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Cancer, a significant threat to human lives, has been the target of research for several decades.
Although conventional therapies have drawbacks, such as side effects, low efficacy, and weak targeting,
they have been applied extensively due to a lack of effective alternatives. The emergence of
nanotechnology in medicine has opened up new possibilities and offered promising solutions for cancer
therapy. In recent years, 2D nanomaterials have attracted enormous attention in nanomedicine due to
their large surface-to-volume ratio, photo-responsivity, excellent electrical conductivity, etc. Among
them, black phosphorus (BP) is a 2D nanomaterial consisting of multiple layers weakly bonded together
through van der Waals forces. Its distinct structure makes BP suitable for biomedical applications, such
as drug/gene carriers, PTT/PDT, and imaging agents. BP has demonstrated remarkable potential since its
introduction in cancer therapy in 2015, particularly due to its selective anticancer activity even without
the aid of near-infrared (NIR) or anticancer drugs. The present review makes efforts to cover and discuss
studies published on the anticancer activity of BP. Based on the type of cancer, the subcategories are
organized to shed light on the potential of BP nanosheets and BP quantum dots (BPQDs) against breast,
brain, skin, prostate, and bone cancers, and a section is devoted to other cancer types. Since extensive
attention has been paid to breast cancer cells and in vivo models, various subsections, including mono-,
dual, and triple therapeutic approaches are established for this cancer type. Furthermore, the review
Received 30th July 2024 outlines various synthesis approaches employed to produce BP nanomaterials, providing insights into
key synthesis parameters. This review provides an up-to-date platform for the potential reader to
understand what has been done about BP cancer therapy based on each disease, and the conclusions
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rsc.li/chem-soc-rev and outlook cover the directions in which this approach is going to proceed in the future.

cancer tissues, and the others have low efficiency and side
effects in patients. There are new anticancer strategies, includ-

1. Introduction

Cancer is among the deadliest diseases in the world, and to
date, resources of great value have been funded in this field."
Owing to various medical imaging techniques, including MRI,
computed tomography, and ultrasound, the understanding and
diagnosis of tumors have significantly improved. However, the
diversity in cancer types, complexity, drug-resistance, etc., pose
significant challenges.”” The available well-known clinical
approaches include surgery, chemotherapy, and radiotherapy,
but the first approach suffers from incomplete removal of
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ing hyperthermia through PTT and MHT using magnetic
sensitive biomaterials, PDT/SDT, targeted/multi-drug delivery,
and gene delivery, and some of them have successfully reached
clinical settings but their availability is still in progress.*”

In recent years, extensive research has been directed toward
2D materials for cancer therapy. These materials, specifically
MXenes, have been applied in cancer diagnosis, combinational
therapy, and regeneration stemming from their tunable layer-
dependent bandgaps, high surface-to-volume ratios (suitable
for drug delivery), strong absorption rates in the visible-NIR
region, etc.® Moreover, these nanomaterials are known to
degrade in the physiological medium and get eliminated from
the body.’ Black phosphorus (BP), a shiny star among the 2D
materials family, is mono-elemental, and its attractive physico-
chemical and biological properties have extended BP’s applica-
tions from optical sensing to cancer therapy.'® However, the
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application of BP in various fields is limited due to its rapid
oxidation rate, which affects its photo-responsivity. However,
this aspect has been exploited for cancer therapy and tissue
regeneration applications." BP undergoes oxidation when
exposed to oxygen and water molecules, and clearly the optical
properties weaken, but, for example, in bone tissue regenera-
tion in which the biomaterial is supposed to form a bonding
with the host bone and stimulate the regeneration rate, the BP’s
degradation accelerates these two demands through calcium
phosphate formation and release of phosphate anions.">'?
Furthermore, cancer cells have a higher metabolism rate than
that of normal cells, leading to an acidic medium accelerating
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BP degradation. BP has been shown to degrade faster in cancer
cells and generates ROS providing a cytotoxic environment for
the cells, leading to apoptosis, whereas in the normal cells, no
cytotoxicity was observed by the same concentration.'*** There-
fore, BP is naturally endowed with therapeutic and regenerative
potentials. Nonetheless, BP has a high surface area, making it
an appropriate candidate for drug/gene delivery, and it is also a
photo-responsive material capable of turning light into heat
(PTT) and ROS (PDT).'® It is important to bear in mind that the
selective anticancer ability of BP without using any external
stimuli was reported for the first time in 2019,'* while the
anticancer potential of BP through PTT was first published in
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2015."7 BP was first adopted as an external stimuli-responsive
agent, but gradually more research studies have been steered
towards the natural anticancer potential of BP and combined it
with other approaches to improve the therapeutic outcomes.
Since the first publication of BP in cancer therapy,'*'”
extensive research has been devoted to this biomaterial and
notably the field is too large to cover every study, but the
present review focuses on the BP’s application in the form of
either nanosheets or quantum dots in various cancer types
(Scheme 1) and divides each one to give specific information on
the advancement and achievements obtained for a specific
disease. Here, in each section, an introduction is provided
about the type of disease, and then step by step, the progress
of BP toward that disease is discussed and covered. For
instance, the majority of publications belonged to breast cancer
therapy and BP has been recently shown to have promising
results for other cancer types such as glioblastoma, prostate,
bladder, and liver. Nonetheless, the chemistry and synthesis
approaches used to yield BP nanomaterials are introduced and
covered in detail to familiarize the potential reader with the
effect of the synthesis technique and parameters on the final
product’s physicochemical properties. Some reviews have been
published about the biomedical applications of BP and a few
covered potential anticancer properties of BP,**** but a com-
prehensive review, which in addition to the most recent
advancement provides a complete platform spanning from
chemistry to biology along with the potential for clinical
translation is still missing. In this regard, in vitro and in vivo
studies are comprehensively covered, more details about the
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Scheme 1 BP nanosheets and quantum dots for cancer therapy.
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physicochemical and biological properties are tabulated in
each section, and the challenges and future trends of BP in
cancer therapy are discussed.

2. Structural properties and synthesis
routes of BP

Among the 2D nanomaterials, exfoliated BP is emerging as a
highly promising candidate in many fields, spanning from
nanoelectronics to catalysis, energy storage and biomedicine.**>°
This wide application arises from its peculiar chemicophysical
properties: BP is a natural semiconductor with a tunable band
gap (from 0.3 €V in the bulk to 2.0 eV in the monolayer), a high
carrier mobility, and similarly to graphite, it is a layered material,
where the layers are kept together by van der Waals interactions,
with an interlayer distance of 5.3 A. While, graphenes are planar,
constituted by C atoms with hybridization sp?, BP is formed by P
atoms having hybridization sp® that imparts a puckered structure,
as shown in Scheme 2. As a result, it is possible to distinguish an
armchair and a zig-zag structure in the x-y plane (see Scheme 2).

This structural in-plane anisotropy is also reflected in the
chemicophysical properties of the material; BP shows a higher
thermal conductivity at 300 K in the zig-zag (30 W m™* K™*)
than in the armchair (13.7 W m™*' K ) direction, and the
opposite trend is observed for the electrical conductivity. Addi-
tionally, combined *'P solid-state NMR measurements and
density functional theory calculations reveal the presence of
two magnetically nonequivalent phosphorus nuclei within
the network, distinguished by their different orientations of
chemical shift tensors.>®

From the corrugated structure, it derives a high surface-to-
volume ratio that favors superficial interactions with metals,
macromolecules, and biological molecules. Especially in the
latter case, there is a flourishing work reported in the literature
where BP rivals other 2D materials such as graphene oxides and
transition metal dichalcogenides. In particular, phosphorus is
a bone constituent, being ~1% of the total body weight (about
660 g on average), and participates in many physiological
chemical reactions; this imparts to BP a superior biocompat-
ibility in a physiological medium.*! These exceptional properties
have accelerated the widespread use of BP in various bioapplica-
tions including biosensing, medical imaging, pharmacological

Scheme 2 Ball-stick model for four-layer BP, where black and blue balls
represent P atoms.
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treatments, and as a coating for scaffolds and prosthetic
surfaces.”?

As the interest in nanobiomedicine is constantly increasing,
the application of BP-based nanomaterials is growing exponen-
tially and a synthetic route that delivers BP on a large scale is
highly desirable. To meet this goal, the first step to face is the
production of bulk BP, which is not trivial. Bulk BP is solid
under ambient conditions characterized by an orthorhombic
crystal structure, and the elemental cell is composed of eight
atoms, each of which covalently connected to three neighboring
atoms with remaining lone electron pairs on each P atom,
which is responsible for the high reactivity of BP, in primis
towards oxygen and water.**

Various techniques have been developed to produce BP
crystals with high quality and uniformity. Since the pioneering
work by P. Bridgeman in 1914 who fabricated BP microcrystals
using white phosphorus as a P-source under high-pressure
conditions (1.2 GPa) and heating at T = 200 °C, alternative
routes have been set up to avoid such dangerous and energy-
consuming reaction conditions.*® In 1955, the first low-
pressure synthesis of BP was reported, where white phosphorus
was combined with equal amounts of mercury, and the two
reagents were sealed inside a vacuumed quartz ampoule and
heated at a temperature ranging from 280 °C to 380 °C for a
week.*® Improvements were made by growing crystals of BP
from white phosphorus dissolved in molten bismuth, which
provided needle-shaped crystals easier to purify with respect to
the method with mercury. Although this route is not easy to
handle and involves toxic compounds, it is the method of
choice for the synthesis of BP for decades, until 2007 when
T. Nilges reported a chemical vapor transport route to grow
large BP crystals from red P heated at T'= 650 °C for three days
inside a vacuumed ampule in the presence of AuSn alloy and
Snl, as mineralization agents.*® A remarkable improvement in
this procedure, which still nowadays represents the state of the
art, was achieved in 2014. This route uses only Sn and Snl, as
mineralization agents, which are added to red P, and the sealed
ampule is heated at T = 650 °C for three days, finally obtaining
centimeter-scale bulk BP crystals, with the advantage of avoid-
ing the use of noble metal Au and drastically reducing the
amount of by-products.’”*® This is considered the most suc-
cessful method for the growth of high-quality bulk BP crystals,
which is mandatory to obtain afterward high-quality 2D BP
nanosheets.

Alternative routes that are less time-consuming and do not
require special equipment are based on the solvothermal (ST)
protocol and ball milling, respectively; however, they have the
drawback of producing amorphous materials or microcrystals
of lower quality. In the ST treatment, red phosphorus is
suspended in ethylenediamine at 200 °C, and the vessel is
closed under argon and heated up for 10 h. By this protocol,
gram-scale BP nanocrystals can be synthesized.*® The produc-
tion of bulk BP by ball milling involves the mechanochemical
conversion of the red allotrope by using a high-energy planetary
ball mill, which has the advantage of reaching a high yield
(~90%) of BP.*°
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There are a wide variety of methods for the preparation of
exfoliated BP that can be summed up in the so-called top-down
strategy, which includes mechanical exfoliation, ball milling,
liquid exfoliation and electrochemical exfoliation, and bottom-up
methods, such as physical epitaxial growth, ST synthesis, and
pulsed laser deposition, as shown in Scheme 3. Additionally,
Table 1 summarizes the current preparation methods of phos-
phorene, highlighting the pros and cons for each route.

As mentioned above, bulk BP is a layered solid similar to
graphite, and with the layers kept together by weak van der
Waals interaction,?” the first strategy exploited for the fabrica-
tion of BPNSs was the mechanical exfoliation which dates back
to 2014 when phosphorene was prepared for the first time
autonomously by Y. Zhang and P. D. Ye groups using the scotch
tape method.***> Mechanical exfoliation enables the isolation
of ultra-thin flakes, typically ranging in size from 4 to 6 nm,
with larger lateral dimensions than those of the other top-down
methods. This technique also maintains the crystallinity of the
original material, making it highly suitable for electronic-grade
applications. From the morphological point of view, the draw-
backs are the irregular size of the flakes and uncontrollable
layer number, and additionally, only a very tiny amount of the
material can be produced, and thus, this technique is limited
mainly to laboratory research. A different approach is the
liquid-phase exfoliation (LPE) carried out by the action of
ultrasounds on a suspension of bulk BP in a suitable solvent.
The most common solvents used are N-methyl-2-pyrrolidone
(NMP),** ionic liquids,** dimethyl sulfoxide (DMSO),** isopro-
panol and ethanol deoxygenated water,”*>> anhydrous acetone
and N,N-dimethylformamide (DMF).”**” In 2014, J. Brent et al.
were the first to carry out the LPE of BP; they used NMP as a
solvent and could achieve the preparation of thin BP flakes with
a lateral dimension around 100 nm. In general, the selected
solvent should have a similar surface energy to BP for success-
ful and efficient exfoliation. Additionally, the LPE process not
only exerts the separation of flakes, but also causes their
fragmentation, and thus, flakes having different sizes and
thicknesses are produced.”? Increasing the sonication time
yields thinner flakes, but at the same time, their fragmentation
occurs, yielding flakes with reduced average dimensions.
A comparative study of BP exfoliation in a wide variety of
organic solvents was conducted by M. C. Hersam et al., using
a probe-sonication apparatus. It was found that polar aprotic
solvents with high dielectric constants are best suited for LPE.>®
As confirmed by extensive characterization, BP flakes obtained
by LPE in organic solvents are structurally preserved and
morphologically similar to mechanically exfoliated ones. Addi-
tionally, once applied in the construction of field effect tran-
sistors, they showed an ambipolar behavior with current on/off
ratios up to 10* and mobilities ~50 cm® V' s, which are
lower but still comparable to BP flakes obtained by the scotch-
tape method.”® Further studies demonstrated that DMSO is
also highly effective for LPE, showing similar performances to
DMF. A detailed study on the use of DMSO in the production of
BPNSs was carried out by M. Serrano-Ruiz et al. The study speci-
fically, evaluated the effect of a tiny amount of deoxygenated

This journal is © The Royal Society of Chemistry 2025
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Scheme 3 Different routes for the conversion of bulk BP into few-layer BPNSs and BPQDs.

water on the efficiency of the LPE process and the quality of
the final exfoliated material.** Surprisingly, it was observed that
water has a non-innocent behavior and the specific P/H,O
molar ratio influences the morphology and size distribution
of BP flakes. M.C. Hersam and colleagues demonstrated that
BP can be successfully exfoliated in water with the addition of a
stabilizing surfactant such as sodium dodecyl sulfate.>® By this
method, a homogenous distribution of thin flakes was obtained.
Overall, we can state that LPE can be successfully applied for the
large-scale production of BPNSs, but the BPNSs often contain
defects due to several hours of ultrasonication and may be
contaminated by the solvent or the surfactant molecules, which
remain adsorbed on the surface, and still the yield and size
control need to be further improved.

Bat-Erdene et al. demonstrated that the microwave-assisted
LPE process can be very efficient and completed in 11 min,
while ultrasonication protocols usually take several hours or
even days. The as-prepared BP shows lateral dimensions from
hundreds of nanometers to ~4 um and thickness in the range
of 4-11 layers.>® An alternative to LPE carried out by sonication,

This journal is © The Royal Society of Chemistry 2025

though much less common, is electrochemical exfoliation.®®
In the latter process, bulk BP is used as a working electrode
immersed in a suitable aqueous electrolyte, and in conjunction
with an applied positive voltage, it drives the structural expan-
sion and exfoliation of the individual layers of bulk BP.*> The
electrolyte can be a tetraalkylammonium salt that is first
intercalated between the layers of BP favoring the separation
among layers and then the anodic potential is applied to
separate them. Using electrochemical delamination, X. Feng
and co-workers showed that high-quality defect-free BPNSs can
be fabricated with a domain size up to 119 um and a thickness
of around 3.6 nm.°® M. Pumera and colleagues reported a
related electrochemical method based on the concept of bi-
polar electrochemistry. In this approach, two platinum foils are
used as electrodes, and when a voltage is applied, the BP
crystals become polarized at their opposite extremities. This
creates a potential difference across each crystal, leading to
their fragmentation into smaller flakes.®” A great advantage
of electrochemical exfoliation is that the yield can reach
more than 80%, which is higher than that of other methods,
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N-vinyl-pyrrolidone, isopropyl alcohol, and DMF.®®> Next to
ultrasonic exfoliation, various methods such as electrochemical
exfoliation, microwave, ST treatment, pulsed laser ablation,
and epitaxial growth have been applied for the preparation of
BPQDs. For instance, the ST route exploits the combined effect
of high temperature and solvent stabilization, and in compar-
ison to LPE, has the advantage of affording a homogeneous
distribution of BPQDs in larger-scale production.®® It was
shown that BPQDs have excellent water dispersibility, high
stability (in buffer solutions), and high quantum yields, and
above all, they can absorb light in the NIR region, thus they can
significantly kill tumor cells under NIR irradiation Owing to
these properties, BPQDs are highly promising candidates in the
biomedical field, especially for fluorescence imaging, PTT, and
PDT.17’67

Given the extensive investigation of LPE in few-layer BP pro-
duction, our special focus here is on researching this approach
across several solvents, as well as analyzing the ultimate yield
in large-scale BP synthesis. LPE in solvents, particularly ionic
liquids, or with surfactants or chemical compounds has emerged
as a feasible method for large-scale manufacturing. This is
accomplished using various techniques including ultrasound
(US), high-shear mixer (HSM), high-pressure homogenization
(HPH), electrochemistry (EC), microwave (MW), ST, and pulsed-
laser (PL), as shown in Table 2. Despite the significant benefits
revealed by LPE in terms of processability, scalability, and
stability, it is worth noting that many exfoliation processes
frequently fail to report the exfoliation yield (EY), which is an
important component in scaling. Some processes have shown a
very high EY in our examination of LPE methodologies for few-
layer BP production, suggesting strong exfoliation efficiency.
Interestingly, ultrasound-assisted LPE in DMSO** produces
flakes with dimensions between 4 and 30 nm for flake thick-
ness (FT) and 100 and 500 nm for lateral size (LS), with an EY of
92%. Similarly, EC-assisted LPE in DMF and acetonitrile has an
EY around 100%,°® yielding flakes with LS and FT diameters
of 500-1500 nm and 4-6 nm, respectively. Furthermore, LPE
PL-assisted in isopropyl alcohol (IPA)®° produces a noteworthy
EY of 93.7%. In contrast, our analysis finds a range of techni-
ques with lower EYs, indicating various levels of exfoliation
efficiency. Notable among them are techniques with EY values
ranging from 60 to 90%, such as EC-assisted LPE in water
(>80%),* DMSO (>80%),*® and propylene carbonate (78%);""
as well as HSM-assisted’® and US-assisted LPE methods.”"
These findings highlight the wide range of LPE approaches,
underlining the need for method selection adapted to indivi-
dual production goals.

The exploration of LPE techniques reveals a diverse range of
procedures, each presenting distinct advantages and limita-
tions. Within this spectrum, procedures yielding EY ranging
from 30% to 60% offer valuable insights into the nuanced
dynamics of exfoliation. Notable among them is US-assisted
LPE in NMP, which has an EY of 45%.”® Similarly, US-assisted
LPE with Li,SiF¢ in solvents such as MeOH, IPA, EtOH, and
acetone”' give EYs ranging from 40% to 47%, demonstrating
the approach’s adaptability across multiple solvent matrices.

This journal is © The Royal Society of Chemistry 2025
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Furthermore, HSM-assisted LPE in solvents such as DMF, NMP,
and diethylene glycol dimethyl ether (Diglyme) shows pro-
mising efficiency, boosting EYs from 36% to 47%.”° This
underscores its versatility across diverse solvent environments.
Likewise, MW-assisted LPE in Cyclohexylpyrrolidone (CHP),
NMP, and DMF shows EYs ranging from 30% to 40% within
an hour, indicating its potential for scalable production.’®
Finally, US-assisted LPE in ionic liquids, especially with
1-hydroxyethyl-3-methylimidazolium trifluoromethanesulfonate
((HOEMIM][TfOTfms]), reaches an EY of 32%, showing reason-
able efficiency in this solvent category. These findings shed light
on the diverse environment of LPE techniques, emphasizing the
need for carefully selecting solvents to obtain maximum exfolia-
tion performance.*

The processes with the lowest EY in the range of 0-30%
include various approaches, each demonstrating the difficulties
associated with attaining efficient exfoliation. Notable among
these are US-assisted LPE methods in IPA, MeOH, EtOH, and
THF, with reported EYs ranging from 0% to 24%.”%”% Simi-
larly, HSM-assisted LPE in NMP achieves an EY of 25%,%°
whereas MW-assisted LPE in ionic liquids, specifically employing
1-butyl-3-methylimidazolium tetrafluoroborate ((BMIM][BF4]) and
1-hexyl-3-methylimidazolium tetrafluoroborate ([HMIM][BF,]),
achieves EYs in the 20-25% range.’® The efficacy of US-assisted
LPE methods in ionic liquids, notably with 1-butyl-3-methyl-
imidazolium trifluoromethanesulfonate ([BMIM][Tfms]) and
1-ethyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide
[EMIM][Tf,N]** which achieved EYs of 7% and 3%, respectively,
provides useful scientific insights. These findings add to our
understanding of the complex relationship between solvent
characteristics and exfoliation efficiency. Ionic liquids have
unique physicochemical properties that impact the exfoliation
process, including low volatility, strong ionic conductivity, and
variable polarity.

It is crucial to underscore the significance of EY alongside
morphological characterization in the studies reported in the
literature, as detailed in Table 2. Only a subset of methodo-
logies provide comprehensive data on EY along with detailed
morphological characteristics of over 90% of the exfoliated
material. For instance, among these, only two procedures,
namely US-assisted LPE in DMSO** and PL-assisted LPE,*°
achieve an EY exceeding 90% while elucidating the character-
istics of the exfoliated material. Electrochemical exfoliation
in DMSO, propylene carbonate, and water produces notable
results for operations with EY levels ranging from 60 to 90%.*°
These techniques measure FT from 1.3 to 10 nm and LS from
2 to 30 pm.*® Similarly, techniques with EY values ranging from
30 to 60%, such as US-assisted LPE in NMP’? show differences
in NSs and QDs, with FT averaging 1.3 to 5.4 nm and LS
averaging 2 to 2500 nm. In addition, processes with EY ranging
from 0 to 30% show various morphologies such as NSs and
QDs. Notably, HSM-assisted LPE in NMP’® and MW-assisted
LPE in ionic liquids ((BMIM][BF4] and [HMIM][BF4])°® have FT
between 0.6 and 5.3 nm and LS between 1.8 and 2500 nm.
Furthermore, US-assisted LPE in ionic liquids ([BMIM]-
[ Tfms])** exhibits unique properties, with FT ranging from
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8.5 to 12.8 nm and LS ranging from 450 to 550 nm. Further-
more, it is critical to identify the optimum methods for
producing NSs and QDs. The EC-assisted LPE technique
using propylene carbonate, DMSO, and water*>*®®! is pre-
ferred for creating big flakes with low thickness and high EY.
In contrast, for QDs, the US-assisted LPE approach in
NMP'7 73747099 or MW-assisted LPE in NMP®® and EtOH"
are favored. Furthermore, QDs have been effectively produced
by US-assisted LPE in DMSO® and ST-assisted LPE in NMP/
NaOH.* These findings highlight the versatility and adapt-
ability of LPE techniques, which are designed to obtain
certain morphological properties for a wide range of nano-
technology applications.

