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Abstract Chemotherapy agents have been widely used for cancer treatment, while the insolubility,

instability and toxicity seriously restrict their efficacy. Thus, prodrug strategy was devised. Since some

prodrugs are still with poor solubility or stability, a synergy strategy is needed to enhance their efficacy.

Gemcitabine (GEM) is a prescribed anticancer drug, however, the rapid clearance, growing resistance and

serious side effects limit its clinical efficacy. Conjugating GEM with D-a-tocopherol succinate (TOS) is

an effective solution, while the GEM-TOS (GT) is unstable in aqueous solution. D-a-Tocopherol polyeth-

ylene glycol succinate (TPGS) has been used to enhance the stability, but GT stabilized by TPGS (GTT)

has limited effect on tumor metastases. Tumor metastases lead to high mortality in patients suffering from

cancers. In order to further achieve antimetastatic effect, an amphiphilic polymer (LT) was synthesized by

connecting low-molecular-weight heparin (LMWH) with TOS, and eventually obtained desired self-

delivery micellar NPs (GLT) by co-assembly GTwith LT. The GLT not only possessed excellent stability,

but also inhibited the metastases by acting on different phases of the metastatic cascade. The hydrophobic

TOS inhibited the secretion of matrix metalloproteinase-9 (MMP-9), the hydrophilic LMWH inhibited

the interaction between tumor cells and platelets. As a result, GLT reduced tumor cells entering the blood

and implanting at the distant organs, leading to a much more excellent inhibitory effect on the lung metas-

tasis than GEM and GTT.
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1. Introduction

Cancer is a highly malignant disease, which is one of the leading
causes of mortality worldwide. During the last several decades, a
large number of potent chemotherapy agents have been widely
used in clinical cancer treatment. However, the insolubility,
instability and toxicity of most chemotherapy agents limit their
efficacy. In order to enhance the anticancer effect, the prodrug
strategy has been widely devised1e4. Prodrugs can be degraded at
specific conditions, for example, with the help of carbox-
ylesterases localized in tissues5, to release the active drugs.
However, some prodrugs still have low efficacy due to the poor
solubility or stability6, a synergy strategy which can enhance their
efficacy is urgent. Gemcitabine (GEM) is a nucleoside inhibitor
commonly used in the clinical treatment of malignant tumors,
such as the breast cancer7e9. Nevertheless, the use of GEM is
usually accompanied with serious side effects. In addition, GEM
is easily deaminated to inactive form due to the reactive amino
group, leading to a very short plasma half-life10,11. To increase its
antitumor activity, prodrug strategies have been explored by
conjugating hydrophilic GEM with hydrophobic fatty acids on its
4-amino group12e14. D-a-Tocopherol succinate (TOS), one of the
effective analogues of vitamin E, was reported to be connected
with GEM through amide bond15,16. The obtained prodrug GEM-
TOS (GT) can be degraded in lysosomal acid environment with
the presence of cathepsin B, an enzyme which plays a key role in
degradations of amide-bearing drugs inside the cells10. While the
GT are usually unstable in aqueous solution. TPGS is a stabilizer
approved by the FDA, it has been selected to improve the stability
of GT apparently11,15,16, but the GT stabilized by TPGS (GTT) has
limited effect on tumor metastases.

For patients suffering from cancers, although the growth of
primary tumors can be inhibited by surgery, chemotherapy and
radiotherapy, the formation of distant metastases still leads to most
cancer-related mortality17,18. In order to further enable the drug
delivery system of GT with antimetastatic ability, preparing a
polymer that can not only stabilize the prodrug GT, but also inhibit
tumor metastases, could be an effective method. The formation of
metastases in distant organs is the consequence of metastatic
cascade: tumor cells detach from the primary tumor and penetrate
the basement membrane, then enter the circulatory, finally,
extravasate and colonize at distant organs to form a secondary
tumor19,20. Thus, effectively inhibiting the metastatic cascade
would be beneficial to cancer treatment.

There are abundant researches indicating that MMP-9 secreted
by tumor cells can degrade the extracellular matrix and facilitate
tumor cells migrate into blood vessels21e23. Our previous study
proved that TOS could significantly inhibit the expression of
MMP-924. That means TOS can inhibit the first step of the met-
astatic cascade and inhibit tumor cells entering into blood.
Moreover, abundant experimental evidence has also proved that
platelets could support tumor metastases by adhering to tumor
cells. The adhesion put “platelet coats” on the tumor cells to guard
the cells from flow shear stress and immune elimination in blood
vessels, assisting tumor cells to cross the blood vessel
endothelium24e26. LMWH, a degradation product of heparin, has
been demonstrated effective on tumor metastases recently27e29.
LMWH can inhibit the adhesion between platelets and tumor
cells, thus inhibiting the subsequent step of the metastatic cascade
and decreasing circulating tumor cells (CTCs) implanting at
distant organs. Based on the above, an antimetastatic “protecting
shell” LT which has effect on different phases of the metastatic
cascade was constructed by connecting TOS with LMWH.

