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Acute myeloid leukemia (AML) is a malignancy in the myeloid lineage that is
characterized by symptoms like fatigue, bleeding, infections, or anemia, and it can
be fatal if untreated. In AML, mutations in tyrosine kinases (TKs) lead to enhanced
tumor cell survival. The most frequent mutations in TKs are reported in Fms-like
tyrosine kinase 3 (FLT3), Janus kinase 2 (JAK2), and KIT (tyrosine-protein kinase
KIT), making these TKs potential targets for TK inhibitor (TKI) therapies in AML.
With 30% of the mutations in TKs, mutated FLT3 is associated with poor overall
survival and an increased chance of resistance to therapy. FLT3 inhibitors are used
in FLT3-mutant AML, and the combination with hypomethylating agents
displayed promising results. Midostaurin (MDS) is the first targeted therapy in
FLT3-mutant AML, and its combination with chemotherapy showed good results.
However, chemotherapies induce several side effects, and an alternative to
chemotherapy might be the use of nanoparticles for better drug delivery,
improved bioavailability, reduced drug resistance and induced toxicity. The
herein study presents MDS-loaded gold nanoparticles and compares its
efficacy with MDS alone, on both in vitro and in vivo models, using the FLT3-
ITD-mutated AML cell line MV-4-11 Luc2 transfected to express luciferin. Our
preclinical study suggests that MDS-loaded nanoparticles have a better tumor
inhibitory effect than free drugs on in vivomodels by controlling tumor growth in
the first half of the treatment, while in the second part of the therapy, the tumor
size was comparable to the cohort that was treatment-free.
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1 Introduction

Acute Myeloid Leukemia (AML) is a stem cell precursor
malignancy in the myeloid lineage that can be fatal if untreated,
with common symptoms such as fatigue, anemia, infections, or
bleeding (Stubbins et al., 2022). In AML, the main tyrosine kinase
(TK) mutations can lead to the upregulation of several biological
pathways, which can enhance tumor cell survival (Wilson et al.,
2018). TK mutations are mainly produced in Fms-like tyrosine
kinase 3 (FLT3), Janus kinase 2 (JAK2), and KIT (tyrosine-
protein kinase KIT–CD117); thus, some TK inhibitors (TKIs)
could be used as targeted therapies (Altman et al., 2013).
Mutations that occur in FLT3 account for 30% of all cases,
mostly with FLT3 internal tandem duplication. These mutations
in FLT3 are associated with the aggressiveness of AML, reduce
overall survival (Kottaridis et al., 2001), and increase the chances of
resistance to therapy and relapse (Rombouts et al., 2000).
FLT3 inhibitors are promising therapeutic agents, with
midostaurin (MDS) and gilteritinib approved by the FDA to be
used in FLT3-mutant AML, both in first-line and salvage settings.
Midostaurin was a path-breaker for gilteritinib; thus, the
combination of FLT3 inhibitors with hypomethylating agents
such as decitabine or azacitidine shows good results, and other
FLT3 inhibitors are now undergoing clinical testing (Galanis et al.,
2012; Levis, 2017; Perl, 2019; Smith, 2019). MDS is the first targeted
therapy for AMLwith the FLT3mutation, aiming to improve overall
survival. MDS combined with chemotherapy showed good results in
high-risk AML FLT3-mutant patients (Starr, 2016). RATIFY
(NCT00651261), a phase III trial, showed that MDS addition to
chemotherapy improves survival in FLT3-mutated patients (Stone
et al., 2017). Although TKI first-line therapy is used for
myelosuppression to induce a hematological response, several
side effects like liver dysfunction, edema, fluid retention, fatigue,
and gastrointestinal symptoms (Guilhot et al., 2012; Qosa et al.,
2018; Mauro, 2021) might occur. On the other hand, chemotherapy
usually induces serious side effects that augment in combination
with other drugs by becoming acute. For example, the RADIUS_X
study (NCT02624570) showed that half of the patients treated with
midostaurin reported adverse events, with the most common being
diarrhea and neutropenia (Roboz et al., 2020).

Chemotherapy alternatives tend to use nanoparticles for drug
delivery to improve bioavailability and reduce drug resistance and
toxicity (Yan et al., 2020). Our previous studies showed that
FLT3 inhibitors loaded on Pluronic–gold nanoparticles inhibit
tumor growth and have a superior therapeutic effect compared to
bare drugs (Simon et al., 2015). In another study, we showed that
FLT3 inhibitors loaded on gelatin-coated gold nanoparticles had an
increased antitumor effect compared to the drug alone (Suarasan
et al., 2016). Gold nanoparticles loaded with FLT3 inhibitors had an
increased transmembrane delivery in AML cells, and the in vitro
evaluation indicates that the FLT3-IDT gene was downregulated,
leading to tumor cell suppression (Petrushev et al., 2016). Thus,
MDS internalization in nanocarriers could improve its
bioavailability and reduce its overall side effects.

