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Background: Gliomas are one of the most common types of primary brain tumors. It is usually
evaluated by gadolinium(III)-based contrast agents by magnetic resonance imaging (MRI) in the
clinic. Methotrexate (MTX), as a type of folate analog that inhibits the enzyme dihydrofolate
reductase, is widely used as a chemotherapeutic agent to treat gliomas in the experiment.
Purpose: In this study, a novel theranostic agent MTX-DOTA-Gd (MTX-Gd) was synthesized,
which integrates magnetic resonance imaging (MRI) with anticancer treatment.

Methods: MTX-Gd was synthesized by connecting MTX and Gd through 1,4,7,10-tetraazacy-
clododecane-1,4,7,10-tetraacetic acid (DOTA). The characterization of MTX-Gd was detected
by ultraviolet (UV) and infrared spectroscopy (IR). To confirm the antitumor effect of MTX-Gd,
the cytotoxicity of MTX-Gd was examined by the MTT assay. The contrast enhancement of the
MTX-Gd was measured through MRI in vitro. Then, nude mice bearing C6 tumor xenografts
were used to study in vivo imaging capabilities.

Results: The ultraviolet-visible-near infrared radiation (UV-NIR) absorption curve indicated that
MTX-Gd had a broad absorption in the region of 500-700 nm. The formation of MTX-Gd was
confirmed from the characteristic bands of MTX-DOTA-Gd in the 1413 cm™ (C-N), 1577 cm™!
(-NH,), and 3429 cm™" (N-H), in the fourier-transform infrared (FTIR) spectra. MTX-Gd showed
little difference in the cell viability compared with MTX, except for the highest concentration
(270 uM). In vitro, the imaging of MTX-Gd was significantly brighter than Gd-DOTA at the
same concentration, and the brightness and signal intensity of MRI were increased followed
by the increased concentration of MTX-Gd. And it also showed that MTX was not visualized
on MRI. The other images revealed that the concentration of 4 mM MTX-Gd had the same
imaging effect with the concentration of 10 mM Gd-DOTA. Then, MTX-Gd was injected in
nude mice bearing C6 tumor xenografts through the tail vein. Significant contrast enhancement
was observed at the tumor site from 0.5 h to 3 h. The signal of tumor area was strongest at 3 h
due to accumulation by size effect of macromolecules.

Conclusion: A novel stable and unique theranostic agent (MTX-Gd) was successfully synthe-
sized, and it has good stability, strong anticancer ability and excellent magnetic capacity. The
methotrexate component of MTX-Gd, as a chemotherapeutic agent, played an important role
in targeted therapies of cancer. The DOTA-Gd component of MTX-Gd performed as the MRI
contrast agent. The superior MRI imaging performance and synergetic chemical antineoplastic
ability of MTX-Gd was revealed, and it has great potential in the diagnosis and treatment of
glioma and potentially other cancers, with prospects of clinical application in the near future.
Keywords: methotrexate, gadolinium, glioma, theranostics

Introduction

Methotrexate (MTX) is a folate analog that inhibits the enzyme dihydrofolate reductase.
It is widely used to treat psoriasis, rheumatoid arthritis, and other autoimmune dis-
eases. In addition, malignant diseases such as acute lymphoblastic leukemia (ALL),
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lymphoma, medulloblastoma, and osteosarcoma are treated
with high doses of MTX or intrathecal injection of MTX.!37%
MTX at a dose of =1 g/m? (high-dose MTX, HDMTX) is
the most efficient treatment against primary central nervous
system lymphoma (PCNSL) and is the most widely used drug
in prospective clinical trials.>*"-*2 Numerous studies suggest
that HDMTX (1 g/m?) has a moderate blood—brain barrier
(BBB) permeability (approximately 5% of plasma levels).?