In this study, prodrug GEM-TOS (GT) and amphiphilic polymer
LMWH-TOS (LT) were synthesized and characterized, respec-
tively, throughwhich we prepared self-deliverymicellar NPs (GLT)
with excellent stability to achieve both anti-tumor and anti-
metastases efficacy. The cytotoxicity and anti-migration effect of
GLTwere tested on 4T1 cells. The inhibitory effect of GLT on the
tumor cell-platelet adhesion was investigated in vitro. And the
inhibitory effect of GLT on the MMP-9 secretion was investigated
on 4T1 cells and 4T1 solid tumors, respectively. In addition, the
anti-tumor and anti-metastasis efficacy of GLT were evaluated on
4T1 tumor-bearing mice. The stability and antimetastatic efficacy
of GLT were due to the existence of antimetastatic “protecting
shell” LT, and the LT synthesized here is promising to stabilize
other prodrugs and enhance their antimetastatic efficacy.

2. Methods

2.1. Preparation and characterization of GLT micellar NPs

4.375 mg LT (prepared as in Supporting Information Experimental
Section) was dissolved in 5 mL ultrapure water, and then 1 mL GT
solution (prepared as in Supporting Information Experimental
Section) was added dropwise into it. The GLT micellar NPs were
obtained by ultrasonic (80 W, 6 min) and dialyzed with ultrapure
water using dialysis membrane (MW 1000) to remove catalysts
and the unconnected GEM. The structure of GLT was determined
by 1H NMR, IR and MS. In addition, the zeta potential and par-
ticle size were measured by Malvern Zetasizer Nano ZS90
(Malvern Instruments Ltd., UK). And the morphology of GLTwas
observed under a transmission electron microscope (TEM; JEM-
100CX, JEOL, Japan).

The content of GEM in GLT was determined by HPLC. GLT
was hydrolyzed under the co-catalytic condition of hydrochloric
acid and copper chloride (70 �C, 12 h). After filtering to remove
the precipitates, samples were analyzed using HPLC equipped
with C18 column and UV detector to detect the content of GEM.
Ammonium acetate buffer (pH 5.7) and methanol (90:10, v/v)
were used as mobile phase at a flow rate of 1 mL/min. The
detection wavelength was 268 nm.

The content of LMWH in LT and GLT was determined by
toluidine blue spectrophotometry. LMWH can be combined with
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toluidine blue to obtain a purple complex in PBS (pH 7.4), which
can be extracted by hexane. The absorption of aqueous layer (at
630 nm) is linear with the concentration of LMWH when the
concentration is low. Briefly, 2.5 mL LT and GLT (40 mg/mL)
were mixed with 2.5 mL 0.005% toluidine blue respectively,
shaken for 30 s immediately. Then 5.0 mL hexane was added and
shaken for another 1 min. After settling down for a while, the
aqueous layer was separated to detect the absorption at 630 nm.

2.2. In vitro drug release study

In order to investigate in vitro GEM release from GLT, GLT was
dissolved in PBS with different pH values (pH 7.4, 6.8 and 5.0)
and PBS (pH 5.0) containing cathepsin B (0.5 UN/mL), respec-
tively30, with the final GLT concentrations of 0.1 mg/mL. The
solution was incubated at 37 �C, 120 rpm (IS-RDD3, Incushaker,
Crystal Technology & Industries, Inc., Taxes, USA). 100 mL so-
lution of each group was taken out and filtrated with 0.22 mm
membrane filter at 1, 2, 4, 8, 12, 24 and 48 h. HPLC was used to
determine the content of GEM as mentioned before.

2.3. In vitro stability of GLT

The stability of GLTwas investigated in different medium. Briefly,
500 mL of GLT (1 mg/mL) was mixed with 500 mL 20% FBS,
FBS, PBS and RPMI 1640 medium, respectively, and incubated at
37 �C, 75 rpm. Particle size and absorbance at 750 nm were
recorded at 0, 1, 2, 4, 8, 12 and 24 h. The changing rate of particle
size and transmittance were calculated, and less than 10%
changing rate was deemed as stable.

In order to further investigate the long-term stability, GEM-
TOS stabilized with TPGS (GTT) was prepared as a control.
Briefly, 3.4 mg TPGS was dissolved in 5 mL ultrapure water. Then
1 mL solution of GEM-TOS (prepared as in Supporting Infor-
mation) was added dropwise into it. The GTT micellar NPs were
obtained by ultrasonic (80 w, 6 min) and dialyzing with ultrapure
water using dialysis membrane (MW 1000). Both GLT and GTT
solution (0.5 mg/mL) were stored at 4 �C. The appearance and
particle size are recorded until there is precipitation.

2.4. Cellular uptake assay

The uptake of GT and GLT by the 4T1 cells were measured by the
HPLC. 2.5 � 105 cells were seeded in 6-wells plate and incubated
overnight, and then the culture medium was replaced by 2 mL of
fresh medium containing GT or GLT (GEM-equivalent 1 mg/mL).
After the incubation for 0.5 and 1 h, the culture medium was
removed. Cells were washed with PBS for 3 times and then lysed
with 1% SDS. The cells lysates were freeze-dried and dissolved
by 200 mL of the mixture of methanol and acetonitrile (1:1, v/v).
After filtrating with 0.22 mm membrane filter, the concentration of
GEM-TOS was determined by HPLC. The mobile phase consisted
of ammonium acetate buffer (pH 5.7) and methanol (95:5, v/v).
The detection wavelength was 268 nm.

2.5. Scratch healing assay

Scratch healing assay was performed to investigate whether GLT
can inhibit the migration of tumor cells in vitro. Briefly, 4T1 cells
were seeded into 6-well plates and incubated to near confluence
(90%). The cell layer was scratched a straight line, and then
washed with PBS and incubated with medium containing PBS,
LMWH, GEM and GLT (GEM-equivalent 0.1 mg/mL), respec-
tively, for 12 h. Images were obtained at 0 and 12 h. The scratch-
healing rate was calculated by Image J (National Institute of
Health, Bethesda, MD, USA).

