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Background: Acute lymphoblastic leukemia (ALL) is the most common hematologic
malignancy in children. It requires a long and rigorous course of chemotherapy treatments.
6-Mercaptopurine (6-MP) is one of the primary drugs used in chemotherapy. Unfortunately,
its efficacy has been limited due to its insolubility, poor bioavailability and serious adverse
effects. To overcome these drawbacks, we constructed 6-mercaptopurine (6-MP)-loaded
nanomedicines (6-MPNs) with biodegradable poly(lactide-co-glycolide) (PLGA) to enhance
the anticancer efficacy of 6-MP.

Methods: We prepared the 6-MPNs using a double-emulsion solvent evaporation method,
characterizing them for the physicochemical properties. We then investigated the plasma,
intestinal region and other organs in Sprague Dawley (SD) rats for pharmacokinetics.
Additionally, we evaluated its anticancer efficacy in vitro on the human T leukemia cell
line Jurkat and in vivo on the ALL model mice.

Results: The 6-MPNs were spherical in shape with uniform particle size and high encapsu-
lation efficiency. The in vitro release profile showed that 6-MPNs exhibited a burst release
that a sustained release phase then followed. The apoptosis assay demonstrated that 6-MPNs
could improve the in vitro cytotoxicity in Jurkat cells. Pharmacokinetics profiles revealed
that 6-MPNs had improved oral bioavailability. Tissue distribution experiments indicated that
6-MPNs increased the duodenum absorption of 6-MP, at the same time having a low
accumulation of the toxic metabolites of 6-MP. The in vivo pharmacodynamics study
revealed that 6-MPNs could prolong the survival time of the ALL model mice. The prepared
6-MPNss, therefore, have superior properties in terms of anticancer efficacy against ALL with
reduced systemic toxicity.

Conclusion: Our nanomedicines provide a promising delivery strategy for 6-MP; they offer
a simple preparation method and high significance for clinical translation.

Keywords: 6-mercaptopurine, nanomedicines, Jurkat cells, acute lymphoblastic leukemia,
ALL, bioavailability

Introduction

Acute lymphoblastic leukemia (ALL) is a common hematological malignancy that
accounts for 70%-80% of all cases of leukemia in children. It is also the most
frequent cause of death among cancer patients who are younger than 20 years
old."* Although treatments for pediatric ALL have resulted in a cure rate of about
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85%-90%, it recurs in about 15%—-20% of children and it
is ultimately fatal.® At present, chemotherapy is one of the
main treatments for children with ALL; it includes three
phases of remission induction, post-remission consolida-
tion, and long-term maintenance.” Induction treatment is
the most critical phase, as it carries the highest risk of
serious toxicity.” Moreover, the maintenance period is
particularly important to control the relapse of ALL, but
it can also result in side effects of a low severity in cases
of long-term use of chemotherapeutic agents.’

6-Mercaptopurine (6-MP) is one of the most commonly
used antitumor drugs and immunosuppressants with demon-
strated efficacy against childhood ALL in clinical medicine. It
is used either independently or in combination with other
drugs in induction and maintenance phases.” The oral medica-
tion maintenance period lasts approximately 2-3 years in
pediatric patients; this timeframe is necessary for decreasing
relapse risk.’> 6-Thioguanine nucleotides (6-TGNs) are the
main active metabolites derived from 6-MP. They can disrupt
the DNA’s replication and transcription processes, inducing
cytotoxicity for cancer cells.® However, the oral bioavailability
of 6-MP is low (16%—-50%) due to its insolubility (0.22 mg/
mL) and its short half-life (0.5-1.5 h).” Moreover, there is also
considerable inter-individual variability in the clinical
response. The non-selective distribution of 6-MP and genetic
polymorphisms can cause serious side effects, including life-
threatening effects like liver toxicity and myelosuppression —
this greatly affects the clinical efficacy of 6-MP."

In recent years, researchers have made several attempts to
overcome these limitations. Among such attempts, nanotech-
nology-based approaches have been particularly useful to
mitigate issues.!' The currently reported nanocarriers for
6-MP have been mainly prepared by chemical coupling of
6-MP or 6-MP derivatives with polymers, including

chitosan,” carboxymethyl ~chitosan (CMCS),'"* and
dendrimer,"*'* which inevitably use crosslinking agents. In
15,16

addition, experts have used metal vector, mesoporous
silica'” and magnetic materials such as iron oxide'® to pre-
pare 6-MP nanoparticles. Some researchers have also mod-

d"2° and

ified these nanoparticles with hyaluronic aci
folate’" to improve the nanomedicine’s ability to target
tumors and cells. While nanotechnology has enhanced the
solubility of 6-MP, the preparation processes of the above
techniques are complex. They also involve safety concerns
caused by toxic crosslinkers, surfactants or organic solvents.
Additionally, these 6-MP nanomedicines generally have low
encapsulation efficiency and they have been typically admi-

nistrated by intravenous injection, which is an unacceptable

administration route for long-term clinical application. It is,
therefore, necessary to develop oral biodegradable nanofor-
mulations to improve the bioavailability and curative effect,
while also mitigating side effects.