Within the field of LPE, the final flakes usually display a
range of sizes, indicating the inherent variability present in the
process. The exfoliation techniques used (e.g., US, HSM, HPH,
EC, MW, ST, and PL) and the specifics of each technique’s
exfoliation parameters (e.g., solvent selection, power intensity,
duration, and temperature) have a significant influence on this
diversity.**”® For instance, prolonged sonication in solvents
with high boiling points such as DMSO***” and DMF”* yields
high-quality crystalline flakes, characterized by an FT spanning
from 4 to 30 nm and an LS ranging from 100 to 600 nm.
Conversely, extended sonication in NMP promotes the produc-
tion of very small flakes, often referred to as QDs, with elevated
EYs.”>”*7% Significantly, QDs have been obtained with lower
processing times employing MW-assisted LPE methods in
NMP®® and EtOH.*” Additionally, another efficient technique
for generating consistent flake sizes is the use of centrifugation
for separation, which is a frequently used technology in the
field of LPE. By applying centrifugal forces to the exfoliated
material, flakes of different sizes may be successfully separated
depending on their sedimentation rates, resulting in the
separation of fractions with desirable properties. This approach
is critical for controlling the size distribution and character-
istics of exfoliated materials, allowing for more exact control
and application-specific modification.®®”"3%%% The selection
of an exfoliation technique may, in theory, be tailored to the
material properties needed for a particular application. For
example, it is recommended to use EC-assisted LPE methods
in PC,** DMSO,"® DMF®® and H,0" to prepare big flakes
(between 2 and 30 pm) with high EYs. However, US-assisted
LPE procedures in NMP'77*7%7% or MW-assisted LPE techni-
ques in a variety of solvents, such as DMF, ionic liquids
([BMIM][BF,] and [HMIM][BF,]), and cyclohexylpyrrolidone,
are suggested for the preparation of QDs with higher EYs.?>°
Furthermore, the production of BP with high EYs and parti-
cular FT between 2 and 20 nm and LS between 50 and 700 nm
may be achieved by US-assisted LPE procedures in DMSO/
DMF,***” NMP,*®”” H,0/Zonyl 7950*" and 1-hydroxyethyl-3-
methylimidazolium trifluoromethanesulfonate ([HOEMIM]-
[Tfms]) ionic liquids*® and other solutions that show promise.
These findings underscore the importance of tailoring LPE
techniques to achieve desired material characteristics, thereby
enhancing their applicability across a wide range of techno-
logical contexts.
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3. Stability of BP nhanomaterials for
biological applications

The rapid degradation rate of BP nanomaterials negatively
affects their functionality for various applications.'® In the
case of biomedical applications, the degradation of BP is
considered a double-edged sword; on the one hand, the selec-
tive anticancer activity and bioactivity of BP arise from this
feature, and on the other hand, BP nanomaterials are required
to perform for longer periods like drug delivery applications.
Moreover, the photocatalytic activities of BP such as PTT, PDT,
and SDT weaken as the oxidation increases, which affects its
functionality.>**®”>'°"  Therefore, different strategies have
been considered to decrease the oxidation rate which will be
discussed in this section.

Phosphorus is physiologically regarded as benign, existing
in the cells, and participating in every physiological reaction."*
One of the earliest approaches for BP protection was to encap-
sulate it into polymeric carriers. This protocol is an effective
strategy, but the synthesis conditions are important. For
instance, using water as a solvent and also exposure of BP to
oxygen deteriorate the chemical stability. In this regard, the
encapsulation of BP into PLGA through a simple emulsion
method is one of the most effective ways. The synthesis process
is non-destructive since the polymer and BP were combined in
acetone and upon addition of the mixture to water, precipita-
tion occurs and the BP is perfectly isolated in the interior
part of PLGA from the external environment. The in vitro and
in vivo experiments revealed excellent biocompatibility along
with a high photothermal conversion rate and tumor-targeting
ability.’®> Another popular polymer coating is PEG, which
not only acts as a protective layer against oxidation but also
can prolong the circulation time of a nanomaterial in the
bloodstream.'**'** BP nanosheets were functionalized with
PEG-NH, groups via electrostatic interactions to adjust the
chemical stability and biocompatibility.’® Somewhere else,
BP nanosheets were coated with a combination of folic acid
and PEG-NH, groups; the lateral size and thickness were found
to be approximately 100 and 3 nm, respectively for the surface-
coated nanomaterials and the surface functional groups
improved the loading efficacy of DOX on the nanomaterials
and also the chemical stability.'’® Cyanine 7 and cyanine 7-
NH,-coated PEG-BP nanomaterials were synthesized for NIR
imaging and cancer therapy. Upon intravenous injection of the
nanomaterials, they could exhibit a long-enough circulation
time followed by satisfactory tumor accumulation.'®” Polyethy-
leneimine is a cationic polymer that has been applied on BP
nanomaterials to protect them against oxidation. This polymer
does not affect the photothermal conversion rate of BP, but due
to the high density of amine groups, it endows BP nanomater-
ials with the ability to carry genes. This coating has been
applied on BP for the first time by Wang et al.'% to carry small
interfering RNA and knock down the surviving expression and
yield the synergistic PTT and gene delivery. Polydopamine is a
biocompatible polymer that has been widely applied as a sur-
face coating to functionalize nanoparticles.' This polymer is
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yielded through self-polymerization of dopamine under an
alkaline condition. It is known that polydopamine is a multi-
functional polymer that besides its high biocompatibility can
protect BP from oxidation and also reinforce the photothermal
conversion rate of BP nanomaterials."*>""" It has been indi-
cated that the polydopamine-coated BP nanocomposite could
increase the solution temperature by 3.1 °C upon exposure to
an 808 nm laser (1 W cm ™2, 10 min). PEG-folic acid was coupled
to the BP-polydopamine nanocomposite via the Michael addi-
tive reaction to enhance the circulation time in the bloodstream
and tumor-targeting ability."'> Forming a hydrophobic inter-
action between BP nanomaterials and polymers is another
technique to improve the chemical stability of BP. Silk fibroin
is a protein that is extracted from silk with high biocompat-
ibility and extended use in various biomedical applications."*®
An interesting method was devised by Huang et al''* to
passivate the surface of BP with silk fibroin and the polymer
was added during the exfoliation process of BP. It turned out
that a strong bond was formed between each compound via
hydrophobic interactions and the polymer coating had hydro-
philic ends which prevented the aggregation of BP nanosheets
in water. The nanocomposite was exposed to air and water for
two weeks and the solution was very steady. After 20 days, the
color of the solution started to change as a sign of BP degrada-
tion, whereas the color of pristine BP in water changed quickly
and faded away due to the fast oxidation and degradation rate.
The silk fibroin-coated BP was tested in terms of photothermal
conversion after 14 days of exposure to air and water. The PTT
ability of the nanocomposite was unchanged while pristine
BP under the same condition showed nearly zero absorption
over time.""* Another approach is to load BP nanomaterials in
different types of hydrogels. Although this strategy can decrease
the oxidation rate of BP since these hydrogels encompass water,
it oxidizes the loaded BP. A hydrogel platform composed of 2D
BP nanosheets and agarose was developed for anticancer drug
delivery. Upon applying NIR irradiation to the hydrogel, the
encapsulated BP turns light into heat and increases the hydro-
gel’s temperature. Then, reversible hydrolysis and softening of
hydrogels occur, leading to the controlled release of loaded
drug molecules. A further increase in the temperature causes a
biosafe degradation of the hydrogel into oligomers, which can
be excreted through urine."'® In our study, we adopted an
innovative synthesis strategy to develop a multifunctional plat-
form of BP for cancer therapy and tissue regeneration. In this
regard, we took advantage of the evaporation-induced self-
assembly sol-gel technique followed by applying a two-step
microwave irradiation to synthesize bioactive glass-BPQD nano-
composites. In the presence of Pluronic F127 as the surfactant,
the hydrophobic BPQDs with a size of 4 nm were encapsulated
in the inner side of liquid crystals. The light absorption of
pristine BPQDs and the nanocomposite was tested over time
through UV spectroscopy, and it was found that the bioactive
glass-F127 coating could significantly decrease the oxidation
rate of BPQDs."" Coordination chemistry provides an oppor-
tunity for the passivation of BP nanomaterials since the lone
pair electrons of phosphorus react with oxygen. Through the
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coordination of electropositive metals such as titanium, plati-
num, and lanthanide, it is possible to protect BP from oxidation
and degradation.’'® To passivate and functionalize BP nano-
materials with various structures including BPQDs, BP nano-
sheets, and BP microflakes, a surface modification strategy was
adopted; lanthanide sulfonate complexes were used accord-
ingly and the lone-pair electrons of phosphorus were occupied
with the complex endowing the BP nanomaterials with excel-
lent air and water stability. Besides the original photothermal
conversion of BP, the gadolinium-modified BP nanostructures
showed great potential in magnetic resonance imaging due
to high R1 relativities and other lanthanide-coordinated struc-
tures indicated fluorescence in visible and NIR regions.'"’
Table 3 indicates some of the biomaterials applied on the
BP nanomaterials to improve the chemical stability and
functionality.

4. Intrinsic anticancer activities of BP
nanomaterials

Compared to the wide variety of 2D materials, BP nanosheets
are endowed with inherent anticancer activities which induce
antitumoral effects without being triggered by any external
or internal stimulus. This superiority comes from the BP
nanosheets’ unique physicochemical properties. Thus far,
some studies have taken advantage of the intrinsic anticancer
activities of BP nanomaterials and proposed some mechanisms
of action.”*'>'*® Generally, it undergoes degradation when
exposed to oxygen, water, and oxidative stress. The bio-products
resulting from the degradation are phosphate anions which are
known as biocompatible species with physiological buffering
capability. However, elevation in the phosphate anions’ concen-
tration in a cell increases ATP hydrolysis, leading to programmed
cell death. Indeed, it is well reported that phosphate anions play a
crucial role in regulating ATP hydrolysis and triggering apoptosis
in cancer cells through various interconnected mechanisms that
disrupt cellular energy balance, metabolism, and key signaling
pathways. ATP hydrolysis, a vital process for cellular energy
release, breaks down ATP into ADP or AMP, releasing phosphate
anions. Cancer cells, which often exhibit altered metabolism,
such as increased glycolysis, ATP production, and consumption,
are already disrupted, making them particularly sensitive to
changes in phosphate levels. When phosphate accumulates, it
accelerates ATP hydrolysis,"*® rapidly depleting the cell’s energy
reserves. This accumulation of inorganic phosphate can also
impair mitochondrial function, further reducing ATP production.
Excess phosphate destabilizes the mitochondrial membrane
potential, initiating a cascade of harmful events. One event may
be mitochondrial dysfunction where the loss of membrane
potential triggers the release of pro-apoptotic factors such as
cytochrome ¢, which activates caspases and activates the apopto-
sis process. One more event involves oxidative stress. The
increased ATP hydrolysis elevates ROS production, further dama-
ging mitochondria and driving the cell toward apoptosis. As ATP
levels drop due to rapid hydrolysis, the AMP-to-ATP ratio rises,
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Table 3 Some surface modifications applied to BP to improve its chemical stability and functionality
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activating AMP-activated protein kinase (AMPK), which serves as
an energy sensor. Prolonged energy depletion keeps AMPK
active, which can eventually push damaged cancer cells into
apoptosis, especially if mitochondrial dysfunction prevents the
cell from restoring adequate energy levels. Cancer cells have a
higher metabolism rate and the concentration of oxidative stress
species is higher than that in normal cells generating a faster
degradation rate of BP. This different degradation pattern of BP
in cancer cells leads to its selective anticancer potential. In 2019,
Zhou et al. revealed the selective anticancer potential of BP
against various cancer cell lines including breast cancer cells
(MCF-7). The anticancer activity of BP was compared simulta-
neously to well-known DOX against the cancer cell lines; the
degradation of BP was found to elevate the levels of phosphate
anions in the intracellular environment and exhibited strong
antiproliferation effects against the cancer cells while leaving no
negative impact on the normal cells (Scheme 4). The efficacy was
superior to the applied DOX, which is an added value to take into
consideration. Raman scattering mapping was adopted to track
the degradation of BP throughout both healthy and cancer cells;
BP has three distinct Raman peaks by which the average of
signal intensities was determined up to 48 h. Raman spectra
related to BP (4 ug mL~")-treated MCF-7, A549, and healthy bone
mesenchymal stem cells were recorded after different time
intervals including 6, 12, 24, and 48 h. Moreover, the phosphate
anion concentration was measured during this assay, which
together with Raman images showed that the BP internalization
and release of phosphate anions in cancer cells were higher than
those of healthy ones. The cellular response of BP (0.125-16 pg
mL™") to three cancer cell lines and two healthy ones was
assessed in vitro. It was found that the IC5, value of BP for the
cancer cells was less than 2 ug mL ™, whereas no negative effect
was observed for the healthy cells even at higher concentrations.
Furthermore, although the IC5, of DOX was lower than that of
BP and eradicated the cancer cells at lower concentrations, it
strongly affected the healthy cells at the same concentration
and killed them, which is considered as the main side-effect of
this chemotherapeutic drug. Through fluorescence-activated cell
sorting, the cell cycle analysis on the BP-treated cells was
performed at 24 h and 48 h with different BP concentrations.
The MCF-7 cells treated with BP showed a significant rise in
G2/M phase arrest, where the time and the concentration exert
an additional effect. In contrast, the healthy cells’ cycle remained
unchanged (G0/G1). Noteworthy, cyclin B1 is known to directly
relate to G2/M transition and through immunoblotting against
cyclin B1. BP increases the expression of it in the cancer cells
while it was negligible in the healthy cells. Followed by desir-
able in vitro studies, BP was in vivo intratumorally injected
through the mice xenografted with HeLa cells along with phos-
phate buffer saline (PBS) and DOX as the negative and positive
control, respectively. The tumor volume and body weight
changes were carefully tracked and it was found that the anti-
cancer activity of BP was similar to that of DOX. The histological
and dissected tumors treated after 18 days with different
samples revealed shrinkage and necrosis for the ones treated
with the drug and BP.™

This journal is © The Royal Society of Chemistry 2025
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Scheme 4 Selective anticancer activity of BP. Schematic of how BP materials induce anticancer activity intrinsically.

In 2020, an update to the previous proposed mechanism of
action was published. The authors have systematically revealed
that the lipid peroxidase level goes up due to phosphate anions
release and causes a decrease in superoxide dismutase activity
when BP nanomaterials are exposed to cancer cells, leading to
higher ROS generation in these cells (Fig. 1(A)). However, they
suggested certain dosage range of applied BP called the selec-
tive killing range, beyond which BP nanomaterials can induce
cytotoxicity on the healthy cells, leading to DNA damage and
pathological abnormalities in the organs. Two cell lines—HeLa
and A549 cancer cells and D551 and Hek293 normal cells—were
comprehensively assessed (Fig. 1(B-G)). The cell cycle arrest of
these cells was evaluated, and it was found that BP could extend
the G2/M phase of cancer cells in a concentration-dependent
manner, whereas no significant effect was observed in the
healthy cells. It is known that the G2/M phase is closely related
to DNA damage and apoptosis, and hence, the level of DNA
damage in this study was also analyzed; poly(ADP-ribose)
polymerase and y-H2AX were used as the markers of cellular
apoptosis and DNA breaks, respectively. In the case of cancer
cells (HeLa and A594), significant activation of apoptosis and
DNA damage was detected in the domains of IT + IIT and III + IV,

This journal is © The Royal Society of Chemistry 2025

in turn, while lower damage to the healthy cells DNA was
observed, which was not high enough to induce irreversible
damage followed by apoptosis to these cells. The anticancer
efficacy was tested in vivo in the HeLa and A549 xenograft
tumor models. The immunohistochemistry analysis indicated
that the BP-induced ROS caused high expression of cleaved
caspase 3, while the proliferation marker of K;-67 decreased as
the result of apoptosis increase and inhibition of the tumor
growth.” A study has reported the surface modification of BP
nanosheets through a combination of polymers and peptides
to not only stabilize the nanosheets against oxidation but
also induce therapeutic effects through the released peptides
against breast cancer. The polymers were poly-t-lysine and PEG,
which first conjugated on the peptides and then the combi-
nation was anchored to the surface of BP. The anticancer
potential of the nanosheets and the surface-modified ones
was assessed in vitro against MCF-7, MDA-MB-231, and human
mammary luminal epithelial cell line. The applied concentra-
tions were 0.8, 4, and 20 ug mL ™' for 72 h and the MTT results
of bare BP showed antiproliferative effects against the cancer
cells when the concentration increased to 4 pug mL~' and
specifically, this concentration was more toxic towards the
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MDA-MB-231 cells rather than MCF-7. However, the highest con-
centration (20 ug mL™") affected the healthy cells negatively. The
modification of BP nanosheets with PEG-peptides was synchro-
nized with neutralizing the anticancer effect of bare BP, but
attaching the poly-i-lysine-peptide combination showed a differ-
ent behavior; the cytotoxicity against normal cells was reduced,
while the same effect against the cancer cells was reinforced.
A comparison between the bare BP nanosheets and the surface-
modified ones shows that the anticancer efficacies of both was
almost equal at 20 pg mL ™", but the former inhibited the growth
of healthy cells besides cancer cells."**

Cells are actively divided through two main phases—inter-
phase (G1, S, and G2) and mitosis (Scheme 5). The former is
known as the longest cell cycle in which the cell grows follo-
wed by copying DNA to prepare itself for mitosis. During the
interphase period, the cells grow, internal organelles are
cloned, and then, through the synthesis phase, a DNA copy
will be synthesized. At the final stage of interphase, the cells
continue to grow and reorganize the contents getting ready
for division. When it comes to mitosis, the previously copied
DNA and cytoplasm are divided, resulting in two new identical

M/G, Checkpoint

{

Pass
- Equal distribution of chromosomes
between new daughter cells

~=, Cell Cycle Checkpoints

View Article Online

Review Article
daughter cells."** The mitosis has four phases—prophase, meta-
phase, anaphase, and telophase. Over half period of mitosis is
occupied by the first phase through which the membrane of the
nucleus breaks down forming small vesicles and the centrosome
is duplicated moving to the opposite end of the cell. Microtubule
production is organized by centrosomes, leading to the for-
mation of spindle fibers and then mitotic spindle constitution.
From prophase to metaphase, the cell can undergo multipolar
spindles due to various defects in the integrity of the mitotic
spindle pole, which causes cell death in the progeny mainly
because of the large mis-integration in chromosomes. In this
way, the daughter cells with far fewer chromosomes are less
likely to survive'*® (Scheme 5). The most recent update to the
anticancer mechanism of action of BP nanomaterials is pub-
lished by Shao et al.,'*® shedding light on the molecular inter-
action of BP with cancer cells. In this study, it has been revealed
that BP directly affected the cell’s centrosome machinery
(Scheme 6). Different from the previous studies which reported
that BP induces only apoptosis (G2/M arrest) due to degradation
and ROS generation, Shao et al. provided a new mechanism of
action and indicated that the cohesion of pericentriolar material
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Scheme 6 Schematic of the molecular anticancer activity of BP.

was attenuated due to destabilization made by BP on the mitotic
centrosomes, leading to the fragmentation of centrosome
through the mitosis. The cancer cells treated with BP were found
with multipolar spindles and mitotic delay followed by apopto-
sis. In detail, the centrosome kinase polo-like kinase 1 was
observed being deactivated when treated with BP, which com-
promised the integrity of centrosomes; the kinase was attached
to BP’s surface and its aggregation was increased and this
impeded the mobility of kinase followed by being recruited by

842 | Chem. Soc. Rev, 2025, 54, 827-897

centrosomes for activation. In this work, in vitro and in vivo
studies were comprehensively conducted and proved this
mechanism of action (Fig. 2).

5. Breast cancer

Breast cancer is at the top of the cancer list of women as the
most common and primary cause of mortality. The statistics

This journal is © The Royal Society of Chemistry 2025
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treated with BP at the end of the study, which can be compared with the control. Images from the tumor section, which were stained for (F) pH3,
(H) pericentrin, and (1) Tunel. (G) and (J) Quantitative results related to pH3 and Tunel-related positive cells, respectively. Reprinted from?° with

permission from Nature.

tell us that about 60% of total deaths take place in developing
countries and the survival rate differs worldwide—5 years for
less than 40% of patients in developing countries while about
80% for their counterpart.** Apart from early diagnosis and
screening through mammography which significantly declined
the mortality rate, various treatments are being applied. Some
preventive treatments are hormone therapy through applying
antiestrogens to the individuals with the potential for develop-
ing breast cancer and also surgery to remove the tissue and
prevent cancer progression.’*> Once a patient is diagnosed
with breast cancer, other approaches including radiotherapy,
chemotherapy, and targeted therapy are applied, but in the case
of distant tumors and metastasis, the focus is on the survival
rate and improving the quality of life."**'*® Both the devastat-
ing side effects and undesirable outcomes of the mentioned

This journal is © The Royal Society of Chemistry 2025

approaches were the driving force behind searching for newer
ones with fewer disadvantages and more efficacy. The breast is
mainly formed by tissues called adipose, and the female’s
breast normally has more glandular tissues than a man and
there are about 12 to 20 lobes which are divided into smaller
ones.® Based on the size and type of tumor and also the
penetration of cancerous cells into the tissue, the breast cancer
stages vary spanning from stage 0 attributed to non-invasive to
stage IV as the metastatic breast cancer (Scheme 7). Through
stage 0, the healthy and cancer cells are on the boundaries from
which the tumor starts to grow, but still there is no sign of
invasion.'*® Stage I has two subcategories I(A) and I(B), and at
this stage, microscopic invasion is possible; the first sub-
category relates to the tumors with a maximum size of 2 cm
but none of the lymph nodes are involved, but the latter

Chem. Soc. Rev,, 2025, 54, 827-897 | 843
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Scheme 7 Schematic of the different stages of breast cancer. Created with BioRender.com.

subcategory describes a situation in which tumors larger than 2
cm are found in the lymph nodes.*** Similar to the first stage,
the second stage is divided into two—II(A) and II(B). The former
is ascribed to the tumors located in the sentinel and/or axillary
lymph nodes but not in the breast and the size can be varied
from below to more than 2 cm but not beyond 5 cm. However,
the tumors in the case of the latter one can be larger than
5 cm.'? There are three subcategories for stage III in which
II(A) describes that still no tumor is in the breast but they can
be found in 4-9 lymph nodes; the second one (III(B)) means the
tumors despite their size have caused swelling and may have
spread to about 9 lymph nodes and this stage is also known as
inflammatory breast cancer. III(C) is a situation of spreading
the tumors to more than 10 axillary lymph nodes."** The final
stage is the advanced stage showing the spread of tumor to
other organs (Scheme 7).***

Among different types of cancers, BP nanosheets and BPQDs
have been competitively more adopted for the studies related to
breast cancer imaging and sensing compared with other cancer
types. BP intrinsically and selectively showed anticancer activity
and also it is responsive to light and induces heat and ROS
both of which induce apoptosis.'*> Through this section, the
potential of BP either alone or in combination with chemo-
therapeutic drugs and external stimuli is covered in detail. The
sub-sections are divided based on the therapeutic potential of
BP; in this way, the BP-loaded carriers with a single therapeutic
technique including PTT, PDT, SDT, and chemotherapy are
discussed in the single therapy section, and in the case of dual
and triple therapeutic approaches, the same way is followed.
Table 4 provides information about the BP-based materials for
breast cancer therapy.

