
RESEARCH ARTICLE

Bioresponsive albumin-conjugated paclitaxel prodrugs for cancer therapy
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ABSTRACT
The efficacy of traditional chemotherapy often suffers from rapid clearance and off-target toxicity. Drug
delivery systems and controlled release are applied to improve the therapeutic efficiencies of small-
molecule drugs. In this work, two novel oxidative/reductive (Ox/Re) -sensitive and one non-sensitive
Paclitaxel (PTX) prodrugs were synthesized with a maleimide group, which rapidly conjugates with
albumin in vivo. Albumin serves as a good vehicle to deliver more prodrug to tumors due to the
enhanced permeation and retention (EPR) effect. PTX was then released from the prodrugs in
glutathione(GSH)/ reactive oxygen species(ROS)-rich tumor microenvironments. This bioresponsive pro-
drug strategy demonstrates potent chemotherapeutic efficiency in vivo and may be utilized in clinical
cancer therapy.
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Introduction

Cancer is one of the most common life-threatening diseases
in the world. Chemotherapy is the first choice for the treat-
ment of most cancers but has some limitations, such as poor
bioavailability, rapid blood clearance, non-selectivity, and
high toxicity to normal cells and tissues. Drug delivery sys-
tems (DDS; Jahangirian et al., 2017; Ramasamy et al., 2017)
are designed for improving the therapeutic efficiencies of
anticancer drugs. Chemotherapeutic drugs are loaded or
covalently conjugated to the delivery systems and expected
to release only at specific tumor sites. In DDS, chemothera-
peutic agents can be triggered by a unique tumor micro-
environment (TME), a low pH value, a high concentration of
reactive oxygen species (ROS), or glutathione (GSH), etc. The
overproduced GSH creates a strongly reductive environment
in tumor cells, for which prodrug, DDS, and disulfide bond
strategies have been developed to facilitate an efficient intra-
cellular release of anticancer drugs. The intramolecular disul-
fide bond is most likely mediated by thiol-disulfide exchange
reactions with GSH. Moreover, most cancer cells simultan-
eously exhibit elevated amounts of ROS and various
ROS-responsive DDS have been developed and investigated
for therapeutic purposes. The monosulfide/thioether func-
tional groups impart the intracellular ROS-responsiveness. A
thioether group can be oxidized to a sulfone to induce ester
bond hydrolysis.

Along with DDS, prodrug strategies are also applied to
enhance the anticancer efficiencies of small-molecule drugs.
Prodrugs are inactive compounds that can be triggered to
release the parent drug in a controlled manner.

Paclitaxel (TaxolVR , PTX), an acylated diterpene with strong
antitumor activity isolated from yew tree bark, is one of the
most effective chemotherapeutic drugs and is mainly used
for the treatment of lung, ovarian, prostatic, and breast can-
cers (Malonga et al., 2005; Gordaliza, 2007). The mechanism
of PTX involves the stabilization of microtubules in cells,
which counteracts their depolymerization (Jordan & Wilson,
2004). Despite its excellent antitumor activity in vitro, the
therapeutic efficacy of TaxolVR is greatly limited by poor effi-
ciency of drug delivery and serious systemic toxicity to nor-
mal tissues. To avoid the side effects of TaxolVR , various
approaches including stimuli-responsive DDS (Chuan et al.,
2014; Xiao et al., 2017), targeted therapy (Zhong et al., 2016),
nanoparticles (Han et al., 2015; Colby et al., 2016), nanomi-
celles (Lian et al., 2011; He et al., 2016), and prodrug strat-
egies (Satsangi et al., 2014; Wohl et al., 2014) have been
attempted to improve the delivery and antitumor efficiency
of PTX.

Our group has investigated a series of taxane DDS, includ-
ing redox-sensitive PTX-prodrug nanoparticles (Liu et al.,
2011; Luo et al., 2016b), a dual-sensitive nanosystem prodrug
(Luo et al., 2016a), and nanomicelles (Lian et al., 2011;
Liu et al., 2014), and the oxidative/reductive (Ox/Re) release
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of drugs at the tumor site has proven to be a powerful strat-
egy to improve taxane delivery and distribution (Wang
et al., 2014).

