas-
ingly pointed out that relatively large NPs are retained around
the tumor’s blood supply and do not penetrate the tumor
tissue. In contrast, small NPs penetrate tumor tissue easily
but are also more rapidly eliminated from the site of action.***>
In the case of PDT, the situation is all worse since many of the
used carriers increase the aggregation of PSs, thereby affecting
their photochemical properties and limiting their use in PDT.*®
Yu et al.*’ tried to solve these problems by preparation of
several size-reducible NPs (Fig. 4). The NP core is composed
of small gold nanoclusters (CAuNCs) into which ROS-responsive
cinnamaldehyde- and thioacetal-based PTX dimers (PXTK) are
encapsulated together with a PS pheophorbide a. The NP core is
coated with a hyaluronic acid (HA) layer which determines the

Liposome

Implant Nanocrystals

Micelle

Emulsion

Solid lipid
nanoparticles

Polymeric
nanoparticles

Fig. 3 Common delivery systems of paclitaxel (PTX). Taken and edited
from Haddad et al. 2022.%* Created by BioRender.com.
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Fig. 4 (A) Size-reducible nanoparticle composition: the core of nano-
particles composed of small gold nanoclusters (CAuNCs), into which ROS-
responsive cinnamaldehyde- and thioacetal-based PTX dimers (PXTK)
were encapsulated together with a PS pheophorbide a (Pba) and, for
increased immunotherapeutic effect, the particles were supplemented
with hydrolysis-resistant p-peptide antagonist (dPPA) targeting the pro-
grammed cell death receptor-1/programmed cell death receptor-ligand 1
pathway (PD-1/PD-L1). The core of the nanoparticles was covered with a
layer of hyaluronic acid (HA), which determined their diameter, and the
surface was formed by a red blood cell membrane (RBC). (B) A schematic
representation of the therapeutic effect of the prepared nanoparticles in
4T1 cells after photoactivation at 650 nm. Taken and adapted from Yu et al.
2019.%’ Created with BioRender.com.

NP size. The amounts of 0.67, 1, and 2 mg mL ™" of HA corres-
ponding to a 150, 200, and 300 nm NP diameter, respectively,
were evaluated. Moreover, the HA layers also served as a size-
reducing factor for the NPs given the possibility of hyaluronidase
cleavage. The NP surface was further coated with a red blood cell
membrane (RBC) to ensure longer systemic circulation and
improved NP delivery to the site of the tumor. To enhance the
immunotherapeutic effect, the particles were supplemented with
a hydrolysis-resistant p-peptide antagonist (dPPA) targeting
the programmed cell death receptor-1/programmed cell death
receptor-ligand 1 pathway (PD-1/PD-L1). The use of the RBC
membrane coating was found to reduce NP cytotoxicity in mouse
macrophages (RAW 264.7). In addition, the cytotoxicity was
based on the size of the NPs, for which larger particles exhibited
increased toxicity compared to the smaller ones; the IC5ys were
equal to 1.09, 0.45, and 0.86 ug mL ™" for 150, 200, and 300 nm
NP diameters, respectively. Moreover, based on measurements
of fluorescence emission intensity, significantly lower uptake
of RBC-treated NPs by RAW 264.7 cells was detected after
2-4 h of treatment than for uncoated NPs. Contrary to that, in
cells derived from mouse mammary carcinoma (4T1), the RBC-
coated NPs induced higher cytotoxicity than the uncoated ones.
However, at the same time, no statistically significant relation-
ship between the NP size and in vitro cytotoxicity was found for
4T1 cells, for which the ICsos of 0.092, 0.26, and 0.10 pg mL ™"
were determined for 150, 200, and 300 nm NP diameters,
respectively. To further verify the anticancer activity of the pre-
pared NPs, Yu et al.*” performed an in vivo experiment in 4T1
tumor-bearing mice, using 150 nm NPs as the most suitable

J. Mater. Chem. B, 2023, 11, 8622-8638 | 8625
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ones for mammary tumor elimination. The efficacy of 84.2%
inhibition of tumor growth was reached upon treatment with
RBC-coated NPs containing PXTK, pheophorbide a, and dPPA
with laser photoactivation, i.e., photo-, chemo-, and immuno-
therapy were combined. In the case, in which only photo- and
chemotherapy (NPs without dPPA) were combined, the tumor
growth was inhibited to a lesser extent, i.e., 74.3%. In the case of
PDT monotherapy (photoactivated NPs containing only pheo-
phorbide a) or combined chemo-/immunotherapy (no photo-
activation), the tumor growth inhibition ranged between
65-66%, when compared to the control group. In addition, the
prepared NPs also showed significant antimetastatic potential
in combination with photo-/chemo-/immunotherapy,”’” which
appears very promising.

A different approach for the development of combined
photo-/chemotherapy was chosen by Luo et al.,*® who prepared
a thioether bond-bridged heterotypic dimer (PPa-S-PTX) of PTX
and pyropheophorbide a (PPa) for multimodal synergistic
cancer therapy. Owing to the ROS-sensitive thioether bond,
the cleavage of dimers into two separately active parts of the PS
(PPa) and the chemotherapeutic moiety (PTX) was assured. As a
control, they synthesized a ROS-insensitive dimer, in which the
thioether bond was replaced by a carbon chain (PPa-C-PTX). For
the formation of NPs, a one-step nanoprecipitation method was
used during which the dimers (PPa-S-PTX or PPa-C-PTX) were
dispersed in water and self-packaged. The NP surface was
subsequently modified by PEGylation with 2-distearoyl-sn-gly-
cero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000] to increase the stability of the NPs. When the prepared
PPa-S-PTX NPs were exposed to H,O, or photoactivated by laser
radiation (660 nm, 10 min), there occurred a release of more
than 90 and 40% of PTX, respectively. Contrary to that, in the
case of a control PPa-C-PTX, more than 90% of the NPs
remained intact. The efficacy of PPa-S-PTX treatment (a concen-
tration range of 1.562-100 nM) was evaluated in human epi-
dermoid carcinoma (KB), human lung adenocarcinoma (A549),
and 4T1 cells, for which a synergistic effect of the photother-
apeutic and chemotherapeutic moieties was detected after 4 h
upon laser photoactivation (660 nm, 58 mW cm >, 6 min).
These in vitro experiments were followed by in vivo tests in two
animal models with implanted KB and 4T1 tumor cell xeno-
grafts. In these models, a clear reduction in tumor growth
occurred after five doses of PPa-S-PTX NPs administered in
intravenous injections (the total dose of NPs was 9.4 pmol kg™"
from which PTX was 8 mg kg™ and PPa of 5 mg kg™ for PPq)
followed by laser irradiation (660 nm, 200 mW cm ™2, 6 min),
compared to both nonphotoactivated sole PTX (commercially
available Taxol®), and PPa co-administered with unconjugated
Taxol® (+laser irradiation).*® A similar approach was chosen by
Sun et al,* who prepared a light-activatable porphyrin-PEG
polymer-coated prodrug. The NP was based on a self-assembled
hydrophobic core composed of PTX and oleic acid (OA) linked
by a ROS-cleavable thioether bond (PTX-S-OA). The surface
of the NPs was composed of a PS, PPa, conjugated to PEG
(PPa-PEG2Kk). Also, these NPs (PTX-S-OA/PPa-PEG2Kk) exhibited
good stability in phosphate buffer solution and efficient release
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of PTX (>90%) in the presence of 2 mM H,0, in combination
with 2 min laser photoactivation at 660 nm (58 mW cm 2,
6 min). Experiments in KB tumor-bearing nude mice revealed
good antitumor activity of these NPs in vivo. Significant tumor
reduction was detected after repeated treatment of the mice
with PTX-S-OA/PPa-PEG2k (5 injections; the dose corresponds
to 8 mg kg~ for PTX, 1 mg kg~ ' for PPa) followed by laser
photoactivation (660 nm, 200 mW cm 2, 6 min), in comparison
to sole Taxol™ treatment or Taxol™/PPa/laser and PTX-S-OA/
PPa-PEG2k without photoactivation.*’