5.1. Stimuli-responsive and cargo delivery

BP nanomaterials are appropriate for photonic-based applica-
tions and they are responsive to visible and NIR and turn light
into heat (PTT) and ROS (PDT).**> PTT is a minimally invasive
type of cancer therapy that can effectively kill cancer cells due to
heat generation. Once a light-responsive agent has reached a
cancer cell and got stimulated, the agent releases heat locally,
leading to cancer cell death. The efficacy of this approach

844 | Chem. Soc. Rev.,, 2025, 54, 827-897

depends on various parameters—type of light-responsive agent,
laser power and density, and time of irradiation, all of which
can be manipulated to obtain desirable results."”’*'”> A study
took advantage of the PTT potential of BP against breast cancer.
The applied BP in this study is in the form of quantum dots,
which were obtained through LPE from bulk BP followed by
encapsulation into PLGA (lactic (50): glycolic (50)). The BPQDs
were dispersed into an organic solvent in which PLGA had
already been dissolved and upon addition of the PLGA-BPQDs
to deionized water, the BPQD-encapsulated PLGA nanoparticles
were formed. The hydrophobic nature of PLGA could success-
fully isolate the interior BPQDs from oxygen and water pre-
serving their optical properties as intact as possible. The
anticancer potential of PLGA-BPQDs against three cell lines
was assessed in vitro—human skin fibroblast, breast cancer
cells (MCF-7), and melanoma cells (B16)—with and without
stimulation by NIR. The nanoparticles, in various concentra-
tions (2-100 pg mL "), were exposed to each cell line for 48 h.
Without applying any light irradiation, there was no significant
change in the cell viability of samples even at the highest
concentration. The light irradiation caused the cell viability
of cancer cells to fall about 20% for the lowest concentration
(2 ng mL ™) followed by a 50% decrease when the concentration
was increased to 5 pg mL~"; 10 and 20 pg mL ™" exhibited nearly
a complete eradication of cancer cells and fluorescence images
were also in agreement with the results—the stained cells in
green and red were live and dead, respectively. The in vivo PTT
studies on the MCF-7 breast tumors were performed once the
tumors reached the volume of 200 mm?®, and PLGA, BPQDs
alone, and PLGA-BPQDs were injected via the tail vein. After
24 h post-injection, the mice were anesthetized and NIR was
irradiated to the tumors and the PTT efficiency was recorded
through infrared imaging. The biodistribution study revealed
that in 24 h the nanoparticle concentration reached their
highest point in the tumor, and hence, the best time point to
apply the NIR was 24 h post-injection. The highlight of PTT
in vivo study was the superior efficacy of PLGA-BPQDs com-
pared to bare BPQDs; applying 10 min irradiation was enough
for the combination to increase the temperature of the tumor
up to 60 °C while the bare BPQDs just could raise the
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temperature up to nearly 38 °C. Since BPQDs are very small in
size (3 nm), they can be easily cleared from the bloodstream
through the renal pathway, whereas the combination had a size
of around 100 nm which is more suitable for enhanced per-
meation and retention. The other reason can be regarded as the
bare BPQDs’ oxidation, which should have weakened the
optical properties and so the PTT ability, but the PLGA could
stabilize the BPQDs against the harsh environment of the
body."*>

The PTT efficacy of BP is known to be affected by different
parameters; apart from the composition, the dimension and
particle size play an important role. BP nanomaterials different
in size were developed to assess if there was any effect on the
PTT against breast cancer. The screened BP nanomaterials were
classified as large (394 nm), medium (118 nm), and small
(4.5 nm), obtained by varying the ultrasound time and the
centrifugal speed. The cytocompatibility of BP nanomaterials
was first assessed in vitro against human normal hepatocyte
cells at different time intervals (12, 24, and 48 h) with different
concentrations (6.3, 12.5, 25.0, and 50.0 ug mL ). It was found
that neither any increase in the concentration up to 50 pg mL ™
nor prolonging the assay up to 48 h affected the cell viability in
a negative way, and the viability of all samples remained above
80%. The PTT potential of samples (12.5 and 25 pg mL ")
against MCF-7 cells was determined by exposing NIR (808 nm,
1 W ecm™?) to the cell plates in vitro for 15 min. The size
effect was more evident when the applied concentration was
12.5 pg mL™ ", and the PTT potency is as follows: large BP >
medium BP > small BP. All samples have been shown to kill
the MCF-7 cells with higher concentrations.*® Considerable
attention has been paid to the functionalization of BP for better
stability and surface modification to improve PTT-assisted
targeted breast cancer therapy and imaging."*”"*° Through
diazonium chemistry, Nile Blue was conjugated to the surface
of BP nanosheets to improve the stability, rendering fluores-
cence properties for breast cancer therapy and imaging. The
in vitro results showed acceptable biocompatibility, potent PTT,
and desirable NIR imaging. The imaging made the tracking
of nanoparticles possible (the tumor was marked in red fluores-
cence) and through in vivo studies, the surface-modified
nanoparticles efficiently reached the tumor’s site and led to
the tumor ablation under NIR irradiation."*’

Via solventless high-energy mechanical milling, BP nano-
particles were synthesized and surface-modified with poly-
(ethyleneimine) and dextran in situ to improve the nanoparticles’
stability, solubility, and biocompatibility, and also forming
functional groups on the surface. The functional groups were
then used to interact with folic acid and a fluorescent dye. The
in vitro cell viability of nanoparticles was tested against mouse
embryo fibroblast cells (3T3) and murine breast cancer cells
(4T1) with different concentrations (3.125, 6.25, 12.5, 25, 50, and
100 pg mL ™) up to 12 h. There was no difference visible between
the healthy and cancer cell lines and both of them showed a
decrease in the viability as the concentration went up. The PTT
efficacy of modified BP nanoparticles was tested in vivo as well
against 4T1 tumor-bearing BALB/c mice. The nanoparticles were

This journal is © The Royal Society of Chemistry 2025
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first injected intravenously (200 pL, 2 mg mL™"), and although it
was sufficient for imaging purposes, the PTT was found ineffec-
tive. Therefore, one-quarter of the suspension was injected
intravenously for imaging and the rest was intratumorally
injected. Within 6 min of irradiation of NIR, the tumor’s
temperature reached 64 °C, which is too strong for tumor
ablation."*® Recently, a novel approach has been reported to
reverse the epithelial-mesenchymal transition in breast cancer
cells through functionalized BP nanosheets (Fig. 3). This
approach is able to convert highly invasive and metastatic
mesenchymal-type MDA-MB-231 into an epithelial phenotype,
which can inhibit the cell migration. Through different imaging
techniques including super-resolution and advanced nanome-
chanical, the phenotypic switch was validated; the alteration
of cell morphology, actin organization, and the increase in
the specific protein markers of epithelial cells confirm this
(Fig. 3(A-C)). After the mechanical exfoliation of BP nanosheets,
they were coated with a protein layer (streptavidin) and then
CD146 antibodies were conjugated (Fig. 3(A)). The breast cancer
cells were treated with the functionalized BP nanosheets and
those cells experienced a decrease in the ezrin/radixin/moesin
phosphorylation, which resulted from the downregulation of
membrane CD146 by about 40%. Applying the mild hyperther-
mia was synchronized with a sharper decrease in the ezrin/
radixin/moesin phosphorylation (80%) rooted in the heat stress
induced by the hyperthermia perturbing the phosphorylation
of ezrin/radixin/moesin, thus synergistically hindering the
Rho-guanine nucleotide dissociation inhibitory factor o
sequestration.*>°

Removing a tumor throughout the breast tissue via surgery
is a well-accepted approach, but the surgical intervention is not
sufficient enough to get rid of all cancer cells, while the adipose
tissue in the vicinity of tumor will be lost."”® Regarding adipose
regeneration, there are surgical tissue reconstruction appro-
aches available but limited in terms of donor and/or foreign
body response. Therefore, developing biomaterials which can
simultaneously eradicate the remaining cancer cells and sti-
mulate the regeneration of adipose tissue is of particular
interest."””

Among various research studies performed on BP nanoma-
terials for cancer therapy and regeneration, only one so far has
targeted breast cancer therapy and adipose regeneration. A
bifunctional composite scaffold composed of gelatin and BP
nanosheets was fabricated through freeze drying and the pore
formation was adjusted through pre-prepared ice particles. The
PTT of the composite was assessed in vitro and in vivo against
MDA-MB-123 cells. The breast cancer cells were seeded on the
composite scaffold for the in vitro study and it was ensured that
about 95% of the cells were successfully seeded with minimum
leakage. The tested scaffolds included pure gelatin and mod-
ified ones with BP nanosheets; the cell viability of those
scaffolds without NIR was nearly 100% after 24 h showing the
cell compatibility of substrates, whereas applying NIR
decreased the viability down to 13% after 5 min followed by
being completely eradicated after 10 min due to the tempera-
ture increase. The in vivo results showed how applying the NIR
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Fig. 3 Blocking breast cancer invasion through reversing the epithelial-mesenchymal transition. (A) Synthesis and surface functionalization of BP
nanosheets. (B) Schematic of how the surface-modified BP nanosheets and mild PTT change a mesenchymal-type breast cancer cell into an epithelial
cell. (C) Direct stochastic optical reconstruction microscopic images taken from the treated and untreated cells (the green and yellow arrows point at the
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ventral actin and the workflow of the direct stochastic optical reconstruction microscopy). Scale bar: 5 um. Abbreviation: black phosphorus nanosheets:
BPNSs, streptavidin: Str, ezrin/radixin/moesin: ERM, direct stochastic optical reconstruction microscopy: dSTORM, total internal reflection fluorescence:
TIRF. Reprinted from?*C with permission from the American Chemical Society.

laser to BP-included scaffolds was synchronized with the increase
in the local temperature followed by the tumor removal. Note-
worthy, the BP nanosheet concentration applied in the scaffold’s
preparation was 100 and 200 pg mL~". The difference in the PTT
efficacy of BP-loaded scaffolds is visible in the in vivo results and
the scaffold with the higher content of BP could increase the local
temperature up to 48 °C after 10 min of laser exposure. To prepare

852 | Chem. Soc. Rev,, 2025, 54, 827-897

the scaffolds for adipose regeneration study in vivo, human
mesenchymal stem cells were cultured in an adipogenic induction
medium containing the scaffolds 1 week before the implantation.
The implantation lasted for 28 days, after 21 days the implants
were found robust without fragmentation or breakage showing
the stability of the scaffold in the subcutaneous environment.
Performing histological analysis revealed that the cells were

This journal is © The Royal Society of Chemistry 2025
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homogenously distributed throughout the scaffolds and the
expression of adipogenesis-related genes was improved in the
BP-included scaffolds rather than the pure gelatin. Moreover,
an increase in the BP content up to 200 pg mL ™" showed higher
levels of gene expression than the scaffold with lower
BP exhibiting the potential of BP for the regeneration of fat
tissue.™!

One of the prominent advantages of BP nanomaterials is
their high surface area endowing them with high drug and/or
gene-loading efficiency.'® Based on BPQDs, a platform was
designed and synthesized for breast cancer therapy by carrying
a chemotherapeutic drug called hederagenin. This drug is an
antineoplastic natural compound with promising potential
in cancer therapy but suffers from poor targeting and efficacy.

P-selecting

BPQDs
3. Cytosolic
release
\ Whole
Blood
]

Cancer cell

PBP

Platelet

View Article Online

Review Article

The BPQDs (5 mg) were first put into the drug solution (2.8 mg)
for 24 h followed by removal of the free drugs. Platelets from
female BALB/c nude mice were separated throughout the whole
blood via centrifugation and rinsing for being combined with
the drug-loaded BPQDs. The combination of platelets and drug-
loaded BPQDs was prepared through the fusion of platelets via
ultrasound irradiation (Scheme 8(A)). The resulting nanomater-
ial was platelet-coated drug-loaded BPQDs. Platelets are cap-
able of binding to tumors through P-selecting and CD44
receptors, which, on the one hand, enhances the targeting
potential of the platform, and on the other hand, this surface
coating increases the retention time of the carrier in the blood-
stream and improves the colloidal stability since there are sur-
face glycans on the platelets. The in vitro anticancer potential of

PLT@BPQDs-HED

Membrane
vesicle
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PBP/Cas 13a/crRNA

Cas 13a/crRNA

Site-specific cleavage
of Mcl-1 mRNA

Cytochrome C

Caspase 3
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Scheme 8 BP nanomaterials for gene and drug delivery applied for breast cancer. (A) Platelet-membrane-coated BPQD preparation and its
internalization into the breast cancer cells, inducing apoptosis. (B) Delivery of Casl3a/crRNA through BP nanosheets to inhibit Mcl-1 for breast cancer

therapy.
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nanomaterials including BPQDs, platelets-BPQDs, hederagenin,
BPQDs-hederagenin, and platelets-BPQDs-hederagenin was
assessed against MCF-7 cells for 48 h without mentioning the
concentration of applied nanomaterials. It was found that
neither pure BPQDs nor platelet-coated BPQDs induced anti-
cancer activity, while after drug loading, the carrier (platelets-
BPQDs-hederagenin) showed the highest anticancer activity and
reduced the cell viability down to 39.9%. The viability of the pure
drug and BPQD-hederagenin was 67.9 and 53%, respectively,
and flow cytometry revealed that the carrier could generate more
ROS inside the cell than the pure drug, and hence, a higher
anticancer activity was obtained. The targetability potential of a
carrier for cancer therapy is of great importance and the in vivo
targeting potential of nanoparticles with and without platelet
modification was evaluated at 6, 24, and 48 h post-injection. The
tumor accumulation of platelet-BPQDs at each time interval was
greater than that of BPQDs and after 48 h, the surface-modified
nanoparticles were less likely to accumulate through the kidney
and liver. The in vivo antitumor study on the MCF-7-bearing
mice up to 20 days showed no effect on the tumor size from
BPQDs alone and platelet-BPQD nanomaterials, whereas the
best anticancer performance is related to platelet-BPQDs-
hederagenin, which significantly increased the anticancer activity
of the drug.’*

Cancer gene-therapy is a well-known approach by which
specific nucleic acids are carried into a cancer cell in order to
reverse the metastatic state through affecting the genetic errors
and/or directly eliminating the cancer cells."”® Regarding the
high surface area of BP nanomaterials, the nanosheets were
functionalized with poly-lysine to deliver a gene complex to
target a key determinant factor in breast cancer cells.">® As a
member of the B-cell CLL/lymphoma 2 family, Mcl-1 has been
targeted for cancer therapy as it showed resistance over tradi-
tional chemotherapy.'”® In the case of breast cancer, Mcl-1 is
known as a key determinant, but developing effective inhibitors
of Mcl-1 is still a challenge. The gene complex was composed of
CRISPR/CRISPR associate 13a and CRISPR RNA; notably, bind-
ing of the former to the targeted RNA can occur with specificity
under the guidance of CRISPR RNA. At first, the BP nanosheets
which had a negative surface charge were coated with cationic
poly-lysine; this polymer had three roles here: (i) stabilizing the
BP dispersity in the physiological media, (ii) facilitating the
endocytosis of carrier into the cells, and (iii) playing an inter-
mediate role between the substrate and the gene complex, both
of which are negative in surface charge. Once the gene-loaded
carrier reaches the breast cancer cells, it undergoes degradation
at a faster rate than that of the normal cells because of higher
ROS and acidity of cancer cells, leading to the release of the
gene complex. Under the function of the gene complex, Mcl-1
RNA could be targeted and knocked down at the transcriptional
level, which at last results in cell apoptosis (Scheme 8(B)). The
efficacy of gene-loaded carrier plus bare BP and the gene
complex alone was tested in vitro against MCF-7 and MDA-
MB-231 up to 48 h. Neither bare BP nor the gene complex
showed the anticancer effect on any of the cells, but it is not
mentioned how long the bare BP and gene complex were

854 | Chem. Soc. Rev,, 2025, 54, 827-897
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exposed to the cells. However, the gene-loaded carrier showed
a time-dependent cytotoxicity against both cell lines and the
cell viability reduced from 100% to nearly 85, 70, and 40% after
12, 24, and 48 h, respectively. The in vivo studies performed on
nude mouse tumor xenografts established through using MDA-
MB-231 revealed that only the gene-loaded carrier exhibited a
significant tumor growth inhibition; to further analyze the
mechanism of action, the transcription and expression levels
of Mcl-1 were determined through PCR, western blotting, and
gRT-PCR all of which unanimously agreed on the downregula-
tion of Mcl-1, which subsequently led to tumor cell death.™?

PDT is an anticancer therapy technique which is relatively
less invasive than most common treatments but with higher
efficacy. Through this technique, a photosensitizer, organic/
inorganic origin, or a combination of both is adopted to
generate cytotoxic ROS, which upon exposure to external light
irradiation leads to cancer cell death. Briefly, the excitation of
the photo-responsive agent leads to the transfer of energy to the
oxygen molecules, turning them into cytotoxic species.'®*® The
first report on the use of BP in PDT against breast cancer was
published in 2015. Since BP nanomaterials, at that time, were
competitively better in terms of quantum yields, biocompat-
ibility, and biodegradability than most common photosensiti-
zers in PDT, it attracted considerable attention soon after. The
PDT potential of BP nanosheets was assessed in vitro against
MDA-MB-231 cells for 4 h with and without NIR irradiation. The
applied concentrations were 0.025, 0.05, 0.1, and 0.2 pg mL ™"
and the results indicated no effect in the case of non-irradiated
samples, while the counterpart inhibited the growth in a
concentration-dependent manner; upon NIR irradiation, 0.09
pg mL " is the concentration which induced the cell viability
reduction down to 50%. Having gained promising results from
the in vitro studies, they progressed towards in vivo analysis by
injecting the BP nanosheets (30 pL (500 ug mL™")) to MDA-MB-
231 tumor-bearing mice. Regarding the PDT, after 12 h post-
injection intratumorally, NIR was irradiated (660 nm, 20 min).
It turned out that the BP nanosheets without NIR could not
inhibit the tumor growth, whereas the one exposed to light
successfully suppressed the tumor growth.'>*

To improve the PDT potential of BP nanosheets, Liu et a
have shown that Cg, covalently grafted onto the edges of
nanosheets improved the stability and physiological dispersi-
bility of BP and promoted the ROS generation capability of the
nanosheets. The in vitro cell growth inhibition analysis was
performed with and without NIR for 24 h against 4T1, MCF-7,
and healthy cells (Huh-7, U937, and RAW 264.7). Regarding the
light irradiation, it was applied to 4T1 cells 6 h after the
incubation for 5 min (5 W cm™2, 650 nm), and no irradiation
was applied to healthy cells and MCF-7. Notably, different
samples including BP, Cgo, and the hybrid with different
concentrations were used in the cell viability assay. The hybrid
(BP/Cgp) could inhibit the cell growth after light irradiation by
about 90%, whereas the BP alone could only reach 30% show-
ing the positive effect of Cg, on the PDT efficacy. In the absence
of light irradiation, all the samples showed nearly 90% cell
viability, even at the highest concentration (140 ug mL™") to
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both healthy and cancer cells. The in vivo antitumor effect of
samples was tested against the 4T1 mouse model for up to
2 weeks. The nanomaterials were injected both intratumorally
and systematically through the tail vein. The NIR was applied
30 min right after the injection for 10 min and repeated every
2 days up to 14 days and the concentrations were 70 and
140 pg mL~'. The results related to the former approach
exhibited an inhibition rate of 88.2% for the hybrid and the
BP and Cg, alone inhibited the growth by about 36.6 and 30.7%
respectively. Although the systemic administration of nanoma-
terials was found with less antitumor efficacy, the hybrid
still showed an inhibition rate of 35.9 (70 pg mL™') and
65.6% (140 pug mL™") in a dose-dependent manner.'”® It has
also assessed the SDT potential of the Cgo-BP nanohybrid for
breast cancer therapy in vitro and in vivo.'>® SDT is a non-
invasive cancer therapy approach in which a sonosensitizer
agent gets activated via ultrasound and produces cytotoxic ROS
the same way as PDT. However, one of the criticisms revolving
around PDT is the limited tissue penetration depth of NIR
compared to ultrasound; ultrasound waves are known to pene-
trate several tens of centimeters culminating in higher efficacy
and efficiency of the cancer treatment.” In this study, Ce, Was
anchored on the BP nanosheets covalently and on the edge of
sheets. Moreover, the BP nanosheets were surface modified
with benzoic acid and these samples were compared in terms of
SDT potency. In the presence and absence of ultrasound,
all samples were exposed to 4T1 cancer cells with 25, 50, and
100 pg mL~' for 4 h. Without ultrasound irradiation, no
decrease in the cell viability of all samples was observed while
the triggered samples caused the viability to drop. In compar-
ison with the bare BP nanosheets, only Cgo-edge-functionalized
BP showed inferior SDT efficacy and the other two outper-
formed the bare BP. The benzoic acid-functionalized BP had
the highest suppressing effect on the cancer cells after ultra-
sound exposure resulting from the functionalization effect on
the conduction and valence band energy levels of BP, which
were measured through synchrotron radiation photoemission
spectroscopy. Nonetheless, the authors have prolonged the cell
viability assay without ultrasound up to 72 h reported in the
supporting information and only the bare BP (50 pug mL ') was
able to decrease the 4T1 cell viability down to 50% due to its
inherent anticancer potential, but the authors have mentioned
this as the cytotoxic effect of BP, not the selective anticancer
potential.*>®

5.2. Dual therapy

To improve the developed single-therapy approaches, combina-
tional therapy has been introduced to open new doors in
fighting various types of cancer.'®" There are three categories
of combinational therapies generally as follows: internal-based,
external-based, and internal-external-responsive agents. Inter-
nal or endogenous-responsive carriers relate to those that carry
a chemotherapeutic/bioactive material to an organ/tissue in a
passive or targeted manner. These materials undergo a change
in their structure once exposed to a specific stimulus—pH,
redox, temperature, etc.—and release the cargo to the intended
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The second group, in contrast to the internal-
responsive carriers, is responsive to external triggers including
magnetism, light, and ultrasound. As mentioned briefly before,
this category can induce hyperthermia and/or ROS to kill
cancer cells. The internal-external group takes advantage of
both internal and external triggers simultaneously and comes
up with more functional anticancer agents.'®® It is critical to
bear in mind that it is possible to design dual and triple-
responsive agents only based on internal or external stimuli.
For instance, there are different carriers that are simulta-
neously equipped with two internal stimuli such as pH-redox
and pH-temperature or magnetic-light, light, and ultrasound.
In this section, the BP biomaterials designed to induce dual
therapy against breast cancer are discussed in detail.