Glioma is a common type of primary brain tumor that
has high morbidity and mortality due to its location and
locally invasive growth. Currently, gadolinium(III)-based
contrast-enhanced magnetic resonance imaging (MRI) is
a preferred choice for the clinical diagnosis of glioma and
preoperative localization.!** Some studies have reported
that MRI can make a good evaluation for the grading of
gliomas.*333¢ Measurement of relative cerebral blood
volume (rCBV) can be used to improve the sensitivity of
grading a tumor; the preoperative distinction between high-
grade and low-grade gliomas showed that rCBYV in intratu-
moral and peritumoral regions was significantly different.
The combination of intratumoral and peritumoral rCBV
provided overall better diagnostic accuracy and helped to
reduce invasive interventions for nonsurgical candidates.*’
Moreover, longitudinal relaxation rate, transverse relaxation
rate (R, R,), and rCBV decreased as the distance from the
contrast enhancement portion of the tumor increased. There
was a significant increase in the R, gradient after contrast
agent injection (P<<0.0001). There was a heterogeneous
pattern of relaxation values in the peritumoral edema adja-
cent to the contrast enhancement portion of the tumor. This
pattern might reflect an invisible tumor infiltrating into the
surrounding tissue. This information might be useful for the
planning of surgery and radiotherapy.® In addition to rCBV,
diffusion kurtosis imaging (DKI) and neurite orientation
dispersion and density imaging (NODDI) scalar markers
could be used effectively as glioma grade biomarkers and
had a significant difference (P<<0.05) for grading between
low-grade and high-grade gliomas, especially for glioma II
vs glioma III and glioma III vs glioma IV.? According to the
abovementioned reports, MRI is a very good method for the
clinical diagnosis of glioma.

In MRI, MRI contrast agents can enhance the relax-
ation rates of water molecules and can therefore be used
to provide additional information in the image relative to
the areas that have not been treated with the agent.!® Cur-
rently, gadolinium(I1I)-based contrast agents have been used
for >40% MRI scans in clinical practice and play an impor-
tant role in angiography-enhanced MRI studies.!'"'* There are

several MRI contrast agents that have been successfully used
for the clinical diagnosis of specific diseases, including Dota-
rem (Gd-DOTA), ProHance (Gd-HP-DO3A), and Gadovist
(Gd-DO3A-burol).'*15 Gd-DOTA, a complex prepared with
the chelating agent 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA), exhibits the fastest rate of bound
water.'¢ Therefore, many studies currently use Gd-DOTA as
a target for drug synthesis studies.!7-2340-42

Theranostics, which combines diagnostic and therapeutic
effects, is a promising method of personalized medicine,
especially for cancer.?*? On the basis of the advantage of
permeating the BBB with HDMTX, Gd-DOTA was conju-
gated to MTX. The fabricated drug, MTX-Gd, would have
a broad impact on cancer diagnosis and treatment.

Materials and methods

Materials

All chemicals were obtained from commercial suppliers and
were used as received. MTX was purchased from Sigma-
Aldrich Co. (St Louis, MO, USA). Dimethyl sulfoxide
(DMSO) was purchased from Shanghai Chemical Co. Ltd,
Shanghai, PR China. All solutions were of analytical grade
in this study. The C6 glioma cell line was purchased from
the China Center for Type Culture Collection (Wuhan Uni-
versity, Wuhan, PR China) and cultured in DMEM (Beijing
Dingguo Changsheng Biotechnology Co. Ltd, Beijing, PR
China), supplemented with 10% FBS and 1% antibiotics (100
U/mL penicillin and 100 mg/mL streptomycin) at 37°C in a
5% CO, atmosphere.

Synthesis and characterization of MTX-Gd
Tri-tert-butyl-2,2",2”-(10-(2-ethoxy-2-oxoethyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl) triacetate (Tris-DOTA)
(1.447 g, 2.4 mmol) and MTX (2.3 g, 4.8 mmol) were dis-
solved in N,N-dimethylformamide (DMF), placed in a bottle
for mixing, and stirred at room temperature for 48 hours.
After that, the resulting mixture was evaporated to obtain a
light yellow solid. Then, the solid mixture was dissolved in
22 mL HCI aqueous solution (37%), and the solution was
stirred for 30 minutes at room temperature. HCI and water
were removed under vacuum to obtain a light yellow solid.
Light-yellow solid was added to 20 mL acetone, and the
suspension was stirred for 1 hour at room temperature. The
white precipitates were filtered and washed with 10 mL
acetone three times. The solvent was removed under reduced
pressure to gain the product MTX-DOTA as a light yellow
powder.
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MTX-Gd was prepared according to the reported pro-
cedure in the literature.'® In short, the 10 mL DMF solution
without metal MTX-DOTA (346 mg, 0.3 mmol) and gado-
linium acetate hydrate (352 mg, 1 mmol) was stirred for
24 hours at 50°C. The solvent was removed and dissolved
in water. The precipitates were filtered and washed with
acetone three times and then purified by alumina column
chromatography (toluene acetone—-DMSO as eluent, DMSO/
H,0 =1/0-8/2 fraction).

