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-based diagnostics and
therapeutics in acute lymphoblastic leukemia:
a systematic review of preclinical studies†
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Amene Saghazadeh fg and Nima Rezaei *fgh

Background: Leukemia is a malignant disease that threatens human health and life. Nano-delivery systems

improve drug solubility, bioavailability, and blood circulation time, and release drugs selectively at desired

sites using targeting or sensing strategies. As drug carriers, they could improve therapeutic outcomes

while reducing systemic toxicity. They have also shown promise in improving leukemia detection and

diagnosis. The study aimed to assess the potential of nanotechnology-based diagnostics and

therapeutics in preclinical human acute lymphoblastic leukemia (h-ALL). Methods: We performed

a systematic search through April 2022. Articles written in English reporting the toxicity, efficacy, and

safety of nanotechnology-based drugs (in the aspect of treatment) and specificity, limit of detection

(LOD), or sensitivity (in the aspect of the detection field) in preclinical h-ALL were included. The study

was performed according to PRISMA instructions. The methodological quality was assessed using the

QualSyst tool. Results: A total of 63 original articles evaluating nanotechnology-based therapeutics and

35 original studies evaluating nanotechnology-based diagnostics were included in this review. As

therapeutics in ALL, nanomaterials offer controlled release, targeting or sensing ligands, targeted gene

therapy, photodynamic therapy and photothermic therapy, and reversal of multidrug-resistant ALL. A

narrative synthesis of studies revealed that nanoparticles improve the ratio of efficacy to the toxicity of

anti-leukemic drugs. They have also been developed as a vehicle for biomolecules (such as antibodies)

that can help detect and monitor leukemic biomarkers. Therefore, nanomaterials can help with early

diagnostics and personalized treatment of ALL. Conclusion: This review discussed nanotechnology-

based preclinical strategies to achieve ALL diagnosis and therapy advancement. This involves modern

drug delivery apparatuses and detection devices for prompt and targeted disease diagnostics.

Nonetheless, we are yet in the experimental phase and investigational stage in the field of nanomedicine,

with many features remained to be discovered as well as numerous problems to be solved.
1 Introduction

Acute lymphocytic leukemia (ALL) is a kind of leukemia that
develops when lymphocytes in bone marrow (BM) proliferate
abnormally.1–8 It is divided into two types based on the cell of
origin: B-ALL and T-ALL. There are four stages of the treatment
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for ALL, which usually take two to three years: induction,
consolidation, intensication, and long-term maintenance.
Besides, routine CNS prophylaxis is proposed, and allogeneic
hematopoietic stem cell transplantation (Allo-HSCT) stands as
the standard consolidation treatment in high-risk patients with
an available donor.7–11 If not treated, the leukemic cells are
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distributed to the blood circulation system and subsequently to
vital body organs. Moreover, liquid tumors, such as leukemia,
cannot be surgically removed, unlike solid tumors.4 Current
treatment regimens face signicant obstacles, including (i) the
need to use a high amount of agents to guarantee their delivery
to target cells, (ii) the requirement to combine numerous agents
to boost therapeutic efficiency and diminish the multidrug
resistance (MDR) process, and (iii) the destruction of healthy
tissues and drastic toxicity.2–4,12–14 It has been demonstrated that
while standard therapy can eliminate the bulk of the disease cell
population, several resistant leukemic stem cells (LSCs) remain
alive, leading to chemoresistance and unfavorable side
effects.1–4,15,16 There is a high societal cost in terms of healthcare
and the quality of life for patients from the start of treatment
until unending relapse-dependent therapy.6 As a result, nding
and developing smart delivery methods that efficiently preserve
and distribute therapeutic medications, improve targeting
capabilities, and accomplish controlled release are critical to
healing leukemia.2–4,17–19

Conventional detection methods show some restrictions,
such as being costly, laborious, and time-consuming.20 They
require a set of elaborated devices while suffering from low
sensitivity and need several processing phases, which makes
them unfavourable for easy and fast medical monitoring or
analysis.21 Hence, due to the demand for the discovery of better
diagnostics and treatment approaches with the highest possible
specicity and efficiency and minor toxicity, researchers are
trying to develop modern strategies.13

Nanotechnology has recently been developed as a delivery
system. A system with a size of 1–1000 nm is referred to as
a nanosystem. It rst appeared in the medical area in the 1990s,
giving rise to nanomedicine. Nanotechnologies can encapsulate
and distribute hydrophobic compounds that are difficult to
freely administrate and enhance their solubility and biocom-
patibility.2,19,22 The materials used for nanosystems must be
biocompatible, non-toxic, biodegradable, and sufficiently stable
for in vivo administration.2,9,10,12,15,19,23,24 Nanomaterials also
become great micro-spectroscopic contrasting agents or labels
for imaging,9,15,19,25,26 which helps in fast, specic, and sensitive
diagnostics and is benecial in the discovery of minimal
residual diseases (MRDs) aer treatment.27 Their extremely
large surface areas give them multifunctional capability to load
several therapeutic drugs accompanied by other factors like
stealth agents, targeting elements, triggering strategies,
magnetic features, or imaging traits. The multifunctional trait
of nano-delivery complexes has been more studied in devel-
oping theranostic (therapeutic + diagnostic) strategies for
attacking cancer through encompassing a multitude of drug
agents with imaging probes to monitor and scan the thera-
peutic agents distributed in the body.12,16,28–30 Theranostics
provides real-time evaluation of the growth or spoiling of cancer
cells.28,29 However, non-viral nanoparticle delivery methods are
still in the experimental stage. Several issues are to be
addressed, including side effects, controlled release, targeted
therapy, and the possibility of combinatorial therapy.2–4,10,31

This study systematically evaluated preclinical human-ALL
research to explain the potential benets and limitations of
572 | Nanoscale Adv., 2023, 5, 571–595
nanomaterial application and provide an overview of their
diagnostic and therapeutic efficacy and possible toxicity in vitro
and/or in vivo. To our knowledge, this is the rst in-depth
systematic review of the literature on the function of nano-
systems in preclinical h-ALL.

2 Methods

This study followed PRISMA instructions.32

2.1. Data sources

Electronic databases were used to conduct the literature search
(PubMed, Scopus, and ISI Web of Science). The search was
conducted using a set of keywords relevant to nano-based
materials and their use in treatment or detection applications.
The database search had no time limit and occurred on April 15,
2022. ESI File 1† includes database search terms for each
database.

2.2. Data sources

During the study selection, a two-stage method was followed.
The review writers assessed the title, abstract, and keywords
against the qualifying criteria in the rst step. If the studies
were eligible or doubted to be included, they were selected for
the second stage of the review, i.e., detailed review. In the
second step, the full text of the articles was reviewed, and the
review authors evaluated the studies if they satised the eligi-
bility criteria. Any discrepancies between reviewers were
handled following discussion and agreement.

2.3. Eligibility criteria

Studies were included if they met the following criteria: (1) were
written in English with the full text available; (2) used human-
ALL as the objective disease; (3) were studied in vitro by using
cellular lines and/or in vivo by using animal models; (4) research
papers offered at least one treatment plan and/or one detection
plan in comparison to routine approaches. Review articles were
excluded. Interventions directing therapeutic substances
coupled with nanostructures were of interest.

2.4. Data items and quality assessment

We created a data extraction sheet that was pilot tested and
optimized for gathering data for this review. The information
obtained from each selected paper included: (1) in vitro and/or
in vivo patterns used, comparing the free drug effects against
their nano-conjugations; (2) theranostics results depicted in
words of diagnostic/therapeutic plans used, and therapeutic
efficiency gained (determined by cellular viability, tumor size/
volume diminution or histological examinations); (3) toxicity
effects (also determined by cellular viability, animal survival
rate or animal weight variations, or histological examinations);
(4) nanomaterials as diagnostic tools in monitoring leukemic
cells (also determined by specicity, sensitivity or LOD).

The studies were selected by full-text evaluation. Then, two
reviewers separately assessed them for methodological quality
© 2023 The Author(s). Published by the Royal Society of Chemistry
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based on criteria taken from the QualSyst tool for quantitative/
qualitative research33 to meet the prerequisites of the present
systematic review (Table S1 ESI†). All selected studies covered
the minimum threshold for inclusion.
2.5. Outcomes

The primary outcomes were those associated with therapeutic
effects and diagnostic applications. Therapeutic efficacy in vitro
is assessed using tumor cell IC50/viability or differentiation
status and the extent of tumor growth regression. In vivo, the
quality of mice life, survival rate, remission status, event-free
survival (EFS), overall survival (OS), and relapse rate apply for
treatment evaluation. Secondary outcomes included the
toxicity, side effects, and safety of the proposed nanomaterial
systems for therapeutic reasons. The LOD, sensitivity, and
specicity were of interest for detection purposes.
3 Results

The PRISMA ow diagram displays the study selection process
(Fig. 1). Of 2804 studies found from PubMed, Web of Science,
Fig. 1 PRISMA flow diagram of study selection.