2.6. Detection of MMP-9 by Western blot assay

To investigate whether TOS has inhibitory effect on MMP-9 in
4T1 cells, we detected the MMP-9 by Western blot assay. 4T1
cells were seeded into 6-well plates and incubated to near 60%
confluency. Then, the culture medium was replaced with 2 mL of
fresh medium containing PBS, LMWH or LT, respectively, for
24 h. After that, 4T1 cells were lysed and centrifuged (15,700�g,
4 �C) for 15 min. The supernatant proteins were then separated by
6% SDS-PAGE, followed by transferred to polyvinylidene
difluoride membranes. Finally, samples were incubated with
antibody. HRP-labeled mouse anti-goat secondary antibody was
added and measured using a Bio-Rad ChemiDoc MP System (Bio-
Rad Laboratories, Hercules, CA, USA).

2.7. Interaction of tumor cells with platelets

4T1 cells were seeded in 6-well plates and grew to approximately
80% confluency. Then the medium was changed and incubated
with fresh medium containing PBS, GEM, LMWH, LT or GLT
(LMWH-equivalent 80 mg/mL), respectively, for 20 min. Mean-
while, platelets collected from fresh blood were washed with PBS
and labeled with 5 mmol/L calcein AM. Twenty minutes later,
fluorescein-labeled platelets were added to each well and cultured
for another 2 h. After that, the cells were washed with PBS and
lysed with DMSO. Finally, the fluorescence signal was detected
using a Varioskan Flash Multimode Reader (Thermo Fisher Sci-
entific, Waltham, MA, USA) at Ex Z 490 nm and Em Z 515 nm.

2.8. In vivo tumor-targeting assay and biodistribution

BALB/c female mice (about 5-week-old, 18e22 g, specific
pathogen free) were purchased from Dashuo Experimental Animal
Company (Chengdu, China). All animal experiments were per-
formed according to the rules of Experimental Animals Admin-
istrative Committee of Sichuan University.

The 4T1 solid tumor model was generated by inoculating
1 � 106 4T1 cells on the mammary pad of female BALB/c mice.
In vivo biodistribution experiment was performed on the tumor-
bearing mice at day 10 after the injection of 4T1 cells. The
GLTwere labeled with DiD via physical entrapment. Briefly, GLT
and DiD were dissolved in dichloromethane and stirred at 37 �C
for 3 h. Then, add the mixture to five volumes of PBS, sonicate
(80 w, 6 min) and finally remove dichloromethane by rotary
evaporation. As a control, free DiD was dissolved in a mixed
solvent of propylene glycol and PBS (1:1, v/v)31. The tumor-
bearing BALB/c mice were randomly divided into 3 groups
(n Z 9) and injected with PBS, GLT/DiD and free DiD (20 mg
DiD per mouse) through the tail vein, respectively. Then, the
tumor regions of mice were imaged using an in vivo imaging
system (IVIS Lumina Series III, PerkinElmer, CA, USA) at 1, 4, 8,
12 and 24 h. In addition, mice were sacrificed at 4, 8 and 24 h,
respectively (3 mice for each time point), to collect tumors and
major organs for in vitro imaging. The frozen sections of tumors at
24 h were observed by laser scanning confocal microscope
(FV1000, Olympus, USA) to confirm the distribution of GLT in
the tumor site.
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2.9. In vivo anti-tumor assay

The 4T1 solid tumor model was generated by inoculating 1 � 106

4T1 cells on the mammary pad of female BALB/c mice. Then, the
4T1 tumor-bearing mice were randomly divided into 5 groups
(n Z 6) and injected with PBS, free LMWH, free GEM, GTT and
GLT (GEM-equivalent 4 mg/kg, LMWH-equivalent 18.4 mg/kg),
respectively, through the tail vein from the day 5 after tumor im-
plantation. Each formulation was administered every 2 days for
5 times. Tumor growth and body weight were recorded during the
treatment. And the tumor volume was calculated using (L � W2/2),
in whichW was the smaller diameter and L was the larger diameter.
At day 18, the mice were sacrificed, and tumors were obtained and
imaged. In addition, the tumors and major organs were collected for
hematoxylin and eosin (H&E) staining. To further investigate the
in vivo inhibitory effect of the preparations on the MMP-9, the tu-
mors from mice of each group were applied for immunohisto-
chemical staining. Moreover, tumors from each group were cut into
100-mg pieces, homogenized, and proteins were collected. The
expression of MMP-9 in tumors was further determined by Western
blot assays as mentioned before.

2.10. In vivo anti-metastasis activity

Breast cancer lung metastasis model was established to investigate
the anti-metastasis ability of GLT. Briefly, 1 � 106 4T1 cells were
injected into the tail vein of female BALB/c mice. Twelve hours
later, the mice were randomly divided into 5 groups (n Z 5) and
intravenously injected with PBS, free LMWH, free Gem, GTT and
GLT, respectively (GEM-equivalent 4 mg/kg, LMWH-equivalent
18.4 mg/kg). Each formulation was administered every 2 days
for 5 times. Body weights of mice were monitored. At day 18, the
mice were sacrificed, lungs were obtained and imaged, and the
nodules on the surfaces of lungs were counted carefully. In
addition, major organs (heart, liver, spleen, lung and kidney)
gained from mice of each group were applied for hematoxylin and
eosin (H&E) staining. The lungs were also applied for immuno-
histochemical staining to investigate the effect of the preparations
on MMP-9.