Human serum albumin (HSA) is an abundant, multifunc-
tional, and negatively charged plasma protein (Elsadek &
Kratz, 2012; Kratz & Elsadek, 2012). Albumin is the most
abundant serum protein and serves as a transport vehicle for
several endogenous compounds with high affinity. The thiol
(HS) group of cysteine-34 in HSA is the most reactive thiol
group in human plasma because of the low pKa of Cys-34 in
HSA, which is approximately seven compared to 8.5 and 8.9
for Cys and GSH, respectively (Kratz et al., 2002). The free
thiol group in Cys-34 can covalently conjugate to a variety of
nucleophile acceptors. (the [6-maleimidocaproyl]-hydrazine
derivative of doxorubicin [DOXO-EMCH])(Kratz, 2011), an
albumin-binding prodrug of doxorubicin invented by Kratz, is
now under development for phase II studies. Compared to
doxorubicin, INNO-206 showed a large area under the curve
(AUC) and a low clearance (Kratz et al., 2013). However, the
albumin-covalent conjugation strategy for taxane DDS has
not been reported yet.

In this work, albumin is employed as an ideal drug cargo
for covalent conjugation. As shown in Figure 1(A), PTX was

linked to an N-substituted maleimide group by a biosensitive,
cleavable linker. After intravenous administration, the pro-
drugs bind rapidly to the Cys-34 position of circulating albu-
min and accumulate in solid tumors due to passive targeting
and the enhanced permeation and retention (EPR) effect.
The hyperpermeability of tumor vessels and the absence of
functional lymphatic circulation allows the prodrug-albumin
conjugates to remain in tumors for a long time. The binding
of prodrugs to albumin and their EPR-mediated accumulation
and distribution in tumors differ from the diffusion-mediated
distribution of free PTX in a significant way.

Materials and methods

Materials

PTX was obtained from Jingzhu Biotech Corporation
(Nanjing, China); N,N’-dicyclohexylcarbodiimide (DCC),
4-dimethylaminopyridine (DMAP), 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDCI), N,N-diisopropyle-
thylamine (DIPEA), 3,30-thiodipropionic acid, 3,30-dithiodipro-
pionic acid, hydrogen peroxide (H2O2), and dithiothreitol
(DTT) were purchased from Aladdin Industrial Corporation

Figure 1. (A) Design of the albumin-conjugated PTX prodrugs; (B) Synthetic routes of PL1, PSL1, and PSSL1.
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(Shanghai, China). Cell culture reagents were purchased from
Gibco, Invitrogen Corp. (Carlsbad, CA). 3-(4,5-dimethyl-2-thia-
zolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) and tryp-
sin-EDTA were purchased from Meilun Biotech Co., Ltd.
(Dalian, China). 6-Maleimidohexanoic acid and N-(2-hydrox-
yethyl) maleimide were synthesized according to previously
reported literature.