Yang et al.>® synthesized a new amphiphilic polymer that
was composed of chondroitin sulfate (ChS) linked to hydro-
phobic blocks of ROS-responsive poly(propylene sulfide) [PPS].
This polymer (ChS-g-PPS) formed the basis of NPs into which a
PS chlorine e6 (Ce6) was encapsulated together with the PTX
chemotherapeutic. The prepared NPs named CP/ChS-g-PPS NPs
(a diameter of ~200 nm) exhibited a high rate of drug loading
efficiency with a Ce6 and PTX content of 14.93% and 24.31%,
respectively, as well as a higher rate of drug retention in tumor
foci. A synergistic photo-/chemotherapeutic effect was detected
after treatment of human breast cancer cells (MCF-7) with
CP/ChS-g-PPS followed by photoactivation (100 mW cm 2
1 min), upon which cancer cell elimination was effective to
a much higher extent than just monochemotherapy with
CP/ChS-g-PPS (not photoactivated) or monophototherapy using
Ce6/ChS-g-PPS (photoactivated). At the same time, the photo-/
chemotherapy using CP/ChS-g-PPS (dose corresponding to
5 ug mL~' PTX, 2.625 ug mL~ " Ce6) also induced the highest
percentage of apoptotic cells MCF-7 compared to the mono-
therapies. Moreover, interestingly, the toxicity of non-photo-
activated CP/ChS-g-PPS was reduced compared to free PTX
(dissolved in dimethyl sulfoxide) and Taxol®™. The anticancer
activity of CP/ChS-g-PPS NPs was examined in vivo in two
animal models a 4T1 tumor-bearing mouse and MCF-7 xeno-
grafts in nude BALB/c mice. After 14 days, 92.76% resp. 88.57%
inhibition of the tumor size was observed in 4T1 and MCF-7
xenografts in mice (in this order) treated with CP/ChS-g-PPS
(dosage: 16 mg kg™ PTX, 8.5 mg kg™ " Ce6) with photoactivation
(660 nm, 200 mW cm >, 15 min) compared to untreated mice.
This was the best result achieved even in comparison with sole
Taxol” or non-photoactivated CP/ChS-g-PPS treatment. Histo-
chemical analysis of selected tissues showed no significant organ
damage compared to the control group.>

Different ChS-based NPs, this time targeting multi-drug
resistant tumors with increased P-glycoprotein (P-gp) expres-
sion, were prepared by Shi et al®® A PS Ce6 and the P-gp
inhibitor quercetin (Q) were attached to the ChS backbone
using a redox-responsive cystamine linker (C) to obtain ChS-
C-Q/Ce6 (CQE) conjugate. The thus prepared conjugate spon-
taneously assembled into NPs in an aqueous medium. With the
addition of PTX, PTX/CQE NPs with 120 nm in diameter
were prepared; they contained three molecules with different
mechanisms of action. The NP’s in vitro cytotoxicity was deter-
mined using a multi-drug-resistant breast cancer cell line
MCF-7/ADR and wild-type MCF-7 cells. The measurements
clearly show that combination therapy, whether in the form of
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co-administration of free PTX + Q (ICso of 7.12 & 1.94 ug mL ™ ") or
NPs with PTX/CQE (ICs of 3.71 4+ 0.44 ug mL ") has in the case of
MCF-7/ADR cells significantly higher efficiency after 24 h than
PTX alone (ICs, of 36.37 & 13.26 pg mL ™ *). The highest decrease
in the number of MCF-7/ADR cells was observed after adminis-
tration of PTX/CQE NPs in combination with photoactivation
(600 nm, 100 mW cm >, 1 min). In this case, also the highest
proportion of apoptotic cells MCF-7/ADR (62.08%) was recorded.
In vivo experiments with 4T1 tumor-bearing mice showed efficient
accumulation of CQE NPs in the tumor tissue but also in the liver,
in which free Ce6 accumulated significantly lesser than the NPs.
The authors explain the accumulation of CQE NPs in the liver
by the NP size, since it is known that NPs with a diameter
of 50-250 nm can be taken up by liver sinusoidal endothelial
cells. The second explanation for the liver uptake is the NP
composition, which, due to the content of ChS, can bind to the
cluster of differentiation 44 (CD44) expressed not only by tumor
cells but also by liver cells. The liver of experimental mice
accumulated PTX in high concentrations also in the aforemen-
tioned study by Yang et al.>® In the same experimental model
(4T1 tumor-bearing mice), the number of lung metastases was
significantly reduced after two-week treatment by PTX/CQE NPs
followed by photoactivation, compared to the Taxol®-only
treated group. The therapeutic effect of PTX/CQE NPs was
verified in mice bearing MCF-7/ADR tumor xenograft, in which
84.28% suppression of tumor growth occurred after adminis-
tration of the PTX/CQE NPs (intravenous injection every 4 days
3 times at 10 mg kg~ of PTX equivalent) in combination with
photoactivation (600 nm, 100 mW c¢m ™2, 15 min).>"

Another possible approach for improving drug hydrophilicity
and specific targeting is the creation of nanoemulsions, which are
popularly used for drug delivery. Nanoemulsions are dispersions
of two immiscible liquids, usually oil-in-water or water-in-oil,
which are dispersed in each other in the form of submicron
droplets. Surfactants are often used to increase the stability of
nanoemulsions, however, they have also certain limitations, since
they can lead to adverse drug effects when administered
systemically.”>™>* Currently, the use of nanoemulsions is investi-
gated in five active clinical trials for treating basal cell carcinoma
by PDT (NCT02367547),°° for joint pain reduction caused by
treatment with aromatase inhibitors in breast cancer survivors
(NCT03865992),°° against pandemic flu (NCT05397119),%” plaque
psoriasis (NCT04971239)°® and dry eye disease (NCT05245604).>°
More than 15 other clinical studies of different nanoemulsion
applications were completed in the recent four years which
indicates the great potential of this approach.®

However, nanoemulsions can be also used in combination
therapies with PDT, photothermal therapy, and chemotherapy,
as shown in Hou et al® They prepared a surfactant-free
nanoemulsion composed of an amphiphilic porphyrin salt
shell (pyropheophorbide a and mono-sodium salt) and an oil
core consisting of glyceryl trioctanoate (PyroNewPS). The addi-
tion of hydrophobic drugs such as the chemotherapeutic PTX
to the particle core then created a multifunctional nano-
platform (PyroNewPS@PTX) that can be used in combination
phototherapy. The absorption spectrum of the PyroNewPS
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showed a redshift of 44 nm (671-715 nm) compared to the
disrupted nanoemulsion, which was probably due to the
presence of J-aggregates and m-interaction systems The Pyro-
NewPS showed a stable photoacoustic signal at 715 nm. At the
same time, an increase in temperature (> 52 °C) was observed
after laser photoactivation (660 nm) of the nanoemulsion. After
some time, the nanoemulsion disintegrated in the cells and the
photoacoustic signal and photothermal effect were suppressed.
On the contrary, an increase in the fluorescence emission
intensity and an augmented amount of singlet oxygen produc-
tion were recorded, which indicates the presence of a PS in a
monomeric form. The same phenomenon was observed also
in vivo after PyroNewPS administration to mice bearing sub-
cutaneous KB tumors. After 2 h from the administration, a
strong photoacoustic signal was observed at 715 nm, after
another 24 h, a decrease in this signal and, conversely, an
increase of the fluorescence emission intensity at the tumor site
was recorded. When PTX was added to the nanoemulsion oil
core (PyroNewPS@PTX), the ICs, in KB, A549, and NCI-H460
cells was reduced 94, 85, and 24 times, respectively, when
compared to Taxol®. The in vivo experiments showed a high
potential of the nanoemulsions for efficient PTX delivery, with
a significant decrease in tumor size observed in mice bearing KB
tumors treated with PyroNewPS@PTX (7.2 mg kg~ ' of PTX, two
doses) compared to mice treated only with Taxol®™ (7.2 mg kg ™)
or PyroNewPS. Unfortunately, the study does not provide any data
on combination PDT/PA/chemotherapy that could enhance drug
efficacy.’" A similar approach was used by Chang et al,*® who
used porphyrin lipids as the basic building blocks for the pre-
paration of a combined PDT/chemotherapeutic drug. The por-
phyrin-lipid nanoemulsion containing PTX embedded in the oil
core of the particle (PLNE-PTX) was stabilized by the addition of
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino (poly-
ethylene glycol)-2000] (DSPE-PEG 2000), which also prolonged
the circulation time of PLNE-PTX in the blood plasma of experi-
mental animals (BALB/c mice). Viability tests performed using KB
cancer cells showed an increase in the PLNE-PTX cytotoxicity
when photoactivated by a laser (671 nm, 10 J] cm >, 500 s),
compared to Taxol® monotherapy, PLNE-PTX without light, or
PLNE with photoactivation (no PTX). Interestingly, PLNE-PTX
particles alone, even without photoactivation, led to a more
significant reduction in KB cell viability (24.22 + 0.74% of viable
cells) than after using Taxol® alone at the same dose (65.77 +
1.86% of viable cells). This could probably be caused by the more
efficient delivery of PTX into cells. Even lower viability of only
8.75 £ 1.1% was measured for PLNE-PTX combined laser irradia-
tion. In vivo tests in a KB-xenograft mouse model showed effective
accumulation of PLNE-PTX in the tumor tissue (~ 5.4 of injected
dose (ID %) per gram of tissue) and 80% inhibition of tumor
growth using the combination therapy. Neither the total weight of
the animals nor other biochemical parameters were significantly
changed after PLNE-PTX treatment.®*