2.11. Pharmacokinetic assay

The in vivo pharmacokinetic study was performed on female
BALB/c mice. The mice were injected with GEM and GLT
(GEM-equivalent 4 mg/kg), respectively, via the tail vein (n Z 6).
Approximately 200 mL of blood samples were withdrawn from the
retro-orbital plexus of the mouse eye at various times (5 min,
15 min, 30 min, 1, 2, 4, 8, 12 and 24 h). Blood samples were
centrifuged at 4 �C, 2300�g for 10 min. The obtained plasma was
diluted 1.5 times with PBS and measured by HPLC. The mobile
phase consisted of ammonium acetate buffer (pH 5.7) and meth-
anol (95:5, v/v). The detection wavelength was 268 nm. The
pharmacokinetic data was analyzed by Data and max Statistics
(DAS, Shanghai, China).

2.12. Preliminary safety evaluation

Tail bleeding assay was used to explore whether the GLT would
cause bleeding risk. The mice were divided into 3 groups (n Z 3)
and intravenously injected with PBS, LMWH, and GLT, respec-
tively (LMWH-equivalent 20 mg/kg). Remove 3 mm from the tip
of the tail 30 min after the injection and immediately immerse the
tail in PBS at 37 �C32. The end point was defined as the time taken
for complete cessation of bleeding to occur.

Hematological analysis and biochemical analysis of the serum
were conducted to evaluate the toxicities of different preparations.
The mice were divided into 4 groups (n Z 3) and intravenously
injected with PBS, free GEM, LT and GLT, respectively (GEM-
equivalent 4 mg/kg). Each formulation was administered every 2
days for 5 times. After treatment, blood and serum from each
group were gained for detection.

3. Results and discussion

3.1. Characterization of GEM-TOS conjugate, LMWH-TOS
conjugate and GLT micellar NPs

GEM-TOS (GT) was synthesized by connecting GEM with TOS
by amide bond, and LMWH-TOS (LT) was synthesized by con-
necting LMWH with TOS by ester bond. GLT micellar NPs was
prepared by co-assembling GTwith LT. The structures of products
were confirmed by 1H NMR (Supporting Information Fig. S1). In
the 1H NMR spectrum of LT (Fig. S1D), there were characteristic
peaks of LMWH and TOS, while the peak of carboxyl
(12.314 ppm) disappeared, which indicated LT was synthesized
successfully through the ester bond. In addition, in the 1H NMR
spectrum of GT (Fig. S1E), the peaks of carboxyl (12.314 ppm)
and amino group (8.722 ppm) disappeared, and a peak appeared at
11.235 ppm, which indicated GT was synthesized successfully
through the amide bond. In the 1H NMR spectrum of GLT
(Fig. S1F), the characteristic absorption peaks of GEM, TOS and
LMWH appeared.

The structures of products were also confirmed by IR (Sup-
porting Information Figs. S2eS4). In the IR spectrum of GEM
(Fig. S2A), the bands found at 1674 and 1622 cm�1 attributed to a
characteristic amine bending vibrations. In the IR spectrum of
TOS (Fig. S2B), a characteristic band at 1751 cm�1 is attributed to
the carbonyl group. As for GEM-TOS (Fig. S2C), there was the
characteristic carbonyl band at 1745 cm�1, and bands at 1624 and
1571 cm�1 represented the amide, which confirmed the formation
of amide bond between carboxyl group of TOS and amino group
of GEM. In addition, the IR spectrum of LMWH (Fig. S3A)
showed characteristic bands at 3438 and 1607 cm�1. As for the
LMWH-TOS (Fig. S3C), bands at 1649, 1211 and 995 cm�1

confirmed the formation of ester bond. In the IR spectrum of GLT
(Fig. S4), there were characteristic bands belong to GEM, TOS
and LMWH. The LC‒MS spectrum further confirmed the suc-
cessfully preparation of GLT (Supporting Information Fig. S5).

The particle size and zeta potential of GLT were measured by
Malvern Zetasizer Nano ZS90 (Malvern Instruments Ltd., UK).
The particle size was 135.8 � 4.6 nm, PDI Z 0.096, and the zeta
potential was �34.9 � 2.3 mV. Micellar NPs observed under a
transmission electron microscope (TEM; JEM-100CX, JEOL,
Japan) were spherical with uniform size distribution (Fig. 1A).
Moreover, the content of GEM in GLT determined by HPLC was
5%. The content of LMWH determined by toluidine blue spec-
trophotometry was 47% in LT and 23% in GLT.

3.2. Critical micelle concentration (CMC) of the GLT

The CMC value is a critical property of micellar NPs which in-
dicates both the polymer’s ability to self-assemble in solution and
the stability of the micelles once form33. A low CMC is necessary
for intravenous injection. In this study, pyrene was used as a



Figure 1 (A) Dynamic light scattering (DLS) size distribution and transmission electron microscopy (TEM) image of GLT. (B) Fluorescence

intensity ratio (I1/I3) of pyrene as a function of the logarithm of the GLT concentration, CMC is just the concentration of GLT at the intersection.

