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Aim: We designed acid-labile methotrexate (MTX) targeting prodrug self-assembling nano-
particles loaded with curcumin (CUR) drug for simultaneous delivery of multi-chemotherapeutic
drugs and combination cancer therapy.

Methods: A dual-acting MTX, acting as both an anticancer drug and as a tumor-targeting ligand,
was coupled to 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[aldehyde(polyethylene
glycol)-2000] via Schiff’s base reaction. The synthesized prodrug conjugate (DSPE-PEG-Imine-
MTX) could be self-assembled into micellar nanoparticles (MTX-Imine-M) in aqueous solution,
which encapsulated CUR into their core by hydrophobic interactions (MTX-Imine-M-CUR).
Results: The prepared MTX-Imine-M-CUR nanoparticles were composed of an inner hydropho-
bic DSPE/CUR core and an outside hydrophilic bishydroxyl poly (ethyleneglycol) (PEG) shell
with a self-targeting MTX prodrug corona. The imine linker between 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[aldehyde(polyethyleneglycol)-2000] and MTX, as a dynamic covalent
bond, was strong enough to remain intact in physiological pH, even though it is rapidly cleaved
in acidic pH. The MTX-Imine-M-CUR could codeliver MTX and CUR selectively and efficiently
into the cancer cells via folate receptor-mediated endocytosis followed by the rapid intracellular
release of CUR and the active form of MTX via the acidity of endosomes/lysosomes. Moreover,
the MTX-Imine-M-CUR resulted in significantly higher in vitro and in vivo anticancer activity
than pH-insensitive DSPE-PEGAmide-MTX assembling nanoparticles loaded with CUR (MTX-
Amide-M-CUR), MTX unconjugated DSPE-PEG assembling micellar nanoparticles loaded with
CUR (M-CUR), combination of both free drugs, and individual free drugs.

Conclusion: The smart system provided a simple, yet feasible, drug delivery strategy for
targeted combination chemotherapy.

Keywords: pH-sensitive prodrug, self-assembly, targeting, combination therapy, nanoparticles

Introduction
Over the last 30 years, there has been a sharp increase in the occurrence of human
cancers.' Although it could be treated with chemotherapy, the clinical outcome is limited
due to the serious side effects, low therapeutic efficiency, and multidrug resistance.>?
Considering the above obstacles, combination therapy has been conceived as one of
the primary options to treat cancer.** The significant advantage is that it could not only
damage or kill cancer cells with multiple drugs to achieve the synergism via different
cell cycle stages and mechanisms of action but also suppress the drug resistance.’”’
Methotrexate (MTX) is one of the effective wide-spectrum chemotherapeutic
drugs used for treating a wide range of human cancers, such as cervical, breast, lung,
head, neck, skin, and other malignant tumors.®!® MTX could inhibit the activity
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of dihydrofolate reductase enzyme participating in folate
metabolism.>!" However, its clinical application is limited
due to the poor pharmacokinetics and severe systemic toxicity
following systemic administration.'> '

Curcumin (CUR), a natural polyphenol extracted from
turmeric, has attracted increasing attention on account of
its anticancer, antioxidant, anti-inflammatory, and hepato-
protective properties.'>'® As a potent anticancer and anti-
oxidant agent, CUR can inhibit cell proliferation of a large
variety of tumors through topoisomerase II-mediated DNA
cleavage.!*? Unfortunately, its clinical application has been
severely restricted due to the poor stability, limited water
solubility, and inadequate accumulation at the tumor sites.?!
Thus, the application of CUR and MTX in combination
therapy suffers from some drawbacks.

Nanoparticles are regarded as an innovative platform for
drug delivery because of their ability to improve the pharma-
cokinetics and biodistribution of the drug while reducing the
drug toxicity.?? Specifically, compared with the conventional
combination drug therapy, nanoparticle-based multidrug
delivery system could target the tumor region or cells via the
enhanced permeability and retention (EPR) effect, release the
drug in a sustained manner, and even provide various syner-
gistic effects.?? % Stimuli-responsive nanoparticles have been
rapidly developed on the basis of subtle differences between
the physiological microenvironments of tumor and normal
tissues.? For instance, the pH at extracellular microenviron-
ment of the tumor is lower (~6.8) due to more active aerobic
glycolysis, and the acidity in intracellular endo/lysosomes is
even increased (pH 4.5-6.5).2¢ The pH-responsive polymer
prodrug-based nanoparticles attract considerable research
interest owing to controlled drug release.?”?® The most widely
used intracellular acid-responsive covalent linkers in polymer
prodrug include hydrazone, imine, acetal, boronate linker,
etc.?’2%3 In addition, tumor-specific targeting strategies by
nanoparticles have been extensively studied in chemotherapy
for minimizing systemic toxicity and augmenting therapeutic
efficacy.’' Therefore, the structural design of the nanopar-
ticles integrating the functions of selective tumor cell target-
ing, specific intracellular drug release, and drug combination
is crucial for anticancer drug delivery.

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[(polyethylene glycol)-2000] (DSPE-PEG), a kind of
PEGylated lipid, is a US Food and Drug Administration-
approved pharmaceutical additive. Nanoparticles self-
assembled by the amphiphilic DSPE-PEG lipopolymer
integrate both the polymer- and lipid-based nanoparticles
and are attractive therapeutic drug carriers for anticancer
drug delivery.*** DSPE-PEG lipopolymer self-assembling

nanoparticles possess nanoscale particle size (<100 nm), fine
in vivo biocompatibility/nontoxicity/non-cytotoxicity, low
critical micelle concentration (10-° M), high colloidal stabil-
ity, long-circulating property, and passive tumor-targeting
ability via EPR effect.** Moreover, these nanoparticles could
efficiently encapsulate a variety of poorly water-soluble
anticancer drugs within their hydrophobic DSPE core.