© 2023 The Author(s). Published by the Royal Society of Chemistry
and Scopus, 242 were removed as duplicates, and 2562 were
screened. According to dened exclusion criteria, 2410 studies
were excluded through abstract/title screening. One hundred
and y two studies for treatment and detection were consid-
ered for the full-text evaluation, and 54 studies were also
excluded because of not satisfying the inclusion criteria, using
other cell lines instead of humane ALL (n = 5),34–38 not being
totally relevant to our objective, or lacking detailed and obvious
data (n = 23 for treatment;39–61 n = 14 for detection)20,62–74 and
not having full-text publications available (n= 12).64,75–85 Finally,
63 articles matched the inclusion criteria for the treatment
section (n = 63) and 35 articles for the detection section (n =

35). Tables 1–6 summarize the characteristics and ndings of
the studies included.
4 Discussion

Although the study designs, interventions, and duplicated
results differed substantially, our team tried to descript
systematically the results of the included studies (organized in
Tables 1–6). We also tried to discuss their correlations, and
Nanoscale Adv., 2023, 5, 571–595 | 573
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limitations, in a feasible qualitative evaluation as an alternative
of a meta-analysis. The intention of this systematic review was
to study the therapeutic, diagnosis and theranostic effects of
various nanomaterials on human Acute Lymphoblastic
Leukemia (h-ALL) pre-clinically. This systematic study was
conducted since the NP system has not been analyzed in the
aspect of either the therapy effect or diagnostics, and without
this conception, the NP role in both the features is
compromised.
4.1. A brief overview of nanotechnology tools

It is worth to have a brief introduction of nanomaterials with
their division in two main categories of organic and inorganic
groups.

Organic nanoparticles (including PEG, liposomes, micelles,
polysaccharides, proteins, and dendrimers) are usually
biocompatible and biodegradable. Their high surface-to-
volume ratio allows them to load many pharmaceuticals,
while their surface chemistry and chemical features enable
them to release the loaded molecule in a regulated control
manner.15,86 Pegylated nanoparticles (polyethylene glycol, PEG)
may circulate in the bloodstream for a long time, namely as
“stealth particles,” since they can elude immune system detec-
tion and clearance.87,88

Liposomes are used as a drug delivery vehicle because of
their unique ability to solubilize water-insoluble organic
compounds, preserve pharmaceuticals from degradation, are
straightforward to transport to the target location, and have low
nonspecic toxicity. The liposome is kept in the circulation in
typical healthy tissues because endothelial cells' tight connec-
tions prevent particles from leaking out of the channel.10,89

Generally, with a hydrophilic PEG shell, polymeric micelles are
an excellent drug delivery strategy for weakly water-soluble
anticancer medicines. The polymeric micelles circulate in the
blood for a long period and aggregate more at the tumor site,
resulting in a more consistent drug release prole.10,89

Natural biopolymers include polysaccharides (chitosan) and
protein nanoparticles like transferrin (TF) and albumin.90–92

Human serum albumin (HSA) nanoparticles with free func-
tional groups on their surfaces can be modied to increase
complex stability or targeting ability.74,93 Because tumor tissues
have a faster metabolic rate and utilize HSA as a nutrient,
signicant amounts of HSA accumulation occur in cancer sites,
making it an ideal carrier for anti-cancer medication
delivery.12,94 HSA's intrinsic autouorescence is accompanied by
several drug binding sites as a natural carrier of therapeutic
molecules, making it a suitable biological theranostic agent.74

A dendrimer is a polymer nanocarrier with a spherical center
and regular branches around it. Various generations of den-
drimers were created by modifying the chemical groups on their
surfaces (e.g., charge, basicity, and hydrogen bonding capa-
bility). Dendrimer–drug conjugates are also made by covalently
connecting an antineoplastic agent to dendrimer's peripheral
groups.89,91 As a result, many drug molecules may be attached to
each dendrimer molecule (multivalent), and the type of the
connection bonds aids in the control of therapeutic molecule
© 2023 The Author(s). Published by the Royal Society of Chemistry
release.89 Multivalent interactions can overcome monovalent
ones that are innately weak.95 Another advantage of the den-
drimer is attachment and assembling with DNA clusters (i.e.,
DNA PAMAM).16,89

Inorganic nanoparticles have a wider range of size and
composition-dependent physical characteristics, making them
ideal for biological applications, including cell imaging and
molecular detection. However, because they are less biocom-
patible, they are frequently mixed with organic materials for
nano-safety. Many forms of inorganic nanoparticles, such as
carbon nanotubes (CNTs), quantum dots, magnetic nano-
particles, silica-based, and noble metal nanoparticles (gold and
silver, in particular), are employed in anti-cancer applications.
These plasmonic-active nanoparticles with strong near-infrared
(NIR) resonances can be effective light-to-heat converters for
initiating hyperthermia inside living cells. Due to their high
surface-to-volume ratio, they can also transport many different
chemicals and pharmaceuticals for delivery
applications.15,16,96,97

The construction, supercial area, mechanical rigidity,
metallic properties, conductivity (both electrical and thermal),
and ultra-light weight are some unique physical and chemical
characteristics of CNTs. They display higher drug loading than
standard liposomes and dendrimer drug carriers based on their
large specic surface area. CNT-based medication delivery
improves the solubility, blood circulation, and effective regu-
lation of therapeutic release, resulting in lower doses and
higher medicinal efficacy. They can be excreted from the body
by the kidneys.15,89

Quantum dots (QDs), 2–10 nm semiconducting materials,
were rstly introduced in 1980. Compared to traditional uo-
rescent immunolabelling, Ruan et al. found that QD-based
immunolabelling had a more constant photo-intensity leading
to signicant time and cost savings. Moreover, QD signals have
a more selective and brighter photostability than typical organic
dyes. Multiplexed cancer biomarker imaging in situ on intact
tumor tissue specimens for tumor pathology analysis at the
histological and molecular levels is possible with QD-based
nanotechnology. Compared to typical immunochemistry
experiments, QD immunostaining has been more accurate in
detecting low protein expression levels accompanied by
a reduced background. QDs have the potential to replace
untargeted drug delivery and thereby reduce chemotherapy's
undesired effects.16,89,91
4.2. Nanomaterials as therapeutics in ALL

Although the study designs differed substantially, we tried to
systematically descript the included therapy related studies'
results (Tables 1–3) and discuss their correlations and limita-
tions in a qualitative manner.

4.2.1. Controlled release. Aside from protecting the medi-
cation agents from the outside milieu and successfully targeting
the tumor location, the controlled release of the drug content of
the nanosystem is one of the most important aspects of drug
delivery approaches.15,17,98 Because drug concentrations can
uctuate considerably between sub-therapeutic and hazardous
Nanoscale Adv., 2023, 5, 571–595 | 575
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levels, this condition frequently leads to chemotherapy failure,
necessitating continuous drug administration to the patient. In
controlled-release delivery, on the other hand, the drug
concentration does not uctuate and has been found in
concentrations that produce benecial effects, even with
reducing the amount of drug supplied99–101 and consequently
reducing side effects by maintaining a near-steady drug
concentration at the intended leukemic cell.24 Inadequate
chemotherapeutic drug delivery to tumor tissue can result in
tumor cell renewal and even the creation of resistant cells.102

Drug content liberation from nanocarriers can be stimulated by
certain microenvironmental parameters at the target location
(e.g., pH changes22,103–113 and enzymatic activities114) or by
external stimuli (e.g., heat,115 light,115 electric and magnetic eld
or ultrasound)15,116 (Fig. 2) as summarized in Table 1. The pH
gradient between distinct cell compartments provides the basis
for pH-mediated agent release at the cellular level. When
nanoparticles enter cells by endocytosis and travel from the
prime endosomes to the lysosomes (pH 4.5–5), the pH drops
dramatically. Researchers have created a variety of pH-
responsive nanosystems to apply acidic pH to control the drug
release rates.15,59,117 Indeed, numerous contacts (such as
hydrogen bonds, electrostatic, covalent, noncovalent, hydro-
phobic, and p–p stacking interactions) between nanoparticles
Fig. 2 Control release: drug content liberation from nanocarriers can b
location (e.g., pH change and enzymatic activities) or by external stimuli
targeting ligands can specifically attach to the malignant cell (e.g., mon
nanoparticle formation of targeted gene therapy agents (e.g., siRNA and
stability and/or concentration. MDR (multi-drug resistance). Free small dr
cell membrane, and they come into contact with membrane proteins su
target cell. Lipid packing density and velocity can affect diffusion through
permeability by delivering therapeutic agents into cancer cells withou
circumvent this resistance mechanism.

576 | Nanoscale Adv., 2023, 5, 571–595
and drug agents are utilized as triggering approaches for a pH-
dependent liberation. Doxorubicin (DOX), the most oen used
medication displaying positive charges at physiological pH,
favors an electrostatic interaction with negatively charged
nanoparticles.106,118,119 In the acidic milieu of the endosomal
cavity, another study presented a triggering method by aptamer
conjugation mediated with a pH labile linker.106 Because Single
Wall NanoTubes (SWNTs) have many delocalized p electrons,
their external layers can be easily functionalized by p–p inter-
actions with drugs possessing a p-electron-rich structure like
Daunorubicin (Dau). By protonation of –NH2 groups, acidic pHs
improve hydrophilicity and increase drug solubility to be
released from nanoparticles.107 Only one study showed that 6-
MP was more soluble in an alkaline environment than in an
acidic one since the ester link of PLGA was easily dissolved
under basic circumstances.111

It has been observed that many tumor cells overexpress
certain proteases such as cathepsin and matrix metal-
loproteases. CALLA is an endoprotease known as NEP
(E.C.3.4.24.11.) related to refractory ALL. Accordingly, a dipep-
tide linker was employed to conjugate adriamycin (ADM) to be
cleaved selectively with the CALLA tumor-specic enzyme.114

Chemically induced drug liberation, such as glutathione (GSH)-
mediated release, is an ordinary strategy in drug delivery
e stimulated by certain microenvironmental parameters at the target
(e.g., heat, light, electric and magnetic field or ultrasound). Targeting:
oclonal antibodies (mAbs) or sgc8 aptamer). Targeted gene therapy:
TKIS) increased their anti-leukemic potency by enhancement of their
ugs move into malignant cells through passive transmission across the
ch as drug efflux pumps leading to less than optimum amounts in the
themembrane. Increasedmembrane fluidity implies considerable drug
t relying on specific receptors or channels, and nanoparticles can