(C) Cumulative GEM release from GLT in different conditions at 37 �C (means � SD, n Z 3). (D) Photo images of erythrocytes treated with

different formulations (the scale bar represents 25 mm). (E) Images of plastic pipe containing supernatant from red blood cell treated with different

formulations. (F) Hemolysis ratio (%) of GLT. A hemolysis ratio less than 5% was regarded as no obvious hemolysis. (means � SD, n Z 3).
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fluorescence probe, which was sensitive to the polarity change of
the environment34. Fig. 1B shows the fluorescence intensity ratio
(I1/I3) of pyrene as a function of the logarithm of the GLT con-
centration. At low GLT concentrations, pyrene mainly existed in
the aqueous solution. As the concentration of GLT increased,
pyrene was gradually transferred from the polar aqueous solution
to the nonpolar core of the micelles, and thus a substantial
decrease in the I1/I3 value was observed. The data was fitted into
two intersecting lines, and CMC was just the concentration of
GLT at the intersection, which was calculated to be 10.3 mg/mL.
The results indicated that GLT could withstand the severe dilution,
and it would be stable even at a low concentration.

3.3. In vitro drug release

In vitro drug release behavior is crucial for drug delivery, and it is
necessary for GEM to release from GLT and further achieve the
anti-tumor effect. In this study, LMWH was connected with TOS
through ester bond, and GEM was connected with TOS through
amide bond. Both the ester bond and amide bond were easily
degraded in the lysosomal environment. As shown in Fig. 1C,
GEM did not significantly release in both pH 7.4 PBS and pH 6.8
PBS, which indicated that GLT could remain stable before cellular
uptake. In pH 5.0 PBS, about 16% GEM released after 48 h.
However, in pH 5.0 PBS containing cathepsin B, which used to
simulate the lysosomal environment, about 80% GEM released
after 48 h. The result suggested GEM could be released from GLT
in the lysosome, and the drug release behavior was relevant to
cathepsin B.

3.4. Hemolytic activity of GLT

Blood erythrocytes play an essential role in systemic circulation.
However, heparin is an anticoagulant, which may have an
enhanced side-effect of hemolysis. Thus, hemolysis assay was
conducted to validate the preliminary safety of GLT. As seen in
Fig. 1D‒F, erythrocytes showed a complete cell lysis when treated
with Triton. On the contrary, the hemolysis of GLTwas lower than
5% at a concentration of 0.5 mg/mL within 4 h. The microscopic
examination and images revealed that the structure of blood
erythrocytes had little change and there was no aggregation of
erythrocytes after exposure to GLT, which was similar to that
treated with PBS (pH 7.4). All these results suggested that GLT
had little impact on the integrity of erythrocytes.

3.5. In vitro stability of GLT

The stability of GLT in different medium was evaluated respec-
tively. As seen in Fig. 2A and B, GLT remained stable in different
medium within 24 h, the changing rates of particle sizes were all
less than 10%, and the transmittance of each solution did not
change a lot.

The long-term stability of GLT and GTT were investigated by
recording their appearance and evaluating their particle size. GTT
was used as a control. As seen in Fig. 2C and D, GT was unstable
in water and aggregated to form precipitates in 6 h, while the GTT,
as reported, was stable without aggregation because of stabilizer
TPGS. In this study, a “protecting shell” LT was synthesized to
stabilize the GT. It was confirmed that the GLT also remained
stable in water until half a year. There was no precipitate formed
in GLT, and the sizes did not change a lot. Therefore, LT syn-
thesized here extremely enhanced the stability of GT.

3.6. In vitro cellular uptake and lysosomal distribution

Effective uptake of nanoparticles by tumor cells is the premise for
their cytotoxicity. The uptake of the GT and GLT were measured
by the HPLC. As shown in Fig. 3B, the uptake of GLT at 1 h was
higher than that at 0.5 h, and GLTwas more efficiently taken up by
4T1 cells than GT. That might because GT was unstable and easy
to form precipitates, resulting in a decreased cellular uptake.
However, the GLT with excellent stability could pass through cell
membrane more easily than GT.

The result of in vitro drug release suggested that GEM could
release from GLT in lysosomal environment. Therefore, whether
GLT reached lysosome after the cellular uptake was critical for its



Figure 2 In vitro stability of GLT. (A) Changing rates of the particle size during 24 h at 37 �C (means � SD, n Z 3). (B) The transmittance of

GLT during 24 h at 37 �C (means � SD, n Z 3). (C) particle sizes of GLT and GTT in half a year. (D) Images of GLT and GTT in half a year,

compared with GT which aggregated to precipitates.
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efficacy. As shown in Fig. 3A, there was significant colocalization
of GLT and lysosomes at 2 h, which indicated GLT could reach
lysosomes after cellular uptake for further drug release.

3.7. In vitro cytotoxicity and ability to induce apoptosis

The cytotoxicity was evaluated by determining the viability of
cells after incubation with different preparations using the MTT
assay. As shown in Fig. 3C, both GEM and GLT had
concentration-dependent cytotoxicity. When the concentration of
GEM was more than 0.037 mg/mL, free drugs were more cytotoxic
than GLT. However, when the concentration of GEM was less than
0.012 mg/mL, GLT was more cytotoxic. This phenomenon might
due to the enhanced stability of GEM in micellar formulation
against cytidine deaminase, which could convert the GEM to
inactive metabolite14. The GLT protected GEM from metabolism,
and thus it was effective even at a low concentration. At high
concentrations, although some of free GEM was metabolized to
the inactive form, the remained was sufficient to achieve cyto-
toxicity. Therefore, free GEM that quickly diffused into the cells
was more cytotoxic under that condition. In addition, as shown in
Fig. 3D, LT almost did not affect cell viability on 4T1 cells, even
at a concentration of 250 mg/mL. The ability of GLT to induce
apoptosis was explored by Annexin V-FITC/PI apoptosis detection
kit. GLT can induce apoptosis of 4T1 cells at a low concentration
of GEM. And there was more apoptosis in the GLT group
compared with GEM group (Supporting Information Fig. S9),
which was consistent with the result of MTT assay.