2.3. Docetaxel in combination chemo-/phototherapy

Another well-known and broadly used taxane chemotherapeu-
tic is docetaxel (DTX). It is a semi-synthetic derivative of PTX,
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which is used as a cytostatic in the treatment of breast, lung,
prostate, stomach, head, and neck cancer. It has been also used
with good results in combination therapy with doxorubicin,
trastuzumab, prednisone, or cisplatin.*® Due to its low bioavail-
ability, caused by its limited solubility in water, new directions
for its targeted delivery are being sought nowadays. Owing to
its high potential in cancer treatment, DTX is a frequent choice
for the preparation of multifunctional nanoplatforms with a
combined photo-/chemotherapeutic effect, as, for instance, in
the case of double-coated NPs prepared by Maiolino et al.®?
These NPs consist of a negatively charged core composed of
poly(lactide-co-glycolide) with DTX, followed by a layer of poly-
ethyleneimine containing tetrasodium-meso-tetra(4-sulfonato-
phenyl) porphyrin (TPPS4) and an upper layer of HA for
targeted delivery to cells with increased CD44 expression. Using
human breast cancer cells MDA-MD-131 and MCF-7 which
differ in the CD44 expression levels, higher uptake of DTX/
TPP4-dcNPs was detected for MDA-MD-131 exhibiting pro-
nounced CD44 expression. At the same time, they confirmed
the importance of particle-based drug delivery, when the elimi-
nation of MDA-MD-131 cells was observed already at very low
concentrations (0.01 pg mL™') of DTX-deNPs, compared to a
similar amount of free DTX which does not affect the growth of
MDA-MD-131 cells. A similar trend was observed in the case of
DTX/TPP4-dcNPs-treated MDA-MD-131 cells, in which the IC5,
was 0.008 pg mL~' 24 h after photoactivation (8 ] cm™>, the
light of 390-460 nm). When the drugs were co-administered in
the free forms, the IC5, significantly augmented to a value of
0.16 pug mL ™" and, thus, lower cytotoxicity was detected 24 h
after photoactivation.®® Various drug combinations with DTX
are also discussed in studies by Gaio et al.®® They have
proposed several new types of polymeric NPs for combined
DTX photo-/chemotherapy. One of them is based on large
200 nm bilayer NPs, the hydrophobic core of which consists
of poly(lactide-co-glycolide) (PLGA) with DTX. Around the NPs
core, there is a layer of polyethyleneimine (PEI) into which,
there is, based on electrostatic interactions, anchored a
negatively charged PS meso-tetraphenyl chlorine disulfonate
(TPCS2a, Fimaporfin). It is used as a light-triggered cytosolic
delivery of endocytosed drugs that are unable to cross the cell
plasma membrane. The top layer of the particles is formed by
hyaluronan to target tumor cells with increased CD44 expres-
sion. The active substance content in the particles is in a ratio
of 1:35 for DTX and TPCS2a, respectively, which roughly
corresponds to the calculated optimal drug ratio (1:30) for
the combined treatment of HeLa and MDA-MB-231 cells.
In vitro cytotoxicity experiments showed that the DTX/TPCS2a-
NPs lead to an increase in the therapeutic efficacy in compar-
ison to DTX and TPCS2a in their free forms or simultaneous
administration of DTX-NPs and TPCS2a-NPs. Higher cytotoxi-
city of the tested system was determined in CD44-positive MDA-
MB231 cells, which are less sensitive to DTX treatment
than HeLa cells. Moreover, fluorescence microscopy showed
intracellular localization of TPCS2a-NPs in lysosomes of MDA-
MB231 cells, suggesting preferential particle transport via
CD44-mediated endocytosis. At the same time, the influence
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of free DTX, which led to a reduced entry of TPCS2a into cells,
was co-administered with both drugs in the free form. No effect
was observed when both drugs were co-administered in an NP
form (DTX-NPs, TPCS2a-NPs). For both cell lines (HeLa, MDA-
MB-231) co-delivery of DTX with TPCS2a loaded in separate
NPs brings an advantage in cell toxicity concerning the co-
administration of free forms of drugs. The highest inhibition
of cancer cell growth was observed after treatment with DTX/
TPCS2a-NPs, especially regarding MDA-MB-231. The potential
DTX/TPCS2a-NPs in the treatment of multidrug-resistant cancer
was evaluated using the prepared DTX-resistant HeLa cell line,
the high toxicity of DTX/TPCS,,-NPs was detected as well as a
significant increase in the synergistic effect of both drugs,
compared to other conditions: free DTX with TPCS,,, DTX-NP
with TPCS,,-NPs.® Another vivid approach consists of NPs
prepared by Gaio et al.,®® which are based on natural polymer
keratin. They were designed for co-delivery of DTX with a Ce6
photosensitizer (DTX/Ce6-KNPs). The biological activity of
these 133 nm-sized NPs was verified using DTX-sensitive HeLa
cells as well as the derived DTX-resistant HeLa cell line (a cell
monolayer and 3D spheroids). At the same time, NPs contain-
ing only the photosensitizer (Ce6-KNPs) and only the drug
(DTX-KNPs) were prepared. Cell in vitro tests showed that when
DTX is administered in the NP form, there is a significantly
bigger decrease in HeLa cell viability compared to cells treated
only with free DTX; the IC50s after 24 h treatment were 0.024
and 0.007 pug mL ™' for DTX and DTX-KNPs, respectively.
In contrast, the phototoxicity (photoactivation conditions:
15 ] em™?, 600-800 nm) of free Ce6 does not significantly differ
from Ce6-KNPs, the ICsos are 1.03 and 1.204 pg mL ™},
respectively. Without photoactivation, Ce6 and Ce6-KNPs do
not show a toxic effect. Likewise, empty KNPs and NPs do not
affect HeLa cell viability under the same conditions tested. The
use of DTX/Ce6-KNPs in combined photo-/chemotherapy has
led to a reduction in cell viability and a reduction in cancer cell
spheroid volume in both DTX-sensitive and DTX-resistant HeLa
cells.®® The third type of NPs from the study of Gaio et al.®® are
polymeric NPs (p,r-lactide-co-glycolide, PLGA) with DTX content
in the core combined with a photosensitizer TPCS,, and
hyaluronic acid surface treatment (HA-NPs). This type of NPs
was developed to target breast cancer cells with increased CD44
expression, both in differentiated and cancer stem cell (CSC)
forms. These are significant factors in the development of
tumor metastases, their progression, and the resumption of
disease after tumor treatment. Targeting and effective elimina-
tion of CSC thus becomes an important part of anticancer
therapy. However, the removal of CSCs is very difficult due to
their slow proliferation and the large number of efflux pumps
they express. Gaio et al.°® described a promising approach for
breast CSC eradication by combined photo-/chemotherapy
using DTX/TPCS,, HA-NPs, which could be a breakthrough in
this field. Breast tumor cell lines MCF-7 and MDA-MB-231 were
selected for this study. These cell lines differ in the expression
profile of CSC breast tumor markers CD44 and CD24, depending
on whether they grow in a 2D monolayer or as 3D mammo-
spheres. For MCF-7 cells growing in the 2D monolayer, only 1.7%
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of cells with breast CSC characteristics (CD44""/CD24'*") were
identified, in the case of first-generation mammospheres, 6%
of the cells exhibited the given characteristics, in the case of
second-generation mammospheres, it was 29% of MCF-7 cells.
In contrast, the MDA-MB-231 cell line showed a 93% breast
CSC-like phenotype already in the 2D monolayer and, thus, a
high stemness potential. Based on the mammosphere forming
efficacy of MDA-MB-231, a significant reduction in their ability
to form mammospheres was observed after treatment of the
cell monolayer with combination therapy using prepared DTX/
TPCS,,HA-NPs (red light 600-800 nm, 15 mW c¢cm™?) than in the
case of chemotherapy (DTX/HA-NPs) or PDT (TPCS,,/HA-NPs,
red light 600-800 nm, 15 mW cm ?) alone. No significant
difference in the ability to form mammospheres was detected
for adherently growing MCF-7 cells after combination therapy
(DTX/TPCS,,HA-NPs) or monotherapy with DTX/HA-NPs. After
treatment of the first generation of mammospheres by combi-
nation therapy (DTX/TPCS,,HA-NPs; the light of 600-800 nm,
15 mW cm™2), a significantly lower ability to produce a second
generation of mammospheres was detected for both MCF-7 and
MDA-MB-231 cells, compared to monotherapy (DTX/HA-NPs or
TPCS,,/HA-NPs + red light 600-800 nm, 15 mW c¢m™ ). Inter-
estingly, DTX/HA-NPs monotherapy resulted in only a minimal
reduction in second-generation MDA-MB-231 cell mammo-
sphere formation, compared to combination therapy or PDT
monotherapy. Using fluorescence microscopy, a significantly
higher fluorescence emission intensity was observed 2 h after
treatment with/TPCS,,HA-NPs, indicating a higher accumula-
tion of NPs in the MDA-MB-231 mammospheres compared to
MCF-7, probably caused by the efficient binding of NPs to CD44
and their rapid transport into cells. Prolonged incubation (24 h)
of mammosphere with TPCS,,HA-NPs led to an increase in the
TPCS,, fluorescence emission intensity even in the case of
MCF-7 cells into which the NPs were probably nonspecifically
endocytosed. The results published by Gaio et al. indicate the
great potential of combined photo-/chemotherapy not only for
breast cancer but also for breast CSC elimination.®®

