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ABSTRACT: Low tolerability and tumor selectivity restricts many potent
anticancer drugs including mertansine from wide clinical use. Here,
glutathione-activatable hyaluronic acid-SS-mertansine prodrug (HA-SS-
DM1) was designed and developed to achieve enhanced tolerability and
targeted therapy of CD44+ human breast tumor xenografts. DM1 was
readily conjugated to HA using 2-(2-pyridyldithio)-ethylamine as a linker.
Notably, HA-SS-DM1 with a high DM1 content of 20 wt % had a mean size
of ∼170 nm at concentrations above 0.2 mg/mL while transformed into
unimers upon dilution to 0.04 mg/mL. HA-SS-DM1 exhibited a superior
targetability to MCF-7 cancer cells with an exceptionally low IC50 of 0.13 μg
DM1/mL. The pharmacokinetic studies displayed that Cy5-labeled HA-SS-
DM1 had an elimination half-life of 2.12 h. Notably, HA-SS-DM1 displayed
better tolerability with a maximum-tolerated dose 4-fold higher than free
DM1. Cy5-labeled HA-SS-DM1 quickly accumulated in the MCF-7 tumor, the fluorescence intensity of which was maximized at
24 h post injection and kept strong in 48 h. The tumor Cy5 level reached 8.17%ID/g at 24 h. The therapeutic results
demonstrated that HA-SS-DM1 effectively inhibited tumor growth at 800 μg DM1 equiv/kg while causing reduced side effects as
compared to free DM1. Glutathione-cleavable HA-SS-DM1 prodrug with superior drug content, excellent targetability, enhanced
tolerability, and easy large-scale synthesis appears to be a highly promising alternative to clinically used Trastuzumab emtansine
(T-DM1) for targeted breast tumor therapy.

1. INTRODUCTION
Chemotherapy is a predominant treatment for various human
malignancies.1,2 Its therapeutic outcomes are, however,
suboptimal due to poor pharmacokinetics, lack of tumor
selectivity, and dose-limiting toxicities.3,4 In the past years,
polymeric prodrugs have been established as an innovative
chemotherapeutic platform that can effectively improve drug
aqueous solubility, blood circulation time, and biodistribu-
tion.5−10 Notably, a couple of macromolecular prodrugs such as
polyglutamic acid conjugated paclitaxel and poly(N-(2-
hydroxylpropyl)methacrylamide)-doxorubicin conjugates have
come to different phases of clinical trials.11−15 They have
demonstrated, nevertheless, modest therapeutic benefits, partly
resulting from poor tumor selectivity and inefficient drug
release.16,17 Intriguingly, a number of antibody-drug conjugates
(ADCs) including ado-trastuzumab emtansine (Kadcyla) and
brentuximab vedotin (Adcetrics), that exhibit superior tumor
selectivity and treatment effects have lately been approved for
use in the clinical settings.18−20 It should be noted, however,
that ADCs are associated with several fundamental challenges
including difficulty in scaling up production, high cost, potential
immune response, and low drug content.21

In this study, we designed and developed robust hyaluronic
acid-SS-mertansine prodrug (HA-SS-DM1) for targeted and

efficacious treatment of human breast tumor xenografts
(Scheme 1). Mertansine is a powerful tubulin polymerization
inhibitor.22 Trastuzumab emtansine (T-DM1) has been
approved in 2013 for the treatment of advanced HER2 positive
breast cancers.23 It should be noted, however, that besides
production and cost issues, T-DM1 might also cause several
adverse effects such as nausea, musculoskeletal pain,
hepatotoxicity, heart damage, and interstitial lung diseases.
HA is a biodegradable, biocompatible and biologically active
natural material. Interestingly, HA has shown a good
targetability to many malignant cancer cells overexpressing
CD44 receptors.24−29 DM1 is conjugated to HA through a
reductively cleavable disulfide bond, which enables fast
cytoplasmic drug release. Importantly, the released drug
maintains its native structure. Taking advantage of a high
reducing potential inside the cancer cells,30−32 various
reduction-sensitive nanosystems have recently been developed
for improved intracellular drug release.33−38 Hence, we
anticipate that HA-SS-DM1 uniquely combines both features
of polymeric prodrugs (e.g., large-scale production, low cost,
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and high drug content) and ADCs (e.g., tumor homing and
selective cell uptake).