3.8. In vitro inhibitory effect on cell migration

The migration of tumor cells is directly associated with metas-
tasis35. 4T1 cells with strongly metastatic tendency were used to
investigate the antimetastatic effect of GLT. In the scratch-healing
assay, Fig. 3E and F showed that the scratch in PBS group almost
healed after 12 h, with a healing rate of about 90%, and the
healing rates decreased when treated with LMWH and GEM.
However, it was worth noting that the healing rate was just about
20% after treated with GLT. The results indicated that GLT was
able to inhibit the migration of 4T1 cells effectively.

The MMP-9 secreted by tumor cells is closely related to tumor
metastasis. Tumor metastasis is a complex process, and the tumor
cells need to leave the primary tumor before entering the circu-
latory and migrating to distant organs19,20. MMP-9 had an effect
on degrading the extracellular matrix, thus it facilitated tumor
cells migrate into blood vessels21e23. In our previous study, the
secretion of MMP-9 in B16F10 cells was proved to be inhibited by
TOS24. But the effect of TOS in 4T1 cells is still not clear. Here,
the MMP-9 produced by 4T1 cells was detected by Western blot
assay. As shown in Fig. 3H, LT significantly inhibited the MMP-9
secreted by 4T1 cells at a concentration of 100 mg/mL, while the
free LMWH did not have obvious effect. The result suggested that
TOS but not LMWH inhibited MMP-9 expression.

3.9. In vitro inhibitory effect on the adhesion of platelets to
tumor cells

During the process of metastasis, tumor cells should get the ability
to migrate and invade after leaving the primary tumor. The
abundant platelets in blood significantly assisted tumor meta-
stasis24e26. Thus, it is important to inhibit the adhesion between
tumor cells and platelets. In vitro assay was conducted here to
evaluate whether LMWH or LMWH-based GLT could inhibit the
adhesion. As seen in Fig. 3G, LMWH, LT and GLT significantly
decreased the number of adhesive platelets on tumor cells
compared with PBS group. Tumor cells have been demonstrated
to interact with platelets through P-selectin, an adhesion molecule
expressed on the surface of activated platelets36e38. Therefore,



Figure 3 (A) The colocalization of GLT and lysosomes. GLTwas labeled with DiD (red), lysosomes were stained with Lyso-Tracker Red (green),

and cell nucleuses were stained with DAPI (blue). (B) Cellular uptake of GT and GLT in 4T1 cells (means � SD, n Z 3; *P＜0.05, **P＜0.01 and

***P＜0.001). (C) Growth inhibitory effect of GEM and GLT on 4T1 cells. (D) Growth inhibitory effect of LT on 4T1 cells (means � SD, n Z 3;

*P＜0.05, **P＜0.01 and ***P＜0.001) (E) Images of scratch after incubation with free GEM, LMWH and GLT, respectively, for 12 h. (F) Scratch

healing rates calculated by Image J (means � SD, n Z 3; *P＜0.05, **P＜0.01 and ***P＜0.001). (G) The fluorescence intensity of platelets

adhering to 4T1 cells detected by a Varioskan Flash Multimode Reader (Thermo, USA). “þ” indicates coincubation with calcein-AM labeled platelets,

“e” indicates no coincubation with calcein-AM labeled platelets (means � SD, n Z 3; *P＜0.05, **P＜0.01 and ***P＜0.001). (H) Expression of

MMP-9 in 4T1 cells tested by Western blot after separate incubation with PBS, LMWH (60 mg/mL), LT (100 mg/mL) and LT (250 mg/mL).
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LMWH and GLT might inhibit the tumor cells-platelets adhesion
through inhibiting the P-selectin.

3.10. In vivo tumor-targeting effect

In vivo tumor-targeting ability of GLT was investigated on the
4T1 tumor-bearing mice. PBS, free DiD and GLT/DiD were
injected in different groups (n Z 9), respectively. The time-
dependent biodistribution of DiD was measured, as shown
in Fig. 4A and B. The signal of free DiD was mainly showed
in liver. However, in tumor region, the fluorescence intensity
of the GLT/DiD was higher than that of free DiD at all time
points, and the signal of GLT/DiD was strongest at 8 h. The
result suggested that GLT had excellent tumor targeting ef-
fect. At 4, 8 and 24 h, the mice were sacrificed, the images of
organs were obtained (Supporting Information Fig. S10). At
24 h, the fluorescence intensity of GLT/DiD in tumor was 2.5
times as high as that of free DiD (Fig. 4E and F). In addition,
in Fig. 4D, the fluorescence of GLT/DiD in lung was obvi-
ously much higher than that of free DiD (almost eight times).
This might due to the existence of reticuloendothelial system
(RES) in the lung, causing some of GLT to retain in the lung.



