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A B S T R A C T

Antitumor efficacy of ursolic acid (UA) is seriously limited due to its low hydrophilicity and needy bioavail-
ability. To overcome these obstacles, chemosensitive polyspermine (CPSP) conjugated with UA and folic acid
(FA) as a novel targeted prodrug was designed and successfully synthesized in this investigation. This prodrug
not only showed high aqueous solubility, GSH-triggered degradation and good biocompatibility, but also ex-
hibited better inhibition effect on the tumor cells proliferation in comparison with free UA. FA-CPSP-UA could
down-regulate the generation of GSH and manifest excellent ability in enhancing antitumor efficacy. In addition,
FA-CPSP-UA could inhibit the expression of MMP-9, which led to restricting MCF-7 cells migration. Taken to-
gether, the results indicated that FA-CPSP-UA, as a carrier, can efficiently deliver UA to folate receptor positive
cancer cells and improve tumor therapy of UA by Chemosensitive effect.

1. Introduction

Ursolic acid (UA), as a pentacyclic triterpenic acid, widespread in a
large number of natural medicinal plants with multiple pharmacolo-
gical properties, including anti-inflammatory, liver-protective, anti-
atherosclerotic, anti-epileptic, anti-cancer, anti-epileptic, and anti-dia-
betic activities [1–6]. Various papers have shown that UA exhibits ex-
cellent anti-tumor effect, mainly through the induction of apoptosis,
inhibition of tumor cell proliferation, suppression of tumor tissue an-
giogenesis, repression of tumor invasion and metastasis, interference
with tumor micro-environment and other effects to achieve the purpose
of anti-tumor [7–10]. Pharmacology research shows that UA can inhibit
the proliferation and induce apoptosis in MCF-7 human breast cancer
cells [7,11]. However, the potential clinical applications of UA are ul-
timately obstructed due to its low hydrophilicity, non-specific dis-
tribution and poor bioavailability. To address these limitations, the
great efforts had been devoted to improving anticancer efficacy of UA
by designing intelligent drug delivery systems. Recently, various drug
delivery systems such as polymeric nanoparticles, phospholipid nano-
particles, micellar nanosystems and liposomes have attracted increasing

attention since their remarkable superiority in enhancing antitumor
efficacy in cancer treatment [12–16].

To devise the excellent drug delivery systems, quite a few strategies
are proposed: (i) targeting molecules have been introduced to stimulate
cellular uptake by targeting nanocarriers to specific receptors out of the
cell surface; (ii) combining a sensitizer (drug) with prodrugs to increase
chemosensitivity to UA [17–20]. The folate receptors are overexpressed
in many cancer cells, including breast, ovary, endometrium, kidney,
lung, head and neck, myeloid cancers and so on [21,22]. Meanwhile,
they are internalized into cells after ligand binding [23]. Because of
absence or low expression of these receptors on normal tissues, folate-
linked carrier system does not normally accumulate in healthy tissues.
Compared with over other ligands, the advantages of FA are high af-
finity and specificity towards receptors, good conjugating property, low
cost, easy availability and non-immunogenicity [24]. Moreover, glu-
tathione (GSH) acts as antioxidant and protects cells against reactive
oxygen species (ROS) and xenobiotics (heavy metals and drug meta-
bolites, etc.) [25,26]. GSH-mediated detoxification is one of the most
major mechanisms responsible for the cancer drug resistance and the
GSH levels in tumor cells are comparatively higher than those in normal
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cells [27]. It has been observed that elevated levels of GSH are asso-
ciated with resistance to chemotherapeutic agents in cancer cells [28].
As a drug sensitizer in combination therapy with chemotherapeutic
agent, buthionine sulfoximine (BSO) can selectively inhibit the synth-
esis of GSH to reduce the GSH-mediated detoxification [29]. In addi-
tion, utilizing the concentration difference of the GSH in the blood-
stream (<5 μM) and the cytosol of cancer cells (up to 2–10mM), the
redox-cleavable disulfide bonds were introduced to improve in-
tracellular drug release in response to intracellular levels of GSH
[30–33].