The combination of chemo- and thermo-therapy has been a
well-known anticancer treatment so far. Within this context, a
few studies have focused on BP nanomaterials for breast cancer
therapy with a dual therapeutic approach based on chemo- and
thermo-therapy. BP nanosheets were combined with DOX, poly-
t-lysine, and hyaluronic acid to design a chemo-phototherapy
agent for breast cancer therapy. In vitro drug release was tested
in physiological and acidic media in order to simulate the
mildly acidic environment of tumors and/or intralysosomal/
endosomal pH and if the pH change has an effect. After 24 h of
soaking into an acidic medium (pH 5.5), the release rate
reached nearly 77%, while 59% of the drug was released at
pH 7.4 under the same conditions. Moreover, the effect of NIR
irradiation on the release rate was assessed in vitro by applying
the light for 5 min; the release rate had a rapid increase from 29
to 72%. The in vitro anticancer activity of samples against MCF-
7 and MDA-MB-231 was evaluated for 48 h. The samples
included free DOX, the modified BP without DOX and with
DOX. The nanomaterials without DOX kept the viability higher
than 80%, whereas the DOX-loaded one decreased the cell
viability in a concentration-dependent manner starting from
0.01 to nearly 100 ug mL~". The ICs, value of both cell lines was
reached when the concentration had been increased to 1 ng
mL~". The NIR irradiation was also applied to improve the
anticancer effect further. In the case of in vivo studies, the
nanomaterials were injected intravenously through three cycles
in MDA-MB-231 tumor-bearing mice, and after 24 h post-
injection, the NIR was applied as well. The highest tumor
suppression belonged to the DOX-loaded modified BP plus
NIR followed by the same sample but without NIR and then
free DOX. In this manner, it is visible how the combination of
these two therapies culminated in more desirable outcomes.*>”

Using a layer-by-layer coating strategy, a drug carrier based
on BP nanosheets was developed for breast cancer therapy. Two
chemotherapeutic drugs were co-delivered into the cancer cells;
DOX molecules were first loaded on the nanosheets via electro-
static interactions between the cationic drug and the negative
surface charge of BP followed by coating of poly(dopamine) on
the drug molecules. Next, the poly(2-ethyl-2-oxazoline) ligand
was conjugated on the poly(dopamine) to not only prolong the
blood circulation time and improve the cellular uptake in vivo,
but also provide a suitable position for the loading of the
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second drug (bortezomib). One of the prominent advantages of
this carrier was charge reversal upon exposure to the acidic
environment of the tumor, facilitating the cell internalization;
the surface charge undergoes a change due to the ionization of
amide groups of the outer layer from negative (—10.2 mV) at a
physiological medium of pH 7.4 to positive (2.4 mV (pH 6.8)
and 5.2 mV (pH 5.0)). Through the cell viability assay, the drug-
free carrier was found biocompatible, whereas applying the NIR
(808 nm) to the nanoparticles (50 pg mL ") killed over 80% of
MCF-7 cells. The DOX-loaded nanomaterials showed pH-
dependent cytotoxicity; at acidic pH, the release of drug mole-
cules was intensified. The drug release was also assessed
in vitro in the presence of NIR (808 nm, 1 W cm™?) for 6 min
at each pulse and the light irradiation was applied four times
up to 48 h. Compared to the non-irradiated samples, NIR led
the release kinetic of both drugs to rise significantly stemming
from the decomposition of the poly(dopamine) layer. In vivo
studies were performed on MCF-7-induced tumor-bearing mice
and the nanoparticles were injected intravenously (5 mg kg™ in
100 pL PBS). At 24 h post-injection, the tumors were irradiated
with NIR (808 nm, 1.5 W cm2) for 5 min and IR images plus
the temperature changes were collected and determined. The
drug-loaded sample was found to increase the local temperature
up to 50 °C, which is the tumor ablation range, after 300 s."*°

Tamoxifen is a well-known drug used against breast cancer
with the potential to decrease the mortality rate and reduce
cancer recurrence in estrogen receptor-positive patients, but
this drug similar to most anticancer drugs suffers from low
bioavailability, toxicity, etc. In this way, BP nanosheets were
adopted as not only a substrate for tamoxifen delivery, but also
a sonosensitizer agent for SDT. Through in situ polymerization,
dopamine was conjugated onto the nanosheets and then the
drug molecules and folic acid were electrostatically attached
to the surface. The loaded drug molecules were observed to
release faster when the carrier is in a mild acidic medium and
also when ultrasound irradiation had been applied to the
nanoparticles. The nanoparticle internalization rate was
assessed against tamoxifen-sensitive and -resistant MCF-7 cells
and in both cell types, the internalization was excellent. The
drug-loaded nanosheets induced about 94% cytotoxicity to the
cancer cells while bare tamoxifen showed about 30% cyto-
toxicity, both at the concentration of 5 pg mL™". The SDT could
add 15% more cell death to the antitumor efficacy of the
nanoparticles.'® Generally speaking, designing smart drug
carriers for cancer therapy responsive to pH has been at the
epicenter of nanomedicine research followed by redox-
responsive carriers. The former experiences structural changes
in the acidic medium, while the latter bondages with loaded
drug molecules will break in the presence of reductive
agents.'®

Due to the rapid growth of tumors, ROS and free radicals are
found in their microenvironment in large quantities and so the
cancer cells must generate reductive agents such as glutathione
to compensate the free radicals causing the microenvironment
to become reductive. This feature has been taken to design
drug carriers with reduction-responsive ability through which
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the chemotherapeutic drug is conjugated to the carrier with
disulfide, di-selenium, and other bonds. Once the carrier
reaches the tumor’s site and is exposed to glutathione, the
bondage breaks resulting in the increased drug concentration
in the targeted site.'®® A dual-responsive (redox- and light-
responsive) drug delivery system composed of BP nanosheet
and poly-i-lysine was designed for breast cancer therapy. The
DOX molecules were first loaded on the BP nanosheets fol-
lowed by a coating of the polymer to improve the stabilization
of nanoparticles in the physiological medium, on the one hand,
and prevent the premature leakage of the drug molecules, on
the other hand. Through both in vitro and in vivo studies, it was
revealed that the combination of chemotherapy and PTT was
not only biologically safe but also yielded potent anticancer
outcomes. The cytotoxicity of BP and modified poly-i-lysine was
tested in vitro against 4T1 cell at various concentrations
(0.0625-4 pug mL™") for 48 h; notably, these concentrations
were chosen based on free DOX since the drug at 4 pg mL™"
completely killed the cells. The cell viability assay showed that
neither BP nor the polymer had any negative effect on the
viability. Besides these compounds, the BP + NIR, DOX, and the
dual-responsive carrier with and without NIR were assessed in
terms of cytotoxicity against the same cell line. The strongest
effect belonged to free DOX, which showed ICs, in the range of
0.5-1 pg mL~" followed by the carrier + NIR which at the
highest concentration (4 pg mL ") reduced the viability down
to 10%. Surprisingly, the BP + NIR (4 pg mL™") could only
reduce the viability down to nearly 80%. The most important
advantage of the carrier was revealed through the in vivo study
in which intravenous injection of free DOX was synchronized
with a decrease in the mouse weight without desirable tumor
suppression efficacy, whereas the carrier did not show the side
effects of free DOX and completely prevented the tumor growth
rate up to 13 days.'*® Different from the previous studies which
applied surface modification to BP nanosheets, another one
encapsulated BPQDs and docetaxel as a well-known breast
cancer drug inside PLGA for PTT and chemotherapy. The
synergistic therapeutic effects were tested against primary
and lung metastatic tumors and the NIR irradiation led to
photothermal tumor ablation, but also liberated the drug
molecules at a higher rate."*®

The combination of PTT with immunotherapy is of great
importance because, on the one hand, immunotherapy can
compensate the low tissue penetration depth of NIR, and PTT
as an easy and cost-effective approach can establish tumor
vaccine in situ, on the other hand. It is known that tumor
ablation through photothermal treatment is able to induce
immunogenic cell death by delivering tumor-associated anti-
gens. Moreover, the increase in the local temperature by PTT
has some benefits for immunotherapy, improving the blood
flow and vascular permeability, both of which result in the
recruitment of more immunocytes."®”'®® In 2019, a study
reported the preparation of biomimetic BPQDs to first induce
breast cancer cell apoptosis through PTT followed by activation
of the immune system to get rid of both residual and metastatic
cancerous cells. The anticancer agent was designed in the form

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00007b

Open Access Article. Published on 02 December 2024. Downloaded on 1/21/2026 9:28:29 AM.

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

(cc)

Chem Soc Rev

of nanovesicles and BPQDs were coated with erythrocyte mem-
branes; this coating provided a long circulation time through
the bloodstream and improved the tumor accumulation in vivo.
Once the cancer cells have undergone apoptosis through PTT,
dendritic cells were recruited and took the antigens, which
subsequently led to a strong T cell response (CD8") in already
treated tumors and distant ones. The administration of pro-
grammed cell death protein 1 (PD-1) antibody reinvigorated the
T cells and along with the nanovesicles successfully prevented
both primary and secondary tumors in vivo."®® Somewhere else
and through manipulating the PTT parameters and an immu-
nologic adjuvant, the antitumor immunity was optimized. BP
nanosheets were modified with PEG and then the immunologic
adjuvant (CpG) was grafted onto the surface. Different concen-
trations of the nanomaterials (30-80 pg mL ™) were exposed to
4T1 and HepG2 cells for 6 h and NIR (808 nm, 2 W cm ™ ?) was
applied for different time intervals (100-200 s) and the cell
viability was assessed after 24 h. To precisely understand if the
necroptotic cell death occurred, the necroptotic inhibitor had
been applied in the cell viability assay. It turned out that the
4T1 cells co-incubated with the inhibitor had a competitively
higher viability than those without it, showing the important
role of necroptosis in the PTT-mediated breast cancer. The
highest necroptotic rate was nearly 73% under an optimized
condition (60 pug mL™", irradiation time = 180 s); under this
condition, the cell temperature was mentioned to reach 45 °C
by which an effective antitumor immune response was acti-
vated without melting the tumor tissue. Western blotting assay
was also performed to verify if the necroptosis was the dominant
cell death pathway. Since necroptosis is caspase-independent
and its activation relies on RIP1 and 3, the expression levels of
caspase-3 and 8 were assessed and did not experience any
change, but the RIP1 and 3 proteins were expressed highly in
the cells treated with NIR. In vivo studies on the 4T1 breast
tumor model were in agreement with the in vitro studies and
except for the control group, which was treated with PBS, other
groups rapidly saw an increase in the tumors’ temperature up to
45.6 °C, which had been revealed in the in vitro studies as the
suitable temperature to induce necroptosis. The histological
analysis clearly confirmed necrosis-like morphology through
the slices of primary tumors containing the nanoparticles.'®"
The same group did come up with another cancer vaccine
based on BP and loaded CpG oligodeoxynucleotide onto the
BP nanosheets-Au and together with an indoleamine 2,3-
dioxygenase inhibitor, they were co-encapsulated into a cancer
cell membrane for the elimination of primary and metastatic
breast tumors. The membrane could improve the targetability
of nanovaccine and the combination of PTT and immune
adjuvant resulted in tumor-specific immunity. One of the high-
lighted advantages of this anticancer agent over the one devel-
oped in their previous study was that the nanovaccine not only
showed effective therapeutic effects on the primary and meta-
static breast tumors, but also produced a systemic immune
memory which prevents tumor recurrence.'®® Indeed, these
nanosystems functionalized with anti-PD-1 antibodies and irra-
diated with NIR were able to block metastasis and recurrence in
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a 4T1-luc breast tumor model. These nanovaccines, when
combined with anti-PD-1/PDL1 antibodies, stimulated a favor-
able tumor immune response in both in vitro and in vivo
models.'® Based on the photothermal immunotherapy strat-
egy, BPQDs and anti-PD-L1 were coated with cancer cell mem-
branes against triple-negative breast cancer. As indicated in
Scheme 9, the BPQDs were synthesized from bulk BP through
probe sonication and applied for photo-immunotherapy. NIR
irradiation to the tumors was synchronized with killing the
cancer cells directly via temperature increase and through
affecting and maturation of dendritic cells. Moreover, anti-
PD-L1 improves T-cell immune response and blocks PD-1/PD-
L1 pathways, leading to the recognition of cancer cells and
killing them by T cells.'®® In the case of CTLA4 inhibitors, it was
possible to observe a block of regulatory T cells (Tregs), which
allow the immune escape of tumor cells. It has been shown that
the presence of BP enhances CTLA4 inhibitor activity in Tregs-
mediated immunosuppression inhibition, thus increasing the
ratios of CD8" CTLs/Tregs and CD4+ Teff/Tregs and promoting
a memory of CTL immune response useful in recurrence and
metastasis of tumor prevention.'®” Apart from PTT-mediated
immunotherapy, other approaches were used as well like PDT-
and photoacoustic-mediated immunotherapy. A recent study
has developed a dual-responsive vesicle composed of BPQDs
grafted with PEG and ROS-sensitive poly(propylene sulfide).
The main idea behind designing such a compound was to
trigger the BPQDs with NIR to generate ROS followed by the
disassembly of the vesicles due to a change in the structure of
poly(propylene sulfide) in the presence of ROS (Scheme 9).
To improve the effect of immunotherapy by PDT, CpG oligo-
deoxynucleotides were loaded into the cavities of vesicles. The
vesicles were exposed to MCF-7 and 4T1 cells in the presence
and absence of NIR at different concentrations (10-150 ug mL ™)
for 24 h. None of the treated cells without NIR saw cytotoxicity
proving the biocompatibility nature of vesicles, while applying
NIR has shown concentration-dependent cytotoxicity. The 'O,
probe 2/, 7'-dichlorofluorescein diacetate was used to track ROS
formed during the process and revealed the direct effect of
vesicle concentration on higher ROS concentration. To under-
stand the effect of PDT on the immune response, in situ levels of
calreticulin as a molecular pattern that raises the dendritic cells’
recruitment were analyzed. Excessive expression levels of calre-
ticulin were observed when the vesicles with NIR were combined,
showing that the dual-responsive carrier can activate and recruit
dendritic cells for a stronger antitumor immune response. The
same effect was also confirmed on 4T1-tumor-bearing BALB/c
mice in vivo. The vesicle containing the immune adjuvant
exposed to NIR outperformed the others and completely sup-
pressed the tumor growth.'®®

Photoacoustic therapy is an anticancer approach that uses
photoacoustic shockwaves to destroy cancer cells. Once the
photo-responsive agent gets stimulated, the nano- and micro-
bubbles around it undergo growth and collapse, leading to the
formation of shockwaves. The explosion of those bubbles
causes a mechanical disruption locally to the primary tumors
with minimal negative effects on the healthy tissues.'®%'%°
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Scheme 9 Combination of immunotherapy with PTT. (A) Preparation of BPQDs from bulk BP and encapsulation inside biomimetic cancer membranes.
(B) Process of dendritic cells’ activation and maturation in the presence of NIR and anti-PD-L1 for the eradication of primary and metastatic breast
tumors. Abbreviation: Biomimetic black phosphorus quantum dots: BBPQDs, Myeloid-derived suppressor cell: MDSC, tumor-associated macrophages:
TAM, the regulatory T cells: Treg, and immature dendritic cell: iDC.

However, there is limited data available on the effect of photo- with a peptide, mitochondrion-targeting triphenylphosphine,
acoustic therapy on the immunology system. In combination and an immune adjuvant, BP nanosheets were used for
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photoacoustic immunotherapy of breast cancer. The primary
tumor eradication was achieved since the nanoparticles had
been modified with tumor-targeting cyclic Arg-Gly-Asp peptide
and triphenylphosphine; the former facilitated the nano-
particles’ internalization towards the cancer cells and the
latter helped the targeting of mitochondrion to induce the
generated shockwaves after light stimulation to this organelle.
To assess the effect of photoacoustic therapy on the immune
response, the nanoparticles were injected intravenously into
4T1-tumor-bearing mice and then the laser was applied to
induce the shockwave effect. At 72 h post-injection, the mice
were sacrificed and their spleens were taken for flow cytome-
try. The levels of CD80 and 86 were found to upregulate after
the treatment and the sample, which had the adjuvant and
laser treatment, elicited higher levels of dendritic cell matura-
tion than the one which only carried and released the immune
adjuvant. One of the possible problems of this study was the
interference of heat to the photoacoustic effects when the BP
had been exposed to NIR since BP turns NIR light heat.
Therefore, a pulsed laser irradiation was applied and the
temperature change had been carefully checked during the
process and a minimal heating effect was observed."®’
Designing anticancer platforms responsive to two external
stimuli has some advantages, which have attracted consider-
able attention. Well-known external stimuli are light, magnet-
ism, and ultrasound from which PTT, PDT, SDT, and magnetic
hyperthermia have been derived. The combination of these
approaches can compensate the weakness of each and result in
more efficacious therapeutic outcomes. For example, a draw-
back related to PDT/SDT is the lack of oxygen and this is
specifically the case when it comes to the hypoxia regions of
tumors causing the ROS generation to fall; the existence of
hyperthermia from PTT/magnetism can increase the blood flow
and oxygenation overcoming the mentioned drawback. However,
the cytotoxic ROS generated through PDT/SDT has the potential
to increase the sensitivity of cancer cells to PTT/magnetic
hyperthermia."®®'*" Inspired by the benefits of combined PDT/
PTT therapy, BP nanosheets were used as a substrate to load
cypate as an FDA-approved photo-responsive agent followed by
coating with hyaluronic acid to improve the accumulation of
nanoparticles into the cancer cells; the high affinity of hyaluro-
nic acid towards CD44 receptors which are found in triple-
negative breast cancer in high quantity was one side of choosing
this polymer and the other side was to improve the chemical
stability and physiological dispersibility of cypate-loaded BP
nanosheets. The anticancer activity of surface-modified BP
nanosheets was tested in 2D cells and 3D organoids in vitro
and in 4T1-tumor-bearing mice in vivo. The cytotoxicity of the
platform was assessed in vitro against 4T1 and human dermal
fibroblasts from 1.6 to 200 ug mL ™" for 24 h, and no significant
changes were observed. One of the interesting points of this
study was in vivo safety assessment of the BP with and without
hyaluronic acid’s coating for 24 h. The samples at 10-50 mg kg "
were intravenously injected in Balb/c mice and although BP is
known to degrade to harmless phosphate ions, the BP alone at
25 mg kg " decreased the survival rate down to 67% followed
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by 0% when the highest concentration had been applied
(50 mg kg™ '). This shows that the mice were overdosed by
phosphate ions, but the samples modified with hyaluronic acid
showed a survival rate of 84% at 50 mg kg ' and the body
weight of those mice remained with minimal changes up to
30 days. The in vitro studies in the presence of NIR irradiation
on the mentioned cell lines plus 3D tumorspheres revealed the
efficacy of surface-modified BP nanosheets, which took advan-
tage of simultaneous PDT and PTT. The role of hyaluronic acid
became evident in the in vivo antitumor studies in which the
distribution was determined and the highest accumulation and
antitumor efficacy belonged to the surface-modified BP. Cypate
could also elevate the ROS concentration upon stimulation with
NIR and its anticancer inhibitory effect was assessed separately
from the BP nanosheets in vivo; it outperformed the PBS
(control) and the BP nanosheets without NIR but was not
effective enough to suppress the growth rate. However, the
combination of cypate + BP + hyaluronic acid with NIR culmi-
nated in complete suppression of tumor up to the end of
study."®® Another study chose the combination of hyperthermia
and ROS generation for breast cancer therapy but through PTT
and SDT. Since the electron recombination occurs fast in BP
nanosheets, they were integrated with Au nanoparticles and
polypyrrole. The in vitro studies exhibited superior sonody-
namic and photothermal conversion against cancer cells. The
nanocomposite’s cell compatibility and anticancer activity were
assessed in vitro for 24 h against 4T1 cells with and without the
stimuli. Regarding the viability of nanocomposites without any
external stimulus, the agent was applied at different concentra-
tions (0-200 pug mL ") and concentration-dependent cytotoxi-
city was observed, but the results were not statistically
significant. However, the same experiment was performed at
only one concentration (50 pg mL ") in the exposure of ultra-
sound, NIR, and a combination of both. The PTT and SDT
separately reduced the viability by about 40% and 50%, respec-
tively, whereas the combination showed a strong effect and
resulted in 90% reduction of 4T1 cells. The same conditions
produced the same results (complete suppression of 4T1
tumors) in vivo up to 14 days, proving the potency of dual
therapy.'®®

Magnetism has developed modern applications in nanome-
dicine—magnetic resonance imaging, directing a magnetic
compound to the targeted tissue/organ through an alternating
magnetic field, and inducing magnetic hyperthermia. The most
highlighted advantage of magnetic nanoparticles over other
external-stimuli-responsive nanomaterials is the independency
of the applied magnetic field from penetration depth, which
implies that these nanoparticles can also induce their properties
even throughout the deep-seated tumors."”>'®* BP nano-
sheets obtained through liquid-phase exfoliation were conju-
gated to a magnetic compound (streptavidin-coated Fe;O,
nanoparticles and biotinylated microbubbles) to be delivered
to cancer cells in a targeted manner. The effect of PEG chain
lengths on the stability and magnetic responsiveness was
assessed, which turned out that the longer chain lengths
improved the stability and magnetic yield better than that of
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shorter ones. Through an external magnetic field, the nano-
particles were accumulated in the site of action and once being
saturated, the local temperature rapidly increased in vitro and
in vivo. Moreover, the PTT studies in vitro and in vivo demon-
strated that the magnetic compound required less incubation
time than that of bare BP nanosheets to reach the cancer cells
and induce anticancer activity under magnetic field and NIR
irradiation."”°

5.3. Triple therapy

Improvement in efficacy and decreasing the risk of tumor
recurrence have further encouraged researchers in cancer ther-
apy to design more successful solutions. Here, triple-responsive
BP anticancer agents for breast cancer therapy will be dis-
cussed. These platforms were synthesized in a way to respond
to both external and internal stimuli, which together obtained
more promising results in terms of tumor growth suppression
and recurrence. Chen et al. reported a combined therapeutic
package (chemotherapy + PTT + PDT) comprising BP nano-
sheets. The authors discovered the strong light-responsivity of
BP nanosheets to generate both ROS and heat besides a higher
drug loading capacity than that of most 2D materials—950% in
weight DOX loading ability on the surface of nanosheets. The
BP nanosheets were prepared by a simple liquid exfoliation
technique and exposed to a DOX solution (2.5 mg mL~") with a
concentration of 50 ug mL ™. The cell viability of BP nanosheets
(25, 50, 100, and 200 pg mL~ ") was assessed in vitro against 4T1,
1929, A549, and HeLa up to 24 h. Notably, the NIR light with
two wavelengths of 660 and 808 nm was applied for inducing
ROS and heat, respectively and NIR, DOX, BP, and each laser
wavelength were applied separately and in combination to
exactly understand their specific anticancer effect. The DOX
was the only agent that reduced the viability down to 60% after
24 h, and neither NIR (660 and 808 nm) nor BP changed the
viability. Speaking of combinatory effects, the BP + DOX +
808 nm NIR showed a stronger anticancer effect than the same
one with 606 nm NIR, showing the potency of PTT over PDT
here. However, the combination of BP + DOX + PTT + PDT had
the strongest cytotoxic effect against 4T1 cells, and the viability
was reduced to nearly zero.'”" BP nanoflakes incorporated with
the transformation growth factor-b inhibitor were prepared and
then coated with the neutrophil membrane. Applying both PTT
and PDT caused acute inflammation in the tumor and
enhanced the accumulation of the nanoparticles in the tumor
tissue. Moreover, the combination of PTT, PDT, and the trans-
formation growth factor-b inhibitor induced a potent immune
response (the T cell infiltration and activation), which prevented
lung metastasis.’®® Using hybrid membrane-camouflaged lipo-
somes, a multifunctional platform was designed against breast
cancer to stay longer in the blood circulation and accumulate
more efficiently in the tumor tissue. In this regard, BPQDs as the
photothermal agent, paclitaxel as the chemotherapeutic agent,
and poly metformin as an immunomodulator agent were encap-
sulated inside these nanocarriers. Since the coating layer was
derived from the fusion of cancer cells and red blood membrane,
it was endowed with excellent tumor-targeting ability and long
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blood circulation features. The release of the immunomodulator
agent boosted an immune response and increased dendritic
cells along with T cell activation. Testing the antitumor potential
of nanoliposomes in the 4T1 breast tumor model showed
successful elimination of primary tumors and inhibition of lung
metastasis as a result of combination therapy.'*®

One of the major problems of chemotherapy is the develop-
ment of resistance, which causes a tumor cell to resist toxic
drugs. It is known that the tumor suppressor p53 undergoes
mutation in multi-drug-resistant tumors, enhancing tumori-
genesis as well as anti-apoptosis ability capable of resisting
chemotherapeutic drugs like DOX."*>™” An innovative study
has targeted this problem and come up with a modified BP
platform, carrying an agent to reverse drug-resistant breast
cancer.'® In this regard, BP nanosheets have undergone step-
by-step surface modification; DOX molecules were first loaded
on the nanosheets followed by applying dopamine and PEG
coatings one after another. Finally, the surface was decorated
with manganese and phenethyl isothiocyanate, which is able to
selectively deplete the mutant type of p53, not the natural one.
The in vitro anticancer potential of samples containing differ-
ent amounts of DOX (5, 10, and 20 pg mL~") was tested against
MCF-7 and drug-resistant MCF-7 up to 24 h. MCF-7 cells
showed a decrease only in the presence of DOX and the viability
was concentration dependent; notably, this study was per-
formed in the absence of NIR. However, the drug resistance
was analyzed by the exposure of the platform to different
conditions including NIR with two wavelengths—with DOX,
NIR 660 nm, NIR 808 nm, DOX + 660 nm, DOX + 808 nm, 660 +
808 nm, and DOX + 660 + 808 nm. The combination of PTT,
PDT, and chemotherapy outperformed the rest in terms of
induced cytotoxicity, but the authors have also made a compar-
ison between the platform with and without the mutant p53
suppressor. The one carrying the phenethyl isothiocyanate
caused stronger toxicity towards the drug-resistant MCF-7. For
in vivo studies, the drug-resistant MCF-7 cells were injected
subcutaneously into the front flank of mice to establish the
tumor model. Similar to the in vitro anticancer study, different
samples were injected and the NIR (808 nm, 1.2 W cm™ %) was
applied 6 h post-injection for PTT (5 min). For PDT, 30 min
after the PTT treatment, the tumor region was exposed to NIR
(660 nm, 0.5 W cm™?) for 15 min. The same trend as in vitro
study was repeated here, but one of the prominent results here
was the antitumor potential of the DOX-loaded sample carrying
the p53 suppressor which was irradiated with NIR at two
wavelengths; this sample not only inhibited the growth rate
but also decreased the size of the tumor."*!

Apart from the discussed triple-responsive platforms com-
bining two external stimuli-based therapies like PTT and PDT
and one internal, some studies have adopted two internal
triggers and one external. The endogenous or internal triggers
were pH, temperature, and redox, and by combining the agents,
for example, pH and redox can improve the efficacy and
accuracy of treatment. A recent study has developed a cisplatin-
loaded BP platform responsive to pH and H,0O, for combination
therapy against triple-negative breast cancer and lung metastasis.