There have been few studies on the oral nanomedicines
for 6-MP. Poly(lactide-co-glycolide) (PLGA), one of the
biodegradable, biocompatible and nontoxic polymers, has
recently been approved as a material for efficient drug
loading by the Food and Drug Administration (FDA).*
In turn, the preparation methods of PLGA nanomedicines
are relatively simple and suitable for oral administration
drugs. PLGA nanomedicines display enhanced bioavail-
ability of poorly water-soluble antitumor drugs, good size
control and high encapsulation efficiency.** Moreover, the
release could be controlled by selecting the molecular
weight, the polymer ratio and the terminal groups of the
PLGA.? In this current study, we chose PLGA as the
carrier material to prepare the 6-MP-containing nanome-
dicines (6-MPNs) using a water-in-oil-in-water (W/O/W)
double-emulsion solvent evaporation method. An opti-
mized formulation had been constructed and characterized
for the physicochemical properties. Furthermore, we con-
ducted an in-depth evaluation of the nanomedicine’s phar-
macokinetics and anticancer efficacy in vitro and in vivo.

Materials and Methods

Materials

In this study, 6-mercaptopurine (assay purity 98.0%) was
purchased from Toronto Research Chemicals Inc (Toronto,
Canada). PLGA with a 50/50 for lactic/glycolic ratio
(Resomer® RG 503H, acid terminated, molecular weight
(My,) 24,000-38,000; Resomer® RG 502H, acid terminated,
M,, 7000-17,000; Resomer® RG 502, ester terminated, M,,
7000-17,000), Polyvinyl alcohol (PVA, 87%—-89% hydro-
lyzed, M,, 31,000-50,000), dichloromethane (DCM), ethyl
acetate (EA) and dimethyl sulfoxide (DMSO) were pur-
chased from Sigma-Aldrich Chemical Co., Ltd. Pluronic
F68 was purchased from Yuanye Bio-Technology Co., Ltd.
Ammonia water (NH;.H,O) was obtained from Macklin
Co., Ltd (Shanghai, China). Phosphate buffered saline
(PBS) and penicillin-streptomycin were obtained from
Solarbio Technology Co., Ltd. In addition, cell culture
media RPMI1640 and trypsin were bought from Macgene
(Beijing, China). Fetal bovine serum (FBS) was supplied by
Gibco Invitrogen Co. (Carlsbad, USA). The Cell Counting
Kit-8 (CCK8) was purchased from Dojindo (Shanghai,
China). The Annexin V-FITC/PI Apoptosis Detection Kit
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was bought from YEASEN (Shanghai, China). All other
reagents were of analytical grade.

Preparation of 6-MPNs

Nanomedicines containing 6-MP were formulated using
a modified double-emulsion solvent evaporation method.?**
The 6-MP was dissolved in aqueous ammonia containing PVA
to form the inner water phase. The drug solution was added
dropwise in the organic phase containing the PLGA so as to
get the primary emulsion under magnetic stirring.
Subsequently, using a probe-type sonifier, the primary emul-
sion was sonicated in an ice water bath and quickly injected
into the outer aqueous phase (1% w/v pluronic F68 solution) to
achieve the 6-MP-loaded PLGA double emulsion with ultra-
sonication for 2 minutes. The double emulsion was evaporated
at 40°C for 1 h to remove the organic phase. In turn, this
formed the nanomedicines, which were collected through
centrifugation, then washed with deionized water and dis-
persed into a 10% w/v mannitol solution. The nanomedicines
were lyophilized using freeze-drying for storage. Table 1 lists

the formulation variables and identifier codes.

Preparation of 6-MP Suspensions

For the control formulation, 6-MP suspensions were pre-
pared with 0.5% (w/v) sodium carboxymethyl cellulose
solution (CMC-Na). Briefly, a certain amount of 6-MP
powder was made by grinding commercially available
tablets and suspended in 0.5% CMC-Na to obtain suspen-
sions (6-MPCs) at a concentration of 2 mg/mL.

Physicochemical Properties and the
Morphology Characterization of 6-MPNs

The current study determined the particle size and poly-
dispersity index (PDI) of 6-MPNs using dynamic light
scattering (DLS). The Zeta potential was measured
through Laser Doppler Electrophoresis using a Malvern

Zeta-sizer. The surface morphology of 6-MPNs was char-
acterized through transmission electron microscopy (TEM,
JOEL, JEM 2100) that operated at an accelerating voltage
of 80 kV; this occurred after negative staining via a 1%
uranyl acetate solution. The 6-MPNs were dispersed in
different media, including PBS (pH = 7.4), RPMI1640
and RPMI1640 with 10% FBS, before being incubated at
37°C. Their physical stability was assessed by measuring
their particle size at different incubation times.