In order to effectively treat human breast cancer by combining the
sensitizer with prodrug, we designed and synthesized the GSH-triggered
degradable FA-targeted chemosensitive polyspermine prodrug (FA-
CPSP-UA) for UA delivery in which UA was loaded by chemical con-
jugation (Scheme 1). The strong hydrophilic properties of CPSP made
UA well dispersed in water [34]. The conjugation FA of prodrug could
provide active targeting and enhance cellular uptake of the prodrug,
which greatly increased tumor specificity and highly improved drug
efficacy. The high intracellular GSH concentration facilitated FA-CPSP-
UA degradation by segmentation of a large of disulfide bonds, which
extremely enhanced intracellular drug release. Moreover, the large in-
tracellular GSH was consumed in the course of the degradation process,
which reduced the GSH-mediated detoxification and promoted the
chemotherapeutic efficacy. Compared to free UA, the FA-CPSP-UA not
only showed better inhibition effect on the MCF-7 cells proliferation,
but exhibited excellent ability in inhibiting the migration of MCF-7
cells. Therefore, because of its self-sensibilization effect and prominent
anticancer activity, the FA-CPSP-UA provides a promising strategy for
treating breast cancer.

2. Materials and methods

2.1. Materials

Spermine, acryloyl chloride, cystamine dihydrochloride, N,N′-bis
(acryloyl) cystamine (BAC), N-hydroxysuccinimide (NHS), N-(3-
Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC·HCl),
folic acid (FA), L-buthionine-S,R-sulfoximine (BSO), and ursolic acid
(UA) were purchased from Aladdin-reagent Company (Shanghai,
China) and used directly. Methanol, dichloromethane and sodium hy-
droxide were purchased from Guangzhou Chemical Reagent (China).
Dulbecco’s modified Eagle’s medium (DMEM) and Dulbecco’s phos-
phate buffered saline (PBS) were purchased from Life Technologies
Corporation. Reduced glutathione assay kit was purchased from
Nanjing Jiancheng Bioengineer Institute. Cell counting kit-8 (CCK-8)
and Annexin V-FITC Apoptosis Detection Kit were purchased from
Beyotime Institute of Biotechnology (Shanghai, China).

2.2. Cell culture

The MCF-7 human breast cancer cells were obtained from Southern
Medical University. MCF-7 cells were cultured in complete DMEM (with
10% FBS, 100 U/mL penicillin G sodium and 0.1 mg /mL streptomycin
sulfate). Cells were maintained at 37 °C in a humid atmosphere con-
taining 5% CO2.

2.3. Synthesis of CPSP

The synthetic route of FA-CPSP-UA is showed in Scheme 1. For CPSP
synthesis, we first synthesized, N,N′-bis(acryloyl) cystamine (BAC) in

Scheme 1. Synthesis scheme of the FA-CPSP-UA conjugate using folic acid (FA), ursolic acid (UA), and chemosensitive polyspermine (CPSP).
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accordance with our previous study [35]. In brief, cystamine dihy-
drochloride (2.5 g, 11.10mmol) was dissolved in 11mL distilled water.
Then, 6.6mL acryloyl chloride solution in dichloromethane (v/v= 1/
1) and 4.4 mL aqueous NaOH solution (0.40 g/mL) were added drop-
wise with stirring in the ice bath. Subsequently, the mixture was stirred
at room temperature for another 6 h. The mixture was extracted with
dichloromethane and washed by distilled water. Subsequently, CBA
was obtained with a yield of 75% after the organic solvent was removed
under reduced pressure. 1H NMR (CDCl3): δ=6.25 ppm (4H,
CH2]CHCOe), δ=5.68 ppm (2H, CH2]CHCO), δ=3.67 ppm (4H,
COeNHeCH2eCH2eSe), δ=2.90 ppm (4H, COeNHeCH2eCH2eSe).

CPSP was synthesized by Michael addition polymerization of CBA
and spermine. CBA (0.524 g, 2mmol) and Spermine (0.608 g, 3mmol)
was separately dissolved in freshly prepared 5mL methanol/water (v/
v=3/1) solution containing 100mM calcium chloride at room tem-
perature. After that, the spermine solution was then added dropwise to
the CBA solution with stirring under a nitrogen atmosphere. The mix-
ture reacted at 50 °C for 72 h in dark. After completion of reaction, the
solvent was removed by rotary evaporation and the residue was dia-
lyzed (MWCO=3500, USA) for 3 d in dark. The synthesized CPSP was
obtained by lyophilization with a yield of 62%. 1H NMR (D2O):
δ=1.6 ppm (eCH2e), δ=1.98 ppm (eCH2eCH2e), δ=2.99 ppm
(eSeCH2e), δ=3.44 ppm (COeNHeCH2e), δ=2.77 ppm
(eNHeCH2e), δ=3.44 ppm (eCOeNHeCH2e).