© 2023 The Author(s). Published by the Royal Society of Chemistry
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because of signicant intracellular and extracellular variation of
GSH amounts in some tumor cells. GSH can break disulde
bonds between drugs and nanocarriers and permit them to be
released.15,120,121

Release methods dependent on particular changes in the
surrounding media, such as pH, may, on the other hand, result
in unpredicted distribution of payloads to different cellular
sites and cell types. Developing a nely responsive system that is
sensitive to minor environmental changes remains a key issue.
As a result, far-away triggers that can be regulated exogenously
come into the scene.115 For example, a heat-dependent drug
liberation can be designed in the nanosystem coupled with
a temperature-sensitive polymer.15 The temperature-dependent
laser light causes the slow release of Dox molecules from the
nanocarrier hp-AuNP by the input photon energy leading to
a local photothermal heating reaction (hyperthermia).115

Several nanoparticles that selectively and serially react to two
or more stimuli have been created to increase controlled drug
release. Various combinations of stimuli were tested with acti-
vation by synchronic triggers in one cellular area or in a serial
manner as the particle moves through different biological
sections. These strategies resulted in greater drug release,
which promised curative efficiency improvement.15,59,115

Last but not least, it is worth mentioning that drug diffu-
sion,100,102,122 solvent,122,123 degradation, erosion,99 swelling, and
selective burst,74,111,120 in addition to stimuli-controlled release
are some strategies of drug release from nanocarriers. As more
water enters the nanocapsules, water–polymer interactions
become more likely than polymer–polymer interactions,
causing the separation of polymer chains and disassembly of
the nanoparticle in the erosion release prole.99 The slow and
sustained release of the drug encapsulated within the stable
Table 2 List of targeting factors used to functionalize nano-conjugated

Ligand/nano-drug target Function

Anisamide (AA)126 Targets overexpressed
Sgc8 (94, 103, 104, 106–109, 112, 113, 115,
118–121, 128, 141 and 194)

Targets PTK7 (protein
overexpressed in T-AL

Anti-CD19(Ab)131,133,195 Targets CD19 overexp
NL-1 antibody114 Targets overexpressed

cells
Anti-CD3e f(ab')2 fragments132 Targets CD3 on T-cel
Heptapeptide DT7, transferrin90,136 Targets the transferri

named CD71) overexp
Peptidomimetic LLP2A125 Targets activated a4b

childhood ALL cells
Nonapeptide CD21 (CR2)135 Targets CD21 (CR2)
CD22DE12 SiRNA50,146 Targets CD22DE12 in
WHI-P131 (ref. 87) Targets tyrosine kina

activation of some im
proteins

C61 (ref. 145 and 146) Targets the SYK inhib
ALL cells

Dasatinib129 Targets LCK tyrosine
Amino acid L-Phe150 Targets Pyruvate kina

level

a ND: not determined.

© 2023 The Author(s). Published by the Royal Society of Chemistry
core of serum albumin nanoparticles may be preceded by a fast
initial burst release or erosion due to the breaking of the
surface-adsorbed drug.74 The PEG section also plays a key role in
controlling the drug release rate that ensures prolonged release,
which may cause drug diffusion and dissolution from the
reservoir to be slow and sustained.24,109 Generally, the quick
release is thought to aid in achieving effective blood concen-
trations and promoting immediate illness alleviation, while the
sustained release aids in maintaining a stable blood concen-
tration. As a result, a lengthy exposure duration maintains
signicantly larger agent concentrations in the cells, resulting
in more damage and increased cell death.111

4.2.2. Targeting or sensing ligands. Various types of
nanogates permit the liberation of loaded drug agents into
a peculiar milieu in reaction to different stimuli. Some stimuli
can be operated in both tumor and normal cells because of little
variations. In this case, targeting or sensing ligands are helpful.
They can precisely attach to malignant cell overexpressed
receptors (Fig. 2). Therefore, the uptake of normal cells or off-
target destruction diminishes.6,12,15,16,121,124,125 All of the target-
ing tactics applied in the literature reviewed have been pre-
sented in Table 2. A higher chemotherapeutic drug
concentration, longer exposure duration, and ultimately
enhanced cytotoxicity arise from high absorption of the targeted
particles by leukemia cells.103,104,113,126 Total body irradiation
(TBI) has been routinely performed in pre-transplant manage-
ment since the 1960s to treat leukemia because of its success
and ability to penetrate too deeply into sanctuary sites.
However, the utmost limit of this technique is toxicity to non-
target tissues.127 The release of the photosensitizer from
specically targeted nanoparticles also produced high toxicity
drugs and direct them to leukemia cellsa

Internalization mechanism

sigma receptors ND
tyrosine kinase-7)
L cells

Internalized via endocytosis

ressed in B-ALL cells Internalized via endocytosis
CALLA (CD10) in B-ALL Internalized via endocytosis

ls Internalized via endocytosis
n receptor (TfR, also
ressed in T-ALL cells

Internalized via endocytosis

1 integrin expressed on Internalized via endocytosis

Internalized via endocytosis, pinocytosis
aggressive B-ALL cells None
se JAK3 that regulates the
portant oncogenic

None

itor in the resistance B- None

kinase None
se, PK, to reduce the ROS None
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to target cells along with little toxicity to non-target cells that
faced irradiation light.115,128–130

Several chemical techniques for targeting the functionaliza-
tion of nanomaterials with particular monoclonal antibodies
(mAbs) for specic recognition of cell-surface proteins have
been discussed.114,131–134 Pendant-type immunoliposomes
covered with a mAb demonstrate a greater internalization effi-
ciency than immunoliposomes with antibodies covalently
attached to the nanosystems.131 Small benzamides, such as
anisamide (AA), can also target overexpressed sigma receptors
in various human cancer cell types.126 Due to the upregulation
of receptors on the surface of cancer cells, targeted nano-
particles can discriminate between cancer and normal cells.95 In
this review, we can point to some peptidomimetic ligands with
high affinity and high specicity like LLP2A against activated
a4b1 integrin,125 a nonapeptide for CD21 (CR2),135 and hepta-
peptide DT7, as a new target for the transferrin receptor (TFR or
CD71 which is highly expressed in T-ALL cell lines).136

Because ALL is a liquid tumor, passive targeting through the
increased permeability and retention (EPR) effect is not appli-
cable. The gathering of non-targeted nanoparticles in the liver
and spleen can be benecial in the treatment of ALL, which are
the main organs for leukemic blast accumulation and prolif-
eration. In contrast, nanoparticle accumulation reduces its
active ltration or clearance by organs like lungs and kidneys.17

The biology and cytotoxicity effects of nanoparticles are gov-
erned by their physicochemical qualities. For example, the
charge of the nanostructure has been linked to the interactions
with various cellular characteristics or receptors and causes
distinct results in target cells. Thus, nanostructures prefer
cancer cells to PBMCs (despite sharing the same origin with
leukemic cells).105,137,138 However, the absence of targeting
ligands restricts the uptake rate of leukemic cells, mostly in vivo,
regardless of their existence in the systemic circulation ow.17

The IC50 values of some drug-conjugated nanoparticles of
therapeutic agents were similar to or higher than those of the
free drug in some studies.17,94,102,108,109,111,119,120,122,123,128,131,134 A
possible explanation is that the special receptor for conven-
tional drugs (e.g., multidrug and toxin extrusion protein 1,
MATE1, accepting imatinib as a substrate) is not available
within the nanosystem formulation.139 Furthermore, the drug–
nanoparticle complex may represent a negatively charged
nanomaterial similar to the charge of the cell membrane, and
consequently, it is impossible to be taken up via passive
processes. Thus, without targeting the nanoparticles, the drug
uptake and efficacy may be diminished.119 Finally, even in
targeted-nanoparticle ones, the nanoparticle must rst be
internalized via endocytosis or phagocytosis and then released
into the space.102,111,115,140 In contrast to the time delay for
cellular uptake and release of drugs from nanosystems, free
drugs diffuse immediately. IC50 values are inuenced by the
drug toxicity and the cell viability, as the termination point. A
time delay for cytotoxicity induction is an important item in
accepting the absence of signicant differences in the IC50
values between free and encapsulated forms.17,74 The internali-
zation mechanisms of nanoparticles include macro-
pinocytosis,135 caveolin,119 and clathrin-dependent15
578 | Nanoscale Adv., 2023, 5, 571–595
endocytosis.133 Targeting agents usually enter cells via receptor-
mediated endocytosis (RME).107,118,136

It has been shown that targeted drug delivery may not
signicantly change the cell viability or drug's intracellular
concentration compared to the drug alone. In contrast, high
toxicity and intracellular drug concentration were seen in the
drug–targeted-nanoparticle complex.107 It can be explained by
the fact that the large surface area of nanoparticles offers the
possibility of the presence of multiple building blocks of the
targeting ligand.104