This journal is © The Royal Society of Chemistry 2025
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The cisplatin (20 mg mL™", 200 pL) was added to the BP
nanosheets’ suspension (1 mg mL™", 10 mL) and sonicated
for 30 min and then dopamine hydrochloride solution was
added to this one for another 4 h in the dark. Eventually, the
hyaluronic acid which had been modified with a disulfide bond
was added to this solution to obtain the pH- and redox-
responsive carrier. The in vitro cisplatin release was assessed
at different pH values and in the presence of H,0, and NIR; the
acidic medium resulted in a faster release than physiological
PH and the presence of H,O, even increased the drug molecule
liberation. Above these, the combination of NIR + pH 5.0 +
H,0, had the strongest effect with the release of about 80% of
the loaded drug after 96 h. Complete in vitro studies were
performed regarding cell cytotoxicity, 2D migration, 3D inva-
sion, and 3D tumor spheroids. In the H,0,-rich and acidic
conditions of tumor microenvironment, the liberation of cis-
platin and degradation of BP was reinforced by NIR and the
temperature elevation itself increased the therapeutic out-
comes. With all the platform’s anticancer potential in effect,
4T1 cells were successfully killed, the growth rate and self-
regeneration of tumor spheroids were suppressed, and the
metastatic ability of 4T1 cells was limited."”> Immune check-
point blockade therapy along with chemotherapy and PTT were
combined against breast cancer therapy. Poly metformin as a
cationic chemotherapeutic agent was self-assembled around BP
nanosheets by bridging the electrostatic interaction between
them. Then, the immune checkpoint inhibitor anti-PD-L1 anti-
body was added to the platform through physisorption. Based
on immune checkpoint blockade therapy, the nanoparticles
could precisely target the primary tumor through the inter-
action of programmed death-ligand 1 and anti-programmed
death-ligand 1 antibodies. Moreover, the upregulation of pro-
grammed death-ligand 1 increased gradually and the therapy
potency was reinforced when the PTT had been applied,
indicating the efficacy of combinational therapy. The synergis-
tic effects of PTT, immunotherapy, and chemotherapy led to
strengthened antitumor effectiveness, inhibited primary and
abscopal tumor progression, and induced a long-term tumor
immune memory establishment.'®®

Derived from BP, violet phosphorus was first proposed in
1865 as an allotrope of BP.'*° Violet phosphorus is considered
the most stable phosphorus allotrope and it has attracted
considerable attention recently thanks to its high stability,>*
unique cross structure,”®' and various derived structures.”?*>%?
Thus far, violet phosphorus has been assessed in different bio-
medical-related applications, including anticancer activity,'”*>%*
anti-infection,>®® periodontitis treatment,>*® and sensing.>"’
However, a comprehensive assessment of the mechanism of
action at the molecular and cellular levels is pivotal for biome-
dical applications. A recent paper on the synthesis and anti-
cancer potential of violet phosphorus has targeted the effect of
the physical properties of violet phosphorus on its anticancer
activity in vitro and in vivo. A chemical vapour transport method
was adopted to synthesize the violet phosphorus by using
amorphous red phosphorus as feedstock and Sn + Snl, as the
transport agent. Violet phosphorus was yielded with three
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different lateral sizes and thicknesses—the sizes: 176.7 +
46.4 nm, 287.1 + 71.6 nm, and 1-3 pm, and the thicknesses:
22, 40, and 140 nm. Nonetheless, cold atmospheric plasma
treatment along with the violet phosphorus was applied in vitro
and in vivo for more effective therapeutic outcomes. The cell
viability of violet phosphorus against cancer cells was assessed
in vitro for up to 24 h at different concentrations (5-82 pg mL™");
a concentration-dependent suppressive effect was observed and
the violet phosphorus with the smallest size had the strongest
effect. Upon applying the cold plasma treatment in combination
with the violet phosphorus, the anticancer effect got stronger.
The violet phosphorus with the smallest size induced IC-50 in
combination with cold plasma at a concentration of 10 ug mL ™.
Based on the obtained results, the cold plasma treatment
elevated intracellular ROS levels, whereas the violet phosphorus
did not affect the ROS levels. Mechanistic analysis indicated that
the violet phosphorus treatment suppressed arachidonic acid
metabolism in vivo and led to the antitumor effects.*** Under the
category of tumor nanomedicine, there is a subdiscipline called
nanocatalytic medicine which is based on introducing a nano-
sized catalyst in the tumor microenvironment to consume or
generate substances for cancer elimination.”® Generally, ROS is
generated catalytically which can destroy cancer cells’ structure
and function followed by inducing apoptosis. These nanocata-
lysts can be activated by external and/or internal stimuli and BP
nanomaterials are among those nanocatalysts that are respon-
sive to both stimuli. However, some challenges restrict the
treatment outcomes such as tumor hypoxia.>*>** Violet phos-
phorus quantum dots, calcium peroxide, polyacrylic acid, and
sodium hyaluronate were synthesized by a one-pot method as a
self-catalyst for ROS generation. Given the hypoxic environment
of the tumor and insufficient amount of hydrogen peroxide,
calcium peroxide was added to the platform to address this
issue and improved the treatment efficacy. As a result of violet
phosphorus quantum dots and calcium peroxide metabolism,
phosphorus and calcium ions were released and led to cell
calcification (Fig. 4(A)). The cell viability of different nanomater-
ials was assessed at various concentrations against breast cancer
cells (4T1). The nanomaterials are as follows: violet phosphorus
quantum dots, calcium peroxide, and a combination of both. It
was found that calcium peroxide significantly reinforced the
suppressive growth effect on the cancer cells due to generating
hydrogen peroxide, oxygen, and calcium ions; the first two
substances reinforced the ROS generation capability of the
quantum dots and the overload of calcium ions led to ROS-
induced cell death and calcification. The efficacy of this platform
was assessed in vivo through tail vein injection of the nanoma-
terials in 4T1 xenograft tumor-bearing mice. Following a single-
dose injection, the multifunctional platform outperformed cal-
cium peroxide, saline, and violet phosphorus quantum dots in
terms of antitumor activity. After 14 days of administration, the
tumors were dissected and sectioned to be analyzed through
TUNEL staining and alizarin red staining; it was implied that the
multifunctional platform had the highest antitumor activity
among all the groups (Fig. 4(B)).>'" Since the physicochemical
stability of violet phosphorus is higher than BP, it has attracted
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Fig. 4 Catalytic activity of violet phosphorus quantum dot nanosystems for cancer therapy. (A) Schematic of violet phosphorus quantum dot
preparation through the liquid exfoliation followed by an ST technique; the multifunctional platform composed of the quantum dots, calcium peroxide,
sodium hyaluronate, and polyacrylic acid was synthesized via a one-pot method under ultrasonic bath in the presence of hydrogen peroxide and
ammonia solution. Once the multifunctional nanoparticles are internalized in a tumor cell, they undergo degradation and release calcium and
phosphorus ions; the antitumor properties are violet phosphorus-catalyzed ROS generation, oxygen-mediated violet phosphorus degradation, and
calcification. (B) In vivo experiments on 4T1 tumor-bearing mice and checking on the lung metastasis for two weeks. (a) and (b) Antitumor performance
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of different samples including violet phosphorus quantum dots, calcium peroxide, saline as the control group, and the multifunctional nanocomposite
after being intravenously injected in tumor-bearing mice. (c) TUNEL and (d) alizarin staining tumors along with (e) the histological analysis related to the
lung of treated mice. Abbreviation: Violet phosphorus quantum dots: VPQDs; calcium peroxide: CaNPs; and the multifunctional platform: VPCaNPs.
Reproduced under the terms of the Creative Commons Attribution License.?!! Copyright 2024, Nature.

considerable attention in stimuli-responsive cancer therapy.
A recent study has successfully prepared 2D violet phosphorus
for combined cancer therapy—PDT, PTT, and catalytic therapy
(Scheme 10). The 2D nanosheets were synthesized through
liquid exfoliation and after being dispersed into water for 10
days, violet phosphorus had kept its functionality, which is an
added value to take into account compared to BP. At specific
time intervals including 0, 3, 6, and 10 days, the PTT potential of
violet phosphorus and BP was examined in vitro. The results
indicated that gradually, BP had lost its photocatalytic proper-
ties due to oxidation. In contrast, the violet one indicated the
same PTT ability during the treatment period without any
sign of weakening in the catalytic properties. The cell viability
of 2D nanosheets was assessed with and without light irradiation
under the exposure of different cells—4T1, CT26, U§7-MG, MCF-
10A—at concentrations of 0, 1, 2, 5, 10, 25, and 50 pg mL ™" for
24 h. In the absence of light radiation, 25 and 50 pg mL™"
induced a small reduction in the cancer cell viability without
affecting the healthy ones, and the authors have attributed this
phenomenon to the GSH-consumption ability of violet phos-
phorus. The light irradiation has significantly reduced the cell
viability of cancer cells down to 14% at the highest concen-
tration. The anticancer activity of nanosheets was further
assessed in vivo on 4T1-tumor-bearing mice for two weeks and
tumor necrosis was obtained only in the case of violet phos-
phorus + light irradiation. The combination of PTT and PDT plus
the consumption of GSH with the temperature increase caused

NIR laser

| —
¢ liquid-phase
exfoliation

VP solution

~

the inhibition of tumor growth and induction of tumor necrosis
invivo.'”?

6. Brain cancer

Dismal prognosis and high recurrence rate are two prominent
features of glioblastoma, making it a lethal malignant tumor.
Surgery is the main treatment approach towards a brain tumor
but complementary treatments including radio- and chemo-
therapy are of great importance because the entrapment of
glioma cells through the brain tissues is highly probable, which
is rooted in the infiltrative nature of these cells. It is critical to
bear in mind that applying diagnostic and therapeutic opera-
tions in the brain is highly challenging due to the blood-brain
barrier, which plays a restrictive role against the transportation
of foreign substances unless they are ultra-small.”*>*'* The
brain tumor’s formation is synchronized with the remodeling
of the extracellular matrix (Scheme 11). The matrix of a normal
adult brain (left) comprises hyaluronic acid, proteoglycans
(aggrecan, brevican), collagen IV, and tenascins (mainly tenas-
cin R). However, in the case of glioblastoma, an increase in the
density and stiffness of the matrix occurs. Moreover, it is worth
mentioning that the presence of neurodevelopmental proteins
(tenascin C), metalloproteases (MMPs), and the absence of
aggrecans promote invasion and angiogenesis. In recent years,
BP nanomaterials have been applied in neurodegenerative

Scheme 10 Violet phosphorus for combined cancer therapy. Schematic of violet phosphorus 2D nanosheet preparation and light responsivity, which
eradicate cancer cells while leaving behind no negative effects on the healthy cells.
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Scheme 11 Difference in the extracellular matrix of normal adult brain and glioblastoma. Created with BioRender.com.

diseases such as Parkinson and Alzheimer, showing the
potential of this material for glioblastoma.?**"2'® Thus far, a
few studies have targeted glioblastoma through BP nanomater-
ials, which will be discussed in this section.

The first study focused on targeting glioblastoma through
BP nanomaterials was published in the year 2020, in which
BPQDs were first encapsulated in PLGA and then loaded with
mesenchymal stem cells.?’” These cells have recently attracted
more attention in cancer therapy because of low immuno-
genicity and excellent tumor tropism. The great tendency of
mesenchymal stem cells towards tumor cells comes from the
expression of CXCR4.2*® One of the most important aspects of
mesenchymal stem cell-based targeted drug delivery systems is
to preserve the migratory ability of these cells even after
encapsulation of a therapeutic/bioactive cargo. The migratory
potential and tumor tropism capacity of cells after encapsula-
tion of PLGA-BPQDs were assessed in vitro through U251,
NIH3T3, and DEME cell media. The unloaded and PLGA-
BPQDs-loaded cells exhibited similar tumor tropism capability
towards the chamber with U251 cells and easily migrated to the
lower surface of the membrane showing that the nanoparticles
did not negatively affect the mesenchymal stem cells. The cell
viability of BPQD and PLGA-BPQD nanoparticles against the
same cell lines was performed in vitro at different concentra-
tions (0-100 pg mL ") up to 24 h; as a result, no significant
changes in the viability compared to the control were observed.
For in vivo studies, U251 cells were subcutaneously injected into
the right axillary region of mice and once the tumors reached

864 | Chem. Soc. Rev.,, 2025, 54, 827-897

the desired size, the samples were injected through the tail vein
at a concentration of 500 pg mL~". Two days post-injection, the
tumors were irradiated with NIR (808 nm, 1 W cm " for 5 min)
for 16 days. The PTT procedure applied on the PLGA-BPQD-
loaded mesenchymal stem cells accumulated in the tumors led
to an increase in the temperature up to 58.84 °C, and this
treatment was implemented until the tumors were completely
eradicated, whereas PLGA-BPQDs + NIR just inhibited the
growth rate.”"”

A nanocomposite hydrogel was prepared by using a chitosan
solution loaded with BP nanosheets functionalized with 3 nm
copper nanoparticles. This temperature-sensitive hydrogel was
developed for wound healing and anticancer purposes. The
nanocomposite was found to cross the blood tumor barrier
thanks to the photothermal effect of BP nanosheets and the
copper nanoparticles could induce chemodynamic therapy.
Moreover, the PD-L1 antibody was included into the package
to introduce immunotherapy and reinforce the therapeutic
outcomes. The biodegradable hydrogel was observed to be
uniformly distributed around the blood tumor barrier and
NIR irradiation facilitated the penetration rate, resulting in
the liberation of more copper nanoparticles capable of indu-
cing redox reactions in the presence of O, and H,0,. To
investigate the therapeutic effects in vivo, U87MG-Luc cells
were injected into the brains of mice to form the glioblastoma
model. The thermal cameras which took images of the treated
mice brains with the hydrogel revealed a temperature above
50 °C when the NIR (808 nm) was applied for 5 min, causing the

This journal is © The Royal Society of Chemistry 2025
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death of the tumor cells. It is worth mentioning that this study
has simulated the penetration of nanocomposite through the
blood-brain barrier in vitro as well as through the formation of
a layer (human umbilical vascular endothelial cells) in trans-
wells where the nanoparticles’ ability to cross the chamber
from inside to outside was considered as the permeability. This
test also proved that the NIR could improve the penetration rate
by about three times compared to the non-irradiated one.>*’

A novel strategy was proposed and applied for glioblastoma
through a combination of PTT, tumor starvation, and nitric
oxide therapy. Through an esterification reaction, r-arginine
was conjugated onto the surface of BP nanosheets followed by
the introduction of glucose oxidase to the nanocomposite
through amidation, thus creating a multimodal nanodrug
(BPAG). This chemical modification induces a major BP stabi-
lity under physiological conditions and stimulates H,0, and
NO production through the cascade oxidation of glucose and
L-arginine that is accelerated by PTT. To promote tumor target-
ing with BPAG, the macrophage membrane was functionalized
with the nanoparticles under ultrasonic conditions. Thus, the
membrane-coated BPAG (M@BPAG) increased penetration
through the blood-brain barrier for GBM targeting that com-
bined with H,0,-NO release. PTT effect is able to reprogram
tumor immune microenvironment (M@BPAG with NIR irradia-
tion converted cold tumors to hot ones) by high infiltration of
CD8'T cells and M1 macrophages. A macrophage coating was
adopted to facilitate and improve the penetration of nanocom-
posites through the blood-brain barrier. The in vivo studies
were performed on GL261-Luc tumor-bearing C57BL/6 mice
through injection of the nanocomposite (4-6 mg kg™, 100 pL)
in the tail vein just once throughout the whole process. At 8 h
after the injection, NIR was applied to the tumors for 15 min.
The biodistribution study revealed that the membrane coating
was able to improve the penetration and accumulation of
nanocomposites in the tumor and the combination therapy
was the most effective strategy with the highest tumor growth
inhibition among all samples.>*°

Another combined therapeutic package for glioblastoma
was developed through the coordination of neodymium with
BPQDs. The neodymium has improved second-window NIR
absorption of BPQDs, which has been used for imaging in this
study, by induced X-ray photodynamic performance. Upon
NIR irradiation, photon energy was absorbed by BPQDs and
then transferred to the neodymium ions culminating in the
enhancement of NIR imaging. At the same time, X-ray photon
energy was converted and transferred by coordinated neody-
mium ions to BPQDs resulting in the formation of singlet
oxygen species. In order to make the platform targetable to
the brain tumor, cyclic RGD peptides were added to the surface
modification. The anti-glioblastoma performance of nano-
particles was evaluated in vivo in a glioblastoma nude mouse
model. A dramatic suppression of the intracranial tumor
growth for the peptide-modified neodymium-BPQDs was
obtained, while the performance of rest was unfavorable. The
mice which were left untreated experienced weight loss and
decreased survival rate, whereas the nanoparticles irradiated

This journal is © The Royal Society of Chemistry 2025
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with X-ray significantly improved the survival rate and only
insignificant weight changes were observed.**!

Anticancer therapy through mechanical shockwaves can be
obtained by laser light known as photoacoustic therapy or
microwave (microwave-induced thermoacoustic therapy). The
former approach was introduced briefly in the previous sec-
tions. The mechanism of treatment is the same but the latter is
preferred over optical treatment strategies since it has a deeper
penetration depth.>?* A recent study has reported the develop-
ment of an imaging-guided microwave thermoacoustic therapy
agent. BP nanosheets were first modified with Fe** ions and
then encapsulated into PLGA-COOH (Scheme 12). The car-
boxylic groups present on the surface of PLGA were favorable
for the amide reaction between them and RGD peptides
to target U87-MG cells. The cell viability of nanoparticles
(15-240 pg mL ') was evaluated up to 24 h against U87-MG
cells and compared with pulsed microwave, control, and the
nanoparticles + the pulsed microwave. The nanoparticles at a
concentration of 120 ug mL ™" induced ICs, after triggering with
the microwave. The nanoparticles alone did not affect the cell
viability negatively even at the highest concentration. The
thermoacoustic therapy was also performed in vivo on U87-
MG tumor-bearing nude mice for 14 days and the tumors were
grown into the back of mice (a dorsal transplantation tumor
model). The nanoparticles were injected intravenously as a
suspension (100 uL, 0.5 mg kg™ '); the treatment cycles (pulsed
microwave) were applied every 2 days for 15 min. The biodis-
tribution study showed that the nanoparticles accumulated in
the tumor site thanks to the peptide conjugation after 3 h post-
injection. Then, gradually, the signal weakened showing the
renal clearance of nanoparticles. The temperature of the tumor,
which had been exposed to microwave, was assessed frequently
after the treatment and revealed no change; this measurement
was important to show that the therapeutic outcomes came
from mechanical shockwaves and not heat. Both the targeting
ability of nanoparticles and the generation of mechanical
shockwaves after stimulation with microwave resulted in the
reduction of tumors’ size and the histological analysis per-
formed on the tumor sections exhibited large amounts of cell
necrosis and nuclear lysis. However, the tumors treated with
other groups including the nanoparticles without stimulation,
pulsed microwave alone, and control saw an increase in size up
to 12 times bigger than that of the initial one.>*?

7. Skin cancer

Skin cancer is one of the lethal threats to human life globally
and the new cases found each year are increasing at an ever-
increasing rate. Melanoma is about 5% of all skin cancers but
accounts for more than 75% of deaths under this category.
If melanoma is localized (98%) or regional (64%), the survival
rate differs, but it drops down to 23% when melanoma pro-
gresses to metastatic.>**>*> There are four stages for melanoma
as follows (Scheme 13): (I) at the first stage, the cancer cells are
in both the dermis and epidermis and the melanoma is less
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Scheme 12 Microwave-induced thermoacoustic therapy through surface-modified BP-encapsulated PLGA for glioblastoma. (A, B) Preparation process
of Fe**-conjugated BP nanosheets followed by encapsulation in PLGA; the amidation of cRGD on the surface of nanoparticles gave them the targeting
ability towards glioblastoma cells for both thermoacoustic imaging and therapy.

than 1 mm in size with or without ulceration. Spreading to
distant sites or lymph nodes is not evidenced. (II) This stage is
defined based on the tumor thickness and ulceration; the
tumor thickness increases and reaches to the range of
1-4 mm but still there is no evidence related to spreading.
(III) Progression to the third stage is synchronized with the
involvement of regional lymph nodes while not spreading to
distant sites. (IV) At the final stage, distant skin and lymph
nodes got involved followed by spreading to other organs
among which the lungs, brain, liver, bone, and/or intestines
can be enumerated.****?” Surgery is considered as the most
common treatment of skin cancer through which the lesions
are excised. In the case of melanoma, the surgeon may remove
larger areas due to the highly infiltrative nature of this type

866 | Chem. Soc. Rev., 2025, 54, 827-897

creating large wounds that put more problems on the shoulder
of patients—infection and prolonged healing rate.**®

BP in any form has been widely applied in skin cancer
therapy and regeneration because of eradicating the cancerous
cells at the first stage and then accelerating the regeneration
rate. Here the focus is on the potential of BP nanomaterials in
skin cancer therapy and Table 5 contains detailed information
about the BP nanomaterials applied in skin cancer therapy.

Various therapeutic approaches have been applied in skin
cancer therapy through BP nanomaterials—radiotherapy, PTT,
PTT-chemodynamic therapy, PTT-immunotherapy, and PTT-
chemotherapy. Radiotherapy is a well-known anticancer thera-
peutic method adopting high-energy X-rays or y-rays to induce
DNA damage and cell apoptosis in a tumor. Moreover, the

This journal is © The Royal Society of Chemistry 2025
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Scheme 13 Different stages of melanoma. Created with BioRender.com.

radiation alone has potential to turn water molecules into cyto-
toxic ROS reinforcing the cell apoptosis. However, this approach
clearly suffers from some drawbacks including different radio-
sensitivities of individuals, radiation resistance, and unfavorable
side-effects requiring more efficacious radiosensitizers.>*>>*°

In 2018, a nanosystem composed of BPQDs and PLGA was
synthesized for precise tumor radiosensitization. The nano-
particles were responsive to the acidic pH of tumor for a charge
reversal followed by facilitating the cells’ internalization
and also glutathione for release of the encapsulated BPQDs.
By tracking the absorbance changes in 1,3-diphenylisobenzo-
furan in the presence of 'O,, the ROS generation capability of
samples was assessed with and without X-ray irradiation
in vitro. In the absence of irradiation, the efficiency of ROS
was low and stable while applying X-ray increased the produc-
tion of 'O, species of nanosystem in a dose-dependent manner.
This radiotherapy was applied to the nanosystem exposed to
the A375 human melanoma cell line and L02 as the normal cell
line and a significantly higher ROS content was generated in
the cancer cell medium than that of the normal cells. Using an
A375 subcutaneous tumor model, in vivo studies were per-
formed for 21 days and the combination of nanosystems with
X-ray had the highest inhibition rate among the tested samples,
but it is important to mention that the X-ray irradiation caused
the mice to lose weight over the duration of study.**® Another
radiosensitizer was developed against melanoma through
the formation of ultrasmall Bi,O; on BP nanosheets. The
decoration of nanosheets surface was found to prevent rapid
degradation of BP and stabilize the water dispersibility. Both BP
and Bi,0; overproduced 'O, species upon external X-ray irra-
diation and induced cell apoptosis. This study has also per-
formed in vivo tests and reported the inhibition of tumor
growth by the combination of decorated BP and X-ray, but
did not assess the body weight changes. The major organs were

This journal is © The Royal Society of Chemistry 2025
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analyzed after 21 days of studying and revealed no pathological
changes.>*°

Chemodynamic therapy is among effective supplementary
anticancer approaches, which in combination with other meth-
ods yields much more therapeutic outcomes."®" An innovative
study has stabilized copper ions on the surface of BP to not only
stabilize the photothermal stability of nanosheets, but also
take advantage of copper ions to produce ROS in the tumor
microenvironment due to inducing Fenton-like reaction. The
deposition of copper was reported to improve the composite’s
photothermal performance and accelerate the degradation rate
via redox reactions. The cell viability of samples at different
concentrations (1-100 pg mlL ') against B16F10 cells was
assessed up to 48 h. Despite the increase in the concentration
of bare BP up to 100 ug mL™ ", no significant changes in the cell
viability were observed. However, the copper-modified BP
started to decrease the cancer cells’ viability from 20 ug mL ™"
and IC50 was achieved at 80 pg mL ™" thanks to copper ions to
turn H,0, to hydroxyl radical ions. The strongest anticancer
effect belonged to the surface-modified BP plus NIR, which
induced IC50 at 50 ug mL™". To improve the tumor uptake of
nanocomposites, a polypeptide was also conjugated and
applied in vivo against the B16F10 tumor model; applying
NIR to the tumors led to a rapid increase in the local tempera-
ture from 30 to 56 °C in 5 min resulting in the tumor ablation,
whereas the samples without the polypeptide only elevated the
local temperature by about 16 to 19 °C. The peptide used here
could dramatically increase the accumulation of nanoparticles
in the tumor and enhance the PTT.?® Inspired by the desirable
anticancer outcomes of PTT and chemodynamic therapy, a 3D
scaffold was designed and fabricated for skin cancer therapy
and regeneration. This multifunctional platform was supposed to
eradicate the remained cancerous cells left in the wound, prevent
potential infection, and accelerate the regeneration rate.
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The scaffold was composed of decellularized small intestinal
submucosa as the matrix and surface-modified BP nanosheets;
the nanosheets were first coated with poly(dopamine) followed
by the deposition of Ag nanoparticles on the surface. By
subjecting to A375 cells, the scaffold’s anticancer potential
was assessed in vitro with and without NIR and only the PTT
caused a high decrease in the cell viability and not the chemo-
dynamic effect. Using the same cell line, a hypodermic trans-
plant was established in vivo and then most of the tumor mass
was excised through conventional surgery. Next, the scaffold
was implanted in the wound bed and got irradiated for 6 min
and a temperature elevation of 27.1 °C was observed while the
scaffold without BP did not make any changes in the local
temperature. The tumor recurrence rate of the scaffold with
NIR was 33% stemming from both PTT and chemodynamic
therapy, whereas the counterpart without NIR saw a 67%
recurrence rate.'™!