2.4. Synthesis of CPSP-conjugating FA and UA (FA-CPSP-UA)

FA-CPSP-UA has been synthesized by coupling UA and FA onto
CPSP via EDC·HCl / NHS. Briefly, both FA (4mg, 0.0091mmol) and UA
(6mg, 0.013mmol) were dissolved in DMSO (0.5mL), and then were
activated by EDC·HCl (17.64mg, 0.092mmol) and NHS (10.59 mg,
0.092mmol). After its pH value was adjusted to 4 ∼ 6 by HCl, the
mixture was stirred at 25 °C for 1 h. After that CPSP (100mg) was
added to the reaction mixture of activated FA and UA [36]. The reac-
tion continued at 25 °C for 24 h in the dark conditions. Finally, to re-
move free FA and UA, the resultant solution was kept in a pretreated
dialysis bag (MWCO=1000, USA) and dialyzed for 12 h. FA-CPSP-UA
was obtained by freeze drying with a yield of 49%.

2.5. Structural characterizations of FA-CPSP-UA

1H NMR spectra of CBA, CPSP and FA-CPSP-UA were obtained from
a Bruker AVANCE 300 spectrometer (300MHz). UV–vis spectrum (UV-
2550, Shimadzu, Japan) was employed to confirm the graft of UA and
FA to CPSP and the mass content. FA, UA, CPSP and FA-CPSP-UA were
dissolved in sodium hydroxide solution (0.1 mol/L). Then, UV–vis
spectrum of FA, UA, CPSP and FA-CPSP-UA were recorded on a 1 cm
quartz cuvette at 25 °C. What’s more, the mean particle size and zeta
potential of CPSP, UA-CPSP and FA-CPSP-UA at 100 μg/mL were de-
termined by Malvern Zetasizer Nano ZS (United Kingdom). Each sample
was measured in triplicate. Subsequently, the morphology was char-
acterized by a transmission electron microscope (TEM). For GSH-re-
sponse analysis, the elution time of FA-CPSP-UA pretreated either with
or without 10mM GSH were determined by GPC.

2.6. In vitro drug release behavior of FA-CPSP -UA

To determine the release of UA from FA-CPSP-UA in vitro, the dia-
lysis method was applied to monitor the release of UA from FA-CPSP-
UA in PBS (20% (v/v) ethanol, with or without 10mM GSH) at pH 7.4
and 37 °C. The lyophilized FA-CPSP-UA (20mg) was suspended in 2mL
of 0.1M PBS containing 20% of ethanol. The half of solution was then
placed into pre-swelled dialysis bag (MWCO=1000, USA) and im-
mersed into 30mL of 0.1 M PBS (with or without 10mM GSH) at the
presence of ethanol. The release study of free UA was performed under
the same condition with adding 1mg UA suspended in 2mL of 0.1 M

PBS containing 20% of ethanol in the dialysis bag. The quantity of UA
released was analyzed by UV–vis spectrum (UV-2550, Shimadzu,
Japan) at a wavelength of 265 nm at various time points during the
dialysis process. After subtracting the absorbance of FA, the cumulative
release of UA was calculated by comparing with the standard curve.

The cumulative release of UA was calculated using the formula:

Release percentage (%)=W1/W0×100%

where W1 was the weight of UA in solution, W0 was the weight of total
UA in prodrugs.

2.7. FA-targeting assay

CPSP-UA and FA-CPSP-UA were marked with FITC by the method
reported in the literature [37]. The obtained FI-CPSP-UA and FI-FA-
CPSP-UA were incubated with MCF-7 cells for FA-targeting examina-
tion. To determine the role of FR binding, MCF-7 cells were pretreated
without or with 250 μg and 500 μg of free FA in 500 μL culture medium.
After 2 h, the culture medium was replaced for 500 μL complete DMEM
that contained 5 μg of FA-CPSP-FITC and CPSP-FITC, respectively. MCF-
7 cells were then incubated for 4 h and the cellular uptake percentages
were calculated by flow cytometer (Backman).