The Sgc8 aptamer is the most commonly used targeting
ligand in the studies evaluated in this review. It binds speci-
cally to PTK7, a transmembrane receptor protein tyrosine
kinase and a potential biomarker for T-
ALL.94,103,104,106–109,112,113,115,118–121,128,141,142 Moreover, PTK7 knock-
down suppresses the Wnt signaling pathway, affecting cell
proliferation and tumorigenesis.142 The more stability of
aptamers rather than antibodies makes them suitable for
difficult conditions such as high temperatures.143 Moreover,
aptamers have a smaller size relative to antibodies, leading to
more and faster penetration into cancer tissues.94 Some studies
used aptamers as both drug delivery carriers and targeting
ligands.103,104,106,141 However, besides the high cost, it is neces-
sary to point to its renal ltration and nuclease degradation in
the biological environment. Researchers are trying to make
modications to further improve aptamers' properties, like
conjugating them to nanoparticles.1,103,104,142 Besides, a high salt
concentration in biological liquids could aggregate nano-
particles (e.g., AuNPs or SWNTs). Conjugation with an aptamer
could enhance the solubility of nanoparticles and prevent them
from aggregation.103,104 A poly-aptamer–drug complex as a poly-
valent aptamer complex displayed noticeably more efficiency
than its monovalent analog in both cytotoxicity and selectivity
as opposed to leukemia cells because of the amplied binding
affinity of multivalence.94,103,118,142 The feasibility of incorpora-
tion of multiple drug molecules within one aptamer was
assumed. Although this operation is relatively impossible in the
usual mAb-based immunoconjugate methodology, the IC50 of
sgc8c–3Dox compared to that of sgc8c–Dox with target cells
showed no signicant difference, which was less than expecta-
tions. This phenomenon was attributed to the reduced binding
space and, as a result, the ability of the aptamer in the form of
sgc8c–3Dox to bind to target cells.106

Most nanoparticle formulations decorated with target agents
enhanced the anti-leukemic effect in vitro and in vivomore than
typical drug solutions. Leukemic mice that underwent the
treatment of drug–targeted-nanoparticles lived longer and
exhibited lower obvious systemic toxicity thanmice treated with
traditional free therapeutic agents.108,109,120,121,133

An ideal and most favorable nanoparticle system would put
together the high stability level of drugs with high loading
proportions to reduce the amount of the drug content essential
for administration and improve the selectivity for target tissue
sites.124 Some studies showed that drugs nanoencapsulated
without targeting ligands have more potent anti-leukemic
activities than free ones. The nanomaterials utilized included
dendrimers,100,138 chitosan (CS),99,105 human serum albumin
© 2023 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles (HSA),94 liposomes,126 and polymer PLGA-PEG.144

The following factors can explain the improved efficacy of
nanoencapsulation: (i) a high rate of metabolism in tumor cells
and, as a result, higher consumption of nanomaterials (e.g.,
HSA) as a source of energy,94 (ii) protection of agents attached
from enzymatic degradation in biological media,92,126,138 and (iii)
improved uptake, better internalization properties, control, and
sustained release mediated by nano-
encapsulation.99,100,105,122,126,144 Poor aqueous solubility limits the
hydrophobic chemotherapeutic drugs' utility, leading to accu-
mulation and aggregation in biologic environments.
Biomaterial-based strategies can address this problem and help
as drug delivery apparatus by increasing drug
uptake.74,99,100,122,138,144 Cationic nanoformulations interact
strongly with negatively charged cell membrane surfaces for
immediate internalization.105,126,138

Albumin-bound molecules aggregate preferentially in
tumors due to the secretion of the albumin-binding SPARC
(secreted protein, acidic, and rich in cysteine) protein. The
reduced apoptosis of cells might, on the other hand, be due to
albumin's well-known anti-apoptotic actions.74

Instead of passive diffusion of the medication across the
membrane, encapsulating the drug in liposomes permits it to
be delivered into the cells' interior by vascular fusion with the
membrane.90 The trafficking channels and amounts of enzymes
for cleaving drugs from their carrier differ in leukemic and
normal cells. The conjugate's cellular accumulation depends on
the drug inux and efflux activities. Free drugs were usually
transported quicker to leukemic cells than their conjugate.
Additionally, the rate of drug-conjugated efflux in leukemia cells
was lower than in free ones, while they were equivalent in
normal PBMC.90

4.2.3. Targeted gene therapy. Targeted therapy is a type of
treatment that works by disrupting the main molecules that
cause leukemia. The primary treatment strategies are small
molecule inhibitors that target gene mutations and key
signaling pathways and antibodies or antibody–medicine
conjugates that target cell surface molecules. Non-
hematological side effects and drug resistance mechanisms
may result in a decrease in the clinical therapeutic efficacy and
application. However, nanoparticles specically loaded with
antibody medications improve leukemia cell killing efficacy,
have higher specicity than regular antibody therapies, and
considerably reduce leukemia recurrence.4 This review included
seven studies involving different target therapies that used
Liposomal NanoFormulation50,87,110,131,132,145,146 and demon-
strated that nanoparticle formation signicantly increased their
anti-leukemic potency in vitro and in animal models without
adding serious unwanted toxicity, as discussed below (Fig. 2).

Although high-dose imatinib, a BCR-ABL tyrosine kinase
inhibitor, was recommended to overcome imatinib resistance,
it had to be stopped due to toxicity. The IC50 of imatinib-PEG-
liposomes (liposomal nanoparticles (LNPs)) was greater than
that of free imatinib, which can be explained by the nano-
material covering the particular receptor, MATE1. Imatinib-
CD19-PEG-liposomes had stronger anti-leukemic effects, with
less damage to normal hematopoietic progenitor cells than free
© 2023 The Author(s). Published by the Royal Society of Chemistry
imatinib, and prevented the development of cobblestone areas
(CAs) of leukemia cells from patients with imatinib
resistance.131

WHI-P131-NP, a nanoencapsulated tyrosine kinase JAK3
inhibitor, outperformed WHI-P131 and vincristine in vivo,
regardless of chemosensitivity or resistance prole.87

Besides the damage to non-hematopoietic organs as a key
restriction,127 TBI-based therapy regimens cannot prevent
leukemic relapses aer HSCT, especially in high-risk cases with
radiation-resistant BPL cells. The invention of novel drugs that
can dominate the radiation resistance BPL cells would be
a great step in attempts to improve post-HSCT results.146 Spleen
tyrosine kinase (SYK) is a chief regulator of anti-apoptotic
signaling pathways in B-ALL cells. Compound 61 (C61), as
a highly selective SYK inhibitor, induces apoptosis in the
resistance malignant B-ALL cells. C61's low water solubility and
life-threatening off-target adverse effects, on the other hand,
have proven to be substantial roadblocks to its continued
development as an anti-leukemic therapeutic candidate. The
anti-leukemic potency of C61-LNP 25A, a safe liposomal nano-
particle formulation, was much higher than irradiation against
aggressive radiation-resistant B-precursor ALL. Because
irradiation/chemotherapeutic-resistant leukemic cells do not
have cross-resistance to C61, novel combination strategies with
multiple chemotherapy agents can be explored.145 Furthermore,
the C61-LNP + TBI combination was outstandingly more effi-
cient than either TBI alone or C61-LNP alone without causing
signicant adverse effects.146

Dysfunctional CD22 following deletion of exon 12
(CD22DE12) represents aggressive B-ALL cells. The mutant
protein is decient in most intracellular domains considered
the key regulatory signal transduction items.4,6 The expression
of genes correlated with the MAPK, PI3-K/mTOR, and WNT
pathways was elevated differently in response to CD22DE12.51

Leukemia gene therapy by small interfering RNA (siRNA) (an
effector of the RNA interfering pathway that may down-regulate
specic genes linked to disease pathology) has shown consid-
erable promise in leukemia treatment.4,6 Due to fast enzymatic
breakdown in the blood, fast clearance rate, and poor entrance
rate into target cells, systemically given unformulated siRNA
has little RNAi action in vivo.6,50 Genes and short RNAs can be
electrostatically linked to nanoparticles or conjugated onto
their surfaces. Natural organic polymeric nanoparticles,
synthetic polymers, and inorganic nanoparticles (including
carbon nanotubes, gold nanoparticles, and quantum dots44)
have all been extensively exploited as cancer gene carriers in
numerous cancer treatment studies.89 Nanocarriers in gene
therapy should have three critical characteristics: high loading
efficiency, the ability to be carried from endosomes to the
cytosol, and the ability to release the genetic material.110,147

Using lipid nanoformulations (LNFs) of CD22DE12-siRNA, both
CD22DE12-radiation and -chemotherapy-resistant leukemic
clones were killed. A CD22DE12-siRNA LNF, alone or combined
with chemotherapeutic medicines, was much more effective
than those treatments alone in preventing leukemic clonoge-
nicity in vitro and in vivo.50
Nanoscale Adv., 2023, 5, 571–595 | 579
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Current high-cost clinical-scale T lymphocyte production (for
chimeric antigen receptors, CAR-T cell) necessitates a series of
complex methods, including extracting, genetically altering,
and selectively expanding the genetically engineered T cells
before re-injecting them into the patient.6,110,132 These present
CAR T cell engineering strategies rely on viral delivery, which
results in persistent CAR expression and the danger of severe
consequences associated with viral transduction. Although
mRNA has been introduced as a possible technique for
producing transitory CAR expression in T cells without causing
genomic changes and mitigating the negative consequences of
viral expression, it is most typically used in electroporation (EP)
for T cell transfection, which can be cytotoxic. Using C14-4
ionizable lipid nanoparticles (LNPs), Billingsley et al. effec-
tively transferred CD19-targeted CAR mRNA to primary human
T cells with the same powerful cancer cell killing of EP or
lentivirus CAR-T cells generated while reducing cytotoxicity
related to EP.110 In another study, nanoparticles containing
CD19-specic CAR genes were shown to alter T-cell specicity in
vivo as they circulated, resulting in leukemia regression with
success comparable to standard adoptive transfer of laboratory-
made CAR T-cells (via lentivirus) while avoiding its
complications.132
Fig. 3 Photodynamic therapy (PDT): ① the irradiation light would be ut
excite the photosensitizer (PS) in the tumor tissue, causing the PS to fo
radiation absorption, CNTs or metal nanoparticles can transform photo
subsequently makes cellular destruction.