PEGylated BP nanosheets in combination with imiquimod
were adopted against melanoma for photoimmunotherapy. The
PEGylation improved PTT performance and the PTT reinforced
the generation of tumor-associated antigens, which concomi-
tantly induced a strong anticancer effect against B16 melanoma
in vitro and in vivo."®> Nanozymes have attracted considerable
attention in monitoring and therapy applications because of
their high stability and tunable catalytic properties.**” Recently,
a nanozyme carrier encapsulating BPQDs has been developed,
which could induce both PTT and glucose oxidase activity in a
tumor microenvironment. After being intravenously injected,
the nanozymes were found to accumulate in the tumor region
thanks to homing peptide iRGD. Upon NIR irradiation, the
improved glucose oxidase activity of BPQDs in the presence of
cellular glucose led to the generation of cytotoxic ROS. The
synergistic effects of both therapeutic approaches were effective
and successful against B16 and CNE-2 cells in vitro and the
tumor models in vivo.>** Furthermore, Huang et al. have pre-
pared a multifunctional core-shell package with BP in the inner
side, capable of releasing nitric oxide (NO) to obtain cancer
multimodal therapy. Upon exposure to NIR irradiation, the BP
induced PTT which in combination with the release of NO led
to immunogenic cell death, thereby stimulating an antitumor
immune response. Contemporarily, the authors have demon-
strated BP-capability to reverse tumor immunosuppression via
Treg inhibition, M2 macrophage restraint, and PD-L1 down-
regulation. Hence, this drug-free multimodal therapeutic
approach (NO gas therapy, immune therapy, PTT) constitutes
a valid tool with strong curative properties against primary and
metastasis in B16F10 tumor models thanks to their novel
mechanism to destroy immune cold tumors by NO-poten-
tiated immunogenic cell death and immunosuppression
reversal.>*®

8. Prostate cancer

Among all the cancer types diagnosed in men, the prostate is
the second on the list in terms of fatal malignancy in the USA

Chem. Soc. Rev,, 2025, 54, 827-897 | 869
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and is on top of the list in some parts of Europe and Africa.
Referring to US 2022 statistics, about 27% of confirmed cancer
cases account for prostate cancer.”**>*° Although it is known
that obesity, family history, aging, and some specific gene
mutations are related to prostate cancer, the precise mecha-
nism is unknown.>*' The status of prostate cancer can be
recognized through the stages that had been set as follows
(Scheme 14): (I) The tumor is only on one side of the prostate
and no lymph node involvement and metastasis are observable.
(IT) The tumors are confined in the prostate glands and they can
be on both sides. (III) At this stage, the cancer is regarded as
locally advanced and the tumors have progressed and are more
likely to spread. (IV) The tumors have spread to lymph nodes
and other organs. In the case of moderate to low-risk patients,
surgical or radiation therapy is applied as the first treatment
option, but for patients with high-risk diseases, the mentioned
approaches are at risk of failure.

One of the most common treatments is androgen deprivation
therapy which is combined with paclitaxel-based chemotherapy.
This approach usually is able to suppress prostate-specific anti-
gens and generate an objective response in bone metastases and
soft tissue.>*® Nonetheless, chemotherapy is applied in prostate
cancer and the well-known effective drugs for this type are
docetaxel, paclitaxel, cyclophosphamide, cabazitaxel, etc. How-
ever, the clear and common drawbacks are low bioavailability,
drug resistance, negative effects on normal cells, and short
circulation time.****** However, for unresectable localized
prostate cancer, the most advanced radiotherapy is represented
by brachytherapy consisting in placing the radioactive sources
close to the tumor side. However, brachytherapy provokes
several side effects of external-beam radiotherapy such as

870 | Chem. Soc. Rev., 2025, 54, 827-897

erection problems, inhibition of ejaculation, infertility, bowel
problems, and obstacles in urine passing with pain.”** Nano-
technology has addressed some of these problems and new
formulations with promising clinical results are approved;
these formulations and the ones, which are in progress towards
being clinically approved, can be found in a recently published
review paper.**®

In 2018, a study with the aim of cytotoxicity assessment
of BP nanosheets was published; two cell lines—human
ovarian cancer cell line A2780 and human prostate cancer
cell line PC-3—were chosen and the cell viability assessment
was performed for 24 h through four different methods—
MTT, WST-8, resazurin, and LDH assays. Although the objec-
tive of this study was not anticancer purposes, it gave an
initial clue about the BP behavior in the exposure of pros-
tate cancer cells. All methods revealed that BP nanosheets
showed low cytotoxicity against both cell lines up to the
concentration of 15 ug mL~'. Except for the MTT assay, the
other methods exhibited that the cell viability of PC-3 cells
dropped below 40% when the concentration was increased to
400 pg mL~*.24°

Prostate is known to contain the highest level of zinc and
this ion is able to inhibit the activity of mitochondrial aconitase
maintaining the normal function of this organ.”*” The malig-
nancy in the prostate was reported to diminish the zinc
concentration, as discussed by some papers showing the anti-
cancer potential of zinc against prostate cancer. Still, the
mechanism has yet to be fully understood.>*®>*° Zinc ions were
conjugated onto BP nanosheets to compensate for the lone pair
on the surface, leading to more chemical stability and improv-
ing the therapeutic effects of BP against prostate cancer. The BP

This journal is © The Royal Society of Chemistry 2025
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nanosheets were first modified with amine-contained PEG and
an aptamer to improve the accumulation of nanosheets in the
tumor’s cells and then zinc ions and DOX molecules were
attached to the surface for the combination of PTT and chemo-
therapy. The DOX release accelerated at an acidic medium and
upon NIR irradiation. Various concentrations of zinc and DOX
were used to modify the BP and tested against the prostate
cancer cells up to 72 h; a concentration-dependent cytotoxic
effect was observed when the content of both had been raised.
The tumor models were established through subcutaneous
injection of PC-3 cells into the right flank area of each mouse
and the best anticancer performance belonged to the surface-
modified sample with zinc and DOX plus NIR which completely
eradicated the tumors in vivo.**° In a different study, the same
research group assessed the anticancer potential of zinc-
modified BP nanosheets for prostate cancer focused on immu-
notherapy. DOX was again loaded on the surface-modified BP
nanosheets and the combination of chemotherapy and PTT on
the maturation of dendritic cells; the results indicated that this
combined therapy stimulated the immunogenic cell death
process in prostate cancer cells followed by the maturation of
dendritic cells.”>" Our group has also studied the effect of BP
nanosheets with and without NIR on healthy and cancer-
ous prostate cells in vitro. Three concentrations—5, 25, and
75 ng mL~'—were exposed to cells for 72 h and in the absence
of NIR. As a result, the lowest concentration was able to reduce
the cell viability of PC-3 cells after 72 h compared to the control,
and the concentration of 25 ug mL ™" had a stronger anticancer
effect than 5 pug mL~'. However, there was no significant
difference between the viability of 25 and 75 pug mL™'. The
middle value of concentration (25 pg mL) also induced cyto-
toxicity in the healthy cells after 72 h. Upon NIR irradiation,
even 5 ug mL™ " could significantly induce a reduction in the
cell viability due to both PTT and PDT.>*? Additionally, this
study showed that 2D BP is capable of leading to the production
of anti-inflammatory cytokines (IL-10) and simultaneously
inhibiting the release of pro-inflammatory cytokines (IL-6) in
healthy prostate cells. Additionally, COX-2 expression in PNT-2
cells stimulated by lipopolysaccharide was also inhibited,
which is the most crucial target for standard non-steroidal
anti-inflammatory drugs used to treat inflammation and pain.
Additionally, it was demonstrated that 2D BP can inhibit the
superoxide dismutase decline brought on by lipopolysacchar-
ide. Superoxide dismutase is a well-known enzyme that speci-
fically inhibits the superoxide anion free radical (0,°*”), which
reduces the formation of nitrite and inhibits the activation of
the inflammatory cascade.?** Superoxide dismutase also plays a
significant role as an antioxidant defense in the pathogenesis
of many inflammatory diseases by preventing the production of
ROS, which is responsible for tissue destruction.>** A comple-
mentary study on the effect of 2D BP on prostate cancer cells
also exhibited that after 24 h, some flakes were located near the
nucleus. The oxidation of nanosheets gradually caused an
apoptotic state of the cells. However, the same material in the
exposure of healthy cells did not induce any change and
remained stable."
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9. Bone cancer

Bone cancer is a rare disease, and its primary types include
osteosarcoma, Ewing sarcoma, and chondrosarcoma. The men-
tioned bone cancers account for less than 1% of total cancers
diagnosed annually but the morbidity is significant. However,
bone can host metastasis from other malignancies including
lung, breast, and prostate. Osteosarcoma is the most common
type and about 60% of total cases belong to this type; it is more
likely to occur during childhood rather than adolescence.
Osteosarcoma is known to originate from malignant primitive
mesenchymal stem cells differentiated into osteoblast cells
followed by the production of a malignant osteoid matrix.>*>
The cancer cells worsen the bone’s condition through increas-
ing the proliferation of osteoblasts and so they secrete RANKL;
it binds to osteoclasts and stimulates their proliferation. There-
fore, not only bone absorption gets faster, but also the osteo-
clasts secrete growth factors (IGF-1 and TGF-beta), increasing
the cancer cells (Scheme 15). The possible treatment pathways
for osteosarcoma are surgery and chemotherapy. Since bone
tumors generally appear in long bones, the surgical excision
would leave a defect; the remaining cancer cells in the defect
have potential recurrences.?”® A more up-to-date therapeutic
approach is to apply therapeutic and regenerative materials to
the bone defect to simultaneously address both issues.””” BP
has strong anticancer potential besides its regenerative proper-
ties, making it a promising biomaterial for bone cancer therapy
and regeneration.

Since addressing bone cancer and regeneration at the same
time is of great importance, the related studies have assessed
both properties in vitro and in vivo. Bioactive glass scaffolds
were fabricated through 3D printing and then surface-modified
with 2D BP nanosheets for bone cancer therapy and regenera-
tion (Fig. 5(A)). Once the bioactive glass scaffolds had under-
gone sintering, they were soaked in a BP solution (200 pg mL™"),
and this procedure was repeated three times. Through digital
photographs, SEM images, and TEM images, it was revealed that
the nanosheets were deposited onto the surface of scaffolds
and the bare scaffold changed from white to darker colors. The
anticancer potential of scaffolds was tested in vitro against
Saos-2 cells in the presence of NIR with various power densities;
increasing in the power density from 0.2 to 1 W cm ™ resulted
in a significant decrease in the cell viability from 40 to 98%.
To develop the osteosarcoma model in vivo, Saos-2 cells were
injected subcutaneously into the neck of mice. Once the tumors
reached an appropriate size, the scaffolds were implanted into
them and the NIR irradiation (808 nm, 1 W cm™~?) was applied.
During the 14 days of in vivo study, the surface-modified
scaffold was the only sample achieving tumor ablation, while
the rest did not inhibit the growth rate. One of the interesting
points of this study was the assessment of in vitro bioactivity in
the simulated body fluid as a sign of bone-bonding ability of
the scaffold. The surface-modified scaffold could form calcium
phosphate on the surface as a result of BP degradation in the
medium which turned into PO, > and provided a suitable condi-
tion for the calcium deposition and formation of hydroxyapatite.
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In this term, it can be deduced that BP is not only considered as
an anticancer agent but also can reinforce the bone-bonding
ability of the scaffold." Using the 3D printing technique, another

multifunctional bone scaffold was developed to eradicate the
osteosarcoma cells followed by inducing accelerated bone tissue
regeneration. Three solutions were prepared to obtain the 3D
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printing ink: (i) BP nanosheets were encapsulated into PLGA
particles and then tricalcium phosphate particles were added to
this solution; (ii) a mixture of poly(vinyl alcohol) and DOX
molecules; and (iii) combination of collagen I and BMP-2 peptide.
Once all solutions were prepared and mixed, 3D printing under
cryogenic conditions was performed (Fig. 5(B)). Important infor-
mation was obtained by examining the tumor volume treated
with various samples. The scaffold without DOX exposed to NIR
almost eradicated the tumor after 4 days, but tumor recurrence
took place. However, the scaffold without BP, which was endowed
with only chemotherapeutic potential, could not induce signi-
ficant inhibitory effects. The combination of chemotherapy
(release of DOX) and PTT thanks to BP nanosheets resulted in
the reduction of tumors’ size in vivo after 16 days of treatment.>*®
Our group has also assessed the therapeutic and regenerative
properties of BP nanosheets upon NIR against osteosarcoma and
healthy osteoblast cells. The Saos-2 cells were found to undergo
apoptosis due to ROS generation of BP in the exposure of NIR.
However, the BP showed the opposite behavior against the
healthy cells and stimulated their proliferation and osteogenic
marker expression.'® In another study performed by our group, a
hybrid nanocomposite composed of bioactive glass, Pluronic
F127, and BPQDs was developed for simultaneous bone cancer
therapy and regeneration. With the aid of the surfactant-assisted
sol-gel method, BP was encapsulated in the liquid crystals
formed by F127 and after applying microwave irradiation, the
nanosheets were turned into BPQDs and got encapsulated inside
the liquid crystals. The BP-included hybrid showed a suppressive
effect against osteosarcoma cells without NIR at a concentration
of 150 pug mL ™", while the same concentration did not leave
negative effects on the healthy osteoblast cells. The inhibitory
effects of nanocomposite on the migration and invasion behavior
of bone, prostate, and breast cancers were assessed in vitro to
evaluate if the nanocomposite was potent enough against pri-
mary and secondary bone cancers. Nonetheless, the nanocom-
posite showed regenerative properties in the exposure of
mesenchymal stem cells and osteoblasts in vitro."!

Applying injectable hydrogels in cancer therapy has gained
considerable interest in recent years as a minimally invasive
approach; these hydrogels are able to deliver anticancer agents
to tumor tissue, and preserve the drug’s concentration in the
therapeutic window while decreasing the systemic toxic side
effects.”®® A recent study has reported the development of an
injectable thermo-sensitive hydrogel based on chitosan incor-
porating BP and DOX for simultaneous bone cancer therapy
and regeneration. This hydrogel was supposed to be injected
between the interface of implant with the host bone after
removal of the bone tumor to eradicate the residual cancer
cells and promote osteogenesis. Five cycles of NIR irradiation
were applied to the different samples to measure the PTT
potential of hydrogels in vitro. The hydrogel including BP and
DOX could ultimately increase the temperature up to 56.3 °C,
which is high enough to damage the tumor tissue. The anti-
tumor efficacy of hydrogel was also tested in vivo and it was
injected subcutaneously into the tumors followed by exposing
the mice to NIR (1.0 W em™?, 5 min). The temperature of

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review Article

tumors was found to increase rapidly during the 5 min and
reached 51 °C. A comparison has been made through the in vivo
studies and the hydrogels encapsulating DOX, BP, and BP +
DOX were checked in terms of potency. The combination of
PTT and chemotherapy was the only one which not only
inhibited the growth rate but also reduced the size of tumors
significantly.>®® A hybrid photothermal scaffold composed of
chitosan/hydroxypropyl trimethyl ammonium chloride chito-
san/hydroxyapatite/BP was designed and developed to address
the residual cancerous bone cells, potential infection, and
osteogenesis. This study with the aid of multistage PTT has
achieved all the objectives. BP at three concentrations, namely
75, 150, and 300 pg mL ™", was introduced through the hydro-
gel, allowing regulating the PTT capability. The anticancer and
antibacterial activities were obtained when the photothermal
stimulation had increased the temperature up to 50 °C; about
95% of osteosarcoma cells and more than 90% of E. coli and
S. aureus bacteria were eliminated as a result of the applied
temperature. However, mild hyperthermia was found to up-
regulate the expression of heat shock proteins. The studies
regarding the osteogenesis ability of hydrogel revealed that the
gene expression level of ALP, COL 1A1, and OCN after exposure
to mild hyperthermia was significantly increased compared to
the non-photothermal group in vivo.>**

10. Other cancer types

In the previous sections, the anticancer potential of BP against
different cancer types was discussed. These subcategories were
based on the published studies. The following section belongs
to other types of cancers including colorectal, bladder, liver,
ovarian, and lung treated with BP, which has received less
attention. The details of these studies are reported in Table 6.

Colorectal or colon cancer is a disease through which the
cells in the colon system grow uncontrollably and result in the
formation of polyps, which may turn into cancer. Traditional
treatments such as surgery, chemotherapy, and radiotherapy
are applied extensively with little success and efficacy encoura-
ging more effective approaches to come into practice.”’® The
first trial of using BP against colorectal cancer goes back to
2018 in which a study reported the synthesis of BP nanosheets
from coarse BP flakes for the first time and used as a DOX
carrier and made a surface modification with chitosan-PEG and
a cancer growth inhibitor for chemo-PTT. Three different color-
ectal cancer cells including MC-38, HCT116, and HT29 were
exposed to nanoparticles (5-20 pg mL~"). Generally speaking, a
concentration-dependent cytotoxic effect was observed against
all the cells and the strongest effect was on the MC-38 followed
by HCT116 and HT29. The carrier without DOX was found
biocompatible and the free DOX had a weaker anticancer effect
than that of the DOX-loaded nanoparticles, which was caused
by the targeting ability of nanoparticles and an increase in the
cytotoxicity. The combination of chemotherapy and PTT
resulted in more than 80% cell viability decrease in the three
cell lines. Further anticancer potential of samples was tested on
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MC-38 tumor-bearing mice for 28 days and 8 h after the
intravenous injection and NIR laser (808 nm, 1.5 W cm?)
was irradiated for 5 min. Similar to the in vitro studies, the
combined therapy completely inhibited the growth rate and
ablated the tumors. Histological analyses revealed that the
tumor masses treated with these samples had the accumulation
of CD4" and CD8" T cells and also the expression levels of Ki-67
or CD31, attributed to tumor cell proliferation and angio-
genesis, were decreased significantly proving the potential of
applied combined therapy.>®

A chemo-photo-immunotherapeutic platform was constructed
against colorectal cancer, which was composed of BP nanosheets,
poly-t-histidine, interleukin-1o silencing small interfering RNA,
and paclitaxel drug molecules as the core and ephrin-A2 receptor-
specific peptide grafted erythrocyte membrane as the outer shell.
The shell could effectively prevent the undesirable release of
loaded chemotherapeutic drug molecules, and also the grafted
peptide improved tumor targetability and endosomal escape.
The nanosystem was found to trigger the antitumor immune
response (activation of CD8" T cells, IFN-y, and TNF-u) through
abrogation of interleukin expression followed by limiting Treg
cell accumulation in the tumor site.**> Somewhere else and based
on the macrophage concept, a nanosystem was designed which
was supposed to imitate the tumor-targeting capability of macro-
phages. The system was prepared through the fusion of a
liposome containing an anticancer drug and BPQDs and macro-
phage membrane. The nanosystem was found to reverse the
immunosuppressive tumor microenvironment and activate the
antitumor immune response. The in vivo studies on the colorectal
tumor model exhibited that the combination of chemotherapy,
PTT, and immunotherapy could successfully yield the highest
tumor inhibition growth rate (~95%) among the samples.*** To
relieve hypoxia in solid tumors and increase the efficacy of
therapy, a study reported on the development of an oxygen-
independent platform for hypoxic tumors. BPQDs were conju-
gated to E. coli bacteria through an easy electrostatic adsorption
technique (Scheme 16). Two therapeutic techniques were
adopted for colon cancer: PTT and X-ray-mediated radiosensitiza-
tion. The antitumor potential of this platform was assessed
in vitro and in vivo. CT26 colon tumor-bearing mice were treated
with different samples and also PTT, radiotherapy, and the
combination were separately applied to understand the effect.
In the case of mice exposed to the combination therapy, 24 h
after the intravenous injection, the tumor was irradiated with
NIR (0.5 W cm ™2, 5 min) followed by applying a low dose of
radiotherapy (2 Gy) half an hour after the NIR. In this model
system, it was revealed that neither PTT nor radiotherapy alone
did not yield potent antitumor suppression. The most effica-
cious tumor suppression belonged to the combination of
nanoparticles + PTT + radiotherapy.>””

Lung cancer is the most common type of cancer among both
genders in developed countries accounting for 18.4% of all
cancer deaths.>”® To reinforce the PDT potential of gold nano-
particles, they have been hybridized with BP nanosheets
for PDT-PTT combined therapy against lung cancer. Through
inoculating A549 cells to the lungs of nude mice, orthotopic
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human lung tumor xenografts were developed in vivo. At 5 h
after the injection of nanomaterials (100 puL per mouse,
200 pug mL™Y), the lung tumors were irradiated with NIR
(808 nm, 2 W cm™ ') for 30 min and the therapeutic outcomes
of gold nanoparticles, BP nanosheets, and the combination of
both were assessed and compared. The tumors treated with PBS
experienced a rapid increase in their size while each compo-
nent alone could show an inhibition against the growth rate
and the gold nanoparticles showed a bit stronger effect than
that of BP nanosheets. However, none of them alone could
completely block the tumors’ growth rate. The combination of
BP-gold completely suppressed the growth rate thanks to the
synergistic effects of PDT and PTT. Notably, the metastasized
tumors to the legs did not receive NIR irradiation and they grew
and became large. Moreover, the efficiency of combined ther-
apy was proved through histological analyses and the lungs
treated with gold-BP + NIR had well-organized tissue with
single-cell-layer alveoli.**> The cytotoxicity of BPQDs at differ-
ent concentrations (0, 5, 10, and 20 pug mL’l) was tested in vitro
for up to 24 h against two lung cell lines—human lung
carcinoma epithelial and bronchial epithelial cells. Concentration-
dependent cytotoxicity was obtained, and the results indicated
that the quantum dots were internalized through phagocytosis;
it is notable that the phagocytosis inhibitor could alleviate the
reduction of cell viability and also the damage to the cell
membrane caused by BPQDs. The main reason why such a
decrease in the cell viability was induced is the oxidative stress
through BPQDs.>*°

A recent study has reported the crosslinking of BP nano-
sheets with cytomembrane and gefitinib for lung cancer therapy.
Due to intermolecular interaction between the components, the
three parts were conjugated to each other successfully. Upon NIR
exposure, the nanoparticles exhibited superior anticancer activity
in vitro and in vivo. A nude mouse lung cancer tumor model was
established and different samples including free gefitinib, PBS,
and the nanoparticles with and without NIR irradiation were
inoculated to compare if there was any difference. The injection
of free chemotherapeutic drug caused weight loss in the treated
mice while this effect was relieved in the groups of drug-loaded
BP nanoparticles. The combination of PTT and chemotherapy
was able to inhibit the tumor growth better than that of other
samples, but still this sample failed to completely suppress the
growth and even the tumors treated with drug-loaded BP + NIR
reached a volume of approximately 600 mm? at the end of the
study.>®”

Cervical cancer is considered the fourth most common
gynecological tumor in women targeting its victims mostly
aged less than 58 years old. Although cervical cancer has been
recently observed to decrease, it is still a threat to young women
around the world.?”® A study has developed a multifunctional
BP-based nanosystem against cervical cancer. The BP nano-
sheets were first surface-modified with amine-functionalized
PEG to improve biocompatibility and stability. Next, other
molecular species including DOX, cyanine-7, and folic acid were
conjugated to the surface to endow the platform with chemother-
apeutic ability, NIR imaging, and targetability, respectively. HeLa
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Scheme 16 BPQD-conjugated bacteria as an anticancer agent against colon cancer: Schematic of the conjugation of BPQDs onto E. coli and the
platform exhibiting dual-responsivity potential to suppress the tumor growth.

cells were incubated and exposed with the samples at concentra-
tions ranging from 5 to 25 pg mL~ ‘. The PEGylated BP
nanosheets did not show any cytotoxic effect while applying
NIR resulted in about a 40% decrease in the cell viability.
Addition of DOX to this system has reinforced the cytotoxic effect
significantly due to the combination of chemotherapy and PTT,
but the highest decrease was caused by this nanosystem plus folic
acid, which increased the targetability and so even at a concen-
tration of 10 pg mL " the viability dropped to nearly zero. This
sample also performed an excellent antitumor effect against the
HeLa-tumor models up to 2 weeks and the accumulation was
competitively higher than that of other samples thanks to folic
acid.'®® To attenuate the hypoxia region of HeLa tumors and
improve the efficacy of PDT, BP nanosheets were functionalized

878 | Chem. Soc. Rev., 2025, 54, 827-897

with folate and a blocker DNA complex containing a Fe-
protoporphyrin IX dimer against cervical cancer. The dimer was
found to passivate its peroxidase activity and the passivated
nanosystem then activated the catalytic function turning H,O,
to oxygen molecules; this reaction led to reinforcing the PDT
efficacy by about 8.7- and 7.5-fold in both the cancer cells in vitro
and the tumors in vivo.>”>

A new sprayable hydrogel containing BP nanosheets was
designed and fabricated for post-operative cancer therapy. The
organic part of hydrogel was composed of poly(p,.-lactide)-
poly(ethylene glycol)-poly(p,i-lactide) and upon NIR irradiation
and increase of temperature due to light responsivity of encap-
sulated BP nanosheets, the sol-gel transition took place and
turned into a gel (Fig. 6(A)). HeLa cells were subcutaneously

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00007b

Open Access Article. Published on 02 December 2024. Downloaded on 1/21/2026 9:28:29 AM.