In recent work, we have shown that the MDS loading and
controlled release behavior greatly depend on the stimuli-responsive
properties of the polymer that is conjugated onto a gold nanoparticle
core (Tatar et al., 2023). Herein, we took a step forward by extending

our studies toward preclinical in vivo investigations. For this, we
employed a protocol based on data generated by an in vivo imaging
system (IVIS) (Lim et al., 2009; Nakayama et al., 2020; Iluta et al.,
2021), which allows us to track tumor cells and evaluate the drug
effect in mice in a non-invasive manner over a longer time scale. Our
findings show that the group treated with MDS-loaded
nanoparticles had a better outcome than the group treated with
MDS alone after 2 weeks of drug administration at a dosage
approximately 10 times lower than the one given in clinical
settings, considering the human-to-animal conversion. However,
one can notice that the antitumor effect is more pronounced in the
first half of the treatment, as after 4 weeks, the tumors have similar
sizes in all treated groups. We attribute this effect to the significantly
low concentration ofMDS in loaded nanoparticles and, implicitly, to
the overall dosage. Thus, further optimization of the nanoparticle
formulation is a prerequisite for a better and more sustained
outcome and the minimization of any potential relapse.

2 Materials

Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4·3H2O,
99.99%), sodium citrate tribasic dihydrate, citric acid, Pluronic F-
127 (Pluronic), midostaurin hydrate (>98%) (MDS), and
L-glutathione reduced ≥98.0% (GSH) were obtained from Sigma-
Aldrich. Thiolated polyethylene glycol of 5000 kDa molecular mass
was obtained from Iris Biotech, Germany. The phosphate-buffered
saline solution was purchased from Gibco®. All the other reagents
used during the experiments are of analytical grade and were used
without further purification. The aqueous solutions were prepared
with ultrapure water (R = 18.2 MΩ cm) from a Milli-Q Purification
System (Millipore, Merck). Ultrapure water was used for rinsing and
cleaning procedures.

3 Methods

3.1 Gold nanoparticle synthesis and loading
with the midostaurin drug

Gold nanoparticles were fabricated by chemical synthesis based
on the Turkevich–Frens protocol (Boca et al., 2009). In brief, 100 mL
of 1 mM HAuCl4·3H2O were heated until boiling. Under vigorous
stirring, 10 mL of 38.8 mM sodium citrate were quickly added.
During the boiling process, the solution changed color from
yellow to an intense burgundy-red. Then, the solution was
removed from the heat, and the stirring continued for another
10–15 min until the formation of nanoparticles. For the loading of
the drug, 40 ul of midostaurin (1 mg/mL) were added to 1 mL of the
synthesized nanoparticles in an aqueous solution, followed by the
rapid addition of 2 mM Pluronic polymer to the nanoparticle–drug
mixture. The mixture underwent 1 h of stirring at room
temperature, after which the drug-loaded nanoparticles were
purified by centrifugation and resuspension in phosphate-
buffered saline (PBS). The amount of the drug that was loaded
onto GNPs was obtained by measuring the drug content of the
supernatant after particle purification. The loading efficiency (LE)
was calculated using the following formula:
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%LE � TDrug − SDrug
TDrug

*100,

where Tdrug is the total amount of the drug added and Sdrug
represents the amount of the drug in the supernatant (Simon
et al., 2015). Drug loading was calculated by estimating the free
drug content of the supernatant. The drug concentrations were
determined by measuring the supernatant absorbance (area under
the curve in the 300–380 nm range) and comparing it with a free
drug solution calibration curve (ESI Supplementary Figure S1).
Based on these, the drug content in the nanoparticle formulation
was 30.534 μg/mL, while the gold quantity per particle was
calculated to be 8.07E-17 g, considering the 3.67E+8 M extinction
coefficient for 20-nm spherical nanoparticles. The purified drug
loaded sample (GNP-MDS-PLU) was kept at 8°C until further use.
The control sample of drug-free nanoparticles (GNP-PLU) was
prepared by mixing the colloidal nanoparticles with Pluronic
under similar conditions but by adding the PEG polymer as a
particle pre-stabilizer before the Pluronic coating.

