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Intramedullary spinal cord tumor (IMSCT) is comparatively rare malignant tumor in the central nervous
system and is very difficult accessible by conventional chemotherapy regimen. Currently, there are very
limited researches for IMSCT treatment using nanomedicine. To fill this gap, we originally reported a
targeted strategy by leveraging nano-engineered mesenchymal stem cells (MSCs) for synergistic anti-
IMSCT treatment. In this study, two mode drugs paclitaxel (PTX) and metformin (MET) were co-loaded
in maleimide-modified poly(lactic-co-glycolicacid) (PLGA-MAL) nanoparticles, which were further conju-
gated onto MSCs surface via the thioether bond formed between PLGA-MAL and MSCs without affecting
the migration ability of MSCs. Owing to the excellent tumor tropism and penetrability of MSCs and good
biodegradability of PLGA, the designed drug delivery platform could accurately target IMSCT sites to ex-
ert long-term synergistic antitumor efficacy, exhibiting promising research value for alternative IMSCT
management beyond surgery.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Intramedullary spinal cord tumor (IMSCT) are relatively rare
malignant tumors in the central nervous system and usually de-
velop without obvious symptoms at the early stage [1]. When they
can be medically detected, the tumors have already grown to a
considerable size, which compresses the spinal cord in the mar-
row, leading to neurological dysfunction or mortality [2]. Currently,
surgery is the preferred method to treat IMSCT in clinic, however,
surgical operation is often very difficult due to the specific loca-
tion, small size and invasiveness of IMSCT [3]. If the excision is
too extensive, the dysfunction of spinal cord will lead to paraly-
sis, incontinence and other serious consequences. If the resection
range is small, the residual tumor cells infiltrating into the spinal
parenchyma will cause the recurrence of IMSCT [4]. Although ra-
diotherapy and chemotherapy play a vital role in antitumor treat-
ment, radiation is likely to aggravate spinal cord injury, while the

* Corresponding author.

** Corresponding author at: Department of Pharmaceutics, State Key Laboratory
of Natural Medicines, School of Pharmacy, China Pharmaceutical University, Nanjing
210009, China.

E-mail addresses: yuhuizhang_2003@126.com (Y. Zhang),
wangcpu209@cpu.edu.cn (W. Wang).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.cclet.2022.107801

therapeutic efficacy of chemotherapy is often unsatisfactory be-
cause of the limited blood supply in the spinal canal [5,6]. Due to
the rareness of IMSCT compared to other tumor types, very little
researches have been carried out to address this malignant tumor
from the aspect of nanomedicine, which is yet very important for
the management of IMSCT.

In light of this, our work firstly reported a targeted strategy
by leveraging nano-engineered mesenchymal stem cells (MSCs) to
carry therapeutic agents for IMSCT treatment. MSCs have been
widely employed as cell-based vectors in antitumor therapy due
to their low immunogenicity, tumor tropism and penetrability [7].
Compared to embryonic stem cells, MSCs are much less likely to
differentiate to tumors after transplantation [8]. Moreover, MSCs
have been clinically used to treat spinal cord injury, providing a ba-
sis for its application in IMSCT treatment [9]. In general, MSCs can
deliver chemotherapeutic agents by carrying drug-loaded nanopar-
ticles, which not only attenuates the direct cytotoxicity towards
MSCs, but also combines the unique property of nanoparticles
with the excellent tumor homing ability of MSCs [10]. Compared
with internalized by MSCs, attachment of nanoparticles onto the
surface of MSCs can further compromise the overall toxicity of
nanomaterials to MSCs, preserve the integrity of nanoparticles and
avoid the possibility that internalized nanoparticles cannot be ex-
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Scheme 1. Schematic illustration of (A) design of MSCs-(MET+PTX) nanoplatform and (B) its antitumor mechanism.

pelled from the cells [11-13]. Studies have already demonstrated
that nanoparticle-conjugated MSCs could still remain cell viability
and tumor tropism, and there are many natural functional groups
existing on the cell surface that can be covalently bonded with
nanoparticles [14,15].