Synthesis of PTX prodrugs

A solution of 6-maleimidohexanoic acid (211mg, 1mmol),
DCC (412mg, 2mmol), and DMAP (24mg, 0.2mmol) in dry
DCM (20mL) was stirred for 0.5 h under an argon atmosphere
and a solution of PTX (854mg, 1mmol) in dry DCM (10mL)
was added dropwise. After 12 h, the unsolvable solid was fil-
tered off and the solvent was concentrated under reduced
pressure. The residue was purified by silica gel chromatog-
raphy to afford the PTX-prodrug PL1 (Figure 1(B)) as a white
powder (633mg, 59%). Nuclear magnetic resonance (1H NMR;
600MHz, chloroform-d [CDCl3]) d 8.16–8.12 (m, 2H), 7.77–7.72
(m, 2 H), 7.61 (t, J¼ 7.4Hz, 1 H), 7.51 (dt, J¼ 11.8, 7.6 Hz, 3 H),
7.45–7.32 (m, 7H), 7.01 (d, J¼ 9.3 Hz, 1 H), 6.64 (s, 2 H),
6.34–6.21 (m, 2H), 5.97 (dd, J¼ 9.2, 3.4 Hz, 1 H), 5.69 (d,
J¼ 7.0Hz, 1 H), 5.50 (d, J¼ 3.4 Hz, 1 H), 5.01–4.96 (m, 1 H), 4.46
(dt, J¼ 10.9, 6.0 Hz, 1 H), 4.32 (d, J¼ 8.5Hz, 1 H), 4.21 (d,
J¼ 8.4Hz, 1 H), 4.05 (s, 1 H), 3.82 (d, J¼ 7.0 Hz, 1 H), 3.59–3.49
(m, 1H), 3.49–3.42 (m, 3H), 2.61–2.51 (m, 2 H), 2.47 (s, 3 H),
2.43–2.34 (m, 3H), 2.23 (s, 3 H), 2.17 (s, 8 H), 1.94 (d, J¼ 1.4 Hz,
4 H), 1.88 (d, J¼ 12.7 Hz, 1 H), 1.80 (s, 1 H), 1.70 (s, 1 H), 1.68 (s,
4 H), 1.65–1.59 (m, 10H), 1.57–1.52 (m, 2H), 1.38–1.31 (m, 3H),
1.26 (d, J¼ 4.9 Hz, 3 H), 1.24 (s, 3 H), 1.14 (s, 3 H), 1.09 (d,
J¼ 11.9 Hz, 2 H), and 0.88 (t, J¼ 6.8Hz, 1 H). 13Carbon NMR
(13C NMR ;151MHz, CDCl3) d 207.02, 203.85, 172.42, 171.27,
170.84, 169.80, 168.07, 167.10, 167.04, 156.66, 142.87, 136.97,
134.03, 133.69, 132.70, 131.98, 130.23, 129.17, 129.04, 128.74,
128.69, 128.46, 127.14, 126.54, 84.46, 81.03, 79.17, 75.61, 75.09,
73.92, 72.13, 71.72, 58.51, 52.78, 51.28, 49.16, 46.97, 45.56,
45.00, 43.16, 37.36, 35.56, 35.51, 33.96, 33.55, 32.77, 30.95,
28.33, 27.97, 26.80, 26.33, 25.80, 25.61, 24.95, 24.76, 24.08,
22.71, 22.15, 20.85, 14.86 and 9.61. Electrospray mass spec-
trometry (MS (ESI)) m/z: 1069 [MþNa]þ.

A solution of 3,30-thiodipropionic acid (0.89 g, 5mmol) in
acetic anhydride was stirred at room temperature for 4 h under
an argon atmosphere then the acetic anhydride was evapo-
rated under vacuum followed by the addition of PTX (4.27 g,
5mmol) and DMAP (244mg, 2mmol) in dry DCM (50mL). The
reaction was stirred for 16 h at room temperature under an
argon atmosphere then concentrated under reduced pressure.
The residue was purified by silica gel chromatography to afford
PS (Figure 1(B)) as a white powder (3.62 g, 69%).

To a solution of PS (1.02 g, 1mmol), EDCI (384mg,
2mmol), DIPEA (129mg, 1mmol), and N-(2-hydroxyethyl)
maleimide (212mg, 1mmol) in dry DCM were added at room
temperature under argon atmosphere for 12 h. The solvent
was then evaporated under vacuum and the residue was
purified by silica gel chromatography to afford the PTX-pro-
drug PSL1 (Figure 1(B)) as a white powder (733mg, 68%). 1H
NMR (600MHz, CDCl3) d 8.17–8.12 (m, 2H), 7.78–7.72