Determination of Loading Drug and
Encapsulation Efficiency (EE)

Drug loading refers to the ratio of the drug weight in
nanomedicines to the total weight of nanomedicines. In
this study, a certain amount of lyophilized powder of
6-MPNs was weighed and dissolved in methanol/water
(1:1, v/v) to determine the encapsulated 6-MP of
6-MPNs. Calculating the difference between the initial
added amount of 6-MP and the non-entrapped free drug
that remained in the supernatant after centrifugation
allowed determination of the EE of the 6-MPNs. The
free drug was quantified by HPLC (Shimadzu, Kyoto,
Japan). A Diamonsil Cg column (150 x 4.6 mm, 5 pm)
was used for chromatographic separation at a flow rate of
1 mL/min with UV detection (325 nm). The column oven
temperature was set to 40°C, accompanied by an injection
volume of 20 pL. Isocratic elution was used with a mobile
phase of phosphate buffer (pH = 3.31) and acetonitrile
(75%: 25%, vIv).*¢

In vitro Drug Release

Using the dialysis method, we studied the in vitro release of
6-MP from the prepared 6-MPNs. 6-MPNs (2 mg/mL) were
added into dialysis bags (molecular weight cut off = 3500 Da),
then dialyzed against 50 mL of PBS (pH 4.8 and 7.4) contain-
ing 0.02% (v/v) tween 20 at 37 + 2°C, with gentle stirring at

Table | Particle Size, Polydispersity Index (PDI) and Encapsulation Efficiency (EE) of 6-MPNs Prepared with Various Formulations

Formulation Concentration of PVA Organic PLGA Polymer:Drug (w/ Particle Size PDI EE

ID (%) Solvent Type w) (nm) (%)

Fl 0.5 EA*® RG 502H © 6:1 138.01 + 0.39 0.119 £ 0.003 | 80.71
F2 | EA RG 502H 6:1 142.56 + 1.34 0.334 + 0.034 | 67.65
F3 3 EA RG 502H 6:1 200.25 + 2.93 0.225 + 0.019 | 79.01
F4 0.5 EA RG 502H 4:1 126.65 + 2.05 0411 £0.031 | 74.03
F5 0.5 DCM"® RG 502H 6:1 1025.25 + 6.86 0.270 £ 0.049 | 71.56
Fé 0.5 EA RG 502 ¢ 6:1 212.58 £ 1.44 0.135 £ 0011 | 77.24
F7 0.5 EA RG 503H © 6:1 172.46 + 1.60 0.225 £ 0.019 | 73.10

Notes: *Ethyl acetate; "Dichloromethane; RG 502H: acid terminated PLGA with molecular weight (Mw) of 7000—17,000; “RG 502: ester terminated PLGA with Mw of

7000-17,000; °RG 503H: acid terminated PLGA with Mw of 24,000-38,000.
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100 rpm. At predetermined intervals, we withdrew aliquots of
the PBS (1.0 mL) and refilled them with equal amounts of
fresh PBS. The samples were centrifuged (12,000 rpm, 15
min) to collect the supernatants, which were determined
through HPLC (described above).

Anticancer Effects in vitro

Cell Line and Culture

Human T cell leukemia cell lines (Jurkat) were provided
by the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). We maintained the cells in RPMI 1640
media and supplemented them with 100 U/mL penicillin,
100 pg/mL streptomycin, and 10% FBS at 37°C in an
environment of 5% CO,. The media were changed daily
and cells were passaged once every 2-3 days.

In vitro Cytotoxicity of 6-MPNs to Jurkat Cells

We analyzed the cytotoxicity studies using a Cell Counting
Kit-8 (CCKS) assay. The Jurkat cells were seeded in a 96-well
plate (Corning®, USA) at a cell density of approximately 2 x
10* cells/well in 100 pL. The cells were treated with a graded
concentration of drugs, including 6-MP solution, 6-MPCs or
6-MPNs. Subsequently, the cells were incubated for 48 h at
37°C. The drug-containing medium was discarded carefully
after centrifuging (1000 rpm, 5 min). Soon after, the cells were
washed twice in a complete medium. Cell viability was mea-
sured by CCKS in accordance with the manufacturer’s instruc-
tions. The optical density (OD) was read at 450 nm using
a Spectra MAX 190 microplate reader.

Detection of Apoptosis by Flow Cytometry

We analyzed apoptosis using double staining via Annexin
V-FITC and PI. The Jurkat cells were seeded in 6-well
plates at a density of 4 x 10° cells/mL, and then exposed
for 48 h to 6-MP solution, 6-MPCs and 6-MPNs at con-
centrations of 0.5 uM, 2 uM and 5 uM, respectively. The
cells treated with PBS were used as the control. The cells
were harvested at 1-5 x 10° cells/mL by centrifugation
(300 g, 5 min) at 4°C before being washed three times with
cold PBS. Subsequently, the cells were re-suspended in
binding buffer and stained with 5 uL. Annexin V-FITC and
10 pL PI following the manufacturer’s instructions. The
apoptotic/necrotic populations were analyzed using
a FACS Calibur cell analyzer (BD Biosciences).

Animal Studies

Experimental Animals

We purchased one-month-old Sprague Dawley (SD) rats
from Beijing Vital River Laboratory Animal Technology

(Beijing, China). The SD rats (100 = 10 g) were raised
under standard animal feeding conditions with free access
to water and food. Female immune-deficient NOD-
Prkdescid 112rgnull (NPG) mice were procured from
Beijing Vitalstar Biotechnology (Beijing, China) and
housed under pathogen-free standard laboratory conditions
with ad libitum access to water and food. All animals were
maintained in accordance with the Animal Welfare Act
and the Guide for the Care and Use of Laboratory
Animals protocols. All animal studies were approved by
the Animal Ethics Committee of Capital Medical
University (Approval Number: AEEI-2020-072).