Our group and certain other groups reported that MTX
has some affinity for folate receptors because of the struc-
tural similarity with folic acid (FA); therefore, MTX could
not only serve as an anticancer drug to exert its anticancer
effect but also act as a targeting moiety that binds with the
folate receptor to exert its targeting function.®*7* In this
study, combining the advantages of anticancer drug MTX
for active tumor targeting, DSPE-PEG for drug carriers, and
imine linkage for acid-triggered intracellular release, a novel
targeting DSPE-PEG-Imine-MTX amphiphilic lipopolymer
prodrug was synthesized by conjugating the aldehyde group
of DSPE-PEG with the aromatic amino group in MTX via
Schiff’s base reaction (Figure 1A). Due to the amphiphilicity,
DSPE-PEG-Imine-MTX and DSPE-PEG-methoxy (DSPE-
MPEG) could be self-assembled into self-targeting and
pH-responsive micellar nanoparticles, in which CUR was
encapsulated within their hydrophobic core (designated as
MTX-Imine-M-CUR; Figure 1B). Herein, the in vitro dual-
drug release profile, cellular uptake, subcellular location,
and intracellular drug delivery of MTX-Imine-M-CUR
were investigated. Besides, the in vitro anticancer activity
in folate receptor-overexpressing human cervical carcinoma
cell line HeLa cells and human breast carcinoma cell line
MCEF-7 cells, and the in vivo tumor inhibition effect in HeLa
tumor-bearing nude mice was evaluated. Our results revealed
that the smart MTX-Imine-M-CUR had potential as a self-
targeting and pH-responsive multidrug delivery system for
synergistic cancer therapy (Figure 1C).

Materials and methods

Materials

CUR was purchased from Aladdin Industrial Corporation
(Shanghai, China). 1,2-distearoyl-sn-glycero-3-phosphoe-
thanolamine (DSPE), 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[carboxyl(polyethylene glycol)-2000]
(DSPE-PEG-COOH), and DSPE-MPEG were provided
by Avanti Polar Lipids. Cy5.5 was from Molecular Probes
Inc. (Eugene, OR, USA). DSPE-PEG-Cy5.5 was prepared
according to our previous literature.* Bis-hydroxyl poly
(ethyleneglycol) (PEG, molecular weight of ~2,000) was
provided by Sinopeg Biotech Co., Ltd. (Xiamen, China).
MTX and FA were purchased from Bio Basic Inc. (Markham,

submit your manuscript

1382

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Methotrexate prodrug-targeted curcumin nanoparticles

DSPE-PEG-CHO
o o
o P N0
o Ho or? L(O Ols
° L | —
DSPE PEG Aldehyde
HZNYN /N]\/‘ MTX
N
f” N@ﬁﬂi DMSO/ACOH
2 OH
00 OH
o o "
P N O~ s N NN
R STR o/ 45 \NZH\ZN]\/I‘\I
o NH,
Self-targeting DSPE-PEG-Imine-MTX
I I
DSPE PEG
Acid-labile imine linkage
WS N 0080 Self-assembly
@ °Y°) ——
@
i 09
P © 09 Self-assembly
@
900 Self-assembl!
@ o0 v
@@ + [+] ——
(3
@ Cur [ ) DSPE-PEG-Amide-MTX
S '} DSPE-PEG * v & DSPE-PEG-Imine-MTX MTX-Imine-M-CUR

MTX

Figure | (A) Synthetic route of DSPE-PEG-Imine-MTX conjugate via imine reaction between the aldehyde group of DSPE-PEG-CHO and the aromatic amino group of
MTX. (B) Schematic representation of preparation of MTX unconjugated DSPE-PEG assembling micellar nanoparticles loaded with CUR (M-CUR), DSPE-PEG-Amide-MTX
nanoparticles (MTX-Amide-M-CUR), and DSPE-PEG-Imine-MTX nanoparticles (MTX-Imine-M-CUR). (C) Schematic representation of active selective cellular uptake via
folate receptor-mediated endocytosis, pH-controlled intracellular dual-drug release, and combination therapy of MTX-Imine-M-CUR nanoparticles after passive tumor

accumulation by EPR effect.

Abbreviations: AcOH, acetic acid; CHO, aldehyde group; CUR, curcumin; DHFR, dihydrofolate reductase; DMSO, dimethyl sulfoxide; DSPE-PEG, |,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[(polyethylene glycol)-2000]; EPR, enhanced permeability and retention; MTX, methotrexate.

Ontario, Canada). N,N’-Dicyclohexylcarbodiimide,
N-hydroxysuccinimide (NHS), and N,N’-disuccinimidyl
carbonate were purchased from Sigma-Aldrich Co., Ltd.
(St Louis, MO, USA). DAPI was obtained from Molecular
Probes Inc. (Eugene, OR, USA). MTT was purchased from
Amresco (Solon, OH, USA). RPMI-1640, trypsin, and
penicillin—streptomycin were ordered from Sigma Chemical
Corp. (St Louis, MO, USA). Fetal bovine serum was
purchased from Thermo Fisher Scientific (Waltham, MA,
USA). All other chemicals and reagents were purchased from
Sigma-Aldrich Co., Ltd., unless otherwise noted.

Synthesis of DSPE-PEG-Imine-MTX

First, DSPE-PEG-hydroxyl (DSPE-PEG-OH) was syn-
thesized according to the reported literature.*® Second,
DSPE-PEG-aldehyde (DSPE-PEG-CHO) was synthesized

by the oxidation of DSPE-PEG-OH with acetic anhydride
in dimethyl sulfoxide (DMSO)/chloroform according to the
reported procedure.?’ Finally, DSPE-PEG-Imine-MTX was
synthesized starting from DSPE-PEG-CHO lipopolymer
and MTX molecule by reductive amination via Schiff’s base
formation.** DSPE-PEG-CHO (56.2 mg, 20 umol) and MTX
(13.6 mg, 30 umol) were dissolved in 20 mL of DMSO/
chloroform in a round-bottom flask, and then a few drops
of acetic acid were added to the flask with molecular sieves.
The mixture was degassed through three freeze—pump—thaw
procedures and made to react at 40°C for 48 h. The resultant
product was evaporated and precipitated into excess dry,
ice-cold ethyl ether and acetone (10:1) mixture. The crude
precipitate was separated by decantation and redissolved
in dichloromethane. The unreacted or excess MTX was
removed from the conjugated one via filtration. The filtrate
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was concentrated and reprecipitated into a mixture of ice-
cold ethyl ether and acetone (10:1). The reprecipitate was
separated by decantation, washed three times with ice-cold
ethyl ether to remove traces of DMSO, dried in vacuum
overnight, and stored at —20°C.