(m, 2 H), 7.64–7.58 (m, 1H), 7.51 (dt, J¼ 14.2, 7.6 Hz, 3 H),
7.45–7.37 (m, 6 H), 7.37–7.31 (m, 1 H), 7.09 (d, J¼ 9.1 Hz, 1 H),
6.69 (s, 2 H), 6.30 (s, 1 H), 6.28–6.21 (m, 1 H), 5.98 (dd, J¼ 9.2,
3.4 Hz, 1 H), 5.69 (d, J¼ 7.1Hz, 1 H), 5.51 (d, J¼ 3.4 Hz, 1 H),
4.98 (dd, J¼ 9.6, 2.3 Hz, 1 H), 4.48–4.42 (m, 1H), 4.32 (d,
J¼ 8.5 Hz, 1 H), 4.26–4.18 (m, 3 H), 3.81 (d, J¼ 7.0 Hz, 1 H),
3.77 (t, J¼ 5.2 Hz, 2 H), 2.79–2.65 (m, 6H), 2.57 (td, J¼ 9.1, 8.7,
4.9 Hz, 1 H), 2.55–2.50 (m, 3H), 2.45 (s, 3 H), 2.36 (dd, J¼ 15.4,
9.3 Hz, 1 H), 2.23 (s, 3 H), 2.17 (s, 8 H), 2.16–2.13 (m, 1H), 1.94
(d, J¼ 1.4Hz, 3 H), 1.92–1.86 (m, 1 H), 1.83 (d, J¼ 2.6 Hz, 1 H),
1.68 (s, 3 H), 1.68–1.64 (m, 5H), 1.35 (d, J¼ 12.2 Hz, 1 H),
1.31–1.27 (m, 2 H), 1.27–1.25 (m, 1 H), 1.24 (s, 3 H), 1.18 (d,
J¼ 6.1 Hz, 1 H), 1.14 (s, 3 H), 1.12–1.05 (m, 1 H), and 0.88 (t,
J¼ 6.8 Hz, 1 H). 13C NMR (151MHz, CDCl3) d 207.03, 203.82,
171.49, 171.26, 170.85, 170.47, 169.80, 167.96, 167.16, 167.02,
142.75, 136.91, 134.22, 133.68, 132.77, 132.00, 130.23, 129.17,
129.08, 128.74, 128.67, 128.51, 127.19, 126.59, 84.44, 81.05,
79.14, 75.59, 75.07, 74.27, 72.13, 71.87, 68.20, 61.79, 58.50,
52.80, 45.56, 43.17, 39.37, 36.80, 35.53, 34.42, 34.30, 33.95,
31.83, 30.95, 29.31, 26.81, 26.74, 26.69, 25.74, 25.61, 24.95,
23.48, 22.71, 22.61, 22.14, 20.85, 14.85, 14.10 and 9.61. MS
(ESI) m/z: 1159 [MþNa]þ.

The PTX-prodrug PSSL1 (Figure 1(B)) (white powder,
865mg, 74%) was obtained via the same protocol used to
obtain PSL1. 1H NMR (600MHz, CDCl3) d 8.17–8.12 (m, 2 H),
7.77–7.72 (m, 2H), 7.61 (t, J¼ 7.4Hz, 1 H), 7.51 (dt, J¼ 14.1,
7.5 Hz, 3 H), 7.46–7.37 (m, 6H), 7.35 (t, J¼ 7.2 Hz, 1 H), 7.09 (d,
J¼ 9.2 Hz, 1 H), 6.69 (s, 2 H), 6.30 (s, 1 H), 6.25 (t, J¼ 9.1Hz,
1 H), 5.99 (dd, J¼ 9.2, 3.2 Hz, 1 H), 5.69 (d, J¼ 7.1 Hz, 1 H), 5.53
(d, J¼ 3.2 Hz, 1 H), 5.01–4.95 (m, 1H), 4.45 (dt, J¼ 11.0, 5.8 Hz,
1 H), 4.32 (d, J¼ 8.6Hz, 1 H), 4.26–4.17 (m, 3H), 4.04 (d,
J¼ 8.0 Hz, 1 H), 3.82 (d, J¼ 7.0 Hz, 1 H), 3.76 (dd, J¼ 6.0, 4.6 Hz,
2 H), 3.48 (d, J¼ 4.6 Hz, 1 H), 2.87 (ddd, J¼ 9.4, 6.3, 3.9 Hz, 3 H),
2.85–2.79 (m, 2 H), 2.66 (t, J¼ 7.0 Hz, 2 H), 2.56 (ddd, J¼ 14.6,
9.6, 6.5 Hz, 1 H), 2.52 (d, J¼ 4.0 Hz, 1 H), 2.46 (s, 3 H), 2.37 (dd,
J¼ 15.4, 9.4 Hz, 1 H), 2.23 (s, 3 H), 2.17 (s, 6 H), 1.97–1.85 (m,
6 H), 1.79 (s, 1 H), 1.69 (s, 4 H), 1.34 (t, J¼ 10.8 Hz, 2 H),
1.31–1.28 (m, 2H), 1.27 (d, J¼ 17.0 Hz, 3 H), 1.24 (s, 2 H), 1.18
(d, J¼ 6.1 Hz, 1 H), 1.14 (s, 4 H), 1.11–1.05 (m, 1 H) and 0.88 (t,
J¼ 6.8 Hz, 1 H). 13C NMR (151MHz, CDCl3) d 203.82, 171.42,
171.27, 170.78, 170.45, 169.81, 167.93, 167.18, 167.03, 142.76,
136.88, 134.23, 133.69, 133.66, 132.77, 132.00, 130.23, 129.16,
129.11, 128.74, 128.67, 128.52, 127.20, 126.57, 84.44, 81.05,
79.15, 75.60, 75.06, 74.28, 72.14, 71.89, 68.21, 61.86, 58.51,
52.74, 49.17, 45.56, 43.18, 39.38, 36.76, 35.53, 33.96, 33.87,
33.54, 33.00, 32.55, 31.84, 30.96, 29.32, 26.82, 25.74, 25.61,
24.95, 23.49, 22.72, 22.62, 22.14, 20.86, 14.86, 14.10 and 9.61.
MS (ESI) m/z: 1192 [MþNa]þ.