In vivo Pharmacokinetics in SD Rats

The SD rats were randomly placed in two groups (8 rats per
group) who were then orally administered at a dose of
15.75 mg/kg of 6-MPCs and 6-MPNs, respectively. At speci-
fied time points after oral administration drugs, we collected
blood samples (0.1 mL) from the retro-orbital plexus of the rats
and centrifuged the samples at 5000 rpm for 10 min at 4°C to
immediately separate the plasma. Subsequently, they were
stored at —80°C until analysis. The plasma samples were
deproteinized with methanol and centrifuged at 16,000 g for
10 minutes to collect the supernatants that were assayed by
means of HPLC-MS/MS. An API 5500 triple-quadrupole
mass spectrometer was used to perform the MS analysis
(Applied Biosystems-Sciex, Toronto, Canada). The chromato-
graphic separation was achieved by using a reverse-phase
Atlantis T3 column (2.1 mm x 100 mm, 5 pm) with gradient
elution. The mobile phase was composed of methanol contain-
ing 0.5% v/v formic acid and water. For all analyses, a flow rate
of 0.4 mL/min, a sample injection volume of 3 uL and a run
time of 5 min were employed. The column oven and autosam-
pler were set at 37°C and 10°C. Multiple reaction monitoring
transitions were performed for quantitation at m/z 153.0 >
118.9 for 6-MP, m/z 167.0 > 125.9 for 6-methylmercaptopur-
ine (6-MMP), m/z 168.0 > 150.9 for 6-thioguanine (6-TG).?’

Intestinal Absorption and Tissue Distribution

Food was withdrawn 16-18 h before administering the
drug. Afterwards, 6-MPCs and 6-MPNs were orally admi-
nistered to SD rats (n = 6) at a dose of 6-MP 15.75 mg/kg.
The rats were euthanized at 10 min, 0.5 h, 1 h, 3 h, and 10
h post administration. We excised intestinal segments
including the duodenum, jejunum, ileum and colon, as
well as different organs such as the heart, liver, spleen,
lungs, kidneys, and bone marrow. We rinsed these with
PBS three times each. Sample tissues were weighed and
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homogenized in the appropriate amount of methanol [w
(g)/v (mL) = 1/9]. The drug-containing supernatants were
collected by centrifuging the tissue homogenates for
HPLC-MS/MS analysis.

Anti-Leukemic Efficacy in Jurkat Cell Xenograft
Mouse Model

To generate the human cell line xenograft in ALL mouse
model, we injected Jurkat cells (1 % 10° cells) into the tail
veins of the female NPG mice.”® After 7 days, we randomly
placed the mice in three groups. Over the course of 2
weeks, 6-MPNs and 6-MPCs were administered at 20 mg/
kg once daily by oral gavage (n = 6), and PBS was admi-
nistered as the control. Throughout the research, we mon-
itored the body weights and the survival of the mice on
a daily basis. The mice with advanced leukemia (>20%
weight loss, tachypnea, ruffled fur, hypothermia, hunched
back, hind-limb paralysis, minimal activity) would be
euthanized. We evaluated the livers and spleens of the
mice for 6-MP-induced toxicity and a leukemia burden.

Statistical Analysis

Results are presented as mean = SD for in vitro and in vivo
studies. All data were calculated by GraphPad Prism Software
(version 7.0) and analyzed utilizing the unpaired-samples
Student’s #-test comparison of means. The P value < 0.05
was considered as statistical significance. The proportions of
apoptotic/necrotic cells were analyzed automatically by
FlowJo® X software. The total percentage of apoptotic cells
was calculated as the sum of the early and late apoptosis rates
based on the statistical data generated by the system.

Results and Discussion

Preparation and Characterization of
6-MPNs

As depicted in Figure 1, 6-MPNs were constructed via
a double-emulsion solvent evaporation method. In brief,
6-MP and PVA were dissolved in aqueous ammonia to
form an inner water phase (W1). Thereafter, W1 was added
dropwise in the organic solvent containing PLGA (O) to get
the primary emulsion (W1/0O) under magnetic stirring and
ultrasonication. W1/O was then dispersed in the F68 solution
(W2) to obtain double emulsion (W1/0/W2) under ultraso-
nication. The W1/O/W2 was evaporated to completely
remove the organic solvent. The final formulation was cen-
trifuged and washed to purify the nanomedicines.