Figure 4 Biodistribution of GLT in vivo. (A) In vivo images of mice and (B) semiquantitative mean fluorescence intensity results showing the tumor distribution of DiD in 4T1 tumor-bearing mice

at 1, 2, 4, 8, 12 and 24 h (mean � SD, n Z 3; *P＜0.05, **P＜0.01 and ***P＜0.001). (C) In vitro images of organs and (D) semiquantitative mean fluorescence intensity results showing the organ

distribution of DiD in 4T1 tumor-bearing mice at 24 h (mean � SD, n Z 3; *P＜0.05, **P＜0.01 and ***P＜0.001). (E) In vitro images of tumors and (F) semiquantitative mean fluorescence

intensity results showing the tumor distribution of DiD at 24 h (mean � SD, n Z 3; *P＜0.05, **P＜0.01 and ***P＜0.001). (G) CLSM images of tumor tissue frozen sections from 4T1 tumor-

bearing mice 24 h after systemic administration of DiD (red). Cell nucleuses were stained with DAPI (blue). Scale bar indicates 200 mm.
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Figure 5 In vivo 4T1 solid tumor treatment. (A) Images of 4T1 tumors harvested from BALB/c mice after treatment with PBS, LMWH,

free GEM, GTT or GLT, respectively, by intravenous injection. (B) Tumor volume changes in 4T1 tumor-bearing BALB/c mice during

the therapies (means � SD, n Z 6; *P＜0.05, **P＜0.01 and ***P＜0.001). (C) Weights of the harvested 4T1 tumors (means � SD, n Z 6;

*P＜0.05, **P＜0.01 and ***P＜0.001). (D) Expression of MMP-9 in 4T1 tumors tested by Western blot assay. (E) Hematoxylin and eosin (HE)

assays for 4T1 tumors (the scale bar represents 100 mm) and immunohistochemical analysis of MMP-9 staining for 4T1 tumors (the scale bar

represents 25 mm). The secreted MMP-9 was stained violet and indicated by black arrows.
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Tumor targeting effect of GLT was further confirmed by the
frozen tumor tissue sections. As shown in Fig. 4G, there were
high fluorescence of GLT/DiD in both marginal area and
central area at 24 h.

3.11. In vivo anti-tumor efficacy

To investigate the in vivo antitumor efficacy of GLT, 4T1 cells
were inoculated on the mammary pad of female BALB/c mice to
establish a tumor-bearing mouse model. They were randomly
divided into 5 groups (n Z 6) and intravenously injected with
PBS, free LMWH, free GEM, GTT and GLT, respectively, from
the day 5 after tumor implantation. Each formulation was
administered every 2 days for a total of 5 times. Tumor volume
were recorded (Fig. 5B). The mice were sacrificed on the day 18.
Then, the tumors were carefully excised from the mice and
weighed. As shown in Fig. 5A‒C, the mice treated with PBS, free
LMWH and free GEM exhibited rapid tumor growth. Compared
with the other groups, both the average tumor weight and the
tumor volume in GLT were the smallest. The excellent antitumor
efficiency of GLT was due to the stabilization effect of LT, thus
allowing more GT to accumulate in the tumor site in the form of
micellar NPs.

As shown in Fig. 5E, HE staining showed that tumor treated
with PBS and free LMWH retained their complete microstruc-
tures. However, extensive tissue necrosis could be observed in
GTT and GLT groups, and tumors treated with GLT exhibited a
larger area of necrosis, indicating a more efficient antitumor ef-
fect. In addition, immunohistochemical analysis suggested that
GTT or GLT reduced the secretion of MMP-9 in tumor. The
MMP-9 in tumor was also detected by Western blot assay. As seen
in Fig. 5D, MMP-9 expression was significantly reduced in 4T1
solid tumors when treated with GTT or GLT, which was similar
with the result in immunohistochemical analysis. The results
indicated that TOS had an inhibitory effect on MMP-9. Thus, TOS
could prevent tumor cells from penetrating blood vessels and
inhibit tumor metastases.

3.12. In vivo anti-metastasis efficacy

Tumor metastasis model was established via the tail vein injection
of 4T1 cells, which was used to investigate the in vivo anti-



Figure 6 In vivo anti-metastasis treatment. (A) The number of 4T1 metastases nodules on the lung surface (means � SD, n Z 5; *P＜0.05,

**P＜0.01 and ***P＜0.001). (B) Body weight of BALB/c mice during the therapies (means � SD, n Z 5). (C) Images of lungs, HE staining for

lungs (the scale bar represents 100 mm) and immunohistochemical analysis of MMP-9 staining for lungs (the scale bar represents 25 mm) after

treatment with PBS, LMWH, free GEM, GTT or GLT, respectively, by intravenous injection. Black arrows indicate the secreted MMP-9.
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metastasis activity of GLT. On the day 18, the mice were sacrificed
to obtain the lungs, and then the number of metastasis nodules on
the surface of lungs were counted carefully (Fig. 6A). In addition,
the photos of lungs in Fig. 6C showed that the 4T1 metastasis
Figure 7 (A) The drug concentrationetime curve of GLT and GEM. (B) B

intravenous injection (means� SD, nZ3). (C)Blood routine examination and

LTand GLT (at an equivalent dose of 4 mg/kg GEM), respectively, in a total o
nodules occupied a majority of the area of the lung tissue in PBS
group. Due to the toxicity of free GEM, there were fewer
metastasis nodules in GEM group. And the lung metastases
decreased in LMWH group because of the inhibition of platelet-
leeding time of BALB/c mice treatment with PBS, LMWH and GLT by

(D) serumbiochemistry data ofBALB/cmice treatedwith PBS, freeGEM,

f 5 times (means� SD, nZ 3; *P＜0.05, **P＜0.01 and ***P＜0.001).