PTX release in vitro

The release of PTX from the prodrugs was investigated at
37 �C in PBS (pH 7.4) containing 20% ethanol (EtOH) with dif-
ferent concentrations of DTT or H2O2. Briefly, 1mg/mL
equivalent PTX prodrug/EtOH solution was incubated with
bovine serum albumin (BSA) solution (10mg/mL) to generate
prodrug-albumin conjugates. Prodrug-albumin conjugates
were sealed in a dialysis bag and incubated in 30mL of
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release medium: PL1 in 0/10mM H2O2/10mM DTT/PBS; PSL1
in 0/10 mM/10mM H2O2/PBS; and PSSL1 in 0/10 mM/10mM
DTT/PBS. At timed intervals, 1mL of sample solution was
withdrawn and analyzed by HPLC spectrometry (Hitachi HPLC
system ,Tokyo, Japan; mobile phase: acetonitrile: water
(70:30, v/v); flow rate: 1mL/min; chromatographic column:
150mm� 4.6mm and SHISEIDO C18; wavelength: 230 nm;
injection volume: 10 mL).

Cell culture

The PC-3 human prostatic carcinoma cell line was maintained
in F-12 K medium containing 1% antibiotics and 10% fetal
bovine serum (FBS) at 37 �C under 5% Carbon di oxide (CO2)
and the KB human oral epidermoid carcinoma cell line and
the 4T1 mouse breast cancer cell line were maintained in
Roswell Park Memorial Institute medium (RPMI)-1640 medium
containing 1% antibiotics and 10% FBS at 37 �C under
5% CO2.

Cytotoxicity analysis

The cytotoxicity of the PTX prodrugs and PTX was evaluated
by MTT assays in accordance with the manufacturer’s instruc-
tions. Briefly, approximately 2000 carcinoma cells were
seeded in each well of a 96-well plate. The original medium
was removed after 12 h of attachment and exchanged with
200mL of fresh medium containing different equivalent PTX
concentrations (from 0 to 1000 ng) of PTX, PL1, PSL1, or
PSSL1. The cells were incubated at 37 �C under 5% CO2 for
48 h. Then, the medium was replaced with a fresh medium
without FBS followed by the addition of 20 mL of MTT (2mg/
mL) to each well. After 4 h of incubation, the solution was
removed and 100 mL of DMSO was added. The absorbance
was measured at 570 nm using a Thermo Scientific
Microplate Reader (Thermo Scientific, Waltham, MA).

Cell uptake

4T1 breast tumor cells were seeded in each well (150,000
cells/well) in a 24-well plate and after 12 h of attachment, the
original medium was removed and replaced with fresh
medium containing different equivalent PTX concentrations
(1 and 5 mg) of PTX, PL1, PSL1, or PSSL1 for another 1, 4 and
8 h incubation period. Then, the cells were washed three times
with 4 �C PBS, harvested and collected by centrifugation
(3000 rpm, 6min) and the precipitate was resuspended in
300mL of PBS. The residue was crushed in an ultrasonic cell
crusher. The concentration of protein in the cells was meas-
ured using a bicinchoninic acid (BCA) protein assay kit in
accordance with the manufacturer’s instructions. The intracel-
lular PTX concentrations were measured by a Ultra perform-
ance liquid chromatography - tandem mass spectrometer
(UPLC-MS/MS).system.