In addition, DSPE-PEG-Amide-MTX was synthesized
starting from DSPE-PEG-COOH and MTX molecule via
an amide bond according to our previous reports with some
modification.**% n a typical reaction, DSPE-PEG-COOH
(84.8 mg, 30 umol), N,N'-dicyclohexylcarbodiimide (7.5 mg,
36 wmol), and NHS (4.2 mg, 36 umol) were dissolved in
DMSO with continuous stirring under a nitrogen atmosphere.
After 30 min, MTX (20.4 mg, 45 umol) was added to the
DMSO solution containing activated DSPE-PEG-COOH.
The mixture was allowed to react for 72 h with continuous
stirring under a nitrogen atmosphere. The resulting mixture
was filtered to remove the white precipitate of dicylcohexyl
urea and precipitated in an ice-cold mixture of ethyl ether
and acetone (10:1). The crude precipitate was separated by
decantation and redissolved in dichloromethane. The unre-
acted or excess MTX was removed from the conjugated one
via filtration. The filtrate was concentrated and reprecipitated
into a mixture of ice-cold ethyl ether and acetone (10:1). The
reprecipitate was separated by decantation, washed three
times with ice-cold ethyl ether to remove traces of DMSO,
dried in vacuum overnight, and stored at —20°C.

Characterization of DSPE-PEG-Imine-MTX
The 'H nuclear magnetic resonance ('"H NMR) spectrum
was obtained on a Bruker AV400 MHz NMR spectrom-
eter (Bruker, Billerica, MA, USA). The ultraviolet—visible
(UV—vis) absorption spectrum was recorded with a Perkin
Elmer Lambda 750 UV—vis—near-infrared spectrophotometer
(Perkin-Elmer, Norwalk, CT, USA). The XRD spectrum was
recorded with an X-ray diffractometer (Phillips X’pert Pro
Super; Panalytical, Almelo, the Netherlands). The MALDI-
TOF-MS spectrum was obtained using a Bruker Reflex 111
MALDI-TOF mass spectrometer (Bruker Daltonics, Bremen,
Germany). The molecular weight was determined by GPC
using Waters analytical columns Styragel HT2 (7.8x300 mm).
Tetrahydrofuran was used as the mobile phase at a flow rate
of 1.0 mL/min under 30°C.

Preparation of MTX-Imine-M-CUR

MTX-Imine-M nanoparticles loaded with CUR were pre-
pared by “one-pot ultrasonic emulsification”. In brief, 10 mg
of DSPE-PEG-Imine-MTX and 15 mg of DSPE-MPEG
powder were placed into a round-bottom flask. Then, certain

amount of CUR in chloroform was added to the flask and
mixed thoroughly until the mixture was completely dis-
solved. Afterward, 30 mL of deionized water was added to the
mixture and the flask was placed in an ultrasonic bath cleaner
for ultrasonic emulsification for about 10 min at 100 W
power. The organic solvent was then removed by evaporation
while stirring overnight. After that, the unincorporated drug
(precipitate) was removed through polycarbonate membranes
with 0.2 and 0.1 um pores using a Mini-extruder (Avanti,
Alabaster, AL, USA) by 10 extrusion cycles.

The MTX unconjugated DSPE-PEG assembling micellar
nanoparticles loaded with CUR (M-CUR) nanoparticles were
prepared using an identical procedure except that DSPE-
PEG-Imine-MTX was replaced by DSPE-MPEG at an equiv-
alent molar for addressing the specificity of MTX-Imine-M
nanoparticles toward folate receptors. The MTX-Amide-M-
CUR nanoparticles were prepared using an identical proce-
dure except that DSPE-PEG-Imine-MTX was replaced by
DSPE-PEG-Amide-MTX (discussed above) at an equivalent
molar for addressing the target release of MTX-Imine-M
nanoparticles toward a significantly acidic environment.

Characterization of MTX-Imine-M-CUR

The hydrodynamic particle size, PDI, and zeta potential
were measured by DLS and electrophoretic light scattering
using a Malvern Zetasizer 2000 (Malvern Instruments,
Malvern, UK). The morphology was observed through TEM
(JEM2100; JEOL, Tokyo, Japan) operated at an accelerating
voltage of 200 kV. The XRD spectrum was recorded by an
X-ray diffractometer.

Drug loading content

To measure the amount of CUR and MTX loaded (encap-
sulated or conjugated) within MTX-Imine-M-CUR, the
lyophilized MTX-Imine-M-CUR was dissolved in anhydrous
DMSO by ultrasonication. After filtration by a 0.22 um
filter membrane, a part of the filtrate was analyzed for the
determination of drug loading content by a high-performance
liquid chromatography method as described in our previous
studies.'”*! The drug loading content of MTX-Imine-M-CUR
was calculated as (amount of drug in MTX-Imine-M-CUR)/
(weight of MTX-Imine-M-CUR) x100%.

In vitro drug release

In vitro release profiles of both MTX and CUR from MTX-Imi-
ne-M-CUR were determined in phosphate buffer saline (PBS) or
acetate buffered saline at 37°C at different pH values of 7.4 and
5.0. Typically, 2 mL of MTX-Imine-M-CUR was transferred
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into a dialysis bag (molecular weight cut-off =1,000 Da),
which was then immersed into 58 mL of buffer saline medium
with constant shaking at 100 rpm at 37°C in darkness. Then,
an equivalent volume of the external buffer was periodically
collected at predetermined time points. Subsequently, 2 mL
of fresh medium was immediately replenished. The amount
of released drug was determined by high-performance liquid
chromatography method as described earlier in this paper.

Cell culture

HeLa human cervical carcinoma cells and MCF-7 human breast
carcinoma cells were cultured in FA-deficient RPMI-1640. All
cell lines were obtained from American Type Culture Collec-
tion and grown in culture media supplemented with 10% fetal
bovine serum and 1% penicillin—streptomycin (100 U/mL). The
cells were cultured in an incubator (Thermo Fisher Scientific)
at 37°C under a humidified atmosphere containing 5% CO,,.

In vitro cellular uptake

Both CLSM and flow cytometry were performed to deter-
mine the cellular uptake and subcellular distribution of
MTX-Imine-M-CUR toward folate receptor-overexpressing
cancer cells.