2.8. Determination of the GSH level

Intracellular GSH concentration in MCF-7 cells were detected by
using Reduced glutathione assay kit. The growth medium was replaced
with 500 μL complete DMEM that contained free UA (10 μg), FA-CPSP-
UA (64 μg), BSO (5×10−4 mmol), FA-CPSP (55 μg) and the mixture of
BSO (5× 10−4 mmol) and UA (10 μg), respectively. For ensuring the
comparison of the experiment, the corresponding concentration of FA-
CPSP-UA is calculated according to the grafting rate of UA. After co-
incubation for 24 h, the medium was removed. After washing with PBS
for three times, the cells were lysed. The intracellular GSH level was
strictly examined using the abovementioned kit according to the
manufacturer's instruction.

2.9. In vitro cytotoxicity assay

The cytotoxicity of free UA and FA-CPSP-UA was evaluated in MCF-
7 cells using CCK-8 assay [38]. CPSP (1, 10, 100, 200, 400 μg/mL), FA-
CPSP (1, 10, 100, 200, 400 μg/mL), free UA, UA-CPSP or FA-CPSP-UA
was added to the cells in DMEM at different UA concentrations of 1, 10,
25, 50, and 100 μg/mL, respectively. Moreover, in order to assess the
effect of intracellular GSH concentration on anti-cancer activity, BSO
(1mmol/L), GSH (10mmol/L), GSH/UA (20 μg/mL), free UA (20 μg/
mL), BSO/UA (20 μg/mL) or FA-CPSP-UA (99 μg/mL) was added to
complete DMEM to final concentrations. Cells treated with PBS were
used as a control. After MCF-7 cells were incubated for 24 h, cells were
washed with PBS and added with 100 μL fresh medium containing 10%
CCK-8 to all wells. The absorbance was recorded with a microplate
reader at a wavelength of 450 nm and the cell viability was expressed as
a ratio of the treated groups to the control group.

2.10. Cell apoptosis assay

The quantification of cell apoptosis was performed by Annexin V/PI
staining and evaluated by flow cytometer [39]. Briefly, MCF-7 cells
were seeded in 24-well tissue culture plates at a density of 5× 104

cells/well and cultured in complete DMED at 37 °C in 5% CO2 for 12 h.
The cells were incubated with various formulations (free UA: 20 μg/mL,
CPSP: 100 μg/mL, UA-CPSP: 89 μg/mL, FA-CPSP-UA: 99 μg/mL) for
24 h, respectively. Then the cells were immediately trypsinized, col-
lected and resuspended in 200 μL of binding buffer. Afterwards, 5 μL of
Annexin V-FITC and 10 μL of PI were added and kept in the dark for
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15min. The stained cells were analyzed using flow cytometer
(Backman).

2.11. Wound healing assay

To study the ability of FA-CPSP-UA to inhibit MCF-7 cells migration,
a wound healing assay was conducted [40]. MCF-7 cells were seeded at
a density of 2× 105 cells/well with 2mL complete DMEM onto 6-well
tissue culture plates for 12 h. After starved with serum-free DMEM for
about 6 h, the cells were wounded by pipette tips and washed with PBS
twice times. Subsequently, the cells were incubated in fresh complete
DMEM with various concentrations of FA-CPSP-UA for 24 h. Cells
treated with PBS were used as control. The cell migration into the
scratches was observed under microscope and analyzed with the soft-
ware of ImageJ.

2.12. Western blot

The influence of FA-CPSP-UA on the expression levels of MMP-9
protein in MCF-7 cells was analyzed by western blotting [41]. MCF-7
cells were incubated for 24 h with various concentrations of FA-CPSP-
UA for exploring the expression of MMP-9. After that, cells were wa-
shed twice with cold PBS and lysed with SDS lysis buffer for 30min on
ice. Then the lysates was clarified by centrifugation at 4 °C under
13,000 rpm/min for 15min, and the supernatant was collected. Protein
concentrations were determined using the Bio-Rad protein assay. So-
dium dodecyl sulfate polyacrylamide gel electrophoresis was performed
to separate the samples and then transferred to PVDF membranes (Bio-
Rad). The membranes were blocked with 5% non-fat milk in Tris-Buf-
fered Saline Tween-20 (TBST) buffer for 1 h. Then the membranes were
incubated with MMP-9 antibodies at 1:1000 dilution in 5% non-fat milk
overnight at 4 °C. Then the membranes were incubated with secondary
antibodies at 1:2000 dilution for 1 h at 25 °C, followed by three times
washing with TBST. Afterwards the sample was detected by using en-
hanced chemiluminescence reagent (Bio-Rad), and GAPDH was used as
a control.