Formulation of the prodrugs

The formulation of the prodrugs was the same as the formu-
lation used for PTX. 6 mg of equivalent PTX dose of each

prodrug was dissolved in 0.5mL of EtOH and were later
mixed with 0.68 g of Cremophor. The solution was diluted
with saline to obtain a 1mg/mL equivalent PTX concentra-
tion solution. All the formulations were prepared
before injection.

Biodistribution and fluorescence imaging

4T1 cells (2.5� 105) were injected into the right flank of
female BALB/c mice. When the tumor volume reached
�200mm3, 10mg/kg equivalent PTX dose of the three pro-
drugs and PTX were injected into the tail veins, 4 and 24 h
later, the mice were sacrificed and the main organs and
tumors were harvested. All the samples were washed with
PBS, weighed, and homogenized in 1mL of 50% EtOH. The
PTX concentrations in these tissues and tumors were meas-
ured by a UPLC-MS system.

The biodistribution properties of the PTX-prodrug-albumin
conjugates were also assessed using an IVIS Lumina Imaging
System (PerkinElmer, Waltham, MA). IR820-maleimide dye
was synthesized according to reported literature. 10 mM/kg
dose of free IR820 or IR820-maleimide was intravenously
injected into the BALB/c mice bearing 4T1 cells. After 2, 8, 24
and 48 h, all the mice were sacrificed and the images and
fluorescence intensities of tumors and organs (heart, liver,
spleen, lung, and kidney) were visualized and calculated (for
free IR820: excitation and emission wavelength was 780 and
845 nm; for IR820-maleimide: excitation and emission wave-
length was 680 and 720 nm, respectively).

Antitumor efficiency

4T1 cells (approximately 5� 105) were injected into the right
flank of female BALB/c mice. When the tumor volume
reached �100mm3, saline, PTX, PL1, PSL1 and PSSL1 (10mg/
kg equivalent PTX) were intravenously injected every 2 days
for a total five injections. The tumor volume and body
weight of each mouse was measured every day. After the
fifth injection, all the mice were sacrificed and the organs
and tumors were weighed, fixed in 4% formaldehyde, cut
into 5mm sections and stained with hematoxylin and eosin
(H&E) for the histopathological evaluation.

Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-
End Labeling (TUNEL) assay

The unstained tumor sections were dewaxed and further
analyzed with a TUNEL assay kit in accordance with the
manufacturer’s instructions to identify the apoptotic cells.

Hematological parameters

After the last treatment in the tumor efficiency assay, all the
mice were sacrificed and the blood was collected. Serum
(0.2mL) was prepared to determine the blood urea nitrogen
(BUN), creatinine (CREA), aspartate transaminase (AST), ala-
nine transaminase (ALT), and uric acid (UA) levels.
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Results and discussion

Design and synthesis of the PTX prodrugs

The synthetic routes of the prodrugs are shown in
Figure 1(B). PL1 was synthesized by a simple esterification of
6-maleimidohexanoic acid and PTX. The synthesis of PSL1
was initiated by the dehydration of 3,30-thiodipropionic acid
then PTX was added to afford the monoester intermediate
PS. PSL1 was obtain by esterification of PS and N-(2-hydrox-
yethyl) maleimide. The structures of PL1, PSL1 and PSSL1
were confirmed by 1H NMR, 13C NMR and MS.

PTX release in vitro

Hydrogen peroxide and DTT were utilized to investigate the
Ox/Re responsiveness of the prodrugs. As shown in Figure
2(A), less than 30% of PTX was released in 10mM H2O2 or
DTT after 24 h, which suggested that PL1 was inactive in
release behavior due to the lack of a biosensitive bond. In
contrast, the PSL1 prodrug, which was designed to be trig-
gered by ROS with a monosulfide bond, showed a higher
accumulated release rate in 10mM H2O2 (ROS concentration
in tumor cells) than 10 mM H2O2 (normal cells) and in PBS.
More than 40% of the PTX was released from PSL1 in 10mM
H2O2 over 24 h and only �10% of the PTX was released in
10 mMH2O2 or PBS. The PSSL1 prodrug was successfully
trigged by 10mM DTT to release more PTX. The biorespon-
sive monosulfide/disulfide linker facilitated the hydrolysis of
the prodrug and the ROS/GSH-induced release of PTX might
enhance the PTX’s accumulation in tumors. The relatively low
release rate (40–50%) of these prodrugs might be due to the
non-covalent conjugate of albumin and free PTX. The PTX-
albumin conjugate was prevented from escaping the dialy-
sis bag.