Table 1 presents the characteristics of 6-MPNs. The
results revealed that, when the concentrations of PVA

increased from 0.5% to 3%, the particle size of nanome-
dicines gradually increased. This is perhaps attributable to
the incremental viscosity of the solution.”> All the encap-
sulation efficiencies (EEs) of 6-MP in different 6-MPNs
formulations were above 60%. Based on the particle size
and EEs, we considered 0.5% to be the optimal concentra-
tion of PVA in the internal water phase. Compared with
ethyl acetate as the organic solvent, dichloromethane led to
an apparent increase in nanoparticle size. The solubility of
ethyl acetate in water is higher than that of dichloro-
methane in water. It is easy to spread in water. The poly-
mer on the surface of the emulsion droplets therefore
rapidly solidifies into balls without adhesion, leading to
6-MPNs
speaking.”’>° Next, we evaluated the influence of the

having a smaller particle size, relatively
weight ratio of polymer to drug on the physicochemical
properties of nanomedicines. The increment of PLGA-to
-6-MP weight ratio slightly increased the particle size and
it effectively enhanced the EEs. As polymer concentration
in the organic phase increases, the viscosity of the organic
phase heightens. As a result, the diffusional resistance of
the drug increases. Therefore, the drug diffusion is
restricted from the internal water phase to the continuous
phase, entrapping more of the drug and leading to greater
particle sizes.

In our study, we also prepared various 6-MPNs with
PLGA polymers of different molecular weight and term-
inal groups, and accordingly observed that the molecular
weight and terminal groups of PLGA dominantly affected
the particle size.’’ RG 502H with acid terminus and
7000-17,000 of M, resulted in a smaller particle size of
6-MPNs than RG 502 and RG 503H. PLGA with lower
M,, can lead to a smaller particle size compared to PLGA
with high M,,.*> Moreover, PLGA with a higher hydro-
philic terminal group could lead to smaller nanoparticle
diameter. Thus, 6-MPNs prepared with PLGA containing
hydrophilic carboxyl-terminal group (RG 502H and RG
503H) have slightly decreased particle size when com-
pared with PLGA (RG 502) containing the alkyl end
group.>”

Based on the above results, we consider the formulation
labeled F1 in Table 1 to be the optimal nanomedicine. In this
formulation, 6-MP was dissolved in ammonia solutions
containing 0.5% PVA, then added to ethyl acetate solutions
of RG 502H PLGA with 6:1 of weight ratio for PLGA and
6-MP. F1 showed the highest encapsulation efficiency
(80.71%) and drug loading (13.60%) with relatively small
particle size (138.01 £+ 0.39 nm) and narrow PDI (0.119 +
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Figure | Preparation of 6-mercaptopurine-loaded nanomedicines (6-MPNs) and schematic of 6-MPNs augmenting the anticancer efficiency after oral administration.
6-MPN’s were constructed via a double-emulsion solvent evaporation method. The inner water phase (W) containing 6-MP and PVA was added dropwise in the oil phase
containing PLGA (O) to get the primary emulsion (W 1/O). Then the W1/O was dispersed in the outer water phase (W2) to obtain double emulsion (W1/O/W2), which
was evaporated, centrifuged and washed to purify the nanomedicines. The 6-MPNs are capable of improving the solubility of 6-MP and increasing the intestinal absorption,
thereby enhancing the anticancer effect and reducing chemotherapy-induced systemic toxicities.

0.003) (Figure 2A). We, therefore, selected this formulation
of 6-MPNs for subsequent in vitro and in vivo studies.

The optimal formulation was slightly negative, with
a zeta potential of —1.0 mV. The colloidal dispersion sys-
tem of 6-MPNs appeared as light blue opalescence. TEM
demonstrated that the nanomedicines were smooth-
surfaced spheres with a core-shell structure (Figure 2B).
We also evaluated the stability of 6-MPNs in different
media. The 6-MPNs could maintain particle size in
a proper range within 48 h in different media, including
PBS (Figure 2D), RPMI 1640 (Figure 2E) and RPMI 1640
with 10% FBS (Figure 2F). This finding indicated that
6-MPNs were stable enough to use in the following cell
experiments because the studies were all shorter than 48
h long. In general, the 6-MPNs we prepared had appro-
priate physicochemical properties and dispersion stability.

In vitro Release of 6-MP from 6-MPNs

As seen in Figures 2C and S1, 6-MPCs exhibited a gradual
release up to 90% within 10 h at pH 7.4. 6-MP is more easily
released from 6-MPCs at pH 7.4 than at pH 4.8 due to its
higher solubility in an alkaline environment. In contrast, the
drug release profile of 6-MPNs exhibited an initial burst

release of the drug followed by a sustained release both at
pH 4.8 and 7.4. The cumulative release percentage of 6-MPNs
was 20% in the first 2 h and only achieved 50% within 96 h at
pH 4.8. The release rate in the acidic medium was relatively
slow. One could attribute this to the fact that the ester bond of
PLGA is easily broken under basic conditions.** However,
compared with pH 4.8, we observed a higher and continuous
release of 6-MP from the 6-MPNs incubated at pH 7.4.
Specifically, the cumulative release percentage of 6-MPNs
could achieve over 60% in the first 2 h. This stage was
followed by a slow and sustained release of the remainder
eventually up to 90% of cumulative released amount over the
next 96 h. A possible reason for this biphasic release profile is
that the 6-MP is encapsulated in the 6-MPNs and adsorbed on
their surfaces.>* More specifically, the surface-adsorbed drug
is expected to be released fast, while the drug entrapped within
the stable core of nanomedicines will have a sustained release
performance.>> We considered that the fast release would help
achieve effective blood concentrations and promote rapid
relief of diseases, while the sustained release would help
maintain a stable blood concentration. In the release medium,
we added the tween 20 to increase the solubility of 6-MP. This
may enhance the release rate, but there was still a sustained
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Figure 2 In vitro characterization and release of 6-MPNs. The particle size distribution determined by DLS (A), and morphology measured by TEM (B), scale bars: 100 nm.
(€) The drug release of 6-MP from nanomedicines and suspensions in PBS (pH = 7.4) containing 0.02% Tween 20. The physical stability of 6-MPNs in different media
including PBS (D), RPMI1640 (E) and RPMI 1640 with 10% FBS (F), monitored by particle size distribution over 48 h.

release of 6-MPNs, possibly due to the slow degradation of
PLGA skeleton in the absence of esterase in vitro.