580 | Nanoscale Adv., 2023, 5, 571–595
The overexpression of nucleophosmin (NPM) has also been
linked to the development of multidrug resistance (MDR) in
ALL, prompting the creation of a synthetically produced
recombinant NPM binding protein (NPMBP).148,149 Despite
having degradable free NPMBP, the DOX-PMs-NPMBP nano-
particles dramatically reduce leukemia cell proliferation, cause
apoptosis, and increase the anti-leukemia effect in resistant ALL
cells in vitro and in vivo.148

A series of L-phenylalanine-based polymers (ester amide)
(Phe-PEA), particularly Metabolic Reprogramming Immuno-
surveillance Activation Nanomedicine (MRIAN), showed
specicity-enhanced BM accumulation and crossing of the
brain–blood barrier. It could enhance uptake by T-ALL and
myeloid-derived suppressor cells (MDSCs) as an efficient
delivery approach while sparing non-leukemic normal cells and
reducing tissue toxicity. Accordingly, free Dox and even
liposome-encapsulated Dox demonstrated lower cellular
absorption rates than MRIAN-Dox-PLGA NP (Doxil). Besides the
role of a drug carrier, it disturbed the immunosuppressive
function of MDSCs by degradation to L-Phe amino acid.150

4.2.4. Photodynamic therapy and photothermic therapy.
Non-invasive photodynamic therapy (PDT) for leukemia treat-
ment has recently been established. PDT can efficiently lter
ilized for the release of the drug encapsulated. ② The irradiation light
rm a ROS that kills tumor cells. Photothermic therapy (PTT): ③ upon
n energy to thermal energy, which results in a temperature rise and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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residual leukemia cells and limit leukemia recurrence, espe-
cially following autologous bone marrow transplantation.4 PDT,
in comparison to standard chemotherapy and radiation, is
more target-specic, has fewer side effects, and has lower drug
resistance. Three components are required: photosensitizer
(PS), light, and oxygen (Fig. 3). In this process, the concentration
of the PS in tumor tissue is greater than in surrounding normal
tissues aer a particular amount of time. The wavelength would
then be utilized to excite the PS in the tumor tissue, causing the
PS to form a ROS that kills tumor cells.4,151–154 Due to low water
solubility, poor photostability, and an extended retention
period in the body, resulting in terrible skin photosensitivity
and tissue harm, clinical usage of most PS is limited.129,151,152

The non-aggregation of the PS in a biological medium and the
PS's cellular absorption mechanism are critical for photobio-
logical activity and phototoxicity. The free PS is absorbed via
diffusion through the plasmatic membrane (lipophilic), which
results in a low intracellular concentration in an aqueous
solution.100 Lipophilic zinc(II) phthalocyanine (ZnPc) and PS
porphine ((tmpyp4), parent of porphyrin) as commonly used
nontoxic photosensitizers are included for PDT in the studies
included.100,128,129 The therapeutic efficacy of PDT by the
encapsulated PS in nanosystems is higher than in free PSs
because the drug delivery nanosystems tend to prevent aggre-
gation. ZnPc-loaded PMMA nanoparticles can also be admin-
istered without worrying about the undesired toxicity outcome
on human blood cells.100 Targeting the G-quadruplex–Sgc8
aptamer transfer of tmpyp4 PS provided higher phototoxicity to
target cells with the advantages of decreases in toxicity to non-
target cells, needed PS concentration, incubation time, and
irradiation energy.128 The presence of leukemia throughout the
body complicates the proper light delivery required for PDT.
Although these studies indicate that PDT can be used to cure
leukemia in vitro, they do not prove that PDT can be used to
treat leukemic cells in vivo.151,152 Novel compound 4 (C4), which
contains dasatinib as the targeting and zinc(II) phthalocyanine
as the photodynamic moiety, has a strong affinity for CCRF-
CEM cells, which overexpress lymphocyte-specic protein tyro-
sine kinase (LCK), as well as good photocytotoxicity for tumor
regression. Signicantly, PDT can boost immune responses in
nude mice with CCRF-CEM tumors, perhaps leading to
secondary cancer cell death and systemic anticancer
immunity.129

Non-invasive photothermic therapy (PTT) is another
nanoparticle-based therapeutic strategy. Upon radiation
absorption, CNTs or metal nanoparticles such as Au-based
nanomaterials can transform photon energy to thermal
energy, which results in a temperature rise and subsequently
causes cellular destruction or death due to hyperthermia155,156

(Fig. 3). Nonetheless, PTT as a single therapy is generally not
enough for complete tumor ablation.155 Wang et al. designed
a model of multimodal therapy, PDT accompanied by PTT, for
attacking and destroying T-ALL, but their study did not t our
inclusion criteria. However, they demonstrated that PTT/PDT
had a synergistic effect and could kill more tumor cells than
either therapeutic strategy alone.156
© 2023 The Author(s). Published by the Royal Society of Chemistry
4.2.5. Nanotechnology for the reversal of multidrug-
resistant ALL. Different microenvironmental and cellular
events can lead to acquired stability or resistance to one or more
(chemo)-therapeutic agents (MDR, Multi-Drug Resistance). The
cell survival pathways, inability to apoptosis induction, and
overexpression of peculiar membrane-set drug efflux pumps
(e.g., P-glycoproteins) are some processes of this cellular
phenomenon.10,93,148

By altering the pharmacokinetic features of therapeutic
agents, nanomedicines will raise the probability of active
chemicals showing increased circulatory retention and local
concentrations at the place of interest but, at minimum,
exposed to healthy organs.10,50,87,145,146,148,157,158 Accordingly,
nanomedicines may somewhat, if not fully, overcome MDR.
Because free small drugs almost entirely move into malignant
cells through passive transmission across the cell membrane,
they contact membrane proteins such as drug efflux pumps
leading to less than optimum amounts in the target cell,
resulting in MDR10 (Fig. 2). Nanomedicines are still frequently
taken up through endocytosis,10,133 so receptor-mediated endo-
cytosis is considered for 100–200 nm nanoparticles, whereas
phagocytosis is used for bigger (500 nm) and smaller (25 and 50
nm) ones.101 As a result, they skip the drug efflux mechanism,
resulting in a signicantly higher concentration within the cell
than with a free drug.10 Some anti-leukemic drugs, such as
cisplatin and doxorubicin, have induced apoptosis in tumor
cells via increasing cell membrane uidity and clustering of
lipid ras.52 The lipid packing density and velocity can affect
diffusion through the membrane. Increased membrane uidity
implies considerable drug permeability. Cholesterol, which is
known to diminish the uidity of membranes, limits the drug
uptake and accumulation in both drug-sensitive and drug-
resistant cells. As a result, liposomes with no encapsulated
therapeutic agents could enhance the cytotoxicity of vinblastine
(VLB) in CEM/VLB100 cells (vinblastine resistant) by around
ten-fold and were even signicantly more efficient than the
efflux pump inhibitor, verapamil, alone. On the other hand,
parent-sensitive CEM cells were unaffected by this liposome
treatment. This led to the hypothesis that liposomal lipids
inserted into the plasma membranes of resistant cells modied
their characteristics and uidity, allowing for a considerable
restoration of drug accumulation with no effect on the rate of
drug efflux from those cells.159 The activation of apoptosis, the
reduction of tumor volume, a decrease of ascites side effects,
and longer life were also validated in mice treated intravenously
with hybrid liposomes (HL-25) without any medications. These
inhibitory effects on tumor cell proliferation should be linked to
membrane uidity.41

Some therapeutic medications require specic proteins to
traverse plasma membranes or move across intracellular
compartments, and drug resistance develops when their
expression is reduced. By delivering therapeutic agents into
cancer cells without relying on those particular proteins,
nanoparticles can circumvent this resistance mechanism
(Fig. 2). For example, because of various endocytic routes
between cell lines,90,138 the entrance mechanism or process of
Nanoscale Adv., 2023, 5, 571–595 | 581
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the (cytarabine) Ara–CTP-dendrimer (nanoparticle) complex
differs in different cells. Such behavior points to the den-
drimer's role as a drug importation mechanism. Interestingly,
this additional process does not exist in normal PBMCs,
where the presence of the dendrimer hinders Ara–CTP
activation.138

BCL2, an anti-apoptotic factor, has an important role in T-
ALL cell survival. The combined treatment of DEX and GSI
encapsulated in nanomaterial inhibited BCL2 expression more
synergistically than the free combination model.136

4.2.6. Therapeutic outcomes. The access to in vivo tumor
patterns that simulate the exact tumor environment of humans
greatly determines the real outcomes of nanomedicines in
a preclinical phase.86 Animal models provide valuable data on
biomedicine in pharmacological therapeutic studies.91 Nano-
medicine formulations encounter challenges such as loading
therapeutic molecules into nanoparticles, maintaining nano-
particle formulation stability, and delivering encapsulated
pharmaceuticals to the target region at the appropriate time in
vivo. Furthermore, the shortage of acceptable animal models
that replicate the actual clinical scenario in hematologic
malignancies makes the exact prediction of clinical trial
outcomes problematic.10,86 The majority of current preclinical
trials use xenogeneic models of immunodecient animals to
elude the destruction of human cells by the immune system,
which does not precisely exhibit tumor microenvironments and
does not present the immune system effects on tumor growth as
well as nanoparticle targeting or efficacy.86,132 The studies have
not examined the inuence of nano-drug formulation on
angiogenesis as well, which is a measure used to predict late
metastasis. Notwithstanding this, the studies assessed signs of
overt leukemia (viz., paraplegia or hepatosplenomegaly) for
a long period.87 The uidic environment of the in vivo model
frequently simulates complex hurdles, including uid velocity,
non-specic interactions with other cells or proteins, unin-
tended nanoparticle dissemination, and quick clearance.108 All
in all, it was necessary to develop a proper animal model
capable of more closely simulating leukemia and presenting
a more thorough evaluation system.4,116