3.2 Drug release evaluation

To evaluate the release of the drug from the nanocarriers, the
particles were re-suspended in buffer solutions mimicking the
physiological environment (lysosomes and extracellular fluids): (i)
acidic citrate buffer (pH 4.5); (ii) acidic citrate buffer (pH 4.5)
containing a GSH; and (iii) PBS (pH 7.4). The nano-MDS samples
were incubated at 37°C in the three buffers above for various time
intervals: 1, 3, 8, and 24 h. At the selected time checkpoints, the
samples were centrifuged to separate the nanoparticles from the
supernatant containing the released drug molecules. The two
fractions were spectroscopically measured for drug quantification,
and the concentration of the released drug and that of the drug
remaining within the nanoparticle were calculated based on
calibration curves previously obtained for the MDS molecule.
MDS quantification was based on the area under the curve
measurements.

3.3 Physico-chemical characterization of
the drug nanocarriers

UV-Vis-NIR extinction spectra of free and drug-loaded
nanoparticles were acquired using a JASCO V-670 UV-Vis-NIR
spectrometer at 1-nm spectral resolution in 2-mm path length quartz
cuvettes. Particle size distribution and zeta potential were measured at
25°C using the ZetasizerNanoZS90 fromMalvern Instruments. Analysis
was performed at a scattering angle of 90° and a temperature of 25°C.
Particle morphology was imaged by transmission electron microscopy
using a JEOL model JEM 1010 microscope.

3.4 Cell culture

The FLT3-ITD-mutated MV-4-11 AML cell line transfected to
express luciferin MV-4-11 Luc2 (original cell line CRL-9591—MV-
4-11) was cultured in sterile cell flasks at 37°C and 5% CO2 in a

humidified chamber. The RPMI 1640 culture medium,
supplemented with 10% fetal bovine serum (FBS), 1% penicillin/
streptomycin, and 1% glutamine, was used for maintaining the MV-
4-11 Luc2 cells under optimal growth conditions. All the cell culture
reagents were purchased from Gibco.

3.5 Cell toxicity

The cell toxicity assay was performed using the CyQUANT
XTT Cell Viability Assay Kit (Invitrogen, Carlsbad, CA,
United States of America) with the experimental conditions set at
15 × 10̂3 cells/well in a 100 µL culture medium in a sterile and flat
bottomed 96-well plate. After 24 h of incubation, different
concentrations of nanoparticles of various formulations (polymer
and polymer–drug conjugates) were added to the cells. The cells
were incubated with the treatment for another 24 h, followed by 4 h of
incubation with the XTT reagent mixed with an electron-coupling
reagent at 37°C, protected from light. The cell viability was measured
at 450 nm and 660 nmusing the Tecan Spark 10M spectrophotometer
(TECAN, Austria GmbH, Grodig, Austria). Data analysis and
graphical representation were performed using GraphPad Prism 8,
and the result was expressed as the mean ± standard deviation
(GraphPad Software, San Diego, CA, United States of America).

3.6 MV-4-11 Luc cell morphological analysis

The morphological changes in the cells and cell clustering after
24 h of treatment were evaluated in bright field using a Zeiss Axio
Vert. A1 inverted microscope (Zeiss, Jena, Germany) with
a ×5 objective. The images were captured using ZEN software
(Zeiss, Jena, Germany).

3.7 In vivo protocols

Eight-week-old male and female athymic nude mice were
included in the study. The mice were purchased from Charles
River Laboratories and maintained in an authorized animal
facility at the Medfuture Research Center for Advanced
Medicine, Iuliu Hatieganu University of Medicine and Pharmacy,
Cluj-Napoca. The mice were accommodated at a standard
temperature of 22°C ± 2°C and a relative humidity of 55% ± 10%
in a 12:12 h light:dark cycle. The housing was made in an IVC2-SM-
56-IIL rack system (Acellabor) with individually ventilated cages
supplied with HEPA-filtered air (II L Cages) with autoclaved
bedding and ad libitum access to autoclaved water and pelleted
food. All experimental protocols were approved by the Ethics
Committee of Iuliu Hatieganu University of Medicine and
Pharmacy and were conducted in accordance with EU
Directive 63/2010.