2. EXPERIMENTAL METHODS
2.1. Synthesis of HA-SS-DM1 Conjugates. HA-SS-DM1

conjugates were prepared in two steps. Briefly, under a nitrogen
atmosphere, to a stirred aqueous solution (20 mL, pH 6.5) of HA (400
mg, 1.04 mmol carboxyl group) and 2-(pyridyldithio)-ethylamine
hydrochloride (PDA·HCl, 34.7 mg, 0.156 mmol) at 35 °C was added
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl morpholinium chloride
(DMTMM, 57.51 mg, 0.208 mmol). After 24 h reaction, resulting HA-
SS-Py adduct was extensively dialyzed against deionized (D.I.) water
(MWCO 3500) and lyophilized. Yield: 85%. 1H NMR (D2O): HA δ
1.86−2.01, 3.28−4.02, and 4.5; disulfide pyridyl groups: δ 2.90, 2.98,
7.33, 7.85, and 8.40. Then, to deoxygenated aqueous solution (8 mL)
of HA-SS-Py conjugate (100 mg, 2.71 × 10−5 mol of disulfide pyridyl
group) was added N2′-deacetyl-N2′-(3-mercapto-1-oxopropyl)-may-
tansine (DM1) (57.85 mg, 8.1 × 10−5 mol) and a catalytic amount of
glacial acetic acid in DMSO (20 mL) under nitrogen. The reactants
were stirred at 35 οC for 48 h. HA-SS-DM1 prodrug was acquired by
extensive dialysis (MWCO 3500) against water/DMSO (1:3, v/v) and
then D.I. water followed by lyophilization. Yield: 91%. 1H NMR
(D2O/DMSO-d6): HA δ 1.86−2.01, 3.28−4.02, and 4.5; DM1 δ 7.11,
6.45, 5.53, 5.24, 3.25−3.55 and 0.71−1.52.
In a similar way, near-infrared (NIR) fluorophore, cyanine5 (Cy5)-

labeled HA-SS-DM1 was obtained through conjugating Cy5 amine
hydrochloride to HA-SS-Py followed by thiol−disulfide exchange with
DM1. UV−vis measurement (UV−vis spectrophotometer, UH5300,
HITACHI, JAPAN) showed that Cy5-labeled HA-SS-DM1 had on
average one Cy5 molecule per polymer chain.
2.2. Reduction-Triggered Release of DM1. DM1 release from

HA-SS-DM1 was studied using a dialysis tube (MWCO 12 kDa)
under 200 rpm shaking at 37 °C in PB (10 mM, pH 7.4) having 0.1%
(w/v) Tween 80 either with or without 10 mM glutathione (GSH), by
dialyzing 1 mL of sample against 30 mL of corresponding release
media. Four dialysis tubes were taken out at 0.5, 1, 2, 3, 4, 6, 8, 10, 12,
or 24 h. The samples were freeze-dried and the amount of DM1 was
determined using HPLC measurements. The data are presented as
mean ± SD (n = 4).

2.3. In Vitro Cytotoxicity Assays. The in vitro cytotoxicity of free
DM1 and HA-SS-DM1 prodrug was studied using MTT assays against
CD44-overexpressed MCF-7 cells. The drug concentrations of all
formulations were ranging from 0.001 μg DM1 equiv/mL to 10 μg
DM1 equiv/mL. The inhibitive experiments were conducted by 4 h
pretreatment of MCF-7 cells with 5 mg/mL of free HA before adding
HA-SS-DM1 prodrug. The detailed experimental procedures are
presented in the Supporting Information.

2.4. Confocal Laser Scanning Microscope (CLSM). Typically,
MCF-7 cells were seeded on discs at 3 × 104 cells per well in 400 μL
culture medium overnight at 37 °C. Cy5-labeled HA-SS-DM1 prodrug
in 100 μL of PBS (Cy5 concentration: 1.0 μg/mL) was added. The
cells were carefully washed following 1 or 4 h incubation and fixed
with 4% (v/v) paraformaldehyde. The cell nuclei were stained with
4′,6-diamidino-2-phenylindole (DAPI, blue) for 10 min. The cellular
localization of cy5-labeled HA-SS-DM1 prodrug was observed by
confocal microscope (TCSSP2). The inhibitive experiments were
conducted by 4 h pretreatment of MCF-7 cells with 5 mg/mL of free
HA before adding Cy5-labeled HA-SS-DM1 prodrug. To prove that
HA-SS-DM1 is internalized by endocytosis pathway, we have also
performed the same experiments at 4 °C.