In this work, maleimide-modified poly(lactic-co-glycolicacid)
(PLGA-MAL) nanoparticles were synthesized to co-load therapeutic
agent paclitaxel (PTX) and metformin (MET), which were then co-
valently attached onto MSCs surface via the thioether bond formed
between the maleimide groups on PLGA-MAL and the thiol groups
on cell membrane [16-19]. Although MET is a classic hypoglycemic
drug, recent studies have demonstrated the antitumor efficacy of
MET by activating adenosine monophosphate-activated protein ki-
nase (AMPK) signaling pathway, which directly inhibits tumor cell
growth [20,21]. Furthermore, MET was reported to sensitize tu-
mor cells towards chemotherapeutic agent such as PTX, doxoru-
bicin and cisplatin [22]. Therefore, co-delivery of PTX and MET us-
ing PLGA-MAL nanoparticles will not only produce enhanced an-
titumor effectiveness than single drug treatment, but also cause
less adverse effects compared to free drug administration. After
intravenous injection, the prepared nanoparticle-conjugated MSCs
could migrate towards IMSCT sites and penetrate into the deep
tumor tissue due to the excellent homing ability and penetrabil-
ity of MSCs. Afterwards, MET and PTX were continuously released
around the tumor site because of the good biodegradability and
sustained release behavior of PLGA, exerting long-term synergistic
antitumor effect (Scheme 1).

Firstly, PLGA-MAL was synthesized according to the synthesis
route shown in Fig. S1A (Supporting information), PLGA-OH was
modified with maleimide through the condensation reaction be-
tween the hydroxyl group of PLGA-OH and the succinimide group
of BMPS, which enabled its further attachment onto MSCs surface
via the thioether bond formed between PLGA-MAL and MSCs. The
successful synthesis of PLGA-MAL and its chemical structure was
characterized by 'H NMR, FT-IR and UV spectra (Figs. SIB-D in
Supporting information). As the "H NMR of PLGA-MAL indicated,
the characteristic proton peaks of PLGA-OH (§ 1.48-1.50 ppm and
410-5.35 ppm), and the proton peaks of maleimide group (6
6.74 ppm), CH,N (§ 3.92 ppm) and CH,=0 (§ 3.01 ppm) of BMPS

all appeared [23,24]. Moreover, the proton peaks of NHS group in
BMPS disappeared in the 'H NMR spectrum of PLGA-MAL, imply-
ing the successful synthesis of PLGA-MAL. In FT-IR spectrum of
PLGA-MAL, the peak of vc_q appeared at 1757 cm~!, which was
similar to that in PLGA-OH because of the dominated long car-
bon chain of PLGA in PLGA-MAL. The peaks appeared at 2997-
2882 cm~! in PLGA-MAL belonged to the vy of CH; and CH,
in PLGA-OH. Besides, the peaks at 3514 and 3652 cm™! in PLGA-
MAL belonged to the vcpy of CH, from BMPS, which showed a
chemical shift compared to the vcy of CH, in BMPS (3460 and
3505 cm~!), indicating the formation of ester bond in PLGA-MAL.
Furthermore, as the UV spectra demonstrated, BMPS and PLGA-OH
had absorbance peaks at 215 nm and 209 nm, respectively. PLGA-
MAL also had an absorbance peak at 215 nm with the similar peak
shape as BMPS, implying that BMPS was successfully conjugated to
PLGA-OH.