Qualitative cellular uptake of MTX-Imine-M-CUR was
performed by CLSM. HeLa or MCF-7 cells (high expres-
sion of the folate receptors) were seeded into six-well plates
at a density of 1.0x10* cells per well, incubated at 37°C
for 24 h, and then treated with MTX-Imine-M-CUR for
different treatment time periods (0.5 and 2 h) at 37°C. After
treatment, the cells were washed three times and then fixed
by 4% paraformaldehyde for 15 min. Then, the cells were
washed with PBS and the nuclei were stained by DAPI for
10 min. Finally, the cells were imaged using a Leica TCS
SP5 CLSM with excitation at 405 nm for DAPI and 488 nm
for CUR. Free CUR, M-CUR, and MTX-Amide-M-CUR
were used as controls. In addition, to investigate the folate
receptor-mediated internalization of MTX-Imine-M-CUR,
excess of free FA was incubated with cells for 1 h prior to
the addition of MTX-Imine-M-CUR.

Quantitative cellular uptake of MTX-Imine-M-CUR
was measured by flow cytometry analysis. HeLa cells (high
expression of the folate receptors) were seeded at a density
of 2.0x10° cells per well into six-well plates with 2 mL of
cell culture medium and cultured for 24 h. After that, the
cell culture medium was replaced with fresh RPMI-1640
followed by addition of free CUR, M-CUR, MTX-Amide-
M-CUR, and MTX-Imine-M-CUR at an equivalent CUR
concentration. After coincubation for 2 h, the cell culture

medium was removed and the cells were washed with PBS.
After that, the cells were detached with trypsin/EDTA,
harvested by centrifugation at 1,500 rpm for 5 min at 4°C, and
resuspended in PBS. Data were obtained on a FACSCalibur
flow cytometer (Becton Dickinson, San Jose, CA, USA) and
analyzed using Cell Quest software.

Subcellular location

HelLa cells were seeded, cultured for 24 h at 37°C and 5%
CO,, and then incubated with MTX-Imine-M-CUR for
1 h. Subsequently, the cells were stained by 200 nM of
LysoTracker Red (Thermo Fisher Scientific) at 37°C for
20 min and fixed with 4% paraformaldehyde for 15 min.
Finally, the cells were washed by cold PBS twice, stained
with DAPI for 10 min, and imaged using a Leica TCS
SP5 CLSM.

Intracellular drug/nanocarriers delivery

To investigate the intracellular drug/nanocarrier delivery of
MTX-Imine-M-CUR, Cy5.5-labeled DSPE-PEG was syn-
thesized for use as a near-infrared fluorescent probe (DSPE-
PEG-Cy5.5 was conjugated between DSPE-PEG-NH, and
Cy5.5 NHS ester via amide linkage). HeLa cells were seeded
into 24-well plates at a density of 1.0x10* cells per well. After
culturing for 24 h, the cells were treated with MTX-Imine-
M33-CUR at 37°C for predetermined incubation time peri-
ods. Afterward, the cells were washed three times with PBS
and fixed with 4% (v/v) paraformaldehyde for 15 min. Finally,
the cells were washed by cold PBS twice, stained with DAPI
for 10 min, and observed using a Leica TCS SP5 CLSM.

Animals

Female BALB/c nude mice (2012 g, 4-6 weeks) were pur-
chased from Vital River Laboratory Animal Technology
Co., Ltd (Beijing, China). All animals were acclimatized in a
laminar flow room at a controlled temperature of 25°C+2°C,
relative humidity of 50%—60%, and 12 h light—dark cycles
with standard diet ad libitum for 1 week prior to experi-
ment. All the experimental procedures were performed in
accordance with the Principles of Care and Use of Labora-
tory Animals and were approved by the Xiamen University
Laboratory Animal Management Ethics Committee for the
Care and Use of Laboratory Animals.

In vivo antitumor effect

In vivo antitumor effect was evaluated on HeLa tumor-bearing
BALB/c nude mice. In brief, 0.2 mL of cell suspension
containing 2x10° HeLa cells was inoculated subcutaneously
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into the right armpit of mice (18-22 g, 4-6 weeks old). When
the tumor reached around 100 mm?, the tumor-bearing mice
were randomly divided into six groups. Mice were intra-
venously administrated with 0.2 mL of 0.9% NaCl, free
CUR, free CUR/MTX, M-CUR, MTX-Amide-M-CUR, or
MTX-Imine-M-CUR at an equivalent CUR concentration
of 8.0 mg/kg and MTX concentration of 5.1 mg/kg via the
tail vein every 3 days for four times. The tumor size and
body weight of the mice were monitored during treatment.
Tumor size was measured every 2 or 3 days by a caliper, and
tumor volume (V) was calculated by the following formula:
V (mm?) =0.5x L x W2, where L and W represent the largest
diameter and the smallest diameter, respectively.

Histologic analyses

Histologic analyses were further performed on HeLa tumor-
bearing BALB/c nude mice. According to the above in vivo
antitumor studies, the mice were sacrificed on the 18th day.
Afterward, the tumors were excised, weighed, fixed with
4% paraformaldehyde, and embedded in paraffin. Finally,
4-5 um thick slices of tumor tissues were stained by H&E,
and the stained tumor sections were observed using optical
microscopy.

Statistical analysis

Data were described as mean * SD value. The differences
among different groups were calculated using independent
samples r-test of SPSS. P<<0.05 was indicated by a single
asterisk (*) and was considered statistically significant.
P<0.01 was indicated by a double asterisk (**) and was
considered highly statistically significant.

Results and discussion
Synthesis and characterization of
DSPE-PEG-Imine-MTX

We proposed a novel approach, which was fundamentally
different from the traditional strategy, using a pair of two
types of orthogonal molecules (an anticancer drug and a
targeting ligand). It was based on the use of a dual-acting
single molecule (MTX) that functions as both a targeting
ligand (to bind with cancer cell-overexpressing receptors)
and an anticancer drug (to induce cytotoxicity following
cellular uptake).