Another combination of the DTX chemotherapeutic, a near-
infrared emitting photosensitizer IR780, was chosen for the
treatment of breast cancer by Yang et al.®” The surface of the
NPs was coated with a red blood cell membrane to form NPs
150 nm in diameter (IR780/DTX PCEC@RBC). The NPs were
designed not only for combined photo-/chemotherapy but
also for the photochemical properties of IR780, photothermal
therapy, fluorescence, and photoacoustic imaging. Cytotoxicity
assays performed using the MCF-7 cells did not show a signi-
ficant difference in toxicity of DTX PCEC, IR780/DTX PCEC@
RBC, IR780/DTX PCEC (without RBC membrane) without laser
irradiation. In contrast, a significant reduction in MCF-7 cell
viability was detected when the cells were treated with IR780
PCEC, IR780/DTX PCEC@RBC, or IR780/DTX PCEC and simul-
taneously illuminated with a laser (808 nm, 1.5 W cm ™2, 5min),
especially in the case of IR780/DTX PCEC@RBC and IR780/DTX
PCEC. Tests in healthy BALB/c mice, which followed, showed
the prolonged circulation of IR780/DTX PCEC®@RBCs in the
bloodstream compared to IR780 PCEC and DTX PCEC alone.
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In mice with implanted MCF-7 xenografts, based on fluores-
cence emission intensity, the highest accumulation of IR780/
DTX PCEC@RBC was detected in the tumor tissue. At the same
time, the highest photoacoustic signal was detected in the
tumor tissue after IR780/DTX PCEC@RBC treatment, and in
the case of laser treatment, the temperature at the tumor site
increased from 34 to 50 °C, thus indicating a high PTT potential
of the drug. The high therapeutic effect of IR780/DTX
PCEC@RBC (DTX and IR780 amount corresponding to 10
and 1.67 mg kg~ ') was also noted; in combination with laser
treatment, complete tumor elimination occurred 42 days after
the treatment. Without photoactivation, tumor regrowth was
observed 24 days after IR780/DTX PCEC@RBC administration,
and a 45% reduction in tumor size compared to the control
group (saline treatment) size was assessed 42 days after treat-
ment. At the same time, no negative impact on total mouse
weight was detected, indicating low systemic toxicity and good
biocompatibility of IR780/DTX PCEC@RBC.®’

2.3.1. Multifunctional nanoparticles with DTX. Chen
et al.®® have prepared CuS-based NPs, which not only serve as
drug carriers but are also characterized by high photothermal
conversion efficiency for PTT. To increase the immunothera-
peutic effect, DTX has been incorporated into the core of the
NPs, which at low doses leads to a reduction in the number of
myeloid-derived suppressor cells and promotes the formation
of M1-type macrophages. Particle solubility was promoted by
the addition of polyethyleneimine-protoporphyrin IX conjugate
(PEI-PpIX), which also modulates PDT activity. The surface of
the NPs has been modified with folic acid (FA) to improve the
delivery of particles to tumor cells overexpressing the FA
receptors. Cytosine-phosphate-guanine oligonucleotides (CpG),
which specifically bind to toll-like receptor 9 antigen-presenting
cells, served as an immunoadjuvant (Fig. 5). The cytotoxic effect
of the prepared FA-CD@PP-CpG NPs was verified using 4T1
mouse mammary cancer cells, but also in noncancerous HBL-
100 cells. In the case of 4T1 cells, NP dose-dependent cytotoxicity
was detected, however, no significant inhibitory activity on
cell viability was observed in noncancerous HBL-100 cells up to
1000 pg mL™" concentration (the highest one tested). Micro-
scopy analysis showed NP localization in 4T1 cells 4 h after
treatment, as well as higher fluorescence emission intensity than
that measured in A549 cells. BALB/c mice with implanted 4T1
cells were used for an in vivo assay. Following intravenous NP
application, the strongest fluorescence emission intensity was
detected 12 h after NP application (tumor and liver), with a
gradual decrease in the intensity between 12-24 h, indicating
rapid clearance of the drug from the body. During the PTT, an
increase in tumor temperature to 44 °C was measured 10 min
after irradiation. A combination of antitumor therapy with
NPs (+PDT, PTT, with concomitant administration of anti-
programmed cell death-ligand 1 antibody) showed the highest
benefit in suppressing tumor growth compared to the group of
mice treated only with PBS, but also with control groups treated
with each of the monotherapies. In addition, immunohisto-
chemical analysis showed the highest damage to the tumor
tissue, without morphological changes in other tissues
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Fig. 5 (A) Composition of FA-CD@PP-CpG nanoparticles: the basis of
nanoparticles is CuS, docetaxel (DTX) is incorporated into the core of the
nanoparticles, polyethyleneimine—protoporphyrin IX (PEI-PplX) was attached
to the nanoparticle’s surface together with folic acid (FA). Cytosine—phos-
phate—guanine oligonucleotides (CpG), specifically binding toll-like receptor
9 antigen-presenting cells, were used as an immunoadjuvant. (B) Schematic
representation of the action of FA-CD@PP-CpG. Taken and edited from
Chen et al, 2019.%® Created with BioRender.com.

(heart, lung, liver, kidney). The animals were kept at a constant
weight throughout the experiment. The results also show good
immunomodulatory effects, i.e., increased incidence of M1-like
myeloid-derived suppressor cells compared to type M2 and
increased production of interleukin-12, which may contribute
to the effective eradication of tumor cells.®®

Another type of multifunctional platform, this time target-
ing castration-resistant prostate cancer, was introduced by
Tan et al.®® They presented 120 nm large NPs based on gold
nanostars, which served as DTX and PS IR820 carriers (the
loading efficacy was 11.5% and 9.7%, respectively). The surface
of the gold nanostars was coated with PEG to increase the
particle solubility in water and also to bind the anti-CD133
antibody to ensure their specific targeting. Thanks to the gold
nanostars and IR820, the possibility of monitoring the distribu-
tion of NPs using NIR fluorescence as well as photoacoustic
imaging (PAI) was ensured. Using human prostate cancer cells
PC-3, successful transport and intracellular accumulation of
the NPs were verified already 1 h after treatment based on
fluorescence emission measurements; the fluorescence inten-
sity raised with prolonged incubation time. When the PC-3 cells
were treated with NPs conjugated to an anti-CD133 antibody,
higher fluorescence emission intensity was detected. Without
photoactivation, the NPs had only a negligible impact on PC-3
cell viability (the concentration of the IR820 active substance in
the NPs did not exceed 5 ug mL™'). When PC-3 cells were
treated with NPs and photoactivated at the same time (808 nm,
1 min), there was a significant decrease in their viability, and a
higher number of apoptotic cells was also detected. The anti-
cancer effect of the NPs was determined also in vivo using
BALB/c athymic nude mice with subcutaneously implanted
PC-3 cells. Fluorescence emission at the tumor site was
detected already 1 h after intravenous administration of the