The Growth Inhibition Evaluation of
6-MPNis in Jurkat Cells

In vitro Cytotoxicity Assay

After successfully constructing the nanomedicines, we subse-
quently evaluated the in vitro therapeutic efficacy of 6-MPNs

by using a human T cell leukemia Jurkat cell line. We deter-
mined the impact of 6-MP solution, 6-MPCs and 6-MPNs on
the Jurkat cells’ proliferation and viability in vitro. As dis-
played in Figure 3, 6-MP solution, 6-MPCs and 6-MPNs all
significantly reduced the cell viability in a dose-dependent
manner. There were no significant differences in the effects
of cell growth inhibition between the three formulations,
except at the concentration of 1.0 uM. The percentages of
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Dove

cell viability at a concentration of 1.0 pM of 48 h exposure
were 25.29 £ 1.28%, 20.90 £ 5.68%, and 52.18 + 1.23%, for
6-MP solution, 6-MPCs and 6-MPNs, respectively. The 50%
inhibitory concentrations (IC50) of the 6-MP solution,
6-MPNs and 6-MPCs for Jurkat cells after 48 h of exposure
were 0.36 uM, 1.09 uM and 0.76 puM, respectively. Indeed,
drug release may impact the cytotoxicity. As shown in Figure
2C, the cumulative release percentage of 6-MPNs could
achieve over 90% at 48 h, while 6-MPCs exhibited a release
of up to 90% at 10 h and about 100% at 48 h. At the end of the
cytotoxic incubation period, 6-MP was released more from
6-MPCs than 6-MPNs. In the 6-MPNs group, 6-MP could
enter cells as free drugs after being released from 6-MPNs, or
enter cells directly as encapsulated nanoparticles. The endocy-
tosis of 6-MPNs was relatively slower than the cellular uptake
of free 6-MP in 6-MPCs and solution.>® We speculate that
these two reasons may cause the cytotoxicity of 6-MPNs to
be lower than 6-MPCs and solutions at 48 h. There may be
other reasons to explore.

Flow Cytometry Cell Apoptosis Analysis

We performed Annexin V-FITC and PI double staining to
determine the apoptosis among Jurkat cells following treat-
ment with the 6-MP solution, 6-MPCs and 6-MPNs at different
concentrations for 48 h. With the rising concentrations of
6-MP, the apoptotic percentage of Jurkat cells increased. We
also observed that 6-MPNs (Figure 4C) induced a significant
late apoptosis effect at different concentrations in Jurkat cells
compared with the 6-MP solution (Figure 4A) and 6-MPCs
(Figure 4B). In the untreated control group, the apoptotic
percentage was 5.89 + 0.89%. In contrast, 6-MPNs treatment
at different concentrations induced apoptosis rates of 14.56 +

1104
100

& 70-

>

£ 60 Il 6-MPNs

=

S 50+ Bl 6-MPCs
340_ Il 6-MP solution

0.1 0.5 1.0 5.0 50.0
Concentration (uM)

100.0 200.0

Figure 3 In vitro growth inhibition effect of 6-MPNs, 6-MPCs and 6-MP solution
against Jurkat cells assessed by CCK8 assay after 48 h.

1.08%, 23.78 + 1.22% and 30.58 + 1.71% for 0.5 uM
(Figure 4D), 2 uM (Figure 4E) and 5 uM (Figure 4F) respec-
tively. The apoptotic percentages that the 6-MP solution treat-
ment induced were 7.76 £+ 0.82%, 16.30 + 1.27% and 25.29 +
0.80% at three concentrations, respectively. Similarly, the
6-MPCs treatment exhibited 5.14 + 1.50%, 19.16 + 0.59%
and 23.04 + 1.33%. These data revealed that 6-MPNs induced
a significantly greater proportion of apoptotic cells than the
6-MP solution and 6-MPCs at all concentrations. One could
speculate that compared to 6-MP solution and 6-MPCs,
6-MPNs entered cells relatively slowly and had a sustained
release of 6-MP. The 6-MPNs group might therefore maintain
arelatively higher concentration of 6-MP in the cells during the
long exposure time, resulting in more DNA damage and

further increasing cell apoptosis.>’