Most in vivo studies (14/18) included were prosperous in
attacking and eliminating cancer cells in vitro (Table
3).17,108,109,111,120,121,129,132,133,136,144,146,148,160 By analyzing therapeutic
outcomes in vivo, researchers discovered that nano-drug
encapsulations boosted anti-tumor activity compared to free
chemotherapeutic drugs. Importantly, nanoparticles have been
shown to pass the blood–brain barrier and circulate to sanc-
tuary areas, such as the CNS, where higher medication exposure
improves overall therapeutic effectiveness.93,150,160 One imme-
diate conclusion is that the high level of tumor uptake might
clarify the suitable achievements of these formulations in
lowering the tumor burden and increasing the survival
rate.17,108,109,111,121,133,136,146,148,161,162 This higher uptake by tumor,
as previously referred to, can be attributed to the targeting
moiety (sgc8, CD19, targeted tyrosine kinase, and transferrin
receptor (TfR, also named CD71)) or stimuli-responsive
behavior (pH and GSH-triggered) in some
studies.108,120,121,129,133,134,136,144
582 | Nanoscale Adv., 2023, 5, 571–595
In studies in which there are no bio-distribution details to
realize tumor uptake or accumulation,87,120,144,163 some proper-
ties of the formulizations might indicate their treatment
success. The pharmacokinetic index has clearly improved, with
a longer circulation time and a small distribution mass
restricted to plasma volume, decreased clearance, and better
efficacy/toxicity proles than free drugs.10 To improve effec-
tiveness, a threshold concentration in bone marrow must be
reached and maintained for a long period.162 The nanoparticles'
distribution and accumulation level on different organs are
strongly linked to their size or scale, the form of shape, and
surface charge. Particles of 50–250 nm size mostly accumulated
in the liver and spleen for several months, while only particles
smaller than 10 nm accumulated and settled in other organs
such as the kidneys, lungs, brain, and so on.15,160 A long-time
circulation would increase the chances of nanoparticles
coming into contact with malign cells in the peripheral blood,
a common target location in hematological malignancies.
Nanomedicines tend to collect in the liver, spleen, and bone
marrow as the mononuclear phagocytic system (MPS) organs
annex to tumor sites.10 These organs are also main and/or
secondary target areas in most hematological malignancies,
which can boost therapy effectiveness even more.10,17,109,133,160

Furthermore, because nanoparticles accumulate less in active
ltration organs such as the lungs and kidneys, encapsulated
drugs may have a longer half-life than free drugs. Although the
dosage employed in the mice did not result in a denite cure, it
is notable that nanoparticle encapsulation considerably
improvedmedication effectiveness at lower doses.17,133 Although
smaller particles have superior plasma proles,133 the drug
encapsulation amount is limited by nanoparticles smaller than
50 nm.10

There is a long-term circulation of neutral nanocarriers in
the blood. Nanocarriers with a negative charge are eliminated
from Kupffer cells, whereas positively charged nanocarriers are
removed via opsonization.89 Scavenger receptors162 facilitated
the absorption of negatively charged nanoparticles (e.g., lipo-
somes)87,163 by bone marrow macrophages. Polymeric micelles
(PMs) composed of block copolymers with the hydrophilic shell
ensure colloidal stableness and an elongated circulation in
vivo.10,120 The degree of PEGylation also inuences bone marrow
uptake. Slow liberation from long-owing PEGylated liposomes,
on the other hand, might reduce drug concentrations at the
(main) desired site.10

Nanomedicines taken orally can be absorbed by microfold
cells in Peyer's patches. This leads to improved systemic
medication distribution and passive lymphatic targeting.
Despite the higher therapeutic efficacy, Zou et al. found that
nano-encapsulated 6-mercaptopurine (6-MP) had no sustained
releasing impact in vivo. This phenomenon was described by
the presence of esterase, which might breakdown the PLGA
skeleton via the hydrolysis of ester bonds.111 However, the
methylated metabolite of 6-MP (6-MMP) may be harmful to the
liver and BM. This study implied that hepatotoxicity and mye-
lotoxicity were lower in the drug-nanoencapsulated group than
in the free drug suspension group, owing to the avoidance of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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direct drug metabolism by liver microsomal enzymes aer
encapsulation.111

A combination of multiple drugs is frequently employed to
attack the tumor cells by the restriction of several oncogenic
pathways simultaneously. This oen eventuates better anti-
leukemic strategies with the drug's effective concentration in
leukemia cells, resulting in their long-term death.10,136,144,161,162 A
5 : 1 cytarabine : daunorubicin molar ratio revealed the reliable
modulation of synergy and the lowest possibility of antagonism.
In the combination model of the free cytarabine: daunorubicin
cocktail, the administered drug ratios depicted an antagonistic
couple in vitro aer about two hours. The ratios could be kept
for an extended period aer administration in vivo by the
encapsulated form of liposomes and retained the two combined
drugs in the desired ratio pattern of their pharmacokinetics.
CPX-351 illustrated a notable advancement in the therapeutic
prole compared to the free-drug combination form. This
strategy keeps the drug ratios away from antagonistic forms in
the plasma and locations of growing tumors. When the
amounts of drugs in individual liposomal cytarabine and indi-
vidual liposomal daunorubicin were similar to those related to
CPX-351 and tested in tumor-bearing mice, the efficacy ob-
tained from CPX-351 was much better than in two separate
liposomal drug agents.161,162 Similarly, the co-delivery of DEX
and GSI via nanocarriers reduced AKT (Ser473) phosphorylation
and downregulated the anti-apoptotic protein BCL2, resulting
in a considerable improvement in anti-leukemia efficacy.136

Metformin inhibits angiogenesis in certain cancers by acting
synergistically with cisplatin. Specially formulated lipid-based
cubosomal nanoformulations were utilized as drug carriers to
promote chemical entrance in low dosages. Combining the
medications in a carrier, on the other hand, had an antagonistic
impact, indicating that metformin is not a viable alternative for
sensitizing leukemia cells to cisplatin.164

Most therapeutic agents are also poorly soluble in water,
wherein solubility limits absorption and nanoencapsulations
offer them high solubility, which results in higher uptake and
sustained release in tumor cells.111,144,145 C61-LNP formulation
(alone or in combination with irradiation) intensied the anti-
leukemic power of low-dose TBI both in vitro and in vivo. It
elevated the event-free survival time and the survival outcome in
NOD/SCID mouse models of relapsed BPL more than in
untreated control NOD/SCID mice or mice handled with two Gy
single-dose TBI alone.145,146 It is worth saying that the treatment
protocol of C61-LNP formulation alone against
CD22DE12×BCR–ABL double-Tg mice (spontaneously expand
radiation-resistant lethal BPL) was similar to the untreated
ones.146 The study did not notice any explanation for it. Addi-
tionally, the report was without biodistribution information,
and thus it is arduous to describe the possible proofs why this
formulation is not efficient. On the other hand, the in vivo NOD/
SCID mouse model showed the anti-tumor efficacy of this
agent.146 In another previous study by the same authors,
although there were no BM accumulation data, C61-LNP illus-
trated good pharmacokinetics and a harmless prole in mice.145

Hence, it is believed that this cannot be relevant to the absence
of tumor uptake. We can at least hypothesize some possible
586 | Nanoscale Adv., 2023, 5, 571–595
factors like a larger tumor burden or the type of animal model
in which a special BM microenvironment protects leukemic
cells from nanoparticle encapsulation of targeted therapies.
This protecting model might be an inducing factor of the
malignant cell refractory.

4.2.7. Toxicity. Although nanoencapsulations minimize
several key toxicities more than free chemotherapeutic drugs,
additional toxicities can occur following the altered tissue
distribution (e.g., toxicities of the liver, spleen, bone marrow,
and hand-foot syndrome).10,116 If nanoparticles' active and
functional surface is seen as a benet for simple contact with
medications, bioactives, genetic items, or other nanosystems,
interaction with biological constructions will be feasible.
Therefore, due to the toxicity concerns, it may be the most
critical constraint.120 The long circulation features of PEGylated
liposomes, for example, may cause non-specic accumulation
in the skin, resulting in noticeable unwanted effects. Further-
more, repeat injections of PEGylated nanoparticles can promote
the development of anti-PEG IgM, changing pharmacokinetics
and biodistribution. PEGylated NPs can also stimulate innate
immunological reactions, enabling non-IgE-mediated comple-
ment activity and quicker blood elimination and pseudo-
allergic responses.10 The size and thickness of the particles,
their surface charge, colloidal stability, and concentration have
been shown to inuence their biological toxicity signi-
cantly.12,164 As a result, the primary criticism of several of the
research studies considered in this analysis must be the
shortage of information on the general toxicity or safety of
nanomaterials (Table 3). The aggregation nature of less hydro-
philic nanoparticles, especially under physiological status (e.g.,
in serum), might have implications and be hazardous to various
cells. The colloidal stability of nanoparticles can be enhanced
by enclosing their surface with biocompatible materials that
elevate water solubility and the body distribution of therapeutic
agents. PEG covering is a common technique for achieving
these goals, and it was utilized as a coverage and/or linker of
target ligands in numerous investigations reviewed here (Tables
1 and 3). Other plans included enveloping nanoparticles with
HAS74,94 and BSA.120 An HSA or BSA enveloping permits better
ow in plasma and distribution throughout the body.