8630 | J Mater. Chem. B, 2023, 11, 8622-8638

View Article Online

Review

NPs; with prolonged time, a consistent increase in the fluores-
cence emission intensity was observed until 24 h when the NP
distribution completely predominated in the tumor tissue.
A similar result was obtained also for PAI imaging, for which,
the highest fluorescence emission intensity was also deter-
mined 24 h after treatment. When evaluating the anticancer
efficacy of the NPs, it was found that after photoactivation
(808 nm, 0.8 W em >, 6 min for 1 min after every 3 min), there
is a significant increase in the temperature at the tumor site
(44.6 °C), which indicates a good PTT activity. The most
effective tumor growth inhibition was achieved 21 days after
initiation of the treatment with the prepared NPs + light. At the
same time, no significant changes in animal weight or damage
to other organs were measured in this group. The prepared NPs
thus seem to be a suitable platform for combined PDT/PTT/CH
therapy and F/PA imaging.®®

For combined CH/PTT/immunotherapy, NPs were prepared
based on DTX, which was encapsulated together with poly-
saccharides serving as immunomodulators (CSP) in protein
NPs formed by zein (the main storage protein of corn seeds).
The surface of the NPs was modified with a thin layer of green
tea polyphenol (GTP) with Fe'™, which served as a photothermal
agent inducing the conversion of NIR laser radiation into heat
and facilitating pH-responsive drug release. It was found that
the prepared DTX-loaded Zein/CSP-GTP/Fe™ NPs induced a
concentration-dependent decrease in the viability of Lewis lung
carcinoma (LLC) cells and, at the same time, only moderate
cytotoxicity to the mammary epithelial cell line (HC11) was
detected. The cytotoxicity of DTX-loaded Zein/CSP-GTP/Fe™
NPs against LLC was further increased after photoactivation
using a laser (808 nm, 1.2 W cm ™2, 5 min), after which the DTX-
loaded Zein/CSP-GTP/Fe™ NPs reduced the viability of LLC cells
at the highest rate in the comparison of DTX-loaded Zein NPs
and DTX-loaded Zein/CSP NPs. At the same time, it was found
that DTX-loaded Zein/CSP-GTP/Fe™ NPs induce apoptosis
and immunogenic cell death in LLC cells. In vivo tests with
mice-bearing LLC cell xenografts showed that three doses of
intravenous administration of DTX-loaded Zein/CSP-GTP/Fe™
NPs in combination with photoactivation by a laser (808 nm,
2.0 W ecm %, 5 min, 24 h postinjection) led to complete
elimination of the primary tumor without further regrowth 30
days after the first treatment. Interestingly, complete tumor
elimination occurred even after treatment with Zein-GTP/Fe'™
NPs (without DTX). At the same time, the thermal camera
revealed an increase in the temperature of the tumor tissue of
mice treated with DTX-loaded Zein/CSP-GTP/Fe™ NPs from
39.9 to 50.2 °C after only 3 min of photoactivation. After
treating animals with photoactivated DTX-loaded Zein/CSP-
GTP/Fe' NPs, a strong antitumor immune response and the
ability to eliminate distant tumor lesions were also observed.
A more than 80% reduction in the tumor size, compared to the
control group, occurred after the administration of photo-
activated DTX-loaded Zein/CSP-GTP/Fe™ NPs also in the case
of the second animal model 4T1 tumor-bearing mice. The
results showed that the combined CH/I/PTT therapy mediated
by DTX-loaded Zein/CSP-GTP/Fe™ NPs (+laser) can promote
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intratumoral infiltration of T lymphocytes, regulate the release
of antitumor immune cytokines, and generate a strong anti-
tumor immune response.”’

2.4. Cabazitaxel in combined chemo-/PDT a PTT

Another semisynthetic derivative belonging to taxanes is caba-
zitaxel (CBZ). It was approved in combination with prednisone
for the treatment of metastatic castration-resistant prostate
cancer in patients who relapsed after treatment with DTX.”
In a clinical trial, CBZ was also tested for the treatment of
breast,”” ovary,”” head and neck cancer,”>”* and other types of
cancer. Its advantage is in particular that it also acts on tumors
previously resistant to taxane treatment. However, the wider
use of CBZ is limited by several side effects due to high toxicity.
This could be solved by modifying the structure of the CBZ, or
by “hiding” the drug in another non-toxic structure. This was
attempted by Pandya et al.,”* who presented NPs for combined
photo-/chemotherapy consisting of the biodegradable polysac-
charide chitosan (CS) conjugated to PS tetraphenyl chlorin
(TPC) and CBZ. The prepared polymer (TPC-CS) forms self-
assembled NPs in an aqueous medium, into which it was
possible to incorporate the desired drug CBZ. Stability and
high loading capacity were ensured due to n-rn interactions of
PS aromatic groups with the lipophilic drug. The TPC-CS
polymer can also be used in combination with other drugs
such as a chemotherapeutic mertansine. Tests with MDA-MB-
231 and MDA-MB-468 breast cancer cells showed that both CBZ
alone and CBZ-TPC-CS NPs inhibited cell growth by 50-60%
without photoactivation. In addition, when cells treated with
CBZ-TPC-CS NPs were photoactivated, their growth was com-
pletely suppressed. A similar result was achieved at the highest
concentrations used in the case of TPC-CS NPs (without CBZ),
which indicates a high PDT potential. Determination at lower
concentrations indicates a synergistic effect of both active
substances.”* Another possibility of applying CBZ was presented
by Tian et al.,”® who prepared self-assembled polymer NPs made
of a biocompatible and at the same time thermoresponsive
polymer, intended for programmed thermo-/chemotherapy.
The basis of the NPs was formed from amphiphilic copolymer
blocks: PEG, acrylonitrile, and acrylamide [PEG-b-P(AAm-co-AN)],
into which a heptamethinium dye IR780 and the chemothera-
peutic CBZ were co-encapsulated (Fig. 6). After laser illumination
of the thus prepared NPs (808 nm, 500 mW c¢m™ >, 5 min), an
increase in the temperature of the solution (up to 60 °C) was
detected, as well as a rapid release of CBZ into the solution (92%
when the temperature reached 50 °C, 19% at 37 °C). The entry of
NPs into 4T1 cells was observed as early as 4 h after treatment,
the cells treated with NPs also exhibited higher fluorescence
emission intensity than that treated with IR780. Without photo-
activation, significant toxicity of free CBZ (24 g mL ') and IR780
(20 pg mL ') was detected, with only 16 and 18% of 4T1 cells
remaining viable after 24 h of treatment. After administration of
NPs (corresponding to 24 pg mL~' CBZ and 20 ug mL™* IR780
concentration), more than 90% viability of 4T1 cells was main-
tained after 24 h. In contrast, a significant decrease in 4T1
viability was determined after administration of NPs and
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Fig. 6 (A) Composition of polymeric self-assembled nanoparticles. The
nanoparticles are based on blocks of amphiphilic co-polymers composed
of acrylonitrile and acrylamide [P(AAm-co-AN)] and polyethylene glycol
(PEG), the heptamethinium dye IR780 and cabazitaxel (CBZ) are encapsu-
lated inside. (B) After photoactivation (808 nm) of cells treated with the
nanoparticles, the temperature rises rapidly up to 60 °C, the nanoparticles
disintegrate and the CBZ chemotherapeutic is released. Taken and edited
from Tian et al., 2019.”° Created with BioRender.com.

photoactivation (808 nm, 500 mW ecm™2, 5 min), and the rate
of phototoxicity increased with augmenting concentration of
NPs 24 h after photoactivation. In vivo tests in nude mice with
4T1 cell xenografts showed accumulation of NPs in the tumor
tissue 12 h after administration. By monitoring the surface
temperature of the tumor, it was found that the average
temperature reached 50 °C after only 3 min of photoactivation
(808 nm, 500 mW cm ™ ?). By monitoring the tumor size, the
highest decrease in tumor size was found after the application
of NPs + laser 16 days after initiation of the treatment. Further,
tumor shrinkage was also detected in groups, to which IR780 or
CBZ were administered alone, however, the efficacy was lower.
In contrast, in the group in which NPs were administered
without photoactivation, no significant decrease in tumor size
occurred compared to the control (PBS). The results, therefore,
show a significant benefit of combined PTT/CH.””