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

(cc)

Chem Soc Rev

I

PDLLA block PEG block

Polyester-PEG-polyester

W -

il |

] |

View Article Online

Review Article

m
°
a
-
o
®
b

Control
Control
Y '«
Lo P
3 R
>
- e <
r >
>
» o
a)
}

PLEL hydrogel
Surgery-only

BP/PLEL hydrogel
Surgery +
BP/PLEL hydrogel

iy

Heating

>

& vty

Temperature (°C)

—o— Control
—&— Surgery-only
+ —e— Surgery + BP/PLEL hydrogel

—o— Control
—o— PLEL hydrogel
—o— BP/PLEL hydrogel ,

3

®

Spraying

Relative tumor volume (V/V,)

Residual tumor

T T T T T + T T T T T T T
0 1 2 3 4 5mn 0 2 4 6 8 10 12 14 16 18 20
Laser irradiation time Time (day)

Fig. 6 Sprayable multifunctional hydrogels for post-operative cancer therapy. (A) Schematic of hydrogel preparation and its responsiveness to heat to
become a gel. (B) Scheme of tumor surgery followed by spraying the hydrogel and applying NIR. (C) and (D) Thermal images and time-dependent
temperature change of tumors treated with different samples in vivo. (E) and (F) Digital photographs were taken from the HelLa-tumor-bearing mice
and the relative tumor volume of treated mice with different samples. Abbreviation: Poly(p.L-lactide): PDLLA, poly(p.L-lactide)-poly(ethylene glycol)-

poly(p.L-lactide): PLEL. Reprinted from ref. 273 with permission from Wiley.

injected into the right rear flank of each mouse to establish the
tumor model and assess the potential of sprayable hydrogel
in vivo. Once the tumors reached approximately the size of
100 mm?, the mice were divided into three groups—control,
surgery only, and surgery followed by spraying the multifunc-
tional hydrogel. Since the surgery of tumor mass would leave
some cancer cells inside of the defect, they would increase the
potential of tumor recurrence. The in vivo studies revealed that
the tumors in the group of surgery came back after a few days
and experienced constant growth, whereas the group treated
with the hydrogel saw complete tumor growth suppression due
to the ablation of remaining cancerous tissues through PTT
(Fig. 6(B-F)).>”®> In 2020, a study reported on the intrinsic
anticancer activities of BP nanosheets and omitted the effects
of PTT, PDT, drug delivery, and multimodal imaging. The
selective anticancer activity of BP nanosheets was tested against
HeLa and D551 cells in vitro for up to 48 h. The number of
cancer cells was decreased when the concentration of PEGy-
lated BP nanosheets had been increased, but the viability of
normal cells was left intact at the same concentrations. More-
over, the same effect was tested for A549 cancer cells and
Hek293 healthy cells, and the same results were obtained
in vitro. This selective anticancer activity was attributed to the
increase in the phosphate anion levels due to the degradation
of BP nanosheets; these anions led to an increase in the lipid
peroxidation followed by a decrease in the superoxide dismu-
tase and this phenomenon resulted in the cytotoxic ROS gen-
eration. It is critical to bear in mind that the higher metabolism
rate of cancer cells accelerates the degradation rate of BP and
that is why BP turns down the cell viability of cancer cells, while

This journal is © The Royal Society of Chemistry 2025

it does not affect the healthy ones. The anticancer potential was
tested in vivo against two tumor models, namely, HeLa and
A549 xenograft tumor models. The nanoparticles accumulated
in the tumors more than other organs followed by livers and
kidneys. In vivo, immunofluorescence staining and FCM assay
both confirmed that significant ROS generation in the tumor
masses occurs by BP nanosheets. In contrast, the control treated
with PBS did not experience the same effect. DNA damage and
apoptosis were assessed through the FACS co-staining assay. ROS
generation caused the high expression of caspase-3 and
decreased the expression of a proliferation marker (Ki-67), both
of which are the signs of increased apoptosis and tumors’ growth
inhibition."®

Oral cancer is a common disease in the neck and head and
the number of patients diagnosed with this type of cancer has
increased recently. The clinical treatment is based on surgery,
but a complete tumor resection is required to prevent the
tumors from spreading and this procedure may lead to the
removal of the entire tongue and gum leaving a very serious
impact on the patient’s life.”’**%? A charge reversal system
composed of BP nanosheets, polydopamine, and polyacryla-
mide hydrochloride-dimethylmaleic acid was synthesized for
oral cancer therapy. The nanoparticles were negatively charged
in blood circulation and underwent charge reversal towards
positive once they reached the acidic regions of tumor tissues
culminating in the enhanced uptake into the cancer cells
(Scheme 17). In vitro studies against two squamous cell carci-
noma lines (CAL-27 and SAS) at different concentrations (6.25-
100 pg mL™") showed that the BP nanomaterials without being
triggered with NIR did not affect the cell viability after 24 h,
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Scheme 17 Anticancer potential of BP nanosheets against oral squamous cell carcinoma. (A) Schematic of BP nanosheet preparation and surface
modification with different polymers to turn it into a charge reversal platform. Abbreviation: poly(dopamine): PDA, polyacrylamide hydrochloride: PAH,

dimethylmaleic acid: DMMA.

whereas applying laser irradiation in a concentration-dependent
manner decreased the cell viability of both lines down to 20%.
The nanomaterials were injected into CAL-27 tumor-bearing mice
at a concentration of 0.54 mg kg™ " in 100 uL PBS and after 24 h,
the tumors were exposed to NIR (808 nm, 1.5 W cm™?) for 5 min.
Notably, two different surface-modified nanoparticles were intra-
venously injected including a charge reversal system and the one
without this modification and the former was found to accumu-
late more than the latter in the tumor mass showing the effec-
tiveness of this surface modification on the internalization rate.
The temperature of tumor mass was measured after NIR and the
laser increased the local temperature up to 54.9 °C, which is high
enough for tumor ablation, without affecting the other organs’
temperature.””*

To enhance the survival rate (5 years) of patients diagnosed
with oral squamous cell carcinoma, a composite from BP
nanosheets and gold nanoparticles was synthesized. In vitro
and in vivo studies were performed on the human SCC-9 cells
and golden hamster cheek cancer models, respectively. BP
nanosheets (50 ug mL "), gold nanoparticles (50 pg mL %),
and cisplatin (2 mg mL™") were exposed to SCC-9 cells and it
was found that the nanomaterials even at this low concen-
tration showed significantly stronger anticancer effects than
that of pure cisplatin. The anticancer efficacy of BP nanosheets
was better than that of gold nanoparticles, which was attributed
to the easy internalization of nanosheets into the cancer cells
followed by rapid degradation causing G2/M phase arrest. The
in vivo tumor model was established by rubbing 7,12-di-
methylbenz[a]-anthracene (0.5% in acetone) into hamsters’ left
cheeks and various samples including the drug-loaded com-
posites with different BP-to-gold weight ratios were injected

880 | Chem. Soc. Rev., 2025, 54, 827-897

intratumorally followed by applying NIR (808 nm) for 5 min.
The tumor inhibitory effect and even ablation got stronger
when the ratio of BP to gold had been increased and the
strongest effect belonged to the gold (1)-BP (5) loaded with
cisplatin. The weight changes during the treatment were
tracked and except for about 10% mass loss between the
hamsters which may have been attributed to the individual
differences, no other differences related to the samples were
noticed.>”>

Other types of cancers including bladder, ovarian, and liver
have received less attention from BP-assisted therapy, and in
this part, these studies are discussed. BPQDs were packaged
into exosomes via the electroporation method for PTT against
bladder cancer. This encapsulation did not allow fast degrada-
tion of BPQDs and improved their photothermal activity. More-
over, the exosomes had prolonged blood circulation time and
accumulated in the tumor tissue attributed to the good homing
effect of the exosome membrane. The exosomes with different
concentrations of BPQDs inside (0-300 pg mL™ ") were exposed
to various cell lines to assess the cell viability. Even the highest
concentration did not affect any of the cells negatively and the
cells’ survival rate stayed above 90%, whereas applying NIR
with different power densities was synchronized with a signifi-
cant decrease in the BIU-87 cells’ viability. The BPQDs-loaded
exosomes were intravenously injected through the vein of BIU-
87-tumor-bearing mice. The nanoparticles + NIR had almost
complete tumor suppression followed by bare BPQDs + NIR.>®®
Hollow mesoporous manganese oxide was coated with two
polymers (anionic and cationic), reacted with PEGylated-amine-
functionalized BPQDs and finally loaded with DOX against
liver cancer. Choosing manganese oxide was beneficial for three

This journal is © The Royal Society of Chemistry 2025
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reasons as follows: (i) the hollow mesoporous structure allowed
high drug loading capacity and taking control over the drug
release kinetic; (ii) manganese oxide offered contrast for mag-
netic resonance imaging; and (iii) this ceramic has potential to
convert endogenous H,0, to O, alleviating the hypoxia region of
tumors and reinforcing the PDT potency. In vitro cell viability of
nanoparticles (0-200 pg mL™") was performed against LO2 and
HepG2 cells for 48 h. In the absence of NIR irradiation, there was
no decrease in the LO2 viability even at the highest concentration
while little cytotoxicity was observed for cancer cells, which was
attributed to the release of loaded DOX in the presence of acidic
medium of cancer cells. The same study was also performed with
and without NIR (630, 808 nm, and a combination of both).
It turned out that the anticancer effect of PTT obtained from
808 nm irradiation was stronger than that of PDT (630 nm),
but the strongest effect (~80% reduction of viability) was
obtained when the combination of both had been applied.
In vivo chemo-phototherapy was applied on HepG2-tumor-bearing
mice. An immunofluorescence assay using pimonidazole as a
hypoxyprobe was adopted to understand if manganese oxide
was able to alleviate the hypoxia region and it was revealed that
due to the generation of oxygen molecules by the carrier, the
hypoxia was decreased in the tumor mass. After 15 days of
treatment in vivo, the DOX-loaded nanoparticles, which had
been exposed to NIR with two wavelengths, could ablate the
tumor completely, whereas the other samples with a single
therapeutic strategy (PTT or PDT or chemotherapy) were able to
decrease the growth rate.”®’

Ferritin is recognized as a well-known marker of liver cancer
and early detection of it would improve curability chances in
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patients diagnosed with this type of cancer. Based on surface-
enhanced Raman scattering technology, an immunoassay plat-
form composed of magnetite, MoS,, and BP nanosheets was
developed. The deposition of MoS, onto BP nanosheets led to
the formation of a matched interleaved energy band structure
by which the surface of MoS, was enriched with photogener-
ated electrons; this phenomenon resulted in transferring of
more Raman molecules and so detecting ferritin antigen with a
concentration of 7.3 x 10 °. The formation of magnetite
nanoparticles on the surface through a secondary hydrothermal
treatment made the platform magnetic-responsive and so separa-
tion and collection of the nanocomposite from the immune
solution after photocatalytic activity were possible (Fig. 7). One
batch was recommended for 7 times detection of ferritin.

BP nanosheets were turned into a targeted drug delivery
system through the loading of two drugs with platinum
agents—cisplatin and oxaliplatin—against ovarian cancer.
The cytotoxicity of drug-bounded BP nanosheets was assessed
against A2780 cells for 24 h. The applied concentrations were
2.5, 5, 7.5, 10, 12.5, 15, and 30 pg mL ', and up to the
concentration of 12.5 ug mL™", BP alone induced little cyto-
toxicity and increasing the concentration led to a decrease
down to 70%. Compared to bare BP, cell growth suppression
occurred for the drug-loaded samples from the lowest concen-
tration and the effect got stronger as the concentration went
higher and the cell viability reached down to 40% (30 pg mL~").>”°
BPQDs were functionalized with polyelectrolyte polymers to deli-
ver genes into human ovarian cancer cells. PA-1 cells were chosen
for this study due to their pluripotency as stem cells making them
cancer stem cells. The BPQDs as the gene carrier exhibited a high
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Fig. 7 Preparation of the mechanism of action of surface-enhanced Raman scattering-based platform for the detection of ferritin against liver cancer.

Abbreviation: Bovine serum albumin: BSA, ferritin: FER, Rhodamine 6G: R6G. Reprinted from ref. 282 with permission from Elsevier.
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rate of internalization into the cells and about 80% inhibition rate
of proliferation was obtained under laser irradiation.>”*

11. Black phosphorus and protein
interactions: protein corona

One of the most vital features of therapeutic agents is their
circulation in the bloodstream long enough to reach target
tissues. It is already known that nanoparticles can selectively
diffuse throughout tumors with leaky vasculature through
enhanced permeation and retention phenomenon. Moreover,
surface functionalization of these nanoparticles with various
antibodies, proteins, and peptides improves the targetability
due to the overexpression of receptors in the tumor site,
facilitating the binding of nanoparticles and uptake."®® One
of the challenges revolving around therapeutic agents is the
binding of proteins on the nanoparticles, which is known as

Injection of black
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and/or quantum dots

Tumor tissue

@)

View Article Online

Chem Soc Rev

protein corona once they entered into the bloodstream. The
attachment of these proteins on the surface is synchronized
with the formation of a new identity for the nanoparticles
distinct from the one they had been designed for (Scheme 18).
Therefore, protein corona is recognized as a link between in vitro
and in vivo studies and its effect on the fate of nanoparticles
must be taken into account for developing successful therapeu-
tic agents.>®

Upon entrance of a nanoparticle into the bloodstream, it
goes through interacting with various moieties of biological
fluid, serum proteins specifically. These proteins bind to the
surface of nanoparticles and form a soft corona, which is
gradually being replaced with other proteins and leads to a
hard corona. There are some methods applied to measure the
protein corona in vitro and in vivo.>®* The in vitro studies were
based on incubation of the nanoparticles in physiological
media encompassing serum or plasma for a specific period of
time followed by elution and digestion of those proteins and
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Scheme 18 Protein corona formation on BP nanosheets and BPQDs. The injection of bare BP nanomaterials in the bloodstream would be synchronized
with the formation of protein corona followed by changes in their performance and fate as some of them would be caught by the immune system and
some would reach tumor’s tissue through enhanced permeation and retention effect. Created with BioRender.com.
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analyzing through gel electrophoresis. Since this process is
accompanied by centrifugation and rinsing of the nano-
particles prior to elution, it can measure the hard corona while
inclusion of additional analytical tools including zeta potential
analysis, microscopy, and spectroscopy can give valuable infor-
mation about soft corona in vitro.>®> However, some studies
have injected different nanoparticles intravenously in vivo and
retrieved the nanoparticles through size exclusion chromato-
graphy and magnetic separation from blood for analysis.”®
Similar to other nanoparticles, BP nanomaterials undergo
coronation once soaked into body fluids, especially plasma
proteins. A primary study published in 2018 investigated the
protein corona formation on the BP nanosheets and BPQDs.
Since the isoelectric point of most corona proteins is less than
7.4, these negatively charged proteins were mainly absorbed on
both nanosheets and quantum dots, indicating that besides
electrostatic interactions, other driving forces such as electron-
transfer forces and van der Waals forces play important roles in
the interaction between BP nanomaterials and these proteins.
Characterization of the formation of protein corona over
nanosheets and quantum dots showed that abundant plasma
proteins were attached to nanosheets, whereas the BPQDs had
more tendency to absorb low molecular plasma proteins. The
size of BP nanomaterials was found decisive on the identity and
quantity of protein corona formation; shape of ultra-small 2D
nanosheets was observed to change while large 2D nanosheets
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View Article Online

Review Article

have not undergone such a change. About 70% of proteins
formed on the BP nanomaterials were immune proteins and
other opsonins leading to an increase in the uptake of these
nanomaterials by macrophages and also the cellular uptake
pattern altered from the bare nanomaterials. Nonetheless, to
assess if macrophage-like cells could affect the secretion of
cytokines, the BP-corona complex was exposed to the cells. The
amount of inflammatory cytokines was assessed after treat-
ment and turned out to significantly increase the cytokines
including IL-1fB, IL-6, IL-8, and IFN-y, exhibiting the proin-
flammatory effect induced by BP-protein corona complex
(Scheme 19). However, the bare BP nanomaterials did not show
any significant effect on the secretion of cytokines.*®” Another
study has provided more details about the effect of BP-corona
complex on macrophage polarization and immune modulation.
Mechanistically, the BP-corona complex interacted with calmo-
dulin and activated stromal interaction molecule 2, which
facilitated the influx of calcium ions in macrophages; uptake
of calcium ions was found to activate p38 and NF-xB followed
by macrophage’s polarization from MO to M1 phenotype. This
study then proved that the BP-corona complex effect on the
macrophages made them migrate towards cancer cells signifi-
cantly greater than that of the control and also the cellular
cytotoxicity and phagocytosis of cancer cells by the macro-
phages were obtained nearly 2 times higher than that of the
control.*®®

Scheme 19 Formation of protein corona on BP nanosheets in the bloodstream followed by induction of immunoregulation effect on macrophages.

Created with BioRender.com.
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A recent study has performed deep research on the inter-
action of BPQDs with bovine serum albumin and interpreted
that BPQDs quenched the endogenous fluorescence of bovine
serum albumin through van der Waals and hydrogen bond
interactions. A stable ground-state construct was obtained
when a strong interaction between Sudlow’s site I of bovine
serum albumin and BPQDs had been formed. Moreover,
BPQDs in a concentration manner could decrease the thermal
stability and a-helix structure content of the albumin.>*°

12. Biosafety of BP nanomaterials

Since the introduction of BP nanomaterials in biomedicine,
various studies have been performed in vitro and in vivo to
evaluate the biosafety and biocompatibility of BP. The general
idea about the safety of BP was based on the fact that its bio-
compatibility was related to its intrinsic chemistry: it degrades
to phosphates that are already considered non-toxic. Early
studies on both nanosheets and quantum dots showed that
none of these materials showed toxicity towards different
mammalian cells even at concentrations as high as 1 mg mL™".
However, there are some reports on the potential cytotoxic effects
of BP as well. It is critical to bear in mind that different factors

28080088

el

Cell viabﬁity J 4

assay
S fuae

Surface o wd
modification © © °,

) - @
° o L] o
.. - i

=g
Stool and urine analysis

nanosheets and
quantum dots

Histological analysis

View Article Online

Chem Soc Rev

affect the biocompatibility of BP—size, thickness, surface mod-
ification, combination with other compounds, etc. As mentioned
in previous sections, BP inherently induces selective anticancer
activity in a concentration-dependent manner because it has
shown a faster degradation rate in the exposure of these cancer
cell types, but some papers took advantage of the light-
responsivity of BP only or loaded an anticancer drug, or com-
bined different therapeutic approaches in one package without
considering the inherent anticancer activity of BP. In these
papers, bare BP was put in the exposure of cancer cells for only
24 h and observed no decrease in the cell viability, whereas others
have prolonged the assay up to 48 and 72 h and reported on cell
growth prevention. These inconsistencies have thrown doubts on
the biosafety of BP nanomaterials. In this section, different
studies and points of view regarding the biocompatibility and
biosafety of BP nanomaterials in vitro and in vivo will be dis-
cussed (Scheme 20).

A systemic cytotoxicity study on BP nanosheets was con-
ducted against three healthy cell lines (HCoEpiC, NIH-3T3, and
293T) up to 48 h to check if the concentration and size of 2D
nanosheets and type of cell can affect the viability. Three
batches of BP nanosheets with different sizes and thicknesses
were prepared as follows: BP-1 (thickness: 92 + 32 nm, size:
566.5 *+ 74.7 nm, zeta potential: —30.70 £+ 0.53 mV), BP-2
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Scheme 20 Schematic of the decisive factors and analyses related to the assessment of biosafety of BP nanomaterials in vitro and in vivo. Created with

BioRender.com.

884 | Chem. Soc. Rev., 2025, 54, 827-897

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00007b

Open Access Article. Published on 02 December 2024. Downloaded on 1/21/2026 9:28:29 AM.