In vitro toxicity assessment needs a certain critical look.
Several studies applied a cell line representative of healthful
tissues to assess the cytotoxicity, and a cancer cell line was
regarded for therapeutic assess-
ments.50,94,103,104,107,108,115,118,119,121,128,133,134,141 On the other hand,
cancer cell lines might be more resistant or sensitive depending
on their genotype. As a result, primary cell lines would be better
for assessing cytotoxicity.12

In vivo toxicity evaluations were mostly based on histological
tests of healthful tissues or monitoring of animal weight
changes aer treatment. No toxicity issues were noticed in any
of the papers in which these evaluations were made (Table 3). In
comparison to control animals, no signicant changes were
found in any of the cases, and all parameters were within the
reference range. Some tests conrmed the compound's in vivo
biosafety as well as the H&E staining ndings of normal organ
sections, which showed no clear symptoms of organ damage or
© 2023 The Author(s). Published by the Royal Society of Chemistry
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inammation.111,129,136,148 Although some studies have shown
that nanoparticles can accumulate in the liver and
kidneys,17,109,132,133,145,160 the studies did not analyze important
liver biochemical proles such as serum measurements of
alkaline phosphatase (ALP), alanine aminotransferase (ALT),
aspartate transaminase (AST), or serum evaluation of blood
urea nitrogen (BUN) and creatinine (CR) for the kidney to
evaluate toxicity further. It is also critical to perform a hemato-
logical examination. Once more, just ve of the 18 in vivo
studies considered in this review had a hematological assess-
ment.120,132,136,150,162 One of them was in vitro,120 in which the
parameters were within the reference values. Lim et al.162

assessed circulating platelets and bone marrow hematopoiesis
and discovered toxicity related to the administration dose and
schedule time. Elevated cytokines, such as tumor necrosis
factor-a (TNF-a), indicate toxicity as part of the inammatory
response aer intravenous delivery.12 By contrast, preclinical
papers have primarily planned xenogeneic models of immu-
nodecient mice that do not precisely signify interactions
between nanomedicines utilized with the immune system. This
consideration was only seen in one among the 63 studies
included in this review, and treatments based on nanoparticles
aroused only modest expression levels of inammatory cyto-
kines (e.g., interferon-gamma, interleukin-12, and interleukin-
6). Cell counts and blood chemistry parameters also illus-
trated no abnormalities, indicating that general toxicities did
not occur.132
Table 4 Summary of studies using electrochemical biosensors

Cancer Biosensor Method

ALL166 Electro-synthesized
poly(catechol), graphene
sheets, biosynthesized gold
nanoparticles

Using DPV, EIS
chronoamperom

CML and ALL167 Polyaniline–gold composite Molecular assa

T-ALL119 Poly-HRP complex and
CDNA-modied MNPs
(CDN-MNPs) for miRNA
detection

Conventional m
detecting miRN

Clinical cancer screening
and early diagnosis170

Gold nanoparticles (AuNPs) Scanning electr
microscopy (SE

Breast cancer, MCF-7 cell
line (cell detection)169

Surface-enhanced Raman
spectroscopic tagging
material (SERS dots)

Raman signal

HeLa cells (human epithelial
cervical cancer) and CERF-
CEM cells (T cell)196

The FITC-FA-AuNPs
(FFANPs)

Diphenyl alanin
nanoparticles (

Human T-lymphoblast cell
line MOLT-4 derived from
patients with acute
lymphoblastic leukemia197

Monoclonal antibody-
targeted ZnO NRs

Flow cytometry

© 2023 The Author(s). Published by the Royal Society of Chemistry
4.3. Nanomaterials as diagnostics in ALL

4.3.1. Cancer diagnostics on the nanoscale. Imaging and
molecular technologies, the most extensively used cancer
detection tools, can only identify cancer aer hundreds of
cancer cells have grown and even metastasized. As a result,
developing methods for detecting cancer at an early stage,
before it spreads, is a signicant issue. Nanotechnology-based
diagnostic approaches are being developed as potential tools
for cancer diagnosis and detection that are real-time, easy, and
cost-effective. To identify cancer, nanoparticles are being
utilized to gather cancer biomarkers.165 For cancer diagnosis,
nanoparticles provide a huge advantage in terms of the surface
area to volume ratio.89,165 Because of this feature, antibodies,
aptamers, and other compounds that recognize specic cancer
biomarkers can be extensively coated on nanoparticle surfaces.
When several binding ligands are introduced into cancer cells,
the specicity and sensitivity of an experiment may be
increased, as can the ability to analyze many targets at once.165

Nanoparticles utilized in cancer research, such as semi-
conductor nanocrystals, quantum dots, and iron oxide nano-
crystals, exhibit optical, magnetic, and structural features that
are not found in molecules or bulk materials. Besides, nano-
particles may easily adhere to the functional groups of various
optical, radioisotopic, or magnetic diagnostic and therapeutic
agents, making cancer detection more compelling and
efficient.89
Sensitivity, quality and
quantity Advantage

, CV, and
etry

Detection limits of 1.0 pM
for the DNA strand

Continuous monitoring,
molecular diagnosis of the
BCR/ABL oncogene, and
simple, rapid, and
quantitative detection of
many kinds of cancers

y A detection limit as low as
69.4 × 10−18 M (41 DNA
copies per mL)

High specicity and
selectivity

ethods for
A

Down to 100 fM in human
serum

Process completion in
a short time (about one
hour)

ochemical
CM)

The detection limit of 4.38×
10−12 M

Useful in the development
for the detection of other
antigens

Specic for the targets Molecular diagnosis of the
BCR/ABL oncogene. Simple,
rapid, and quantitative
detection of many kinds of
cancers

amide
FFANPs)

Sensitive detection of 10 000
Hela cells by FCM assay of
FFANPs

Simple and cost-effective

3 to 128 cells per 1.0 mm2 Suitability for the detection
of other relevant analytes
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Table 5 Summary of studies using aptamers as biosensors

Cancer Biosensor Method
Sensitivity, quality and
quantity Advantage

Molt-4 cells198 Dual-aptamer (Sgc8c and
ATP aptamers)-
functionalized graphene
oxide (DAFGO) complex

Flow cytometry analysis,
uorescence imaging

High targeting Sensitive and selective
detection of Molt-4 cells

ALL cells199 Specic DNA aptamer sgc8c Topographic and
recognition imaging (TREC)

High density and
homogeneous lateral
distribution in ALL-cells

Sensitive and selective
detection of Molt-4 cells

CCl-119 cells180 Biotinylated aptamers in
conjunction with metal-
labeled neutravidin

Mass cytometry, CyTOF
experiments

Differentiating positive,
CCL-119, and negative,
Ramos cell lines

Successfully utilized for
mass cytometry experiments
on par with commercially
available antibodies

Ramos cells179 Aptamer-nanoparticle strip
biosensor (ANSB)

SELEX (systematic evolution
of ligands by exponential
enrichment)

Detecting a minimum of
4000 Ramos cells without
instrumentation and 800
Ramos cells with a portable
strip reader

A simple, rapid, and low-cost
tool for both the qualitative
and quantitative detection
of cancer

T-ALL cells185 Aptamer-conjugated
magnetic beads (apt-MBs)

Magnet–QCM system The detection limit of 8 ×

103 cells mL−1 for human
acute leukemia cells

Required no further labeling
of cells, the potential for
specic detection of various
kinds of cancer cells

Ramos cells184 Self-assembled aptamer-
micelle nanostructure
(TDO5-micelle)

Fluorescence shi About 0.005 nM or 5 nM,
based on DNA-lipid
concentration

Rapid recognition ability
with enhanced sensitivity
and low critical micelle
concentration

CCRF-CEM cells183 Single-stranded DNA
aptamer

Gold nanoparticle (Au NP)
labeling with backscattered
electron (BE) imaging of
eld emission scanning
electron microscopy
(FESEM)

Sensitive and reversible
probes to label target
biomolecules on cells.

The high detection
sensitivity of the colloidal
probe method

HL-60 and CEM as AML and
ALL cells182

Hierarchical assembly of
dual aptamer
functionalized, multilayered
graphene–Au nanoparticle

Electrodeposition The detection limit as low as
350 cells per mL, and a wide
linear range

Diagnostic tool for early
detection and classication
of human acute leukemia

CEM and Ramos cells200 QDs-bsb-apt Quantifying the
uorescence signal of the
QDs

CEM cells (71.6%) could be
detected by employing the
QDs-bsb-Sgc8 complex,
while FITC-Sgc8 detected
57.5% of cells

The detection efficiency of
QDs-bsb-Sgc8 was 1.2-fold
higher than that of the
traditional organic dye
modied aptamer FITC

CCRF-CEM cells201 Silver decahedral
nanoparticle (Ag10NP)-
based FRET (uorescence
resonance energy transfer)
sensor (Ag10NP-based FRET
sensor (Ag10-Sgc8-F/Q).

FREF-based methods Highly sensitive and specic
for CCRF-CEM cell imaging

Simple, inexpensive, and
convenient for target cell
imaging.