2.13. Hemolysis

For validating the blood compatibility of FA-CPSP-UA, an hemolysis
assay was performed as previously reported [42]. The percentage he-
molysis was calculated by measuring the optical density (OD) as the
following formula:

Hemolysis (%)= [(OD of the test sample−OD of negative con-
trol)× 100]/OD of positive control.

2.14. Statistical analysis

All experiments were carried out at least in triplicate and the ac-
quired data were presented as the mean ± standard deviation (SD).
Statistical analysis was performed using a Student’s t-test (SPSS, version
22.0). Difference with P < 0.05(*), P < 0.01(**) or P < 0.001(***)
was considered statistically significant.

3. Results and discussion

3.1. Synthesis and characterization of FA-CPSP-UA

In the present study, CPSP was used as the starting material to
synthesize the targeted anticancer prodrug FA-CPSP-UA and the syn-
thetic route of FA-CPSP-UA are shown in Scheme 1. CPSP composed of
spermine and CBA was successfully synthesized by Michael addition
reaction. UA and FA were attached to the CPSP through amide bonds in
a one-step reaction. As shown in Fig. 1, 1H NMR analysis demonstrated

the CPSP and FA-CPSP-UA were synthesized successfully. According to
the 1H NMR spectra of FA and UA, the peaks at 0.5–1.0 ppm and
7.0–9.0 ppm were the characteristic peaks of UA and FA, respectively
[43,44]. Moreover, the 1HNMR spectrum of the FA-CPSP-UA in DMSO-
d6 was measured and the chemical structure of UA and FA are added in
Fig. S1. UV–vis spectrum was used to confirm the presence and mass
content of UA and FA conjugation on CPSP. As shown in Fig. 2, FA
exhibited the obvious absorbance peaks at 378 nm and UA showed the
obvious absorbance peaks at 270 nm, at which CPSP showed no peaks.
The UA and FA mass content in FA-CPSP-UA were 20.13% and 17.3%
using a standard calibration curve.

AFA,1=A378

AUA=A270−AFA,2

Where A378 and A270 are the absorbance values of FA-CPSP-UA at
378 nm and 270 nm respectively.

AFA,1 and AFA,2 are the absorbance values of FA conjugation on
CPSP at 378 nm and 270 nm respectively. AUA is the absorbance values
of UA conjugation on CPSP.

Zeta potential of the CPSP, UA-CPSP (WUA = 22.4%) and FA-CPSP-
UA, which were diluted in deionized water solutions, was measured. As
shown in Fig. 2A, the surface charge of CPSP was about +42.43mV due
to the amine groups on its surface, while the zeta potentials of UA-CPSP
and FA-CPSP-UA were +35.57 ± 0.91mV and +27.5 ± 1.53mV,
respectively. Prodrug with positive charges often exhibit the higher
cellular uptakes than the neutral and negatively charged prodrug due to
their electrostatic interactions with the anionic membrane [41,45–47].
In Fig. 2B, the particle size of the CPSP, UA-CPSP, FA-CPSP-UA, which
were diluted with ultrapure water at 100 μg/mL, was determined by
dynamic light scattering method. The particle sizes of CPSP, UA-CPSP
(WUA = 22.4%) and FA-CPSP-UA were 404.7 ± 8.33 nm,
186.4 ± 5.20 nm and 223.3 ± 11.17 nm, respectively.