PLGA-MAL/(MET+PTX) nanoparticles were fabricated by a dou-
ble emulsion solvent evaporation method (Scheme S1 in Support-
ing information). The hydrodynamic diameter of these nanopar-
ticles were 245.9 + 3.3 nm with a narrow size distribution and
their zeta potential was -38.41 + 0.10 mV in average, which was
consistent with the morphology observed by TEM (Fig. 1A, Figs.
S2 and S3 in Supporting information). Meanwhile, SEM image
demonstrated the uniform size of PLGA-MAL/(MET+PTX) nanopar-
ticles with a smooth surface, which showed a milky white appear-
ance in its suspension (Fig. 1B). Differential scanning calorimeter
(DSC) technique was also performed to characterize the prepared
nanoparticles (Fig. S4 in Supporting information). The encapsula-
tion efficiency (EE) of PTX and MET were 84.40% + 2.98% and
42.48% + 0.06%, respectively, demonstrating their efficient loading
in prepared nanocarrier (Figs. S5 and S6 in Supporting informa-
tion). In vitro serum stability of PLGA-MAL/(MET+PTX) nanopar-
ticles was also evaluated to investigate whether the fabricated
nanoparticles could maintain stable in circulation. Although there
was a fluctuation of the particle size during incubation with 10%
FBS at 37 °C for 120 h, the variation of particle size was within
20% with narrow PDI, indicating the stability of nanoparticles dur-
ing in vivo transportation (Fig. 1C). Additionally, in vitro drug re-
lease behavior of PTX and MET from prepared nanoparticles was
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Fig. 1. Characterization of the prepared nanoparticles. (A) Size distribution histogram, PDI and TEM image (insert) of PLGA-MAL/(MET+PTX) nanoparticles. Scale bar: 200 nm.
(B) SEM image of PLGA-MAL/(MET+PTX) nanoparticles. Scale bar: 2 pm. Inset: PLGA-MAL/(MET+PTX) suspension. (C) Particle size and PDI of PLGA-MAL/(MET+PTX) nanopar-
ticles after incubation with 10% FBS at different time points at 37 °C. (D) In vitro release profiles of MET and PTX from PLGA-MAL/(MET+PTX) nanoparticles in PBS (pH 7.4
and 6.8) containing 0.5% Tween-80. (E) Cell viability of MSCs and (F) C6 cells treated with different formulations for 72 h. Data were presented as mean + S.D. (n=5).

determined (Fig. 1D). A burst release of both PTX and MET could
be achieved in the first 24 h, while a more sustained release be-
havior was observed during the 14-day period for both drugs due
to the biodegradability of PLGA [25]. Notably, the drug release rate
of both MET and PTX was faster in medium at pH 6.8 than that
at pH 7.4. The cumulative release of PTX measured by HPLC was
approximately 80% on day 14 and nearly all the MET was released
from the nanocarrier within 120 h at pH 6.8, implying that the
designed nanoparticles were stable in physiological condition and
could achieve effective drug release in the acid tumor microenvi-
ronment [26].

A drug nanocarrier that can effectively conjugate with MSCs
without obvious cytotoxicity towards MSCs is important for MSCs-
based cyto-pharmaceuticals. Therefore, MTT assay was conducted
to determine the cytotoxicity of both free drugs and prepared for-
mulations towards MSCs and C6 glioma cells (Figs. 1E and F). The
cell viability of MSCs after treatment with high concentrations of
free PTX (50-1500 ng/mL) and MET (0.1-10 mg/mL) still main-
tained a relatively high level, while just low concentrations of free
PTX (0.1-100 ng/mL) and MET (0.05-1 mg/mL) could cause ob-
vious cytotoxicity towards C6 cells, indicating that MSCs have a
better tolerance of PTX and MET than C6 cells [27]. Moreover,
the IC5o values of PTX and MTX towards MSCs and C6 cells were
calculated, which showed that the ICsq of PTX and MET towards
MSCs was 156 times and 12 times higher than C6 cells, respec-
tively, demonstrating the stronger cytotoxicity of both therapeu-
tic agents towards C6 cells compared with MSCs. Interestingly, the
IC5q value in C6 cells after co-treatment with PTX and MET was
significantly decreased by 10-fold compared to single PTX, while
no similar phenomenon was observed in MSCs, implying that MET
could increase the sensitivity of tumor cells towards PTX without
affecting the viability of MSCs (Table S1 in Supporting informa-
tion). Moreover, MSCs treated with wide-ranging doses of PLGA-
MAL-based formulations maintained relatively high levels of viabil-

ity, while an obvious dosage-dependent cytotoxicity was observed
in C6 cells, further indicating the good tolerance of MSCs to drug-
loaded nanoparticles. Thus, the above observations all proved that
MSCs are ideal cell-based vectors and can tolerate the released free
drugs at tumor sites.