In vitro cytotoxicity assay by the
MTT assay

C6 cells were plated in 96-well plates at 5.0x10* cells/well
and cultured in 100 puL. DMEM with 10% FBS at 37°C in
5% CO, atmosphere for 24 hours. Subsequently, the cells
were incubated under concentrations of 0.04-270 uM
of MTX or MTX-Gd for 48 hours. After incubation, the
media were removed, and the cells were washed with PBS.
To each well, 20 pL. MTT solution (5 mg/mL in PBS) and
80 uL DMEM were added and incubated for 3—4 hours.
The media were then completely removed, and 150 uL
of DMSO was added to each well; as a result, the color
changed from yellow to blue. The absorbance of the solu-
tion was measured using a microplate reader at 450 nm. The
degree of cell viability in each sample was calculated by the
following formula: cell viability (%) = Asample/A x100%,

and A are the absorbance values for the

control

control

where A

sample

treated cells and the untreated control cells, respectively.
The A and A

sample

ing the absorbance of DMSO. Data are presented as the
average + SD (n=4).

values were obtained after subtract-

control

Tl-weighted and T I-mapping images of
MTX-Gd in vitro and in vivo

All animals received care in compliance with the guidelines
outlined in the Guide for the Care and Use of Laboratory
Animals, and the procedures were approved by the Wuhan
University of China Animal Care and Use Committee.
Female BALB/c mice were obtained from Beijing Huafu-
kang Bioscience Co. Ltd, Beijing, PR China. with weights
of 14-16 g and provided and maintained with free access to
food and water.

The T1-weighted and T1-mapping images of MTX-Gd
were measured at 37°C using the Siemens Prisma 3T MRI
scanner. MTX-Gd was dispersed in double-distilled H,O
(ddH,O) at different concentrations. For MRI measurements,
each of the 96-well plates was filled with 150 UL solution to

achieve T1-weighted and T1-mapping images. For in vivo
MRI, tumor-bearing BALB/c nude mice were injected with
200 uL of MTX-Gd solution (2 mM) through the tail vein.
Then, the mice were scanned using the Siemens Prisma 3T
MRI scanner at 30 minutes, 1 hour, 2 hours, and 3 hours
after the injection. The T1-weighted image parameters were
described as follows: echo time, 12 ms; repetition time, 700
ms; field of view, 120x120 mm; matrix size, 400x400; slice
thickness, 2.0 mm; and the number of acquisitions, 14. The
T1 mapping parameters were described as follows: repeti-
tion time, 15 ms; echo time, 2.7 ms; field of view, 160x160
mm; image size, 768x768; slice thickness, 2.0 mm; and
the number of acquisitions, 14. The T1-mapping value was
measured three times at each MTX-Gd concentration, and the
mean of the T1 values was recorded. Taking the longitudinal
relaxation time (r,) as the abscissa and the inverse longitu-
dinal relaxation time (1/T1) as the ordinate, a fitting curve
was made to represent the MTX-Gd function. The control
groups of MTX or Gd-DOTA also used the abovementioned
method for data collection.

Results and discussion

Synthesis and characterization of MTX-Gd
MTX-Gd was prepared as shown in Figure 1, and MTX-Gd
was synthesized by connecting MTX and Gd through DOTA.
To detect whether the MTX-Gd was synthesized success-
fully, it was detected by ultraviolet (UV) and infrared radia-
tion (IR) spectroscopy. The ultraviolet-visible-near infrared
radiation (UV-NIR) absorption curve indicated that MTX-Gd
had a broad absorption in the NIR region (500-700 nm;
Figure 2A). The formation of MTX-Gd was confirmed from
the characteristic bands of MTX-DOTA-Gd in the 1,413 cm™!
(C-N), 1,577 cm™ (-NH,), and 3,429 cm™ (N-H), in the
Fourier transform IR (FTIR) spectra (Figure 2B).

In vitro cytotoxicity analysis by the
MTT assay

To confirm the antitumor effect of MTX-Gd, the cytotoxicity
of MTX-Gd was examined by the MTT assay. C6 cells were
cultured in 96-well plates. At 24 hours after incubation,
MTX-Gd or MTX was added to the cells, and the complex
was incubated for 48 hours. Subsequently, the absorbance
of the solution was measured using a microplate reader at
450 nm. Figure 3 shows that the MTX-Gd showed little dif-
ference in the cell viability compared with the control group,
except for the highest concentration. The cytotoxicity experi-
ments demonstrated that the synthesis of MTX-Gd had the
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Figure | The synthesis pathway of MTX-Gd.