3.2. The GSH-responsive of FA-CPSP-UA

We used TEM analysis to study the effect of GSH on FA-CPSP-UA
nanoparticle morphology. As shown in Fig. 3C and D, the particle size
of FA-CPSP-UA obviously reduced after FA-CPSP-UA was treated with
10mM GSH. This result suggested that FA-CPSP-UA could significant
degrade at the concentration of 10mM GSH. Disulfide bonds were
known to be easily cleaved by GSH in the reducing conditions [48,49].
For further examining the GSH-Sensitive of FA-CPSP-UA, GPC analysis
was performed and the chromatograms of FA-CPSP-UA treated with or
without 10mM GSH are shown in Fig. 3E. It was found that FA-CPSP-
UA without GSH treatment showed the maximum peak at 7.44min.
After incubation with 10mM GSH for 4 h, the maximum peak of the
sample shifted to 8.09min, which indicated that GSH resulted in the
breakage of disulfide bonds and obvious degradation of FA-CPSP-UA.
This result was consistent with TEM analysis, suggesting the potential
application of FA-CPSP-UA as a redox-responsive delivery system to
tumor cells.

The release properties of UA from FA-CPSP-UA were measured
under 10mM GSH, due to the intracellular concentration of GSH can
reach 10mM. As shown in Fig. 3F, the ratios of released UA in the
different buffers all increased in a time dependent manner. In addition,
UA release from FA-CPSP-UA was markedly enhanced under a re-
ductive condition containing 10mM GSH, wherein about 64% drug was
released in 24 h. FA-CPSP-UA exhibited a rapid release in 10mM GSH,
which may be conducive to tumor therapy.

3.3. FA-targeting assay

To more directly define a role for FA targeting, the MCF-7 cells were
selected to perform the cellular uptake studies. MCF-7 cells highly ex-
pressed FRs, and FRs are expressed at low levels in normal tissues [50].
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Receptor-mediated endocytosis of FA-CPSP-UA was defined by carrying
out competitive experiments under the same experimental conditions.
Seen in Fig. 4C, with the increase free FA concentration, the endocytosis
of MCF-7 cells treated with FA-CPSP-UA obviously decreased, but they
of MCF-7 cells treated with CPSP-UA are slightly affected. The FR-
mediated endocytosis can be blocked by free FA. The above results
demonstrated that the targeting ability of FA-CPSP-UA to high FRs
expressed in MCF-7 cells. These results indicated that the FA-CPSP-UA
could enter FR over-expressing cancer cells by the electrostatic inter-
action, and the ligand-receptor mediation.

3.4. In vitro cytotoxicity

MCF-7 cells were chosen to evaluate the anti-tumor effect of pro-
drugs, and the results were shown in Fig. 4E. For ensuring the com-
parison of the experiment, the corresponding concentrations of UA-

CPSP and FA-CPSP-UA were calculated according to the grafting rate of
UA. The results shown that both the formulations showed a typical
dose-dependent cytotoxic effect on MCF-7 cells. To our surprise, FA-
CPSP-UA and UA-CPSP showed superior anticancer effect than free UA
in the UA concentration range of 10–25 μg/mL. The results showed that
FA-CPSP-UA and UA-CPSP not only maintained the pharmacological
action of UA but also enhanced its anticancer effect by the chemo-
sensitizing effects. Furthermore, FA-modified prodrugs showed finer
MCF-7 cells inhibition efficiency than non-FA-modified ones (Fig. 4E).
The superior cytotoxic effect of FA-CPSP-UA was attributed to the en-
hanced cellular uptake of the prodrugs via the FR mediated endocytosis.

Next, to evaluate the influence of intracellular GSH level on the UA
efficacy, we investigated the cell inhibitory effects of UA in different
intracellular GSH levels in MCF-7 cells. The cell viabilities are shown in
Fig. 4F after different treatments for 24 h, Free BSO and Free GSH had a
negligible reduction in cell viability. Nevertheless, the cytotoxicity of
UA obviously increased to MCF-7 cells after co-treated with BSO, in
which BSO displayed the similar effect with CPSP. The results proved
that a down-regulated GSH expression does improve the sensibility of
tumor cells to chemical chemotherapeutics, and the excellent tumor
cells inhibition effect of FA-CPSP-UA was attributed to its chemo-
sensitizing effect.