To verify the formation of thioether bonds between MSCs
and PLGA-MAL/(MET+PTX) nanoparticles, the availability of free
thiol groups on MSCs surface was assessed by labeling them
with F5M [28,29]. Confocal images of F5M-labeled MSCs clearly
demonstrated the presence of thiol groups on the surface of
MSCs, which distributed uniformly over the entire cell surface (Fig.
S7A in Supporting information). The conjugation of nanoparticles
with MSCs was evaluated by co-incubating fluorescently tagged
PLGA-MAL/FITC nanoparticles with MSCs, which was then ana-
lyzed quantitatively by flow cytometry and observed using inverted
fluorescence microscope. In order to avoid the influence of cell
adherence on the conjugation with nanoparticles, both adherent
MSCs and suspended MSCs were used to co-incubate with pre-
pared nano-formulations. As is shown in Figs. S7B and C (Support-
ing information), the surface attachment of nanoparticles showed
a concentration-dependent manner and reached to the maximum
when co-incubation with 500 pg/mL nanoparticles both in adher-
ent and suspended cells. Moreover, the concentration-dependent
fluorescence increment was also observed in nanoparticle-treated
MSCs (Fig. S7D in Supporting information). It is worth noting
that most of the membrane-anchored nanoparticles located on the
main body of MSCs, but were rarely observed on their dendrite-
like long protrusions that related to cell migration, which implied
that the conjugation of nanoparticles on MSCs might not affect
their migration ability [30,31]. The quantitative analysis of drugs
loaded on the MSCs was calculated and shown in Fig. S8 (Support-
ing information).

In order to verify whether the loaded nanoparticles would af-
fect the tumor tropism of MSCs, a standard transwell migration
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Fig. 2. (A) Representative images and quantification of migrated MSCs after exposure to different formulations in response to C6 cells. Scale bar: 200 pm. (B) 3D laser
scanning confocal microscope images of C6 glioma spheroids. C6 glioma spheroids were incubated with PLGA-MAL/(MET+PTX) nanoparticles (FITC, green), MSCs-(MET+PTX)
(FITC, green) and untreated MSCs (Dil, red) for 24, 48 and 72 h. Scale bar: 25 pm. (C-E) Cell viability of C6 cells exposed to MSCs-MET, MSCs-PTX and MSCs-(MET+PTX)
with different cell density and incubation time. Flow cytometry analysis (F) and (G) statistical analysis of apoptotic C6 cells induced by different MSCs-based formulations
on day 5. Data were shown as mean + S.D. (n=5, *P < 0.05, **P < 0.01, ***P < 0.001).

assay was performed in this study [32]. In comparison to the con-
trol group without C6 cells, MSCs exhibited a relatively higher mi-
gration ability in other groups in the presence of C6 cells, indi-
cating the tumor homing ability of nanoparticle-conjugated MSCs
(Fig. 2A). Notably, as the quantitative analysis demonstrated, al-
though the migration ability of nanoparticle-conjugated MSCs was
slightly weaker than that of untreated MSCs, there was no sig-
nificant statistical difference, verifying the good migration ability
of MSCs towards tumor sites after conjugation with nanoparti-

cles. 3D in vitro models of cell culture was exploited to mimic
the tumor microenvironment in a closer way, which fills the gap
between the traditional 2D cell condition and the in vivo envi-
ronment [33]. In this study, a 3D model of C6 cells with round,
dense, and well-organized structure was established to investigate
the tumor penetration ability of nanoparticle-conjugated MSCs in
vitro. Nanoparticle conjugated-MSCs (termed as MSCs-(MET+PTX))
labeled by FITC (green) could penetrate inside the tumor spheroid
after 72 h incubation, which was nearly comparable to the pene-
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trability of untreated MSCs labeled by Dil (red). In contrast, only
very little amount of free nanoparticles could reach into the deep
tumor spheroid (Fig. 2B). Therefore, all the results demonstrated
that nanoparticle-conjugated MSCs could reserve the tumor pen-
etration ability of untreated MSCs, which also exhibited superior
penetrability over free nanoparticles.