CCRF-CEM cells21 Terbium(III)-aptamer (Tb3+-
apt)

Fluorescence
spectrophotometer

The detection limit of 5 cells
per ml of the binding buffer

Rapid, sensitive, and
economical diagnosis of
various types of leukemia at
the early stage

CCRF-CEM cells202 ZnO nanodisks(NDs)@g-
C3N4 quantum dot
conjugation to the Sgc8c
aptamer

Photoelectrochemical (PEC) The detection limit down to
20 cell per mL

Wide detection range, low
detection limit, excellent
selectivity, and
reproducibility

ALL186 Aptamer-based
electrochemical nano-
biosensor (graphitic carbon
nitride (Au/g-C3N4 /aptamer
nanocomposite)

Gene detection (miRNA-128) The limit of detection of
0.0034 fM concentration of
miRNA-128 detection

Needed a short time (about
45 minutes) to detect
miRNA-128 as a symptom of
the disease

CEM cells and Ramos
cells203

Aptamer-functionalized
copolymer/TPdye
uorescent organic dots

Two-photon imaging Tissue imaging up to 210
mm

A powerful tool for cancer
cell-targeted imaging

588 | Nanoscale Adv., 2023, 5, 571–595 © 2023 The Author(s). Published by the Royal Society of Chemistry
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4.3.2. Nanoparticle-based biosensors for ALL detection
4.3.2.1. Biosensor classication based on the type of trans-

ducer. Hematological cancers, such as acute leukemia, may now
be better diagnosed and treated because of the development of
biosensors. Biosensors can be classied into optical, mass-
based, calorimetric, and electrochemical types based on the
type of transducer (Table 4). Enzymes, antibodies, cells, nucleic
acids, and aptamers may be utilized as biosensor bio-
components for analyte identication. Nanoparticle-based
biosensors provide great sensitivity and specicity for devel-
oping any type of biosensor. Polyaniline nanobers (PANI-NFs)
are more attractive biosensors due to higher conductivity, lower
cytotoxicity, and better biocompatibility. Stability in immobi-
lized live cells and strong electrical characteristics are further
advantages of gold nanoparticles (AuNPs). AuNPs/PANI-NF
nanocomposites are excellent in the immobilization of cells.
Biosensors based on a polyaniline–gold composite can detect
biomarkers in the range of 10−18 M.166–172 Moreover, these
biosensors are used in the specic and quantitative detection of
many kinds of cancers by targeting molecular and cellular
diagnosis levels. According to prior investigations, a biosensor
including folic acid (FA) and AuNPs was able to identify 104

cancer cells at a level equivalent to ow cytometry (FCM).
DNA-based aptamers may be used as biosensors in the

same way as antibodies but with greater selectivity and affinity
for certain biomarkers (Table 5).173 In clinical applications, to
ensure the reliability of the positive result of a DNA test, an
aptamer test will be used. Aptamer-modied nanomaterials
such as aptamer modied Quantum Dots (QDs), AuNPs, dye-
doped silica NPs, and magnetic nanoparticles (MNPs) are
extremely useful diagnostic tools for specic targets with
more efficient function than aptamer free modication with
nanomaterials. Aptamers' optical, electrochemical, magnetic,
and mechanical capabilities, as well as the ease with which
they may be synthesized, modied, and tailored to work with
different detection modalities, all contribute to their great
efficiency in recognizing and delivering drugs to target
cells.174
Table 6 Summary of studies using biosensors for mercaptopurine dete

Cancer Biosensor Method

ALL168 6-Thiouric acid Electrochemical surface-
enhanced Raman
spectroscopy (EC-SERS)

ALL204 Chip-based capillary
electrophoresis (CE) (CE-EC
detection)

PMMA-based microuidic
chip

ALL171 Gold nanoparticles (AuNPs) SPR

© 2023 The Author(s). Published by the Royal Society of Chemistry
Biosensor-based nanoparticles have superior properties,
including electron transfer facilitation, unique optical and
plasmonic effects, biocompatibility, and an excellent affinity for
biomolecules, facilitating the immobilization of antibodies,
enzymes, nucleic acids, and proteins, compared with their bulk
counterparts.175,176

4.3.2.2. Biosensor classication based on the identication
purposes. Biosensors are divided into three categories based on
their identication purposes. The rst cellular target identies
cancer stem cells, whose sensitivity and specicity are expressed
by identifying the number of cells per milliliter. For this
purpose, many studies have been done. Using an aptamer-
based electrochemical biosensor (sgc8c aptamer-gold
nanoparticle-coated magnetic Fe3O4 nanoparticles (Apt-
GMNPs)), a highly sensitive, selective, and simple method for
early-stage detection of leukemia cancer was introduced. So,
specically targeting the cells of interest by using modied
nanoparticles improved sensitivity detection by limiting detec-
tion as low as ten cells per ml.177 The second identied cancer
cells based on peptide or protein targets and even related
chemical metabolites, in which sensitivity and accuracy are
expressed as a unit of concentration. In this regard, an apta-
sensor with a self-assembled aptamer–micelle nanostructure
(TDO5-micelle) can detect DNA-lipid concentrations as low as
0.005 nM.21,65,178–185 The third one is nucleic acid targets such as
biomarker microRNAs or other non-coding DNA/RNAs.
Depending on the method used, the sensitivity and specicity
may be expressed in terms of the copy number or something
similar. Nanoparticles may be enhanced by employing carriers
for targeting, such as integrating nano-designs with organ-
specic response receptors.119 An aptamer-based electro-
chemical nano-biosensor demonstrates efficacy in the early
identication of ALL by gene detection (microRNA-128). In this
work, Graphitic Carbon Nitride (G-C3N4) has been used in the
square wave voltammetry (SWV) technique. The LOD of this
nano-complex was obtained to be about 0.0034 fM. So, elec-
trochemical biosensors show suitable practical application
prospects for analyzing miRNAs with high sensitivity.186,187 Until
ction

Sensitivity, quality and
quantity Advantage

Excellent signal for 6-TUA
down to mM concentrations
in synthetic urine

Detected rapidly at clinically
relevant concentrations,
without the need for sample
pre-treatment (less than 1
minute)

The detection limit of 100
nM

High detection speed,
negligible sample
consumption, low power
requirement, easy
integration

More sensitive for detecting
different purines at
a concentration of 10−7 M
for 6-thioguanine and 6-
mercaptopurine

High detection speed,
negligible sample
consumption, low power
requirement, and easy
integration
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now, various types of biosensors such as electrochemical (EC)
methods, chemiluminescence (CL) high-performance liquid
chromatography (HPLC), UV-vis spectrophotometry, surface-
enhanced Raman scattering spectroscopy and other methods
were used for 6-mercaptopurine detection in order to monitor
the concentrations of 6-mercaptopurine in human serum
(Table 6). It is remarkable that uorescent nanosensors were
developed for this purpose with an acceptable detection limit
(0.198 nM).188–190

Many hurdles, including reliability, repeatability, quantita-
tive detection ndings, and biosafety, must be overcome to
expedite the translation of nanotechnology as a diagnostic tool
into clinical applications. Nonspecic nanoparticle probe
binding, aggregation, and unsuitable detection circumstances
are only a few issues that might impact nanoparticle-based
detection results. Signal uctuations can also be due to the
complex makeup of bodily uids.165

5 Conclusion

This study examined nanomedicines' recent benets and
drawbacks, advances in drug delivery, and modern diagnostic
approaches.24,191 Originally, nanotechnology usage greatly relied
on solubility and absorption improvement, bioavailability,
extended blood circulation time, targeting strategy, and sensi-
tive or controlled-release drug agents.91 The aim is to enhance
treatment efficacy and alleviate the general toxicity. The co-
loading of several drug agents may help abolish the restric-
tions in which drugs are impossible to administer at the same
time and reduce the refractory to the therapeutic drug. The real-
time following of this system is feasible via processing the
biological probing agents.4 Nanoparticles can be effective in
overcoming the MDR problem.10 Progressions in nanotech-
nology development enable the loading of higher intracellular
concentrations of drug agents and, consequently, improve their
effectiveness. Finally, even by reducing drug consumption, this
strategy helps achieve a constant and longer remission duration
in patients.192

A variety of nanoparticle-based assays improved diagnostic
selectivity and sensitivity or added whole new capabilities, such
as easy analysis, that were not possible with older methods.
These advancements will enhance cancer patient survival rates
by allowing early identication, leading to improved cancer
treatment options.86,165 Even integrating diagnosis with treat-
ment strategies is also coming to the real world.91 Nanotech-
nology can provide the possibility of diagnostics accompanied
by the treatment scanning of hematologic malignancies in real
time.4,86

Both in vitro and animal studies have presented a valuable
picture for realizing the illness behavior and nanomaterial
interactions with alive tissues or efficacy on malignant cells.193

Nonetheless, we are yet in the experimental phase and investi-
gational stage in the eld of nanomedicine or nanotechnology.
We must evaluate some features and overcome numerous
problems, such as biocompatibility, long-term toxicity, immu-
nogenicity, targeting, pharmacokinetics, biodistribution and
clearance pathways of the entire nanoparticles, and inadequate
590 | Nanoscale Adv., 2023, 5, 571–595
drug release response before entering clinical applications.4

Generally, the experimental conditions of nanoparticle efficacy
assessment against leukemia vary considerably between
different preclinical studies in addition to shortage evaluation
of in vivo stability, toxicity, safety, and biodistribution, which
results in their lower and variable clinical impact.86 There may
also be some issues with the drug-responsive liberation process,
like an irreversible stimulus-response and low targeting. The
scarcity of exact animal models to mimic leukemia more closely
affects the accurate evaluation of the leukemia mechanism [4],
making it difficult to anticipate their successful results for
clinical trials.10
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