2.4.1 CBZ nanoparticles with a redox-responsive linker.
The study of self-assembled NPs containing thioketal-linked
CBZ dimers, which were further conjugated with PS Ce6, also
yielded interesting results. The resulting system was stabilized
by multiple bond interactions (hydrogen bonds, m-m, and
hydrophobic interactions) without the presence of another
matrix. The number of active substances in the NPs reached
more than 90% of the NP content (CBZ:Ce6, 1:1). Fluores-
cence microscopy using human melanoma cells A375 showed
the localization of NPs in the lysosomes of the cells, suggesting
their transport by endocytosis. NP-treated cells also showed a
significantly higher fluorescence emission intensity than free
Ce6, which indicates easier transport of NPs into the cells.
Toxicity tests showed a significant decrease in A375 cell viability
after treatment with NPs followed by light irradiation (660 nm,
300 mW cm % 5 min), compared to nonphotoactivated
samples (ICso dark = 84.0 &+ 5.2 nM, ICs, light = 47.2 + 1.6 nM).

J. Mater. Chem. B, 2023, 11, 8622-8638 | 8631


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2tb02147a

Open Access Article. Published on 16 March 2023. Downloaded on 11/9/2025 11:05:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

The cytotoxicity mechanism of NP action was subsequently
confirmed by microscopic analysis. After photoactivation of the
NPs localized in A375 cells, the thioketal bond is cleaved by ROS
and free CBZ is released. This causes the polymerization of
tubulin fibers and the formation of multinucleated cells, which
can lead to cell apoptosis. Owing to the combination with PDT,
the antitumor effect of the treatment is further enhanced. Acute
toxicity tests in healthy mice showed good tolerance of NPs up to
50 mg kg~ ', which is ten times more than the co-administration
of free drugs (CBZ, Ce6). At the same time, no significant decrease
in white blood cell count (neutropenia), which is a characteristic
side effect of CBZ administration, was observed after the NP’s
application. The anticancer effects of the NPs were investigated
using BALB/c mice with subcutaneously implanted tumor tissue
collected from the patient’s lymph nodes. In the case of NP
treatment in conjunction with laser treatment (660 nm, 10 min,
600 mW cm?), the highest decrease in tumor volume was
recorded 21 days after initiation of the treatment (day 0 =
82.2 + 41.4 mm’, day 21 = 21.5 + 23.9 mm?®). In addition, in
three of the six mice, complete tumor elimination occurred.
Immunohistological analysis showed tumor damage by apoptosis
and necrosis, without concomitant damage to other tissues (liver,
kidney). The prepared NPs thus combine the high potential of
CBZ and Ce6 while suppressing side effects, the rapid release
of free CBZ is supported by the cleavage of the thioketal bond
between CBZ dimers.”® Another study presents a carrier-free
system based on CBZ heterodimers connected by a thioketal bond
using hydrogen bonds, hydrophobic and n—r interactions, formed
with PPa NPs, the surface of which was modified by PEG. To reach
an ideal synergistic effect, a CBZ : PPa ratio in NPs was determined
1:2. Using KB and mouse 4T1 cells, cytotoxicities of the free CBZ
form and the prepared CBZ/PPa NPs were determined. Without
photoactivation, the CBZ and PPa mixture showed comparable
cytotoxicity to free CBZ. In contrast, CBZ/PPa NPs exhibited lower
cytotoxicity than free CBZ (nonphotoactivated). On the contrary,
after photoactivation (660 nm, 60 mW cm ™2, 5 min), CBZ/PPa NPs
and a mixture of free CBZ with PPa showed higher cytotoxicity
compared to free CBZ after 48 and 72 h of treatment. The
combined chemotherapeutic and PDT effect of NPs with CBZ
and PPa was verified in vivo using 4T1 tumor-bearing BALB/c
mice. Free CBZ and a mixture of CBZ with PPa (3 and 3.8 mg kg™,
respectively) without photoactivation showed comparable antitu-
mor efficacy (tumor growth suppression compared to PBS-treated
control) as free photoactivated PPa (660 nm, 100 mW cm 2,
5 min). The best result was achieved after the application of
CBZ/PPa NPs with photoactivation (660 nm, 100 mW cm ™2,
5 min), upon which the tumor growth was suppressed and its
size decreased on day 15 of the treatment compared to the size
before the start of treatment. During treatment with CBZ/PPa NPs,
no significant change in animal weight or major organ damage
was detected. Conversely, the tumor tissue showed significant
damage with necrotic and apoptotic areas, thus indicating
the high efficacy of CBZ/PPa NPs therapy combined with
photoactivation.””

Different types of ROS-responsive linkers were used in other
types of NPs. These self-assembled NPs contained a thioether
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or selenoether linker linking CBZ to oleic acid, as well as a PPa
PS. To improve the solubility of the NPs in water and prolong
their circulation in the bloodstream, the structure of the NPs
was supplemented with 20% (w/w) 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000].
In total, there were prepared three types of NPs, which differed
in the linkers, ie., without a ROS-responsive linker, with a
thioether linker, and with a selenoether one; the NPs were
called PPa@CBZ-OA/DSPE-PEG2k, PPa@CBZ-S-OA/DSPE-PEG2K,
and PPa@CBZ-Se-OA/DSPE-PEG2k, respectively. The binding
capacity of the drug in all three types of NPs reached 50.1-
60.3%. The ability of the NPs to cross the cell plasma membrane
was determined microscopically; a higher fluorescence emission
intensity was observed in 4T1 cells 2 h after NPs administration
compared to free PPa administration. Furthermore, 4T1 cells
treated with PPT@CBZ-Se-OA/DSPE-PEG2k and photoactivated
exhibited higher ROS level production than cells treated with
PPa@CBZ-S-OA/DSPE-PEG2k and photoactivated. In vitro tests
then showed negligible cytotoxicity of nonphotoactivated NPs,
and, conversely, a significant decrease in 4T1 cell viability after
laser irradiation (660 nm, 60 mW cm™ 2, 8 min). The ICs, values of
photoactivated PPa@CBZ-S-OA/DSPE-PEG2k and PPa@CBZ-Se-
OA/DSPE-PEG2k reached 40.06 and 5.68 nM (48 h after photo-
activation), respectively. This difference in ICsos was probably
caused by elevated CBZ release from PPa@CBZ-Se-OA/DSPE-
PEG2k due to higher ROS production. To study the photo-/
chemotherapeutic effect of the NPs, they were intravenously
administered (5 injections at a dose equivalent to 6 mg kg™ of
CBZ) into BALB/c mice with subcutaneously implanted 4T1
xenografts. At 12 h after the NP administration, a portion of
the mice was exposed to laser radiation (660 nm, 0.1 W cm ™2,
12 min), and the highest inhibition of tumor size was subse-
quently observed in this group, especially in mice treated with the
redox-sensitive PPa@CBZ-S-OA/DSPE-PEG2k and PPa@CBZ-Se-
OA/DSPE-PEG2k. To a lesser extent, a reduction in tumor size
was measured after treatment with PPa@CBZ-S-OA/DSPE-PEG2k
and PPa@CBZ-Se-OA/DSPE-PEG2k even without subsequent
photoactivation. The tumor growth was not affected in the
control groups (PBS, free PPa) and surprisingly, only slight tumor
suppression was detected after administration of PPa@CBZ-OA/
DSPE-PEG2k (with and without light), probably due to the strong
ester bond between CBZ and OA. The results thus show a
significant synergistic effect of endogenously and PDT-produced
ROS.”®