MTT assay was carried out to testify the antitumor potential
of prepared MSCs-based nanoparticles in vitro. Transwell plates
with the pore size of 0.4 pm were used to separate MSCs-based
nanoparticles and C6 cells [34]. The cytotoxicity towards C6 cells
after treatment with different MSCs-based nanoparticles exhibited
a time- and dosage-dependent tendency (Figs. 2C-E). The most sig-
nificant inhibitory effect on C6 cell growth with less than 30% cell
viability could be observed after treatment with MSCs-(MET+PTX)
for 5 days at the ratio of MSCs to C6 cells in 2:1, indicating the
best antitumor efficacy due to the combination of PTX and MET.
In addition, the apoptosis of C6 cells after 5-day treatment with
MSCs-based nanoparticles was measured by Annexin V-FITC apop-
tosis assay and quantified by flow cytometry (Figs. 2F and G). In
comparison to the control group, all the other groups treated with
MSCs-based nanoparticles showed enhanced C6 cell apoptosis. No-
tably, MSCs-(MET+PTX) group caused the highest apoptosis ratio
of around 42% towards C6 cells, further demonstrating the excel-
lent therapeutic efficacy after co-treatment with MET and PTX.

All experiments involving animals were performed in strict ac-
cordance with the NIH Guidelines for the Care and Use of Labora-
tory Animals and was approved by the Ethics Committee of China
Pharmaceutical University (Ethics Code: 2021-12-002). The IMSCT
model was established in rats to evaluate the antitumor efficacy in
vivo, which was verified by H&E and immunohistochemistry stain-

ing (Figs. 3A-C and Fig. S9 in Supporting information). As the re-
sults of H&E staining indicated, there was an obvious tumor cell
invasion in the spine of rat in surgery group compared to sham
group, which was characterized by high cell density, diffuse cell
growth with irregular morphology and clear lesion boundary, infil-
trating and compressing the surrounding normal spinal cord tissue.
Moreover, the biomarkers glial fibrillary acid protein (GFAP) and
S100B that used as predictors for malignant glioma showed posi-
tive results (brown) in the immunostain of tumor-bearing spines
[35]. Neuron-specific nuclear protein (NeuN) is often used as a
neuronal biomarker in together with GFAP, which also exhibited
positive effect with enlarged nucleus of tumor cells and obvious
cytoplasm in deep staining [36]. Vimentin, a kind of major cy-
toskeletal proteins that related to cellular structure, is often used
as a predictive biomarker for cancer. The immunostain of vimentin
also appeared positive with yellowish-brown cytoplasmic staining
[37,38]. Altogether, the results above all demonstrated that C6 cells
survived and developed into tumors in the spinal cord of rat.

The tumor targeting effect of MSCs-based nanoparticles was in-
vestigated in vivo using C6 tumor-bearing rats [39]. Dil was used
as a fluorescent probe to track the in vivo distribution of MSCs-
based nanoparticles. The biodistribution of Dil-labeled nanoparti-
cles was detected by ex vivo imaging 5 days after injection. Com-
pared with PLGA-MAL/Dil, Dil-labeled MSCs-(MET+PTX) could ef-
fectively accumulate in the tumor site like the untreated MSCs,
both exhibiting strong fluorescence intensity in tumor tissue with-
out significant difference. Moreover, the quantified analysis of the
fluorescent signal in main organs and tumor tissue also verified
the excellent tumor targetability of MSCs-(MET+PTX) compared to
PLGA-MAL/Dil (Figs. 3D and E). As the fluorescent images of spinal
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cord tissue slides displayed in Fig. 3F, untreated MSCs and MSCs-
(MET+PTX) group showed strong fluorescent signals of Dil, while
negligible Dil signal could be observed in control group, further
demonstrating the outstanding homing capability of MSCs-based
nanoparticles towards spinal cord tissue and the surface attach-
ment of nanoparticles on MSCs would not affect their migration
ability.

IMSCT model was established to evaluate the in vivo antitumor
efficacy of nanoparticle-conjugated MSCs. BBB locomotor rating
scale that reflects the degree of paralysis by scoring the hindlimb
movement of rats was used to assess the spinal cord injury due to
glioma [40,41]. In brief, C6 tumor-bearing rats were administrated
with various MSCs-based nanoparticles on day 10 after the IM-
SCT model was set up according to the regimen shown in Fig. 4A.
During 3-week treatment period, the body weight and hindlimb
function of rat were recorded according to BBB score. As is shown
in Fig. 4B and Fig. S10 (Supporting information), in comparison to
the significant loss of body weight in control group without treat-
ment, the body weight of rats administrated with various MSCs-
based formulations increased during the treatment period, which