To endow the tumor-selective targeting capac-
ity of small molecular anticancer drug MTX and seek
its biomedical applications, an amphiphilic conjugate of
DSPE-PEG-Imine-MTX was synthesized via the reductive

amination reaction of Schiff’s base between the aromatic
amino group of MTX molecule and the aldehyde group
of DSPE-PEG-CHO polymer.* The synthetic route of
DSPE-PEG-Imine-MTX amphiphilic polymer prodrug is
shown in Figure 1A. The chemical structure of DSPE-PEG-
Imine-MTX was characterized by '"H NMR spectroscopy,
UV-vis spectrophotometer, X-ray diffractometer (XRD),
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS), and gel permeation
chromatography (GPC), as shown in Figure S1. As shown
in Figure S1A, the '"H NMR spectrum of DSPE-PEG-Imine-
MTX exhibited the proton peaks of methylene (—CH,-)
and methyl (—~CH,) groups of DSPE (6=1.2 and 0.8 ppm),
the sharp proton peaks of repeated units (~CH,-CH_—O-)
of PEG (8=3.5 ppm), and the characteristic proton peaks
(0=8.6, 7.7, and 6.8 ppm) belonging to the p-phenyl ring
and the pteridine ring of MTX, respectively. Moreover,
after conjugation of DSPE-PEG-CHO with MTX, the pro-
ton peak of aldehyde group derived from DSPE-PEG-CHO
(6=9.8 ppm) disappeared significantly and the new proton
peak of imine group (8=8.2 ppm) emerged in the 'H NMR
spectrum of DSPE-PEG-Imine-MTX conjugate. As shown
in Figure S1B, compared to the UV—vis absorption peak
of MTX at 299 nm, we observed a 3 nm red shift in the
UV-vis absorption spectrum of DSPE-PEG-Imine-MTX
at 302 nm. This was possibly due to the successful link-
age between DSPE-PEG-CHO and MTX. In addition, as
shown in XRD spectra, DSPE-PEG-Imine-MTX conjugate
showed no sharp diffraction peaks compared to the small
molecular MTX and DSPE-PEG-CHO/MTX mixture
(Figure S1C). The result demonstrated that the crystal-
line structure of MTX was significantly disrupted in the
polymer prodrug, indicating that MTX was coupled to
DSPE-PEG-CHO.

The MALDI-TOF-MS spectra revealed that the peak
of molecular mass of DSPE-PEG-CHO that appeared at
2,400-3,200 Da was rightshifted to 2,900-3,700 Da after
conjugation with MTX (Figure S1D). The result implied
that DSPE-PEG-CHO was successfully coupled to MTX
possessing a molecular mass of ~500 Da. Furthermore, an
obvious increase in experimental molecular mass was found
in the GPC spectra after conjugation of MTX to DSPE-PEG-
CHO (Figure S1E), as the molecular mass values of DSPE-
PEG-CHO, MTX, and DSPE-PEG-Imine-MTX were 2,810,
454, and 3,250, respectively. The above results of 'H NMR,
UV-vis, XRD, MALDI-TOF-MS, and GPC analysis con-
firmed the successful synthesis of DSPE-PEG-Imine-MTX
polymer prodrug.
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Preparation and characterization of
pH-sensitive DSPE-PEG-Imide-MTX
assembling micellar nanoparticles loaded
with CUR (MTX-Imine-M-CUR)
Because of inherent amphiphilicity, DSPE-PEG-Imine-MTX
and DSPE-MPEG could spontaneously self-assemble into
micellar nanoparticles (MTX-Imine-M) composed of an
inner hydrophobic DSPE core and an outside hydrophilic
PEG shell with a self-targeting prodrug corona when exposed
to the aqueous solution. The CUR drug could be encapsulated
within the hydrophobic core of MTX-Imine-M (MTX-Imine-
M-CUR) through hydrophobic interactions. The MTX-
Imine-M-CUR nanoparticles were characterized by dynamic
light scattering (DLS) and transmission electron microscope
(TEM). In addition, the M-CUR (nanocarriers were self-
assembled by DSPE-MPEG) and the MTX-Amide-M-CUR
(nanocarriers were self-assembled by DSPE-PEG-Amide-
MTX and DSPE-MPEG) were fabricated as comparative
formulations (Figure 1B). The TEM observation of all
drug formulations (Figure 2A—C) confirmed the monodis-
persed spherical nanoparticles. With DLS measurement, all
nanoparticles showed a mean hydrodynamic particle size
of 20-30 nm with negative surface charge (Figure 2A—C),
which might facilitate preventing potential aggregations via
electrostatic repulsion and decrease the nonspecific interac-
tion between nanoparticles and plasma protein/red blood
cells. Furthermore, the M-CUR, MTX-Amide-M-CUR,
and MTX-Imine-M-CUR nanoparticles exhibited a CUR-
loading capacity of ~8.4%, ~8.0%, and ~7.9% (weight ratio),
respectively. In addition, the MTX-Amide-M-CUR and the
MTX-Imine-M-CUR nanoparticles exhibit an MTX-loading
capacity of ~5.1% and ~5.0% (weight ratio), respectively.
XRD analysis was used to confirm the existing state of
CUR in the nanoparticles (Figure 2D). The typical crystal
peaks of CUR were still found in the physical mixture of
CUR and MTX-Imine-M (or MTX-Amide-M) nanocarriers,
while they disappeared in the MTX-Imine-M-CUR (or MTX-
Amide-M-CUR) nanoparticles, suggesting the CUR was
uniformly dispersed in the nanoparticles.

In vitro colloidal stability

The colloidal stability of MTX-Imine-M-CUR was also
investigated by incubating the nanoparticles in water and
PBS. The hydrodynamic particle size and polydispersity
index (PDI) of the nanoparticles were continuously monitored
up to 72 h. As shown in Figure S2, no remarkable change and
no obvious aggregation were observed throughout the test.

In addition, the PDI values were smaller than 0.200, indicat-
ing good dispersity of the nanoparticles. It might be vital for
the nanoparticles to keep these characteristics constant before
arriving at the tumor sites.”>* Thus, MTX-Imine-M-CUR
could be utilized as a potential drug delivery formulation
for intravenous administration.

In vitro drug release

The in vitro dual-drug release profiles from MTX-Imine-M-
CUR were determined in buffers at different environmental
pH values (7.4 and 5.0). The M-CUR and MTX-Amide-M-
CUR were used as controls. As depicted in Figure 2E, the
CUR release rate from M-CUR, MTX-Amide-M-CUR, and
MTX-Imine-M-CUR was promoted by a decrease in envi-
ronmental pH. However, the release profiles of the three drug
formulations at the same pH values were similar, indicating
the surface functionalization of MTX did not significantly
modify the release of CUR.*’

A pH-dependent release of MTX was also clearly
observed from MTX-Imine-M-CUR instead of MTX-Amide-
M-CUR (Figure 2F). Specifically, at pH 5.0, only 20% of the
total MTX was released from MTX-Imine-M-CUR, whereas
the accumulative release amount increased to ~60% at pH 5.0
under the same conditions. On the basis of this result, it could
be reasonably concluded that DSPE-PEG-Imine-MTX could
remain relatively stable in a neutral environment (ie, normal
physiological fluid). Afterward, the release rate of MTX from
DSPE-PEG-Imine-MTX was dramatically accelerated via the
rapid cleavage of imine bond when the nanoparticles were
exposed to an acidic environment (ie, endo/lysosomes). Thus,
the pH-responsive dual-drug release pattern of MTX-Imine-
M-CUR might be facilitated to reduce the burst release and
leakage of the drug.!”#!