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

(cc)

Chem Soc Rev

(thickness: 27.0 £ 12.0 nm, size: 448.3 + 18.6 nm, zeta
potential: —26.57 £+ 0.35 mV), and BP-3 (thickness: 17.4 +
9.1 nm, size: 175.4 + 0.5 nm, zeta potential: —26.57 =+
0.35 mV). It is worth mentioning that the hydrodynamic size
of BP nanosheets after soaking into FBS significantly increased
to 1124.0 £+ 107.9, 722.3 4+ 67.7, and 273.3 + 5.3 nm for BP-1 to
3, respectively, due to protein adsorption on the surface of
nanosheets, which led to their agglomeration. In vitro cytotoxi-
city assays performed for each material against the healthy cell
lines indicated that BP-1 with the largest particle size and
thickness could induce cytotoxicity at lower concentrations,
while BP-3 showed moderate toxicity and even at the highest
concentration of 200 ug mL ™, the IC50 could not be measured
toward HCOEpiC cells because of high cell compatibility.
An interesting point to mention was about BP-2 and 3, which
even induced cell proliferation at a low concentration of
1 g mi, 1,29

In the case of cancer cells, inconsistent results are more
highlighted like decrease in the cell viability of HeLa cells after
24 h down to nearly 36% when BPQDs with a concentration of
200 pg mL™" had been applied,”* whereas the same material
with nearly 5 times higher concentration did not induce toxicity
after 12 h towards the same cell line.””" Somewhere else the
BPQD viability was tested against Raw264.7 and turned out with
no cytotoxicity, whereas the ATP level in J774A.1 treated with
BPQDs was significantly decreased.”*® These differences might
have resulted from different processes taken to synthesize the
BP nanomaterials and also the incubation time which has been
adopted only up to 12 or 24 h. Our group has assessed the cell
viability of SAOS-2 and preosteoblast cells when exposed to
different concentrations (10-500 pg mL ™) of BP nanosheets
up to 21 days and showed the stimulatory progressive effect on
the osteoblast cells while causing the osteosarcoma cells to
undergo apoptosis due to generation of excessive ROS. It is
worth mentioning that during the initial incubation time, the
results were not clear enough and after 72 h, the selective anti-
cancer activity of BP nanosheets could be clearly deduced.*>

Another factor which has potential to introduce discrepancy
in the obtained results is the approach by which the cell
viability is assessed. For instance, PEGylated few-layered BP
exhibited a biocompatible nature measured by an MTT assay
towards different cell lines—HeLa, HepG2, A375, PC3, and
MCF7—up to a concentration of 100 pg mL™ ", while the same
material showed selective anticancer activity towards HeLa cells
when the Alamar Blue assay had been applied.” Previous
studies have revealed that BP nanosheets can induce inter-
ference in the results obtained by MTT through adsorption or
reduction of the assay reagent®***?> and so a study has intro-
duced an assay that does not need colorimetric or fluorescence
reagents and showed that besides concentration and textural
properties, time and the type of cell should be taken into
consideration.*®® Surface modification is among physical prop-
erties shown to decrease the cytotoxicity of BP nanomaterials.
BPQDs were surface-modified with Lanthanum titanate for
biomedical applications and tested against Raw264.7 cells in
terms of cell viability; the surface modification has led to a

This journal is © The Royal Society of Chemistry 2025
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decrease in toxicity due to alteration in the zeta potential and
higher chemical stability both of which affected the cellular
internalization quantity and ROS generation and so less
cytotoxicity.>®® Somewhere else it has been indicated that
polyglycerol functionalization improved the cell viability of BP
nanomaterials.>*#?°> Nonetheless, Mohamad Latiff et al.*°°
studied the effect of the synthesis approach on the toxicity of
BP nanomaterials, and the exfoliation degree and oxidation
content were manipulated; the results showed that the thinner
nanoparticles plus the ones, that have undergone more oxida-
tion, showed more cytotoxicity.

Despite reporting various studies on the biological effects
of BP nanomaterials in vivo, we are still in the early stages.
As indicated through Scheme 20, the applied analyses were
histology, hematology, stool and urine analysis, weight change
tracking, and checking on the biodistribution through fluores-
cence microscopy and histological staining. Based on the
physicochemical properties of nanoparticles, their clearance
pathways can be different but mainly through the immune
system, leading to accumulation in the liver and spleen.?®” The
biodistribution of BP nanomaterials can be tracked through
different ways—fluorescence imaging using labeling or taking
advantage of intrinsic NIR absorption of BP for photothermal
and photoacoustic imaging.>*® Moreover, Raman spectroscopy
provides an opportunity to examine the ex vivo tumor/organ
distribution.>®® Referring to the studies on the biodistribution
of BP nanomaterials, they can be found mainly in the liver and
spleen after being arrested by macrophages and also in tumors
thanks to enhanced permeation and retention effect.??*%°
It is noteworthy that the similarity between the structure of
DNA and layer BP led the nanosheets to reach the kidneys.>*®
Besides the mentioned organs, there are some studies reported
on the distribution of BP nanomaterials in low quantities in the
heart and lung.>*®*°° The measurement of phosphate content
in vivo is not an easy task due to the existence of intrinsic
phosphorus in animals’ body to directly understand the quan-
tity after inoculation, but researchers based on the intensity of
fluorescence or radioactivity have tracked BP nanomaterials
and come up with pharmacokinetics of BP. The process of
cleaning from blood stream followed by complete elimination
has two phases; up to 1 h, a rapid decrease in the BP nanoma-
terials was observed from the bloodstream followed by up to
19 h, and clearance of BP from the circulation.>?*3°° Previous
studies have reported that the excretion of BP mainly takes
place through the renal pathway; BP degrades into smaller
species and gets excreted through urine.”**°* To understand
the effect of BP on the organs and biochemical levels, other
parameters including hematological, histological, biochem-
icals, and change in body weight have been taken into con-
sideration. In the case of histological analysis, major organs
have been dissected and stained with hematoxylin and eosin to
understand if any abnormality has occurred compared to the
control, which has not received BP. Most of these studies have
unanimously demonstrated that BP did not induce inflamma-
tion or damage to these organs.>>*?°%3923% However, there are
some studies reporting on the negative effects of BP nanosheets
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and BPQDs. Kidney impairment was observed for the mice
treated with BPQDs, and through histological analysis, it was
revealed that neutrophil infiltration increased and tubule
degeneration had occurred.*** In another study, BP nanosheets
were observed in the lungs leading to cell apoptosis.>®*

The biosafety of BP has been evaluated in vivo, but these
studies have not come up with definitive conclusions and the
difference might have been raised from decisive factors such as
BP’s fabrication procedure, physical and chemical properties,
surface modification, inoculation route, and dosage. These
parameters must be taken into account and also lack of long-
term in vivo studies can be felt, which requires to be addressed
in the future.

13. Paving the way for clinical
translation

Despite many studies that have been performed on BP nano-
materials’ potential in cancer therapy, there is still no clinical
trial ongoing. The fundamental models for clinical translation
are in vivo animal models to understand the efficacy of therapy
and biosafety profiles. The outcomes of this research are
essential for anticipating the success rate in human studies.
Among different types of animal models, the mouse model is
considered reliable due to the similarity of human and mouse
genes. Mice have become the main preclinical model in cancer
research because of a wide variety of advantages over other
animal models—small size, easy alteration in the gene, low
maintenance costs, etc. However, there is still controversy about
the reliability of preclinical data for the clinical translation of
biomaterials. Step by step, BP has undergone in vitro and in vivo
studies in terms of anticancer activity and biosafety, as indi-
cated and discussed in the previous sections. In vivo studies
emphasize the importance of understanding the relationship
between the physicochemical properties of BP and its inter-
action with biological systems. For successful clinical transla-
tion, it is essential to formulate BP-based nanomaterials in a
way that preserves their physicochemical properties after
administration. However, the clinical use of BP is hampered
by its poor stability under environmental conditions, as it
rapidly degrades when exposed to oxygen and water, producing
ROS and phosphoric acids. This instability not only decreases
the shelf life of BP, but also reduces its therapeutic efficacy, as
premature degradation may occur before it reaches the target
site. However, the biodegradability of BP is a significant advan-
tage in biomedical applications, as it allows safe degradation
and elimination from the body once it has served its thera-
peutic function.

The key challenge is to strike a balance between the desir-
able biodegradability of BP and enhanced stability in biological
environments. A potential solution is surface modification or
coating with biocompatible materials, such as polymers, lipids,
or inorganic compounds.®®* As discussed earlier, coatings such
as PEG and polydopamine can protect BPs from environmental
degradation while allowing controlled degradation within the
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body.*°® Additionally, doping BP with elements such as nitro-
gen or sulfur can help passivate its surface, improving stability
while preserving its functional properties. Another approach is
incorporating BP into hybrid materials, such as combining it
with carbon-based materials (e.g., graphene oxide) or encapsu-
lating it within hydrogels,**” which increases stability without
compromising its biodegradability.

BP-based nanomaterials show immense potential in medi-
cine, particularly for precise drug delivery systems, PTT, biosen-
sing, and biodegradable implants. The controlled degradation
makes it ideal for smart drug delivery, enabling the release
of therapeutic agents in response to specific stimuli such as
changes in pH or temperature. In cancer therapy, the photo-
thermal properties of BP can be used to selectively target and
destroy cancer cells, followed by natural degradation that
minimizes long-term toxicity. Additionally, the electronic and
optical properties of BP make it highly suitable for biosensing
and bioimaging, facilitating real-time monitoring of disease
markers. Despite these promising applications, several chal-
lenges must be addressed before BP can be used in clinical
settings. Comprehensive toxicity studies are essential to fully
understand the long-term effects of BP degradation products
in vivo, and regulatory requirements must be met to ensure that
BP-based nanomaterials adhere to the necessary safety and
efficacy standards for medical use.

In terms of safety, a recent study by Zhang et al®°® has
revealed that BP nanomaterials follow a two-compartment
model for clearance from the circulatory system. During the
distribution phase, BP levels in circulation dropped rapidly,
with a half-life in the range of a few minutes to approximately
1 hour. During the elimination phase, BP was cleared from the
bloodstream over an extended half-life, ranging from a few
hours to as long as 18 hours. The study also observed that BP
initially accumulated in major organs after injection, reaching
a peak within a few hours before gradually declining, as it was
eliminated. Furthermore, experiments showed that BP is pri-
marily cleared through the kidneys, with its breakdown pro-
ducts, mainly phosphate species, excreted in the urine.

Therefore, dose is a particularly critical factor in the safe
application of BPNSs in biomedical contexts. A study by Qin
et al.>*® demonstrated that the inflammatory response in mice
was dose dependent. The research showed that BPNSs triggered
oxidative stress and rapidly generated a large amount of ROS.
The excessive ROS production activated the NF-kB signaling
pathway, leading to inflammation, thereby enhancing the under-
standing of the molecular mechanisms underlying BPNS-induced
inflammation.

It has also been reported that reducing the size of BP can
lower its toxicity. A recent study has investigated the toxicity
and oxidative stress caused by BPQDs in vivo at a dose of
0.34 mg.”* The study observed lipid peroxidation, DNA damage,
reduced catalase activity, and a decrease in the number of
blood mononuclear cells, along with weight loss in mice.
However, these symptoms reversed after 1 month, with the
mice’s body weight returning to physiological levels. Impor-
tantly, no damage to the liver, spleen, or kidneys was detected
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during the in vivo experiments. Another study,>®* however,
revealed that BPQDs may cause nephrotoxicity, linked to altera-
tions in insulin response and the induction of endoplasmic
reticulum stress in the kidneys. This toxicity was only observed
within the first week, with no follow-up investigations to assess
potential long-term recovery. These findings highlight the need
for further research to thoroughly assess the biosafety of BP
and ensure its suitability for clinical trials. The translation of
exfoliated BP from laboratory research to therapeutic applica-
tions is a complex process that requires careful attention to
detail and strict adherence to standards at every stage. Initially,
the production process must be meticulously optimized and
tightly quality-controlled, with each step fine-tuned, progress
carefully monitored, and methods thoroughly documented to
ensure consistency and reproducibility. Adhering to stringent
quality guidelines, such as Good Laboratory Practice (GLP), is
crucial, as it forms the foundation for regulatory compliance
and eventual clinical application. Additionally, the process
must be designed to smoothly transition to current Good
Manufacturing Practice (¢cGMP), ensuring the production of
materials that meet the highest standards of safety, efficacy,

Phase I-IV

View Article Online

Review Article

and quality for regulatory approval. Preclinical safety and
toxicology investigations provide an important link between
laboratory research and clinical trials. These investigations,
which are commonly done on animal models, provide an
accurate assessment of the compound’s safety profile. Toxicity,
pharmacokinetics, and biodistribution are evaluated to gain
insights into the compound’s behavior in live organisms.
Pharmacokinetic studies are essential for investigating a com-
pound’s absorption, distribution, metabolism, and excretion
characteristics. Understanding these factors is crucial for deter-
mining appropriate dosage regimens and predicting how the
molecule will interact with the human body. To visualize the
in vivo biodistribution of BP-based nanomaterials, fluores-
cence and photoacoustic imaging techniques are commonly
employed, utilizing either NIR fluorescence dyes or the intrinsic
NIR absorption properties of BP nanomaterials.'*>*°® Single-
emission computed tomography, combined with radioactive
technetium-99m labeling, enables high-resolution analysis of
biodistribution and pharmacokinetics.**® Additionally, Raman
mapping offers a direct method for examining ex vivo tumor
accumulation without the need for labeling.>*® BP-based

Scheme 21 Clinical translation of BP hanomaterials through four stages: synthesis, in vitro evaluations, assessment of BP interaction with the biological
system in vivo, and finally, moving to human trials through phases | to IV. Created with BioRender.com.
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nanomaterials primarily accumulate in the liver and spleen due
to macrophage capture, as well as in tumor tissues through the
enhanced permeation and retention effect. Interestingly, the
structural similarity of layered black phosphorus to DNA
nanostructures enhances its kidney targeting capabilities, while
minor distribution is also noted in the lungs and heart.>*®

As the translation continues to clinical trials, careful plan-
ning and execution become increasingly important. Phase I
studies aim to assess the compound’s safety and tolerability in
a small sample of healthy volunteers or patients. These trials
yield vital information on dose, delivery routes, and potential
adverse effects. Subsequent Phase 1I trials broaden the scope to
evaluate the efficacy, fine-tuning dose regimes and treatment
approaches. Phase III studies, which involve bigger patient
groups, are designed to establish the compound’s safety and
efficacy when compared to existing therapies or placebo. Regu-
latory organizations, such as the FDA, carefully examine the
collected data to evaluate if the compound passes the demand-
ing safety and effectiveness requirements for market approval.
Once authorized, exfoliated BP can be used in clinical settings,
providing novel treatment and therapy options. Continuous
post-market surveillance ensures that safety and efficacy are
monitored in real-world clinical settings, providing a thorough
understanding of the compound’s long-term impacts. To achieve
successful clinical translation, researchers, doctors, regulatory
agencies, and industry partners must work together. Exfoliated
BP appears as a potential and safe treatment option, providing
hope to patients in need. To make the move from laboratory
findings to clinical applications, rigorous adherence to exacting
regulatory criteria is required.

We believe that a targeted study aimed at clarifying the
physicochemical characteristics of BP and its interactions with
numerous human organs would help to bridge the gap between
in vivo investigations and clinical application (Scheme 21).
Particle size, surface modification, biodistribution, tumor inter-
nalization rates, therapeutic effectiveness, and biosafety may all
be investigated to acquire a better understanding of BP’s
therapeutic potential. Furthermore, using the volume of data
generated through research activities, in addition to the
advancement of modeling methodologies and the integration
of artificial intelligence, holds enormous promise for closing
the gap between the preclinical and clinical stages. These novel
techniques have the potential to accelerate the use of BP in
human cancer treatment, easing the transition from experi-
mental to clinical practice.

In the end, successful clinical translation necessitates a colla-
borative effort among researchers, physicians, and regulatory
authorities. Exfoliated BP can emerge as a safe and effective
therapeutic solution, providing hope to patients in need, by
carefully navigating each stage and adhering to regulatory criteria.

14. Conclusions and outlook

Research and development in the field of cancer therapy are in
progress in an ever-increasing rate to devise and discover new
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anticancer agents and improve the already developed ones. BP
nanosheets and quantum dots have been applied in this field
since 2015 (referring to the pioneer publications) as a nanoma-
terial that has strong photocatalytic properties and is respon-
sive to external NIR irradiation.’”'* Gradually, the unique
physicochemical and biological properties of BP were revealed
to the research community. BP is prone to oxygen and this
oxidation accelerates the degradation rate and affects the
optical properties negatively. Generally speaking, this degra-
dation is a double-edged sword; in the case of bone tissue
regeneration, this release of phosphate anions stimulates
the cells toward proliferation and induces calcium phosphate
precipitation.'

However, when it comes to cancer therapy, prolonged circu-
lation and tumor retention may be required, and hence, a fast
degradation rate and loss of photo-responsivity are detrimental.
In this regard, surface modification of BP can compensate for
the physiological instability and endow the BP with additional
functionalities.'® Different strategies were taken to passivate
BP’s surface/protect it from oxidation and improve its function-
ality including encapsulation into hydrophobic polymers, coat-
ing of polymers, and doping of metallic ions to the surface all of
which had made significant changes in the functionality. In the
gap time between 2015 and 2017, there were publications
relating to the anticancer potential of BP nanosheets and
quantum dots, but none has reported if BP had solely anti-
cancer activity. In 2017, it was reported that the elevation of
phosphate anions in various cancer cell lines resulted in G2/M
phase arrest followed by apoptosis, and the normal cells were
not affected. This study was a turning point in the anticancer
potential of BP because its capability was compared with DOX
as a well-known anticancer drug and turned out to be superior
to this chemotherapeutic drug."* From that moment on, BP has
become a multifunctional platform due to its superior photo-
responsivity, drug/gene delivery, biocompatibility, and selective
anticancer activity. Another mechanistic study has proposed a
complementary explanation about the BP selective anticancer
potential and omitted using either NIR or any chemotherapeu-
tic drug. An increase in phosphate anions concentration due to
a faster degradation rate in cancer cells increases lipid perox-
idation and then a decrement in the superoxide dismutase
takes place resulting in the generation of excessive ROS.'®> The
present review has put effort into covering the most recent
advancements related to BP cancer therapy. We have shed light
on BP’s potential against each cancer type comprehensively and
so each disease is divided into a separate section helping the
potential reader to understand what has been done and where
BP is going to be in the near future. Each disease differs from
another one with specific obstacles and treatment outcomes,
and understanding how applying BP affected the treatment
procedure is of great importance.

Since the appearance of BP in anticancer applications,
mostly it has been assessed against breast cancer cells and
breast in vivo tumor models. In this regard, different thera-
peutic platforms based on BP, namely, mono-, dual-, and triple-
therapeutic/responsive nanomaterials were designed and
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applied, and they are covered here in detail. An interesting
recent study has opened new doors to BP potential against
breast cancer migration and successfully reversed highly inva-
sive and metastatic mesenchymal-type MDA-MB-231 to an
epithelial phenotype through a surface-modified BP + mild
hyperthermia culminating in the inhibition of breast cancer
cell migration. This study on its own is a unique one adopting a
new approach towards BP cancer therapy and we expect to see
more similar studies in the future. Other studies have focused
on combinational therapeutic approaches with the aid of
internal, external, and internal-external stimuli. A shiny exam-
ple is the combination of chemotherapy and PTT against breast
cancer, which had promising results, not only inhibitory
growth effects but also tumor ablation. Other examples are
the combination of PDT/PTT and PTT/immunotherapy. PDT
alone suffers from weakened efficacy when it comes to hypoxia
regions of tumors whereas applying PTT solely is not strong
enough for a complete tumor ablation. A combination of PDT
and PTT was shown to compensate for the drawbacks of each
and yielded strong antitumor results. PTT derived from BP-
based nanomaterials has also been shown to activate the host
immune system to fight back cancer cells and distant tumors
caused by breast cancer. Apart from dual-therapy, a few studies
have stepped further to come up with triple-therapy packages
including chemotherapy + PTT + PDT. Although the synthesis
procedures are more complicated and time-consuming and the
full potential requires applying laser irradiation with two
wavelengths, the results are promising, and complete tumor
eradication was obtained which cannot be seen in every study.
Regeneration of breast tissue at the same time or after breast
cancer therapy has received less attention through BP and it is
expected that this point will be taken into consideration for
future studies.

Followed by breast cancer, other types have recently been
targeted through BP including glioblastoma, melanoma, pros-
tate, and osteosarcoma, but the rest—liver, colorectal, lung,
cervical—have yet to be fully assessed. The development of
BP-based biomaterials for brain cancer has been impressive in
recent years. The main obstacles can be crossing the blood-
brain barrier and targeting glioblastoma cells and various
strategies have been taken like conjugation of specific peptides
and even applying NIR. A study has simulated the blood-brain
barrier through the formation of human umbilical vascular
endothelial cells in transwells to assess if the nanoparticles
were able to diffuse throughout the membrane and an inter-
esting outcome was an improvement in the penetration rate
once the NIR had been applied and hyperthermia was induced
by BP.>'° Other platforms and approaches were also designed
for brain cancer like neodymium-doped BP, which showed
improved NIR imaging and ROS formation, and Fe**-doped
BP for photoacoustic therapy through inducing mechanical
shockwaves. The overall outcomes show a bright future over
BP-based brain cancer therapy. Skin and bone cancers are those
for which BP has been applied as a therapeutic and regenerative
platform. Generally speaking, tumors diagnosed in both cases are
removed through surgery and the remaining cancerous cells
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could be successfully eradicated through the PTT potential of
BP. Apart from this, BP is capable of accelerating tissue regenera-
tion, which plays two important roles in these cases.

Despite these great advancements and developments BP
cancer therapy, there are major problems and challenges that
require careful scrutinizing to facilitate the clinical translation
of BP. There are some contradictory in vitro and in vivo results
among most studies which can be attributed to the physico-
chemical properties of synthesized BP. The thickness and size
of yielded BP nanosheets cannot be controlled throughout the
exfoliation procedure. Another problem relates to the low yield
of BP with time-consuming and expensive procedures limiting
its applicability; this should be addressed since large-scale
production of BP requires minimization of batch-to-batch
variation and quality control. Future studies must target
this challenge besides the BP’s application and come up with
other synthesis routes and electricity-mediated approaches and
microwave-assisted synthesis techniques should be more
adopted because the parameters can be easily controlled with
minimized variation.

Referring to the surveyed studies in the present review, the
selective anticancer activity of BP may not be enough for tumor
ablation. The injection route should also be taken into account;
intravenous injection of bare BP throughout bloodstream can-
not obtain desirable tumor accumulation and may require
increase in the concentration. Despite the biocompatibility of
BP, which has been frequently reported, it has been revealed
that applying BP with a concentration of 25 mg kg™' in vivo
decreased the survival rate down to 67%, and doubling this
concentration completely caused the mice to die (0% survival
rate) due to phosphate overdose.'®® The injection of bare BP
intratumorally may yield the desirable therapeutic outcomes
with a competitively lower dose of BP, but significantly limits
the BP applications. Therefore, the long-term effects (about half
a year) of BP in vivo must be carefully tracked and the in vivo
models should be gradually steered from mice towards larger
animals before translation towards clinical settings and instead
of single therapy, which no longer is capable of addressing
the actual needs of a patient, combinational therapy must be
substituted.

In tissue regeneration and cancer therapy, the future trajec-
tory of BP nanomaterials depends on perfecting liquid-phase
exfoliation (LPE) methodologies to achieve consistent and
reproducible production with high yields. The optimization of
different parameters such as solvent selection, exfoliation
techniques, and surface functionalization methods is critical
to achieving BP flakes with uniform properties, which are essen-
tial in these fields. One area of exploration involves refining LPE
methodologies to ensure consistent and replicable production of
BP nanomaterials with high yields. This pursuit requires careful
optimization of various factors, including solvent selection, exfo-
liation methodologies, and surface functionalization techniques.
Researchers are trying to optimize these processes to obtain
BP flakes with uniform properties including size, morphology,
and surface chemistry, which are critical for biomedical
applications.
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Furthermore, there is a growing emphasis on developing
scalable and economically viable production procedures for BP
nanomaterials. By combining robust LPE methodologies with
innovative synthesis and purification strategies, researchers
aim to generate BP flakes in substantial quantities without
compromising quality. Such scalability is essential for the
transition of BP-based biomedical technologies from labora-
tories to clinical environments, where constant and reliable
access to materials is paramount.

Additionally, advancements in surface functionalization tech-
niques enable the customization of BP nanomaterials for specific
biomedical applications. By modulating the surface chemistry of
exfoliated BP flakes with biocompatible agents such as polymers
or targeting ligands, researchers can fine-tune their properties to
achieve desired functionalities. These functionalities may include
extended circulation times, targeted delivery to specific tissues,
or enhanced cellular uptake, thereby expanding the range of
biomedical applications for BP nanomaterials.

In addition, the emerging field of therapeutics, which com-
bines therapy with diagnostics, offers exciting prospects for BP
nanomaterials. BP-based nanomaterials could be designed to
simultaneously deliver therapeutic agents and enable real-time
monitoring of treatment response through imaging modalities
such as photoacoustic imaging or NIR fluorescence imaging.
This integrated approach could lead to more personalized and
effective cancer treatments. Furthermore, the development of
combination therapies involving BP nanomaterials is very
promising. By combining BP-mediated therapies with conven-
tional ones such as chemotherapy or immunotherapy, syner-
gistic effects can be achieved, improving overall treatment
efficacy and overcoming mechanisms of drug resistance.

Overall, the future of BP in cancer therapy is bright, with
ongoing research efforts focusing on exploiting its unique
properties for targeted and multifaceted therapeutic appro-
aches. As our understanding of BP’s interactions with biological
systems continues to deepen, we can expect to see increasingly
innovative and effective applications in the fight against cancer.
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