was nearly closed to that of sham group, indicating the signifi-
cant inhibitory effect on tumor growth after treatment. Further-
more, according to the BBB evaluation in Fig. 4C, treatment with
MSCs-based formulations could remarkably improve the hindlimb
movement of rats compared to the control group. Notably, the
co-loading of MET and PTX on MSCs showed a significantly en-
hanced therapeutic efficacy than single drug. Meanwhile, as the
Kaplan-Meier graph displayed in Figs. 4D and E, treatment with
MSCs-(MET+PTX) could largely delayed the hindlimb paralysis of
rats and improved their survival rates in comparison to the con-
trol group, and there was no rat with BBB score less than 5 after
administration with MSCs-(MET+PTX).

In addition, metformin was reported to inhibit tumor cells
by activating the AMPK and inhibiting the mTOR pathways [42].
AMPK serves as a metabolic tumor suppressor that regulates glu-
cose and lipid metabolism. A low phosphorylation level of AMPK
is often associated with poor prognosis after cancer treatment
[43]. Therefore, the expression levels of AMPKw, phosphorylated
AMPKa, mTOR and phosphorylated mTOR in tumors after treat-
ment with various MSCs-based formulations were checked through
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Western blotting assay. As shown in Figs. 4F-I, the phosphoryla-
tion levels of AMPKw in tumor sites after treatment with MSCs-
MET and MSCs-(MET+PTX) groups were significantly increased
compared to the PBS control and MSCs-PTX. Phosphorylation of
mTOR plays an important role in tumor cell proliferation and sur-
vival [44]. Thus, the effects on the activity of mTOR after various
treatment groups were also assessed. Treatment with MSCs-MET
and MSCs-(MET+PTX) resulted in a significant inhibitory effect on
mTOR activity evidenced by stronger reduction in p-mTOR/mTOR
levels compared with the PBS group and MSCs-PTX.

TUNEL staining of the spinal cord sections of C6 tumor-bearing
rats showed that there was obvious tumor cell apoptosis in rats
treated with MSCs-based formulations compared to the PBS con-
trol, indicating the great therapeutic efficacy of prepared formula-
tions (Figs. 4] and K). Meanwhile, a significantly enhanced apop-
tosis rate was identified in MSCs-(MET+PTX) group compared to
MSCs-MET and MSCs-PTX groups, which verified the best ther-
apeutic performance of the combination application of MET and
PTX. In vivo safety of MSCs-(MET+PTX) was also assessed after 3-
week treatment. As the H&E staining presented in Fig. 4L, there
was no obvious abnormality in the morphology of major organs
after treatment with MSCs-(MET+PTX) compared to the PBS con-
trol, indicating that the prepared formulations would not cause ap-
parent damage to the body and have good biosafety. Moreover,
the serum level of ALT, AST and BUN was determined in normal
rats treated with MSCs-(MET+PTX) after 3 weeks to evaluate the
liver and renal function, which also showed no obvious change
compared to the PBS control (Fig. S11 in Supporting information)
[45,46]. Based on these results, it can be concluded that the fab-
ricated MSCs-(MET+PTX) platform possessed excellent therapeutic
efficacy against spinal glioma with good targetability and satisfac-
tory in vivo safety, exhibiting valuable research potential for IMSCT
treatment.

In summary, this work presented a potential strategy based on
co-delivery of MET and PTX by nano-engineered MSCs for IMSCT
treatment. Due to the fact that there are very limited reported re-
searches for targeted IMSCT therapy using nanomedicine, our work
originally leveraged MSCs to deliver therapeutic agents towards
difficult accessible IMSCT sites owing to the great tumor tropism
of MSCs, providing more opportunities for precise IMSCT manage-
ment beyond surgery. The designed nano-engineered MSCs showed
potent therapeutic efficacy against IMSCT with negligible toxicity
in vivo by synergizing the antitumor effect of MET and PTX, mean-
while achieving sustained drug release due to the biodegradability
of PLGA to enable long-term antitumor efficacy. With the expec-
tation to exploit more alternatives for treating IMSCT, this work
might offer a reasonable strategy for targeting IMSCT based on
nanoparticle-conjugated MSCs.
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