In vitro cellular uptake

Confocal laser scanning microscopy (CLSM) was used to
study the cellular uptake behavior of nanoparticles, and
CUR was used as an intrinsic fluorescence probe. HeLa
cells (high overexpression of folate receptors) were incu-
bated with free CUR, M-CUR, and MTX-Imine-M-CUR
for 0.5 and 2 h at 37°C. The cell nuclei were stained by
4’ 6-diamidino-2-phenylindole dihydrochloride (DAPI) to
identify the cell nuclei. Figure 3A shows that in terms of all
kinds of drug formulations, the green fluorescence signal
gradually became stronger with an increase of incubation
time. Moreover, a stronger green fluorescence intensity was
clearly observed in HeLa cells treated with MTX-Imine-
M-CUR (or MTX-Amide-M-CUR) compared with free
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Figure 2 Hydrodynamic size distribution, zeta potential, and TEM images of (A) M-CUR, (B) MTX-Amide-M-CUR, and (C) MTX-Imine-M-CUR. (D) XRD spectra of CUR,
MTX-Amide-M nanocarriers, MTX-Amide-M nanocarriers/CUR mixture, MTX-Amide-M-CUR nanosystems, MTX-Imine-M nanocarriers, MTX-Imine-M nanocarriers/CUR
mixture, and MTX-Imine-M-CUR nanosystems. (E) In vitro release profiles of CUR from M-CUR, MTX-Amide-M-CUR, and MTX-Imine-M-CUR in PBS buffer (pH 7.4
and 5.0) at 37°C. (F) In vitro release profiles of MTX from MTX-Amide-M-CUR and MTX-Imine-M-CUR in PBS buffer (pH 7.4 and 5.0) at 37°C.

Abbreviations: CUR, curcumin; DSPE-PEG, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[(polyethylene glycol)-2000]; M-CUR, MTX unconjugated DSPE-PEG
assembling micellar nanoparticles loaded with CUR; MTX, methotrexate; PBS, phosphate buffer saline; TEM, transmission electron microscope; XRD, X-ray diffractometer.

CUR and M-CUR for the same incubation time (Figures 3A
and 4A). This result indicates the manner of time-dependent
cellular uptake of CUR molecules and CUR-loaded nano-
particles. Similar results were also demonstrated in MCF-7
cells because of high overexpression of folate receptors on
the cell membrane (Figure 3B). The result indicates that

regardless of the linkage type, surface functionalization
of MTX on the nanoparticles could achieve much more
efficient cellular uptake due to the much higher multivalent
affinity of multiple MTX ligands from the nanosystems
to multiple folate receptors overexpressed on HelLa or
MCF-7 cells.
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Figure 3 CLSM images of folate receptor-overexpressing (A) Hela and (B) MCF-7 cells incubated with free CUR, M-CUR, and MTX-Imine-M-CUR for 0.5 and 2 h.

Notes: DAPI (false-color blue) was used to identify the nucleus. Scale bars are |5 um.

Abbreviations: CLSM, confocal laser scanning microscopy; CUR, curcumin; DAPI, 4,6-diamidino-2-phenylindole dihydrochloride; DSPE-PEG, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[(polyethylene glycol)-2000]; M-CUR, MTX unconjugated DSPE-PEG assembling micellar nanoparticles loaded with CUR; MTX, methotrexate.

Flow cytometry

Flow cytometry was also performed to determine the cellular
uptake efficacy of the nanoparticles. HeLa cells were incu-
bated with free CUR, M-CUR, and MTX-Imine-M-CUR at
37°C for 2 h. Cells cultured with culture medium were used
as control to eliminate interference by autofluorescence.
As shown in Figure 4B and C, the flow cytometric histogram
of MTX-Imine-M-CUR group (or MTX-Amide-M-CUR
group) exhibited a significant shift to higher fluorescence
intensity region compared to that of M-CUR or free CUR
group. It is well known that free CUR enters into the cells
through the cellular membrane via simple diffusion. Besides,
M-CUR nanoparticles were possibly internalized by the
cancer cells by adsorptive endocytosis due to the effect of
their nanosize. Both quantitative and qualitative results indi-
cate that the MTX-Imine-M-CUR (or MTX-Amide-M-CUR)

could be specifically internalized by the HeLa cells via folate
receptor-mediated endocytosis.

Competitive inhibition test

To investigate the specificity of MTX-Imine-M-CUR toward
folate receptors, we conducted a competitive inhibition test on
HeLa and MCF-7 cells. Cells were pretreated with excess of
free FA (inhibitor of folate receptor-mediated endocytosis) for
1 h and subsequently treated with MTX-Imine-M-CUR and
MTX-Amide-M-CUR. When cancer cells were pretreated with
an excess of free FA followed by incubation with the MTX-
Imine-M-CUR and MTX-Amide-M-CUR, their enhanced
intracellular internalization was drastically suppressed
(Figure 4A—C). The result demonstrates that MTX-function-
alized micellar nanosystems (MTX-Imine-M-CUR and MTX-
Amide-M-CUR) could selectively bind to folate receptors.
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On the basis of the above discussions, the comprehensive
results of cellular uptake, internalization, and competitive
inhibition test confirmed the effectiveness of self-assembled
MTX-Imine-M and MTX-Amide-M as active targeting drug
carriers based on the folate receptor-mediated endocytosis.