Cytotoxicity assay

The cytotoxicity of the prodrugs was evaluated in PC-3, KB
and 4T1 cells by MTT assays. As shown in Figure 3, the cyto-
toxicity of PTX and the prodrugs exhibited concentration-
dependent cytotoxic profiles. After 48 h of incubation, the
half maximal inhibitory concentration (IC50) value of PTX in
PC-3 cells was 16.36 ng, while the IC50 values of PL1, PSL1
and PSSL1 were 1.86-, 1.10- and 1.28-fold the PTX IC50 value,

respectively. For the KB cells, the IC50 value of PTX was
32.21 ng, while those of the prodrugs were 4.38-, 1.04- and
1.23-fold the PTX value. The IC50 value of PTX in the 4T1 cells
was determined to be 28.23 ng, but the prodrugs exhibited
prominent increases in the IC50 value at 11.88-, 2.40- and
3.67-fold the PTX value. The decreased cytotoxicity of pro-
drugs might be attributed to the incomplete release of PTX
or the stable conjugation between the prodrugs and albu-
min. The overproduced ROS/GSH in tumor cells induced a
rapid and selective PTX release from the prodrugs. In con-
trast, PL1 presented a weaker cytotoxicity than PSL1 and
PSSL1 due to its inactive release behavior in the TME.

Cell uptake

The cellular uptake behaviors of PTX and its prodrugs were
investigated in 4T1 cells. The cells were incubated with PTX
solution and the prodrugs for 1, 4 and 8 h, respectively. As
shown in Figure 4, the PTX solution was maintained at a
high level in the cells through a simple concentration-medi-
ated diffusion, while the prodrug-albumin conjugates passed
through the bilayer membrane via an active transport system
and the release in cells was a time-dependent process. The
PTX concentration in the cells in the prodrug groups was
gradually increased after an 8 h incubation.

Biodistributions

The biodistribution of the prodrugs in 4T1 xenograft-bearing
mice was investigated. When the tumor volume reached
200mm3, the mice were intravenously administered PTX
solution and the prodrugs. As shown in Figure 5(A,B), the
PTX solutions rapidly distributed into the main organs but
very quick cleared in vivo. In contrast, the PTX concentration
in the tumors reached 229.10 ng/mL in the PSSL1 group at
24 h, while the PTX concentration dropped down to
39.50 ng/mL in the PTX solution group. This suggested that
the PSSL1-albumin conjugate could successfully accumulate
in tumors via passive targeting (the EPR effect) and the long
retention at the tumor site and sustained release maintained
the tumor concentration of PTX at an excellent high level.

IR820-maleimide was then employed to simulate the
biodistribution behavior of the PTX-maleimide-albumin
conjugates in vivo. As shown in Figure 5(C), free IR820 accu-
mulated rapidly in the liver and tumors after 2 h, but the

Figure 2. Cumulative release of PTX from the three prodrugs under different conditions. (A) PL1 in PBS, 10mM H2O2, and 10mM DTT; (B) PSL1 in PBS, 10 mM H2O2,
and 10mM H2O2; (C) PSSL1 in PBS, 10 mM DTT, and 10mM DTT.
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Figure 3. Cell inhibition with various concentrations of PTX solution, PL1, PSL1, and PSSL1 in (A) PC-3 cells, (B) KB cells, and (C) 4T1 cells after 48 h of treatment.

Figure 4. Cellular uptake of PTX after treatment with 1 and 5 mg concentration PTX, PL1, PSL1, and PSSL1 at (A) 1 (B) 4, and (C) 8 h, respectively.

Figure 5. Biodistribution of PTX in 4T1 xenograft tumor-bearing BALB/c mice at (A) 4 and (B) 24 h (n¼ 3). (C) Fluorescent distribution of IR-820 and IR820-
maleimide at 2, 8, 24, and 48 h, respectively. (D) Calculated fluorescent efficiencies of IR820-maleimide in the main organs and tumors at 2, 8, 24, and 48 h,
respectively.
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tumor fluorescence intensities were significantly decreased
after 24 and 48 h. In contrast, IR820-maleimide demonstrated
strong fluorescent signals at the tumor sites, even at 48 h,
indicating that a maleimide group conjugated with albumin
greatly enhanced the PTX-prodrug accumulation/retention in
tumors. The fluorescence intensities of IR820-maleimide in
the tumors and organs were calculated. As shown in
Figure 5(D), IR820-maleimide exhibited a strong and constant
fluorescence in the tumors after 24 and 48 h.