Sixteen mice were included in the study and tagged with metallic
ear tags for identification. The animals were injected with
approximately 2 × 106 MV4-11 luciferase-positive cells in the
knee joint while kept under gas anesthesia. The tumors were
allowed to develop for 14 days, and at day 14, the size of the
xenograft was measured using the IVIS SPECTRUM–IVIS
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Imaging System (PerkinElmer) using a systemically injected
bioluminescent reporter optimized for in vivo imaging–RediJect
D-Luciferin (XenoLight, PerkinElmer). Out of the 16 mice,
11 developed relatively uniform tumors and were divided into
four experimental groups as follows: control (2n), nano-control
(3n), midostaurin control (3n), and nano-midostaurin (3n). We
have chosen to include the fewest number of mice in the control
group considering that the main purpose of the study was to
demonstrate the superiority of the treatment loaded with
nanoparticles compared with the standard free drug and not to
demonstrate the feasibility of the actual treatment that was already
tested in clinical trials. Control mice received 200 µL of buffer
solution, nano-control mice received 200 µL of unloaded
nanoparticles (GNP-PLU), midostaurin control mice received
200 µL of the equivalent dosage of a free drug, and nano-MDS
mice received 200 µL of nanoparticles loaded with MDS in a PBS
solution (GNP-MDS-PLU). All treatments were administered
intraperitoneally (IP). The treatments were administered daily for
14 consecutive days, except for control mice that did not survive
until the end of the experiment and received only seven doses of
treatment. The evolution of the tumors was monitored via
bioluminescent imaging at days 1, 8, and 15 for all treatment
groups, except for the control mice that were followed until day
8. Bioluminescent images were processed using Living
Image®4.5.2 software. The same software program was used to
automatically measure the signal intensity within the region of
interest (ROI) using the automatic contour tool.

4 Results and discussion

4.1 Characterization of midostaurin
nanocarriers

The synthesized gold nanoparticles have a spherical shape and
sizes of approximately 20 nm, as indicated by the morphological

characterization of the TEMmicrograph (ESI Supplementary Figure
S2). The particles were purified by centrifugation and resuspension
in ultrapure water and used for further functionalization. Figure 1
presents the UV-Vis-NIR spectra of the particles in different
formulations (free, conjugated with Pluronic, and loaded
with MDS drug). The characteristic peaks of midostaurin are
visible in the 300–380 nm region. The nanoconjugates have a
very high MDS loading efficiency (94.65%) facilitated by the
midostaurin, which, being an organic hetero-octacyclic
compound, is capable of participating in less than five hydrogen
bonds, so it is mostly hydrophobic. Pluronic molecules
are hydrophilic–hydrophobic–hydrophilic block copolymers of
poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO).
Taking these into consideration, the mechanism by which MDS-
loaded gold nanoparticles are formed is based on the self-assembly
of Pluronic and MDS into amphiphilic structures that engulf the
nanoparticles suspended in an aqueous solution. The hydrophobic
area of MDS is captured in the PPO layer of the Pluronic via
hydrophobic interactions, and the outer hydrophilic shell ensures
the solubility and stability of the system. The LSPR position is red-
shifted by several nm after conjugation with the polymer and drug
molecules, respectively, confirming that the drug and polymer
molecules are conjugated onto the nanoparticle surface. DLS
measurements corroborate the results, as the measured
hydrodynamic diameter systematically increases after each
round of functionalization from approximately 25 nm in the
case of bare nanoparticles to 45 nm and 123 nm, respectively,
for polymer and MDS-polymer-coated ones. The zeta potential
also modifies, showing a value of −61.6 ± 1.1 mV for the pristine
GNPs, while after Pluronic shielding, the value increases to −2.35 ±
0.9 mV. The presence of MDS in the nanoparticle formulation
further modifies the zeta potential of the particles to values
approaching neutral charge. Still, the nanoparticles remain
stable in a biologically compatible buffer solution due to the
presence of the polymer, which provides steric stability to the
nanocomplexes.

FIGURE 1
(A) UV-Vis-NIR extinction spectra of Pluronic nanoconjugates of various composition. Inset: LSPR (the spectra are normalized to unity). (B) DLS
hydrodynamic diameter data of nanoconjugates. (C) Zeta potential values of nanoconjugates. Black, pristine GNPs; blue, Pluronic-conjugated
nanoparticles; red, MDS-loaded nanoparticles.
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4.2 Evaluation of the drug release profile