MTX-DOTA-Gd

Abbreviations: DMF, N,N-dimethylformamide; DOTA, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; MTX, methotrexate; EDC, |-ethyl-3-(3-dimethylamino-
propyl)carbodiimide hydrochloride; NHS, N-hydroxysuccinimide; Gd, gadolinium(lll); Gd(AC),, Gd(CH3COOH),.

same treatment effect as MTX at the same dose. However,
the reason why MTX-Gd had more cytotoxicity than MTX at
the highest concentration still needs to be explored. In addi-
tion, it is also revealed that the MTX-Gd conjugates do not
lose the function of MTX after they are linked to DOTA-Gd.

Furthermore, a previous study reported that Gd-DOTA is
generally not toxic to normal cells at low concentrations. The
data showed that it had cytotoxicity to normal cells when the
concentration of Gd-DOTA was above 400 uM, otherwise
it showed no toxicity.?
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Figure 2 (A) UV-visible-NIR absorbance spectra of MTX-Gd. (B) FTIR spectra of MTX-Gd.
Abbreviations: FTIR, Fourier-transform infrared; MTX, methotrexate; NIR, near infrared; UV, ultraviolet; Gd, gadolinium(lll).
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T I-weighted and T |-mapping images of
MTX-Gd in vitro and in vivo

To investigate the contrast enhancement of the MTX-Gd,
MRI was measured in vitro. As expected, due to the paramag-
netic relaxivity enhancement (PRE) effect, MTX-Gd showed
high proton relaxivity (r,) in ddH,O under the 3T MRI system
(Figure 4). As shown in Figure 4B, the imaging of MTX-Gd
was significantly brighter than the control groups at the same
concentration, and the brightness and signal intensity of MRI

>

0.5 hour

0 hour

MTX-Gd

Gd-DOTA

PBS

w

0 hour

MTX-Gd

Gd-DOTA
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Figure 5 (Continued)

1 hour

were increased followed by the increased concentration of
MTX-Gd. In addition, it also showed that MTX was not
visualized on MRI. In Figure 4D, the images revealed that the
concentration of 4 mM MTX-Gd had the same imaging effect
with the concentration of 10 mM Gd-DOTA. The images
demonstrated that MTX-Gd at the low concentration could
obtain a high signal intensity, while Gd-DOTA needed a high
concentration. Moreover, as a key parameter of the contrast

agent, r, was obtained from the slope of the fit linear of the
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Figure 5 (A) T|-weighted images and (B) the corresponding mapping images of tumors after injection of MTX-Gd, Gd-DOTA, and PBS at different time points. (C) T |-mapping
values of tumors were measured after different injection times of MTX-Gd (*P<<0.05, **P<<0.005).
Abbreviations: DOTA, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; MTX, methotrexate; Gd, gadolinium(lll).

reciprocal of the T1 relaxation time. As shown in Figure 4F,
when MTX-Gd and Gd-DOTA had the same signal intensity,
the r, of MTX-Gd was 7.7 mM™' s™, while the r, of the com-
mercial imaging agent Gd-DOTA was 2.8 mM™! s7!. Then,
nude mice bearing C6 tumor xenografts were used to study
in vivo imaging capabilities. After the tail vein injection of
MTX-Gd, significant contrast enhancement was observed at
the tumor site from 0.5 to 3 hours (Figure 5); the signal of
tumor area was strongest at 3 hours due to accumulation by
the size effect of macromolecules. This finding provided a
longer viewing window than the clinic contrast agent such as
Gd-DOTA, which will rapidly metabolize within 30 minutes.
The results revealed that MTX-Gd had a better MRI contrast
effect than Gd-DOTA, which further suggests that MTX-Gd
has a good MRI contrast characteristic.

Conclusion

A novel stable and unique theranostic agent (MTX-Gd) was
successfully synthesized, which was specifically designed
for cancer diagnosis and treatment. The data showed that
MTX-Gd has good stability, strong anticancer ability,
and excellent magnetic capacity. The MTX component of
MTX-Gd, as a chemotherapeutic agent, played an important
role in targeted therapies of cancer. The DOTA-Gd com-
ponent of MTX-Gd performed as the MRI contrast agent.

The superior MRI performance and synergetic chemical
antineoplastic ability of MTX-Gd were revealed, and it has
great potential in the diagnosis and treatment of gliomas and
potentially other cancers, with prospects of clinical applica-
tion in the near future.
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