Subcellular location
To examine the subcellular localization of MTX-Imine-
M-CUR, LysoTracker Red was used to identify the acidic
lysosomes. After incubation of HeLa cells with MTX-Imine-
M-CUR for 1 h (Figure 4D), the majority of red fluorescence
of MTX-Imine-M-CUR was localized within the lysosomes.
This result indicates that MTX-Imine-M-CUR nanoparticles
were internalized through the endocytosis pathway.
Besides, to directly image the dynamic distribution of
CUR drug/MTX-Imine-M nanocarriers of MTX-Imine-M-
CUR nanosystems in the cancer cells, 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[CyS5.5(polyethylene
glycol)-2000] (DSPE-PEG-Cy5.5) was used as a near-
infrared fluorescent dye to label MTX-Imine-M nanocarriers
(MTX-Imine-M¥%). As shown in Figure 5A, the green and
red fluorescence signals were mainly located in the cytoplasm
of HeLa cells after incubation with MTX-Imine-M“*3-CUR
for 1 h. Interestingly, after 6 h of incubation, the green fluo-
rescence signal was accumulated in both the cytoplasm and
nucleus, while the majority of red fluorescence signal was still
distributed in the cytoplasm. The result powerfully implies
that MTX-Imine-M-CUR could effectively transport CUR to
both cell cytoplasm and nucleus by integration of enhanced
cellular uptake (via folate receptor-mediated endocytosis;
Figures 3 and 4A—C) and accelerated intracellular drug
release (induced by acidic pH; Figures 2E and 4D).

In vitro cytotoxicity

We further investigated the cytotoxicity of MTX-Imine-
M-CUR in HeLa and MCEF-7 cells. The cell viability was
investigated by a standard MTT assay after exposure of
MTX-Imine-M-CUR to various CUR concentrations for 24 h
and the IC values were also calculated. In addition, free
CUR, free CUR/MTX, M-CUR, and MTX-Amide-M-CUR
were used as controls. As shown in Figure 5B and C, it was
clear that after incubation of HeLa or MCF-7 cells for 24 h,
the cell inhibition effect of MTX-Imine-M-CUR was signifi-
cantly higher than that of MTX-Amide-M-CUR, M-CUR,
free CUR/MTX, and free CUR. Specifically, the IC,  of
MTX-Imine-M-CUR was calculated as 16.6 ug/mL toward
the HeLa cells. In contrast, the IC, of MTX-Amide-M-CUR,
M-CUR, free CUR/MTX, and free CUR was calculated

as 27.4, 40.8, 52.6, and 55.9 ug/mL (corresponding to the
concentration of CUR), respectively. To further confirm the
synergy in the MTX-Imine-M-CUR, the combination index
method was carried out.** The combination index value of
MTX-Imine-M-CUR toward HeLa cells was calculated as
0.52 (0.61 for MCF-7 cells), which was much smaller than 1,
indicating a synergisitic effect. Furthermore, the cell inhibi-
tion effect of MTX-Imine-M-CUR and MTX-Amide-M-
CUR with pretreatment of free FA was lower than that of
unpretreated group (Figure 5D and E). Specifically, the IC,,
of MTX-Imine-M-CUR without and with pretreatment of
free FA was calculated as 16.6 and 27.2 pg/mL toward the
HeLa cells, respectively. The result was possibly due to the
inhibition of folate receptor-mediated endocytosis of MTX
surface-functionalized nanosystems, which caused a decrease
in intracellular drug concentration and anticancer activity.

On the basis of the above results, it is clear that MTX-
Imine-M-CUR could be specifically taken up by the tumor
cells through folate receptor-mediated endocytosis pathway.
Simultaneously, as MTX-Imine-M-CUR was exposed to the
significantly acidic endo/lysosomal microenvironment of the
tumor cells, the imine linkers of DSPE-PEG-Imine-MTX
prodrug rather than the amine ones of DSPE-PEG-Amide-
MTX prodrug were rapidly cleaved, thus accelerating the
release of the active form of MTX and exerting a combina-
tional anticancer effect with the released CUR. Therefore,
MTX-Imine-M-CUR might have potential as an effective
multidrug delivery system due to its high tumor specificity
and pH-responsive drug release behavior.

In vivo antitumor effect

For in vivo therapeutic efficacy studies, the xenografted HeLa
tumor-bearing nude mice were treated with MTX-Imine-M-
CUR nanosystems at a CUR concentration of 8 mg/kg via
intravenous administration. Also, 0.9% NaCl, free CUR,
free CUR/MTX mixture, M-CUR nanosystems, and MTX-
Amide-M-CUR nanosystems were used as controls. At the
end of the antitumor study, free CUR treatment produced
no significant tumor growth inhibition compared to 0.9%
NaCl group. Treatment with a combination of free CUR and
MTX also inhibited tumor growth slightly compared to 0.9%
NaCl group. In addition, the reduction in tumor growth of
M-CUR group was significantly higher than that of free CUR
group. Moreover, the tumor volume of mice treated with
MTX-Amide-M-CUR or MTX-Imine-M-CUR was obvi-
ously smaller than that of mice treated with MTX/CUR or
M-CUR (Figure 6A). Furthermore, a statistically significant
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Figure 5 (A) Intracellular drug/nanocarriers distribution of Hela cells treated with MTX-Imine-M-CUR for | and 6 h. DSPE-PEG-Cy5.5 (false-color red) was used to label
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nanosystems, or MTX-Imine-M-CUR nanosystems for 24 h. (D, E) In vitro cell viability of (D) HelLa and (E) MCF-7 cells incubated with MTX-Imine-M-CUR nanosystems
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Note: Error bars indicate SD (n=4).

Abbreviations: C, cytoplasm; CUR, curcumin; DAPI, 4’,6-diamidino-2-phenylindole dihydrochloride; DSPE-PEG, |,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[(polyethylene glycol)-2000]; FA, folic acid; M-CUR, MTX unconjugated DSPE-PEG assembling micellar nanoparticles loaded with CUR; MTX, methotrexate; N, nucleus.
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Figure 6 In vivo antitumor efficacy of Hela tumor-bearing nude mice after intravenous injection of 0.9% NaCl, free CUR, free CUR/MTX, M-CUR, MTX-Amide-M-CUR, or

MTX-Imine-M-CUR at an equivalent dose of CUR (8 mg/kg).

Notes: (A) Tumor volumes changes, (B) body weight changes, (C) isolated tumor weight, and (D) representative H&E staining histologic images from the tumor tissues.

Error bars indicate SD (n=5). *P<<0.05.