The particles were subjected to ex vivo release buffers
simulating relevant intracellular microenvironment
conditions. PBS is commonly used due to its resemblance to
extracellular fluid pH of 7.4 and ionic strength. A citrate-based
acidic buffer with a pH of 4.5 resembles lysosomal
pH conditions, as GNPs are engulfed by cells mostly based
on endocytosis through the endo-lysosomal internalization
system. For an even more accurate simulation of the intra-
lysosomal microenvironment where GNP-MDS-PLUs are
located after internalization, we added 10 mM of glutathione
(GSH), an important component of the lysosomal fluid and the
most abundant thiol in animal cells. Due to its chemical
composition, Pluronic is a pH-non-sensitive polymer, and
Pluronic-coated nanoparticles are relatively stable under both
PBS (7.4 pH) and acidic (pH 4.5) conditions (Figure 2). Similar
results regarding the stability of conjugated nanoparticles in the
PBS buffer were previously obtained and demonstrated in our
group (Simon et al., 2015; Tatar et al., 2023). Herein, we expand
the evaluation by testing the stability of the particles over a 3-
day time period. The results indicate the high stability of the
drug nanocomplex since both the particle LSPR band position
and the spectral characteristics of the drug molecules are
conserved (ESI Supplementary Figure S3). The drug release
experiments showed a burst release in the first hour of
incubation for all release buffers but barely reached 16%–17%
MDS release after 24 h of incubation under non-GSH
conditions. In contrast, the presence of glutathione leads to
release rates of 50% after 24 h due to the molecules’ high affinity
to the gold surface of the particles, leading to a major
displacement of the adsorbed MDS and Pluronic (Figure 2).
The released MDS is most likely captured in Pluronic micelles
within the hydrophobic core.

4.3 In vitro cytotoxicity evaluation

In vitro toxicity of MDS, GNP-PLU, and GNP-MDS-PLU on
MV-4-11 Luc2 leukemia cells was evaluated at 24 h after treatment.
The cytotoxicity was assessed at different concentrations of the
above-mentioned nanocompounds by adding different volumes of
the colloid containing either nanoparticles or the free drug in culture
media (volume range 2.5–100 μL), as presented in Figures 3A, B.
The GNP-PLU concentration as particles/mL was adapted to match
that of GNP-MDS-PLU, which was loaded with MDS as an anti-
FLT3 compound.

The MTS results indicate that the GNPs without drug load
showed no toxicity onMV-4-11 Luc2 cells, while theMDS alone and
GNP-MDS-PLU treatments inhibited leukemia cell growth in a
dose-dependent manner. Furthermore, it is notable that at a very
low dose of the free midostaurin drug and midostaurin-loaded
nanoparticles, the inhibition effect is significant, downstreaming
the viability by almost 50%. This aspect highlights the high
antitumor effect of midostaurin. The reduced cell population was
evaluated by bright-field microscopy, and the results are presented
in the Supplementary Material attached to the article (ESI
Supplementary Figure S4). The nonlinear regression fit of the
obtained data indicates a low IC50 value, confirming that the
compound can inhibit half of the MV-4-11 Luc2 cells at a very
low dose in a short period of treatment of 24 h, while the unloaded
GNPs showed no toxicity (ESI Supplementary Figure S5).

4.4 In vivo cytotoxicity evaluation

In order to demonstrate the improved efficiency of the treatment
loaded into the particles in a preclinical experimental setup closer to
the patients’ scenario, we used athymic nude mice with tumor
xenografts as models for the evolution of the disease. Once we

FIGURE 2
(A) Representation of the MDS drug release rates from midostaurin-loaded Pluronic conjugated gold nanoparticles (GNP-MDS-PLU) in function of
time in various incubation media. (B) Calibration curves for MDS quantification in all three release media solutions (black, PBS; red, acidic pH; blue, GSH
presence in acidic pH).
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FIGURE 3
(A)Cytotoxicity evaluation by the XTT assay of GNP-MDS-PLU andMDS and (B)GNP-PLU and DMSO onMV-4-11 Luc2 cells after 24 h of treatment.