Pharmacokinetic Studies in One-Month-

Old Rats
After SD rats were administered with 6-MPCs or 6-MPNs at
a dose of 15.75 mg/kg, the mean plasma concentrations of
6-MP and its methylation metabolite, 6-MMP, were detected
by HPLC-MS/MS. Figure 5 presents the mean plasma con-
centrations vs time profiles. The plasma concentrations of
6-MP for 6-MPNs reached a peak of 478.05 = 233.00 ng/mL
(Cinax) at 0.5 h. It was significantly greater than the peak for
6-MPCs (202.90 £ 94.29 ng/mL) (Figure 5A). The area under
the curve (AUC) of 6-MP in the 6-MPNs group was 558.70 +
110.80 mg/L-h, which was higher than that in the 6-MPCs
group of 381.00 £ 71.20 mg/L-h. There was little difference in
the half-life (t;,) of 6-MP between the 6-MPNs and 6-MPCs
groups (1.57 = 1.09 h and 1.50 + 0.94 h, respectively).
6-MPNs could thereby increase the C,,,x and AUC of 6-MP
in SD rats. This improvement in oral bioavailability could be
explainable by the combination of the following effects. First,
nanomedicines could improve the solubility of poorly water-
soluble drugs.*® According to the biopharmaceutics classifica-
tion system (BCS), 6-MP is a Class II drug with poor solubility
and high permeation, wherein solubility limits absorption.* In
the current study, the nanomedicines we developed enhanced
the solubility of 6-MP so that the 6-MP in 6-MPNs could be
better absorbed compared to 6-MPCs. Second, orally adminis-
tered nanomedicines can be absorbed by M cells of Peyer’s
patches as long as the particle size is less than 200 nm. This
leads to passive lymphatic targeting followed by increased
systemic drug delivery.*’

Next, the metabolites of 6-MP formulate the main cause
for the toxic effects of 6-MP. As a result, we further
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Figure 4 Flow cytometry analysis of Jurkat cells after staining with Annexin V-FITC/PI. Cells were treated with 6-MP solution (A), 6-MPCs (B) or 6-MPNs (C) at different
concentrations of 0.5 uM, 2 uM and 5 uM, respectively. The quantitative apoptosis rates in 6-MPNs, 6-MP solution, and 6-MPCs groups were calculated as the sum of early and late
apoptosis at different concentrations of 0.5 uM (D), 2 uM (E), 5 uM (F). The data are presented as the mean + SD of three independent experiments (*P < 0.05; **P < 0.01).
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Figure 5 Mean plasma concentrations (ng/mL) of 6-MP (A) and 6-MMP (B) vs Time (h) profiles after a single oral administration of 6-MPNs or 6-MPCs in SD rats (n = 8).

investigated the concentration of its metabolites, 6-MMP. As
Figure 5B exhibits, the AUC of 6-MMP in the 6-MPNs group
was 487.90 £+ 74.25 mg/L-h, which was lower than that in the
6-MPCs group (568.80 + 81.62 mg/L-h). The C,,,, of 6-MMP
did not differ between the two groups. There was no sustained
release effect in vivo as the 6-MPNs did not evidently increase
the half-life of the 6-MP. We can attribute this finding to the
presence of esterase in vivo, which could degrade the PLGA
skeleton via the hydrolysis of ester linkages.

Tissue Distribution of 6-MPNs in vivo
Figure 6 displays the 6-MP distribution in the duodenum
(Figure 6A), jejunum (Figure 6B), ileum (Figure 6C) and
colon (Figure 6D) of SD rats at various time points. In both
the 6-MPNs group and 6-MPCs group, the concentrations of
6-MP in four intestine segments peaked at 10 min, then gra-
dually decreased. These results indicate that 6-MP is rapidly
distributed to the intestinal tissues after oral administration of
6-MPNs or 6-MPCs. The descending order of distribution of
6-MP in the four intestine segments was the ileum, jejunum,
duodenum, and colon. The 6-MP absorption occurred mainly
through the ileum and the jejunum. The duodenum distribution
of 6-MP in the 6-MPNs group was significantly higher than
that in the 6-MPCs group at 10 min, thereby confirming
a higher penetration of nanomedicines in the duodenum com-
pared with plain suspensions after oral delivery.*’ In view of
the poor oral absorption of 6-MP, the high intestinal perme-
ability after nanoization is probable because the nanomedicines
of small particle size are absorbed by intestinal enterocytes
through endocytosis and transport, enhancing the drug’s para-
cellular passage and endocytotic uptake.*'

Figures 7 and S2 show the disposition of 6-MP in the
bone marrow, heart, liver, spleen, lungs and kidneys. 6-MP
distribution in SD rats was the highest in the spleen
(Figure S2D), followed by the bone marrow (Figure 7A),

kidney (Figure S2J), liver (Figure 7D), lung (Figure S2G)
and heart (Figure S2A). The distribution of 6-MP mainly
depended on the blood flow or perfusion rate of organs.**
There was no significant difference in the major organ dis-
tribution of 6-MP between the 6-MPNs and 6-MPCs groups.
Furthermore, we evaluated the distribution of 6-MMP and
6-TG metabolites in the bone marrow (Figure 7B and C),
heart (Figure S2B-C), liver (Figure 7E-F), spleen (Figure
S2E-F), lungs (Figure S2H-I) and kidneys (Figure S2K-L).
As Figure 7E illustrates, 6-MMP mainly accumulated in the
liver. In the 6-MPNs group, the concentrations of 6-MMP in
the liver were lower than those in the 6-MPCs group at 1 h, 3
h and 10 h (P < 0.01). 6-MMP is the methylated metabolite
of the 6-MP. 6-MP could induce hepatotoxicity, likely
of the of  methylated
mercaptopurine.* Accordingly, we can infer that the risk