Another type of photoactivatable nanosystem combines two
molecules, CBZ and PS Ce6 linked via a ROS-responsive thio-
ketal linker (TkdC). The novel nanosystem (termed psTKdC) is
highly stabilized by intermolecular interactions between Ce6
and TkdC (e.g., hydrogen bond, n-n stacking, or hydrophobic
interactions). The stability of psTKdC was confirmed by no
significant variations in particle sizes when stored in water at
room temperature for one month. On the other hand, TKdC
alone was stable for only a few hours under the same condition.
High stability, efficient drug loading capacity (97.3 and 91.95%
for CBZ and Ce6, respectively), and high ROS production predict
psTKdC as a potent photo-/chemotherapeutic. The potential of
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psTKdC in cancer treatment was verified in vitro using a human
melanoma cell line (A375). Fluorescence microscopy showed
higher fluorescence emission intensity of psTKdC than of free
Ce6, at the same concentration of 16 pmol L™ (after 6 h) and its
localization in the lysosomes of A375 cells. The synergistic photo-/
chemotherapy was exhibited by a significant decrease in viability
of A375 cells treated with psTKAC (0.15-1200 nmol L") followed
by photoactivation (660 nm, 300 mW cm™ 2, 5 min). After 42 h
treatment, the IC5, of photoactivated psTKdC was equal to 47.2 +
1.6 nM, which was significantly lower than without photoactiva-
tion 84.0 &+ 5.2 nM. In vivo tests in immunocompromised BALB/c
nude mice implanted with patient-derived melanoma cells showed
a preferential accumulation of psTKdC in the tumor tissue
(amount of drug per gram of tissue 35.85 4 10.37 ug g %) 24 h
post-administration and also a longer circulation time of the drug
in the bloodstream than free CBZ. In addition, the authors
evaluated also the therapeutic potential of the psTKdC by moni-
toring the changes in tumor size in different mice groups. The first
group were mice administered with 7 mg kg™ " of psTKAC followed
by photoactivation (660 nm, 300 mW cm >, 10 min), in which a
significant reduction in the tumor size, without a concomitant
decrease in the animal weight, was measured. Unfortunately, a
similar result was achieved also without photoactivation. A better
outcome was accomplished after the administration of 14 mg kg™*
of psTKdC + photoactivation, which resulted in a remarkable
reduction of the tumor volume from 82.2 + 41.4 mm? (first day
of the treatment) to 21.5 4 23.9 mm® on day 21. In the same group,
in three of the six mice, complete tumor elimination with no
obvious damage to organs occurred. In comparison to the other
drug combination with photoactivation, i.e., TKdC with free Ce6 or
free CBZ with free Ce6, psTKdC was more effective in tumor size
reduction (219.9 + 130.0 mm?®; 339.2 + 93.5 mm® 337.3 =+
198.9 mm?, respectively). The combination of free drugs (CBZ with
Ceb) leads to systemic toxicity manifested by animal weight loss
(20.2%) compared to other groups. These results show the good
therapeutic potential of psTKdC, for melanoma therapy with the
simultaneous suppression of side effects and the possibility of
applying higher doses of the drug.”

2.5. Use of nanoparticles with taxanes in clinical practice

The use of NP-based drugs is not only part of preclinical
research but also belongs to clinically approved methods for
the treatment and diagnosis of numerous types of cancer.
Among the first clinically approved chemotherapeutics based
on NPs, there belong medicinal formulations containing tax-
anes as active ingredients. The first clinically approved nano-
chemotherapeutic agent in this sense was the liposomal form
of DOX (Doxil)*® used for the treatment of ovarian cancer,
Kaposi’s sarcoma, and melanomas. Next, for the treatment of
metastatic breast cancer, pancreatic cancer, non-small cell lung
carcinoma, and also other types of cancer, albumin-based NPs
with bound PTX (Abraxane)®' have been approved. The great
potential of nanomedicine has been also evidenced by the fact
that several drugs formulated in NPs have been currently
undergoing clinical evaluation for the treatment of different
cancer types. An overview of clinical studies dealing with the
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use of NPs in anticancer therapy (chemotherapy, immuno-
therapy, radiotherapy, PDT, and PTT) was recently summarized
in detail by Jing et al.®® To the best of our knowledge, only
aminolevulinic acid nanoemulsion (BF-200 ALA) for the treat-
ment of basilioma (NCT02367547)>> is currently in clinical
evaluation for its use in PDT. None of the multifunctional
NPs using combined CH/PDT/PTT strategies have yet entered
clinical evaluation. Given that the number of scientific pub-
lications dealing with the use of NPs in anticancer PDT and PTT
has increased more than eight times®® over the last ten years,
we assume that the number of clinical studies will also raise.

3. Prospective future of nanoparticles
with taxanes

It is clear that the future of successful anticancer therapy
depends not only on the development of completely new drugs
but also on the search for novel, more suitable drug formula-
tions and combinations of already known drugs. Chemother-
apy combined with PDT and/or PTT, in the form of prodrugs or
nanoformulations, has great therapeutic potential. Owing to
the knowledge of the pharmacophores of PTX and other
taxanes, it is possible to modify these molecules in a targeted
manner in order to create prodrugs. In combined CH/PDT, the
combination of two active molecules, i.e. a chemotherapeutic
with a PS, into one molecule is highly advantageous. This
ensures the transport of both active molecules into the cells
at the same time, which is superior to the simultaneous
administration of two drugs in their free forms. The drawback,
in this case, can be the increased size of the resulting molecule
and also changed steric properties, due to which the newly
prepared drug can be transported into cells with higher diffi-
culty. However, this can be avoided, for example, by optimiza-
tion of the spacer length between the active parts of the
molecule. And the use of a suitable spacer can also affect water
solubility and other properties of the resulting molecule.*?
What is an interesting option, here, is the use of cleavable
linkers sensitive to changes in pH, the presence of singlet
oxygen, and ROS inside cells or are activable by light. Owing
to this possibility, the prepared prodrugs can be activated in
cancer cells in a targeted manner, and thus, the side effects of
the treatment can be reduced.*" What is questionable, though,
is the stability of the drugs prepared in this way and the
possibility of their long-term storage.

Like the preparation of prodrugs, the use of nanotechnology
is undoubtedly a vivid option for the preparation of novel drug
forms. The increasing popularity of NPs has been mainly due to
their relatively facile and economically feasible preparation, low
cytotoxicity, and available surface modifiability. At the same
time, however, NPs are highly reactive due to their large surface
area to weight ratio, they can heavily bind to proteins present
in plasma and can be efficiently eliminated from the body.
However, this can be prevented by proper NP surface modifica-
tion, which cannot only be a vital way to control their size
but also affect their circulation time in the bloodstream,
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bioavailability, pharmacokinetics, and specific targeting. As for
the NP surface modification, PEG is often being used, however,
it can be also utilized as a spacer for binding of the functional
groups,*®149:60:69.75,76.78 which increases the hydrophilic nature
of the particles, augments their stability, and protects rapid
removal of the used drugs from the body. Even though PEG is a
clinically approved polymer that should be nontoxic, non-
immunogenic, and non-antigenic, it has turned out that its
long-term administration can lead to accumulation in healthy
tissues and undesired side effects. The formation of specific
anti-PEG antibodies has also been reported. Such antibodies
can not only lead to reduced treatment efficacy but also cause
undesired immune reactions. However, it always depends on
the specific molecular weight of the PEG applied, its amount,
and the method of its use. These aforementioned PEG-related
issues were summarized in detail in several review articles by
Ivens et al.,** Baumann et al.,®” and others.?®%”

Besides the PEG surface modification of NPs, what is also
frequent is the use of HA.**®*% In addition to reduced NPs
uptake by macrophages, HA also serves to selectively target the
NPs to cells expressing the CD44 receptor. Thanks to this,
conjugation of NPs with another targeting molecule is not
necessary when HA is used.

The indisputable advantage of various types of polymeric as
well as solid NPs is that the drugs used do not need to be
modified before encapsulation and, thus, their properties do
not change. At the same time, several active substances can be
encapsulated in NPs at once, for instance, a chemotherapeutic
and a PS, which makes them a suitable tool for multimodal
therapy. Therefore, the use of multimodal NPs seems to be a
vital way how to overcome the increasingly occurring potential
drug resistance.®® The use of biologically degradable polymeric
materials as a basis for NPs, as opposed to inorganic materials,
reduces the risk of undesired accumulation of NPs in tissues
after drug release and potential side effects. NPs based on inor-
ganic materials, however, bring advantageous physicochemical
properties that can be used in photothermal conversion,*®*® and
photoacoustic imaging.®® Each of the mentioned systems has its
advantages and disadvantages and deciding which types of NPs
are the best option for the treatment of individual cancer diseases
will be shown in the future after proper clinical evaluation.