FIGURE 4
In vivo evaluation of systemic efficiency of various gold nanocarrier formulations—14 days of continued acute myeloid leukemia treatment. (A)
Scheme of tumor development, treatment administration, and imagistic evaluation schedule. (B) In vivo bioluminescent evaluation of mice grafted with
MV4-11-Luc cells in the knee joint divided into four experimental groups: control, nano-control, midostaurin control, and nano-midostaurin. In vivo
imaging was done before treatment administration (day 1 of treatment) and after the last dose of treatment (day 8 of treatment). (C)Measurement of
bioluminescent signal intensity within the region of interest of the tumor graft before treatment administration (day 1) and after the last dose of treatment
(day 8) of the four experimental groups: control, nano-control, midostaurin control, and nano-midostaurin. (D) Graphical representation of the
bioluminescent signal intensity of ROI according to the values presented at Figure 4C.
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observed a significant tumor formation, we administered
systemically via IP injection control buffer (control), free
nanoparticles (nano-control), free drug (midostaurin control),
and particles loaded with the drug (nano-midostaurin)
(Figure 4). The treatment was administered daily for 14 days (ESI
Supplementary Figure S6) and evaluated on days 1, 8, and 15 using
the IVIS. The therapy delivery approach was chosen according to its
pharmacokinetic and pharmacodynamic properties to ensure
appropriate therapeutic plasma levels. The daily intraperitoneal
dose for 14 consecutive days was chosen to ensure consistent
exposure to the therapy, which is important to determine its
therapeutic effect. This strategy was informed by existing
literature data, suggesting that such a regimen could minimize
toxicity while maximizing tumor inhibition (Lu et al., 2022).
Moreover, we hypothesized that nanoparticles might exhibit
delayed effects on tumor progression or interact differently with
the tumor microenvironment over an extended period. The control
group that did not receive any form of treatment died under
anesthesia at the second IVIS evaluation (day 8), stopping the
experiment on day 7 of treatment (Figure 4). As can be seen in
Figure 4, in the case of control mice that received only buffer
solution or nanoparticles alone, the xenografts developed
significantly without any signs of tumor inhibition. In the third
control group, meaning the mice that were injected with the free
drug, the malignant formation decreased at day 8 compared with the
other two control cohorts; however, the treatment did not manage to
completely stop tumor evolution. Finally, when midostaurin was
loaded into the particles and administered systemically (nano-
midostaurin), we observed a significant improvement in terms of
tumor development, where the new formulation managed to
significantly minimize tumor growth compared with the other
three control situations, including the free drug cohort.

Despite losing the control group in the first half of the experiment,
we continued the protocol until day 14 of the treatment with the other
three cohorts, considering that the main purpose of the preclinical
evaluation consisted of demonstrating the improved efficiency of the
new particles loaded with the drug compared with the drug alone.
Moving past day 7 of treatment, we observed a sudden rapid tumor
growth also in the nano-midostaurin cohort, similar to the one from the
midostaurin control and nano-control groups (ESI Supplementary
Figure S6). We attributed this change to the highly aggressive
character of the tumor but also to the fact that, at this point, we
were unable to load into the particles a clinically equivalent dose of
midostaurin. To establish our dosing strategy, we used an approved
therapeutic regimen, and we consulted the RATIFY clinical trial (Stone
et al., 2017), where midostaurin was administered at 50 mg orally twice
daily in adult AML patients with FLT3 mutations. Considering the
pharmacokinetic and pharmacodynamic differences between humans
and mice, we used a scaled dose that was approximately 10 times lower
than the human equivalent dose when adjusted for the body surface area.
This adjustment is consistent with standard practices for translating
human doses to mouse doses, ensuring relevance and safety in our
preclinical investigation. Hence, the dosage was calculated according to
the human–animal dose conversion, being limited by the volume that
can be administered to a mouse. However, the new therapeutic
formulation has managed to keep the tumor under control for half
of the therapeutic scheme, a fact that did not happen in the case of the
standard treatment that is currently used in the clinic.

5 Discussions and future perspectives

Our preclinical study shows that midostaurin in the nanoparticle
formulation has improved effects on tumor inhibition compared to the
free drug in vivo, managing to keep tumor formation under control
with no significant tumor growth within the first half of the treatment
(ESI Supplementary Figure S7). However, starting with the second half
of the therapy, the tumor growth intensified even under the new
nanoparticle-based formulation, reaching similar levels to those
observed in the free midostaurin cohort. We mainly attribute this
spurt to an insufficient drug concentration, being limited by the volume
of treatment that can be injected into a mouse and, implicitly, the
particle concentration. It is, therefore, notable that the administered
drug quantity with positive results was approximately 10 times lower
than the one given in the clinic after the human-to-animal conversion.
However, in the case of a patient, this limitation does not exist anymore
since a much higher tolerance can be applied in terms of treatment
volume. To overcome these limitations, we plan to conduct further
research with an expanded sample size and investigate different
statistical approaches. Furthermore, considering the challenges in
maintaining consistent drug concentrations due to the limitations in
treatment volume that can be administered in a mouse model, future
studies will also focus on optimizing the nanoparticle formulation. This
will improve the bioavailability and sustained release of midostaurin,
potentially increasing the efficacy of the treatment throughout the entire
research period.
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