3.5. Effects of UA, FA-CPSP and FA-CPSP-UA on levels of intracellular
GSH

It is universally acknowledged that GSH is a tripeptide evolved in
many important cellular roles as a redox regulator. The concentration
level of intracellular GSH in some tumor cells has been found to be
several times higher than that in normal cells. Cancer cells are in per-
manent oxidative stress compensating by up-regulation of the GSH
synthesis pathway. A decrease in the intracellular GSH level by an ef-
fective GSH-depleting compound can inhibit GSH-mediated detox-
ification. In order to determine influence of FA-CPSP-UA on in-
tracellular GSH, we detected intracellular GSH concentration in MCF-7
cells after treated with different samples. As shown in Fig. 4D,

Fig. 1. Characterization of representative 1H NMR spectra of N,N′-cystaminebisacrylamide (CBA), CPSP and FA-CPSP-UA.

Fig. 2. UV–vis spectra of FA, UA, CPSP and FA-CPSP-UA (25 °C).
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compared to treatments with UA, treatments with other four samples
significantly reduced the concentration of intracellular GSH. L-buthio-
nine-S,R-sulfoximine (BSO) is an inhibitor of GSH biosynthesis. As ex-
pected, after the treatments of BSO contained agents, GSH in MCF-7
cells apparently decreases. Moreover, compared to the treatments by
BSO, FA-CPSP leads to an almost same GSH depleting effect. The result
confirmed that FA-CPSP and FA-CPSP-UA showed the similar ability of
down-regulating GSH expression with BSO in the MCF-7 cells, further
affirming that the chemosensitizing effects of FA-CPSP-UA was induced
by the depletion of intracellular GSH.

3.6. Apoptosis effect

Many studies have demonstrated that tumors are closely related to
cellular apoptosis. When cellular apoptosis is inhibited, tumors occur

and grow. Thus, through cell apoptosis assay to further determine the
superior anticancer effect of prodrugs. Annexin V/PI double staining
characterized the apoptosis effect. The difference in translocation of
phosphatidyl serine (PS) from outer surface in normal cells to the outer
leaflet of the cell membrane in apoptotic cells aids the evaluation of cell
apoptosis. Annexin-V, could bind with PS with a high affinity and
identify apoptotic cells by binding to PS exposed on the outer leaflet.
Additionally, dead cells could be stained with propidium iodide (PI)
dye. Thus, after staining a cell population with annexin V-FITC and PI,
apoptotic cells exhibit green fluorescence, dead cells exhibit red fluor-
escence, and live cells exhibit little or no fluorescence [51]. As showed
in Fig. 5A and B, the cells treated with PBS and CPSP did not show any
noticeable apoptosis, which further illustrated CPSP non-cytotoxicity.
After treated with free UA, UA-CPSP and FA-CPSP-UA for 24 h, MCF-7
cells exhibited 28.62%, 38.76% and 50.78% apoptosis, respectively.

Fig. 3. (A) Zeta potential analysis of CPSP, UA-CPSP and FA-CPSP-UA; (B) Particle size of CPSP, UA-CPSP and FA-CPSP-UA; (C) TEM photographs of FA-CPSP-UA
(scale bar: 200 nm); (D) TEM photographs of FA-CPSP-UA treated with 10mM GSH (scale bar: 100 nm); (E) GPC chromatogram of FA-CPSP-UA pretreated either with
or without 10mM GSH. (using dextran as the standard sample; 0.8 mol/L NaNO3; 35 °C); (F) in vitro release of UA. The percentages of released UA are compared
between free UA and FA-CPSP-UA in PBS (with or without 10mM GSH) at pH 7.4 and 37 °C.
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UA, UA-CPSP and FA-CPSP-UA could significantly cause the early and
late apoptosis in MCF-7 cells, in comparison to the free drug, the pro-
drugs can be more effective on cell apoptosis under the same drug
concentration.

3.7. Inhibited migration of MCF-7 cells and metastasis related protein
expression

It was reported that over 90% of the deaths of cancer patients is
caused by metastasis, which is formed by the spread of disseminated
primary tumor cells to distant anatomic sites [52]. Matrix metallopro-
teinase-9 (MMP-9) was vital in the progression of tumor metastasis
[53]. Hence, the down-regulation of the expression of MMP-9 protein
would be a good way to inhibited migration of tumor cells. The cellular
expression levels of MMP-9 protein in FA-CPSP-UA-treated MCF-7 cells
were examined by Western blotting analysis. Fig. 7A shows the image of
gel electrophoresis, and the relative quantitative MMP-9 protein

expression result is shown in Fig. 7B. It was found that, compared to the
control, FA-CPSP-UA effectively inhibited the expression of MMP-9 in
MCF-7 cells in a dose-dependent manner.