Antitumor efficiency

The in vivo antitumor efficacy of the PTX prodrugs was fur-
ther investigated using a xenograft model of BALB/c mice
bearing 4T1 breast cancer cells. The mice were injected intra-
venously every other day with saline, PTX, PL1, PSL1 and
PSSL1 (10mg/kg equivalent PTX concentration) for five con-
secutive injections. The body weights and tumor volumes
were measured every day and the results are presented in
Figure 6(A,B). The PL1 prodrug showed a similar level of

antitumor efficiency to that of the PTX solution, indicating
that the PL1-albumin conjugate could accumulate in tumors
with EPR effects, but the slow release rate limited its effi-
ciency. The PSL1 and PSSL1 prodrugs had a long retention
time in tumors and released more PTX triggered by high
concentrations of ROS or GSH.

A notable weight loss was observed in the mice treated
with PTX, as shown in Figure 6(C), but there was no signifi-
cant change in body weight observed in the prodrug groups.
The excised tumor tissues were weighed and the tumor
inhibition rates were calculated and are presented in
Figure 6(D).

H&E histopathological evaluation and TUNEL assay

To investigate the toxicity of the three prodrugs on different
tissue sections, we further performed a histopathological ana-
lysis of tissues and tumors by H&E staining assays. As shown
in Figure 6(E), no noticeable histological changes were
observed in H&E-stained tissue sections of the organs, which

Figure 6. In vivo antitumor efficiencies of PTX, PL1, PSL1, and PSSL1 in 4T1 xenograft tumor-bearing BALB/c mice. (A) Changes in tumor volume; (B) Photographs
of tumors after the last treatment; (C) Body weight variations; (D) Yumor weights and inhibition rates of tumor growth at the end of experiment; (E) H&E staining
results of the main organs and tumors after treatment with saline, PTX, PL1, PSL1, and PSSL1; (F) TUNEL assay of tumor sections after treatment with different drug
formulations.
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suggested that our prodrugs exhibited potent antitumor
activity and no significant off-target toxicities to major organs
or tissues. The degree of tumor cell necrosis in the prodrug
groups, especially in the PSSL1 group, was higher than that
in the PTX group, indicating that necrosis was greatly
enhanced by the prodrugs compared with PTX group at the
same dose.

Tumor sections from each group were then stained with
TUNEL staining to evaluated the number of apoptotic cells in
tumors. Figure 6(F) shows that the tumors treated with PSL1
and PSSL1 exhibited the strongest green fluorescence, which
indicated the most abundant cell apoptosis. The significantly
enhanced therapeutic efficiency of PSL1 and PSSL1 could be
attributed to the EPR effect and the Ox/Re-trigged release of
PTX in the tumor sites. The hematological parameters
showed no significant difference among the three prodrugs
and PTX in hepatic and renal function (Supplementary
Figure S10).

Conclusion

In this study, bioresponsive albumin-conjugated prodrugs
were designed and synthesized to improve the antitumor
efficiency of PTX. A maleimide group was covalently conju-
gated to the HS group of Cys-34 in HSA after intravenous
administration. The albumin was employed as a vehicle for
PTX-prodrug delivery in vivo. PL1 with a non-sensitive bond
was inactive in release behavior under Ox/Re conditions,
while the Ox/Re-sensitive PSL1 and PSSL1 prodrugs were
trigged to release more PTX in the GSH/ROS-rich TME. The
prodrug-albumin conjugates displayed inferior antitumor effi-
ciencies in the in vitro cytotoxicity and uptake assays com-
pared with the concentration-mediated-diffusion of the PTX
solution. However, the IR-maleimide-albumin conjugate indi-
cated that the albumin conjugation strategy significantly
improved the biodistribution and tumor accumulation of PTX
due to its passive targeting (EPR effect). The Ox/Re-sensitive
PSL1 and PSSL1 prodrugs exhibited a potent antitumor activ-
ity in 4T1 breast cancer-bearing BALB/c mice.
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