because biotransformation
of hepatotoxicity in the 6-MPNs group is lower than that in
the 6-MPCs group. The 6-MP could cause myelotoxicity,
possibly explained by the increased biotransformation of
6-TGNs.** In the current study, we determined the concen-
trations of 6-TG in different organs to indirectly reflect the
levels of the 6-TGNs in vivo, as 6-TG is the final product
after the dephosphorylation of 6-TGNs. Figure 7C displays
that there were large variabilities in 6-TG concentrations
among different organs. 6-TG had the highest distribution
in the bone marrow. The concentrations of 6-TG in the bone
marrow at 1 h after 6-MPCs treatment were significantly
higher than those after 6-MPNs treatment. We can speculate
that the risk of myelotoxicity in the 6-MPNs group might be
lower than in the 6-MPCs group. One possible cause for this
concentration difference in bone marrow is that the direct
metabolism of drugs by liver microsomal enzymes is avoid-
able following the encapsulation of 6-MP into the core of
6-MPNss, as nanomedicines could directly reach the systemic

circulation.*>*
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Figure 6 The absorption of 6-MP for 6-MPNs in duodenum (A), jejunum (B), ileum (C), and colon (D), compared with 6-MPCs (n = 6) (**P < 0.01).

Overall, these results indicated that 6-MPNs could
increase the intestinal absorption of 6-MP mainly through
the duodenum, as well as reduce the accumulation of toxic
metabolites in the liver and bone marrow.

Anticancer Efficacy of 6-MPNs in vivo

Finally, we performed the pharmacodynamic experiment
of 6-MPNs against ALL as a way to verify the superior
therapeutic efficacy in vivo. Firstly, we injected NPG
mice with Jurkat cells to build an ALL model. After
a week, mice were administered with 6-MPNs in doses
of 20 mg of 6-MP equiv./kg every day for 14 days. PBS
and 6-MPCs were used as the controls. Notably, not all
the groups (treated and controls) exhibited a substantial
loss in body weight within 16 days (Figure 8A), indicat-
ing that a lack of general toxicity resulting from the

6-MPCs or 6-MPNs. Comparatively, the PBS-treated
group showed fast weight loss, while the 6-MPCs or
6-MPNs groups displayed slow weight loss. 6-MPNs
significantly increased the survival rate of the mice
compared to the 6-MPCs and PBS groups. The corre-
sponding median survival time was 51 days versus 23.5
and 22.5 days, respectively (P < 0.05; Figure 8B).
Interestingly, one mouse in the 6-MPNs group survived
and returned to a normal state until the end of the 80-
day observation period. These findings demonstrated
that 6-MPNs could offer significantly better therapeutic
efficacy on the human cell line xenograft in the ALL
mouse model than 6-MPCs currently do. Methylated
metabolite of 6-MP could cause liver toxicity, and
liver and spleen are sites for leukemia cells’ blast accu-

mulation and invasion. Therefore, we performed the
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Figure 7 The concentrations of 6-MP (A and D), 6-MMP (B and E), 6-TG (C and F) in bone marrow and liver, respectively, after treatment with 15.75 mg/kg of 6-MPNs

and 6-MPCs in SD rats (n = 6) (*P < 0.05; ** P < 0.01).

H&E staining in livers and spleens to evaluate the
toxicity and a leukemia burden in our different treatment
groups. The histological analysis revealed no distinct
damage to the livers and spleens in any of the three
groups (Figure 9), while the PBS groups caused slight

inflammatory cellular infiltration in the liver compared
with the 6-MPCs and 6-MPNs groups. In conclusion,
the enhanced anticancer effect of 6-MPNs is likely
a result of its high bioavailability and low systemic
toxicity.
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Conclusions

In this study, we prepared the PLGA nanomedicines loaded
with 6-MP using the double-emulsion solvent evaporation
method. 6-MPNs characterization revealed that the nanome-
dicines had good physicochemical properties and dispersion
stability. 6-MPNs exhibited an initial burst release followed by
a sustained release of 6-MP. The in vitro apoptosis analysis in
Jurkat cells demonstrated that 6-MPNs possessed enhanced
a pro-apoptotic effect compared with 6-MPCs and 6-MP
solution. The pharmacokinetics profiles showed that 6-MPNs
could increase the C.,x and AUC of 6-MP in SD rats.
Accordingly, in SD rats, the oral bioavailability of the
6-MPNs was better than that of 6-MPCs. The results of the
tissue distribution demonstrated that 6-MPNs could improve
the intestinal absorption of 6-MP, and reduced the accumula-
tion of its toxic metabolites in the liver and bone marrow. The
in vivo pharmacodynamic studies further confirmed its good

treatment effect against ALL mice model with low systemic
toxicity. In summary, 6-MPNs could be a valuable nanomedi-
cine for 6-MP. Further research is required so as to explore the
commercial potential of this novel drug delivery system.
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