Abbreviations: CUR, curcumin; DSPE-PEG, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[(polyethylene glycol)-2000]; M-CUR, MTX unconjugated DSPE-PEG

assembling micellar nanoparticles loaded with CUR; MTX, methotrexate.

difference (P<<0.05) in tumor volume change was observed
between MTX-Amide-M-CUR and MTX-Imine-M-CUR
groups. These results could be explained by the fact that
both CUR and MTX were simultaneously delivered into the
tumor cells by prolonged blood circulation (Figure S3), the
EPR effect mediated by the nanosystems (passive targeting),
the MTX prodrug-mediated endocytosis via folate receptor
(active targeting), pH-triggered dual-drug release from the
nanosystems (controlled release), and combining the anti-
cancer activity of dual-drug (MTX surface-functionalized
nanosystems could inhibit the activity of dihydrofolate
reductase enzyme; Figure S4).263243

The body weight was monitored throughout the study.
As shown in Figure 6B, all groups showed no obvious loss

in body weight at the given concentration during treat-
ment. The result implies that MTX-Imine-M-CUR along
with other treatments did not produce significant in vivo
systemic toxicity on mice. At the end of the in vivo studies,
the tumors were excised and weighed. The tumor weights
of MTX-Amide-M-CUR and MTX-Imine-M-CUR groups
were significantly lower than those of free CUR and free
CUR/MTX mixture groups (Figure 6C). Besides, the MTX-
Imine-M-CUR group exhibited the highest tumor inhibition
efficiency in all treatment groups.

Histologic analyses
To further evaluate the antitumor effect of HeLa tumor-bearing
BALB/c nude mice treated with different formulations,
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histologic analyses were performed on H&E-stained tumor
sections. As shown in Figure 6D, much larger necrotic
regions with irregular cell morphology were obviously
observed in the MTX-Imine-M-CUR group compared
with the MTX-Amide-M-CUR, M-CUR, MTX/CUR, and
CUR groups, which was well consistent with the result of
tumor growth inhibition. The H&E staining results further
confirmed the remarkable in vivo antitumor efficacy and
sufficient cellular shrinkage/nuclear fragmentation by MTX-
Imine-M-CUR treatment. Therefore, the smart MTX-Imine-
M-CUR nanosystems could mediate tumor-selective cellular
uptake and drug release, resulting in efficiently improved
therapeutic effect. Additionally, animal models were still
the basic translational model in the preclinical studies and
clinical trials. However, animal models are limited in their
ability to faithfully mirror the extremely complex process of
human carcinogenesis, physiology, and progression, which
may lead to translational limitations.**

Conclusion

We have developed a prodrug-based nanosystem for the
codelivery of MTX and CUR. A type of DSPE-PEG-Imine-
MTX as a self-targeting and pH-responsive prodrug was
successfully synthesized via Schiff’s base reaction between
MTX and DSPE-PEG. When exposed to an aqueous solu-
tion, the DSPE-PEG-Imine-MTX prodrug could sponta-
neously self-assemble into MTX-Imine-M nanoparticles
encapsulating CUR drug within their hydrophobic DSPE
core. The MTX-Imine-M-CUR nanoparticles could release
the active form of MTX and CUR more efficiently in acidic
media at pH 5.0 than at pH 7.4 due to the pH-sensitive imine
linkage between DSPE-PEG and MTX. In vitro cellular
uptake and internalization studies proved that MTX-Imine-
M-CUR and MTX-Amide-M-CUR nanoparticles could be
selectively taken up by the cancer cells via folate receptor-
mediated endocytosis, which showed the much more
efficient cellular uptake efficiency compared with MTX
unfunctionalized M-CUR nanoparticles and the free drug.
Furthermore, MTX-Imine-M-CUR exhibited significantly
stronger in vitro cytotoxicity and in vivo tumor inhibi-
tion efficiency than MTX-Amide-M-CUR nanoparticles,
M-CUR nanoparticles, combination of both free drugs, and
individual free drugs toward HeLa/MCF-7 cells and HeLa
tumor-bearing nude mice. Our work demonstrates that
MTX-Imine-M-CUR nanosystems have a great potential
as effective chemotherapeutic formulations in targeting
and treating cancer.
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Figure S1 (A) 'H NMR, (B) UV-vis absorption, (C) XRD, (D) MALDI-TOF-MS, and (E) GPC spectra of DSPE-PEG-CHO, MTX, and DSPE-PEG-Imine-MTX amphiphilic
polymer prodrug.

Abbreviations: 'HNMR, 'H nuclear magnetic resonance; DSPE-PEG, I,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[(polyethylene glycol)-2000]; DSPE-PEG-CHO,
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(aldehyde[polyethylene glycol]-2000); GPC, gel permeation chromatography; MALDI-TOF-MS, matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry; MTX, methotrexate; UV-vis, ultraviolet-visible; XRD, X-ray diffractometer.
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Figure S2 In vitro stability of hydrodynamic size distribution of MTX-Imine-M-CUR nanosystems in (A) water and (B) PBS over 72 h. Error bars indicate SD (n=3).
Abbreviations: CUR, curcumin; DSPE-PEG, |,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[(polyethylene glycol)-2000]; M-CUR, MTX unconjugated DSPE-PEG
assembling micellar nanoparticles loaded with CUR; MTX, methotrexate; PBS, phosphate buffer saline; PDI, polydispersity index.
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Figure S3 Blood circulation of MTX-Imine-M-CUR nanosystems. Concentration of CUR in blood at different time points after intravenous injection of MTX-Imine-M-CUR

nanosystems.

Notes: The free CUR was used as a control. Error bars indicate SD (n=3).

Abbreviations: CUR, curcumin; MTX, methotrexate.
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Figure S4 Relative DHFR activity in free MTX, MTX-Amide-M, and MTX-Imine-M at a MTX concentration of 0.1 ug/mL (very low concentration).

Notes: Error bars indicate SD (n=3). The enzymatic activity of DHFR in the presence of MTX or MTX conjugates was determined by a DHFR assay kit (Sigma-Aldrich) based
on the NADPH-dependent reduction of dihydrofolic acid to tetrahydrofolic acid. The assay was conducted according to the reported literature.' Free MTX, MTX-Amide-M,
and MTX-Imine-M showed a comparable inhibition effect of DHFR enzyme activity.

Abbreviations: DHFR, dihydrofolate reductase; MTX, methotrexate; NADPH, nicotinamide adenine dinucleotide phosphate.
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