To further validate the inhibited migration effect of FA-CPSP-UA, a
wound healing assay is conducted to analyze the impact of the low
toxicity concentrations of FA-CPSP-UA on migration of MCF-7 cells
(Fig. 6C). As shown in Fig. 6, compared with the control, the migration
of MCF-7 cells were remarkably inhibited by FA-CPSP-UA in a dose-
dependent manner (the quantitative data are given in Fig. 6B). This
result suggested that FA-CPSP-UA efficiently inhibited migration of
MCF-7 cells by inhibiting MMP-9 protein expression.

3.8. Hemolysis and toxicity

The cytotoxicity of CPSP and FA-CPSP was evaluated on MCF-7 cells
by CCK-8 assay in Fig. 4A. It shows the cell viability results of the MCF-
7 cells treated with different concentrations for 24 h. As shown, CPSP

Fig. 4. (A) Survival rate analysis of
MCF-7 cells after treating with CPSP
and FA-CPSP at different concentra-
tions; (B) Effect of FA-CPSP-UA with
different concentrations on hemolysis;
(C) Cellular uptake ratios of materials
after being incubated with normal or
FA-pretreated MCF-7 cells; (D)
Intracellular GSH concentration in
MCF-7 cells after MCF-7 cells were in-
cubated with free UA, FA-CPSP-UA,
FA-CPSP, BSO/UA and BSO; (E) The
survival rates of MCF-7 are compared
between free UA, UA-CPSP and FA-
CPSP-UA at different concentrations;
(F) MCF-7 cells were incubated with
BSO, GSH, GSH/UA, free UA, BSO/UA
and FA-CPSP-UA. PBS was set as the
control and the survival rate was eval-
uated by CCK-8 assay.
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and FA-CPSP showed almost the same cytotoxicity to MCF-7 cells, and
the cell survival rate is 74.1% when the concentration reached 200 μg/
mL. This result indicated that CPSP was evaluated to confirm its safety.
To evaluated the blood compatibility of prodrug, hemolysis test was
carried out. As an injectable drug delivery system, the instability of
drug carriers in the blood was considered as one of the serious

limitations in the therapeutic. The percentages hemolysis of the blood
in contact with FA-CPSP-UA concentration are shown in Fig. 4B. After
6 h incubation, all the sample showed nonhemolytic with the extent of
hemolysis lower than the permissible level of 5%. It was found that FA-
CPSP-UA exhibited the good blood compatibility at the low con-
centration.

Fig. 5. Apoptosis analysis (A and B) of MCF-7 cells evaluated by flow cytometer after MCF-7 cells were incubated with various samples. (1) CPSP; (2) UA; (3) UA-
CPSP; (4) FA-CPSP-UA; (5) PBS was set as the control.

Fig. 6. The effect of FA-CPSP-UA on the migratory abilities of MCF-7 cells. (A) FA-CPSP-UA inhibited the migration of MCF-7 cells; (B) the effect of FA-CPSP-UA on
the relative number of migrating cells; (C) the low toxicity of FA-CPSP-UA to MCF-7 cells at the same concentration as used in the migration assay.
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4. Conclusions

In the present investigation, a targeted chemosensitive anticancer
prodrug(FA-CPSP-UA) has been successfully synthesized and used to
treat human breast tumor. The CPSP modified with UA and FA tar-
geting moieties showed high aqueous solubility, GSH-triggered de-
gradation and good biocompatibility. The FA-CPSP-UA exhibited ex-
cellent selectivity towards tumor cells, through utilizing the main
pathways of absorption endocytosis and receptor-mediated endocytosis.
Moreover, FA-CPSP-UA could down-regulate the generation of GSH and
manifest excellent ability in enhancing antitumor efficacy. In addition,
FA-CPSP-UA could inhibit the expression of MMP-9, which led to in-
hibit MCF-7 cells migration. Taken together, the results indicated that
FA-CPSP-UA, as a carrier, can efficiently deliver UA to folate receptor
positive cancer cells and improve tumor therapy of UA by
Chemosensitive effect.
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