4. Conclusions

Combination therapy undoubtedly represents a significant
benefit in cancer treatment.®® However, the combination of
just two treatment approaches, such as resection of the tumor
tissue and further treatment, for instance, with chemotherapy,
is often not sufficient to fully eliminate the disease. Therefore,
approaches in which multiple therapies act simultaneously
prove to be much more effective. One such approach is to
apply drug combinations of two or more compounds with
different mechanisms of action in one particle. In this review,
we presented the currently studied drug combinations
with mitotic poisons, taxanes, and photoactivable compounds
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designated for photodynamic therapy. These drugs are often
prepared in prodrug forms, NPs, or nanoemulsions, which are
transported through the bloodstream with higher efficacy than
the parent drugs alone. By “hiding” taxanes in the internal
structures of NPs, their relatively high systemic toxicity is
reduced. Taxanes are released after photoactivation of the PS,
which leads to ROS production and cleavage of ROS-responsive
moieties, such as the thioether bond or poly(propylene sulfide)
group. The particular linker ensuring the lower toxicity of
taxanes before photoactivation greatly affects the success of
anticancer therapy in different tumors. However, also the size
of NPs and their shape, as well as the proper timing of
photoactivation play important roles in the treatment efficacy.
Interestingly, owing to the convenient photochemical proper-
ties of PSs, they have potential not only in PDT and PTT,?*® but
also in fluorescent and photoacoustic imaging, for which
the prepared drugs could be also potent diagnostic tools. Such
“all-in-one”” NPs are gaining increasing attention in the field of
anticancer therapies and diagnostics and will for sure be
further developed in the coming era.

Abbreviations

4T1 Mouse mammary carcinoma-derived cells

A375 Human melanoma cell line

A549 Human cells from lung carcinoma

AY-27 Rat bladder carcinoma cells

BALB/c An albino, the laboratory-bred strain of the
house mouse

C Cystamine linker

CAT 4-Carboxy-1-methylpyridinium chloride

CAT-L-PTX 4-Carboxy-1-methylpyridinium chloride-
paclitaxel prodrug

CAuNCs Gold nanoclusters

CBZ Cabazitaxel

CBZ/PPa NPs

Nanoparticles based on cabazitaxel dimers
with pyropheophorbide a

CD44 Cluster of differentiation 44

Ceb6 Chlorine e6

Ce6-KNPs Nanoparticles based on keratin with
encapsulated chlorine €6

CH Chemotherapy

ChS-g-PPS Polymer block based on chondroitin sulfate
and poly(propylene sulfide)

ChS Chondroitin sulfate

Colon-26 Mouse cells from colon carcinoma

CP/ChS-g-PPS NPs

Nanoparticles with encapsulated chlorine
e6 and PTX

CpG Cytosine-phosphate-guanine
oligonucleotides

CQE Conjugate based on chondroitin sulfate,
quercetin, and chlorine e6

CS Polysaccharide chitosan

CsC Cancer stem cells

CSp Polysaccharide with immunomodulating effect
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DLI
DMSO

dPPA
DSPE-PEG 2000

DTX

DTX/Ce6-KNPs

DTX PCEC

DTX/HA NPs

DTX-KNPs

DTX/TPCS2a
HA-NPs

FDA
FA

FA-CD@PP-CpG

NPs

FR

GTP
H460
HA
hALA
HBL-100

HC11
HeLa
IG5

IR780

IR780/DTX PCEC

IR780/DTX
PCEC@RBC

IR780 PCEC

KB

Drug-light interval

Dimethyl sulfoxide

Hydrolysis-resistant p-peptide antagonist
1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-
[amino(polyethylene glycol)-2000]
Docetaxel

Nanoparticles based on keratin with encap-
sulated docetaxel and chlorine e6
Nanoparticles based on poly(caprolactone)
loaded with docetaxel

Polymeric nanoparticles with docetaxel in
the core and hyaluronic acid surface
treatment

Nanoparticles based on keratin with encap-
sulated docetaxel

Polymeric nanoparticles with docetaxel
and tetrasodium-meso-tetra (4-sulfonato-
phenyl) porphyrin content in the core and
hyaluronic acid surface treatment

Food and drug administration

Folic acid

Nanoparticles based on CusS, with incorpo-
rated docetaxel, the surface is modified
with polyethyleneimine-protoporphyrin IX
and folic acid, cytosine-phosphate-gua-
nine oligonucleotides are used as an
immuno-adjuvant

Folate receptor

Green tea polyphenol

Non-small-cell lung cancer cells
Hyaluronic acid

Hexyl-5-aminolevulinic acid

Noncancerous cell line established from
human breast milk

Noncancerous mammary epithelial cell line
Human cells from cervical carcinoma
Half-maximal inhibitory concentration
Heptamethin cyanine dye; 2-[(2E)-2-[2-
chloro-3-[(E)-2-(3,3-dimethyl-1-propylindol-
1-ium-2-yl)ethenyl]|cyclohex-2-en-1-
ylideneJethylidene]-3,3-dimethyl-1-
propylindole

Nanoparticles based on poly(caprolactone)
co-loaded with heptamethinium dye and
docetaxel

Nanoparticles based on poly(caprolactone)
co-loaded with heptamethinium dye and
docetaxel, surface coated with red blood
cell membrane

Nanoparticles based on poly(caprolactone)
heptamethinium dye

Human cells from epidermal carcinoma
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KNPs

LLC

MCF-7
MCF-7/ADR

MDA-MD-131
MDA-MD-468
NCI-H460
NewPS

NP

OA

PAI

PBS

Pba

PD-1

PD-L1

PDD

PDT

PEG

PEG-b-
P(AAm-co-AN)

PEI
PEI-PpIX

P-gp
PLNE-PTX

PLGA
PPa
PPa-C-PTX

PPa@CBZ-

OA/DSPE-PEG2k

PPa@CBZ-S-

OA/DSPE-PEG2k

PPa@CBZ-Se-

OA/DSPE-PEG2k

PPa-PEG2k

PPa-S-PTX
PpIX

PPS

PS

PTT

PTX
PTX/CQE NPs
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Nanoparticles based on keratin (empty)
Lewis lung carcinoma cells

Human cells from breast carcinoma
Human multidrug-resistant breast cancer
cells

Human breast cancer cells

Human breast cancer cell line

Human cells from lung carcinoma
Nanoemulsion with porphyrin shell
Nanoparticle

Oleic acid

Photoacoustic imaging
Phosphate-buffered saline

Pheophorbide a

Programmed cell death receptor 1
Programmed cell death receptor ligand 1
pathway

Photodynamic diagnosis

Photodynamic therapy

Polyethylene glycol

Co-polymer PEG, acrylonitrile, and
acrylamide

Polyethyleneimine
Polyethyleneimine-protoporphyrin IX
conjugate

P-Glycoprotein 1

Porphyrin-lipid nanoemulsion with
paclitaxel

Poly(lactide-co-glycolide)
Pyropheophorbide a

ROS-insensitive dimer with a carbon
chain

Nano drug delivery system composed of
pyropheophorbide a, and cabazitaxel
linked with oleic acid by ROS
non-responsive linker

Nano drug delivery system composed
of pyropheophorbide a, and cabazitaxel
linked with oleic acid by thioether linker

Nano drug delivery system composed of
pyropheophorbide a, and cabazitaxel
linked with oleic acid by selenoether linker
Pyropheophorbide a conjugated to a PEG
polymer

Thioether bond-bridged heterotypic dimer
Proto-porphyrin IX

Poly(propylene sulfide)

Photosensitizer

Photothermal therapy

Paclitaxel

Nanoparticles with quercetin, chlorine e6,
cysteamine, and paclitaxel
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PTX-S-OA Self-assembled hydrophobic nanoparticles
composed of PTX and oleic acid, linked by
a thioether bond

PXTK ROS-responsive cinnamaldehyde and
thioacetal-based PTX dimers

PyroNewPS Nanoemulsion with porphyrin shell
co-loaded with pyropheophorbide a

PyroNewPS@PTX Nanoemulsion with porphyrin shell
co-loaded with pyropheophorbide
a and paclitaxel

Q Quercetin

RAW 264.7 Mouse macrophages

RBC Red blood cell membrane

ROS Reactive oxygen species

RH Mitochondriotropic cation rhodamine

RH-L-PTX Rhodamine-paclitaxel prodrug

ROS Reactive oxygen species

SKOV-3 Human cells from ovarian carcinoma

TPC Tetraphenylchlorin

TPCS2a meso-Tetraphenyl chlorine disulfonate

TPP Mitochondriotropic cation
triphenylphosphonium

TPP-L-PTX Triphenylphosphonium-paclitaxel prodrug

TPPS4 Tetrasodium-meso-tetra

(4-sulfonatophenyl) porphyrin

Polymeric nanoparticles with tetrasodium-
meso-tetra (4-sulfonatophenyl) porphyrin
and hyaluronic acid surface treatment

TPPS4/HA NPs
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