Table 1 Pharmacokinetic parameters after intravenous administration of GEM and GLT (n Z 3).

Parameter t1/2 (h) V1 (L/kg) CL (L/h/kg) AUC0‒t (mg$h/L) AUC0‒N (mg$h/L)

GEM 0.615�0.037 0.027�0.015 0.340�0.085 10.881�2.552 11.241�2.816

GLT 7.632�1.039 0.29�0.056 0.052�0.007 62.648�15.722 82.692�10.514

GEM, gemcitabine; GLT, GEM-TOS co-assembly with LMWH-TOS.
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tumor cell adhesion by LMWH. In addition, GTT decreased the
number of tumor nodules, but it had no obvious improvement
compared with the free GEM. Although GTT was able to inhibit
the secretion of MMP-9 in solid tumor, it was obviously not
enough to inhibit tumor metastasis completely. As for mice treated
with GLT, the nodules were almost invisible. The excellent anti-
metastasis efficacy of GLT was mainly due to the “shell” LT,
which had effect on different phases of the metastatic cascade. LT
was proved to not only inhibited the secretion of MMP-9 in solid
tumor, but also prevented tumor cells from adhering to platelets,
thereby effectively reducing 4T1 cells implanting at new organs.
Combined with the toxicity of GEM, there were few tumor cells
could colonize at lung to form tumor nodules.

In Fig. 6C, HE staining also showed similar result. GLT
exhibited stronger inhibitory effect on tumor metastasis compared
with other groups. Moreover, it was reported that MMP-9 could
lead to a proliferative, immunosuppressive and inflamed envi-
ronment in the lung, which supported the tumor metastases by
promoting the implantation of circulating tumor cells18,39,40.
Immunohistochemical staining of lungs revealed that the expres-
sion of MMP-9 in lung was reduced in GLT group, which might
have inhibitory effect on tumor cell implantation in lung. The
other organs of mice were also stained with HE (Supporting In-
formation Fig. S12). After treatment, myocardial rupture and
glomerular effusion could be observed in GEM group, while other
groups did not show morphological difference compared with the
PBS group.

3.13. Pharmacokinetic of GLT

Plasma concentration of GEM was measured using HPLC. The
drug concentrationetime curve was shown in Fig. 7A. As ex-
pected, free GEM showed a higher clearance in vivo. And phar-
macokinetic parameters in Table 1 indicated that the AUC0‒N of
GEM in GLT (82.692 � 10.514 mg$h/L) was much higher than
that of free GEM (11.241 � 2.816 mg$h/L), the t1/2 of GEM was
prolonged by GLT, and GLT significantly decreased the clearance
rate of GEM.

3.14. Preliminary safety of GLT

Heparin is an anticoagulant, which may enhance the risk of
bleeding. LMWH, the composition of GLT, was prepared by
depolymerization of heparin. Tail bleeding assay was used to
explore whether the GLT would cause bleeding risk. As shown in
Fig. 7B, there was no significant difference in bleeding time
among three groups. It confirmed that both LMWH and GLT
would not cause bleeding risk at this dosage.

Hematological analysis was used to evaluate the toxicities of
preparations. As shown in Fig. 7C, compared with the PBS group,
GEM treatment resulted in a decrease in the number of white
blood cells (WBC) and neutrophilic granulocyte (Gran) in mice.
This result suggested that GEM might have side effects of bone
marrow toxicity at the dosage. However, mice treated with GLT
did not exhibit a similar phenomenon, which indicated that GLT
could reduce the toxicity of GEM.

A biochemical analysis of the serum was also used to evaluate
organ toxicity (Fig. 7D). Free GEM increased the levels of CK
(creatine kinase), which indicated that free GEM could probably
cause heart injury. But GLT reduced the injury. The evaluation
demonstrated that GLT was biocompatible and safe for injection.

4. Conclusions

In this study, we constructed an antimetastatic “protecting shell”
LT successfully to stabilize the prodrug GEM-TOS. The micellar
NPs GLT were established by co-assembling GT with LT. It
delivered the chemotherapy drug GEM to tumor and avoided the
rapid deamination of GEM. The results of long-term stability
proved that GLT remained stable in half a year without precipi-
tation, which was comparable with GTT. In vitro assays proved
that GLT was efficiently taken up by 4T1 cells and it induced
apoptosis of 4T1 cells even at a low concentration. Moreover, GLT
had excellent inhibitory effect on cell migration. In breast cancer
treatment, GLT could accumulate in tumor and inhibit the growth
of 4T1 solid tumors effectively. In addition, GLT inhibited the
tumor metastasis by acting on different phases of the metastatic
cascade. It was proved that GLT decreased the secretion of MMP-
9 in 4T1 cells, thus inhibiting tumor cells penetrating the base-
ment membrane and entering the circulatory. GLT also inhibited
the interaction between tumor cells and platelets, thus inhibiting
tumor cells implanting at distant organs. As a result, GLT showed
much more excellent inhibitory effect on the lung metastases than
GTT and GEM. In summary, the “protecting shell” LT not only
improved the stability of GT, but also endowed the micellar NPs
excellent antimetastatic efficacy. The LT is promising to improve
the stability and antimetastatic effect of other prodrugs.
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