2.5. In Vivo Imaging and Biodistribution. The mice were all
handled under protocols approved by Soochow University Laboratory
Animal Center and the Animal Care and Use Committee of Soochow
University. MCF-7 breast tumor xenograft model was established by
subcutaneous inoculation of 1 × 107 MCF-7 cells in 50 μL of serum-
free DMEM media into the hind flank of nude mice. When the size of
tumors reached about 200−300 mm3, 200 μL of Cy5 labeled HA-SS-
DM1 prodrugs was intravenously injected into the tail vein of tumor
bearing mice (dosage: 0.4 μg Cy5 equiv/mouse). At 4, 12, 24, or 48 h
postinjection, the fluorescence images of mice were acquired by the
Maestro in vivo fluorescence imaging system (CRi Inc.) with an
excitation band filter at 636 nm and an emission at 670 nm. The
inhibitive experiments in vivo was carried out by i.v. injection of free
HA solution (50 mg HA/kg) 30 min before administration of Cy5-
labeled HA-SS-DM1 prodrug, as reported previously.39

The in vivo biodistribution studies were also performed by
intravenous administration of Cy5-labeled HA-SS-DM1 prodrug
(dosage: 0.4 μg Cy5 equiv/mouse) to tumor-bearing mice and
determination of Cy5 amount in the tumor and different organs after
24 h. The tumor and major organs including heart, liver, spleen, lung,

Scheme 1. Illustration of Glutathione-Cleavable HA-SS-DM1 Prodrug for Targeted Breast Tumor Therapya

aHA-SS-DM1 uniquely combines the features of polymeric prodrugs (e.g. large-scale production, low cost, and high drug content) and antibody−
drug conjugates (e.g. tumor homing and selective cell uptake).
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and kidney were collected, washed, weighed, and homogenized in 0.4
mL of 1% Triton X-100 PBS at 4 °C overnight. For Cy5
measurements, to tissue lysates was added 0.8 mL of the extraction
solution (DMSO), and the samples were incubated at 37 °C overnight.
After centrifugation at 13000 rpm for 20 min, the amount of Cy5 was
quantified by fluorescence measurement. For CD44 blocking experi-
ments, pretreatment of excess free HA solution (dosage: 50 mg/kg)
for 30 min was performed prior to intravenous injection of Cy5-
labeled HA-SS-DM1 prodrug, as reported previously.39

2.6. Evaluation of Maximum-Tolerated Dose (MTD). SPF
female normal Kunming mice (18−22 g) were i.v. injected with HA-
SS-DM1 prodrug at a single dose ranging from 2, 3, 4 to 5 mg DM1
equiv/kg, or free DM1 ranging from 0.5, 0.75, 1, 1.25 to 1.5 mg/kg (n
= 5). The treated mice were observed daily over 10 days for recording
body weights, survival rates as well as other indicators such as
abnormal behaviors, anomalous secretions or pupil, and abnormal
phenomena noted in skin and hair. MTD was designated as the
maximum dosage of DM1 without causing over 15% of body weight
loss and other remarkable toxicities in mice over the entire
experimental period.40

2.7. In Vivo Antitumor Efficacy. A total of 1 × 107 MCF-7 cells
in 50 μL of serum-free DMEM media were subcutaneously injected in
the hind flank of nude mice. When the tumor sizes reached around 50
mm3 on day 12 after implantation, the mice were randomly divided
into five groups (n = 5). The mice were intravenously administrated
with PBS, free DM1 at 300 or 600 μg/kg, and HA-SS-DM1 at 600 or
800 μg DM1 equiv/kg, respectively, every two days for a total of five
injections. Tumor sizes were recorded using calipers and calculated
based on the following formula: V = 0.5 × L × W × H, where L, W,
and H are the longest, widest, and highest directions, respectively. The
relative tumor volumes were normalized to the initial tumor volume
when starting the treatment. The mice body weights were weighed
every 2 days. At the end of experiment, the mice were sacrificed and
tumors were harvested and weighed. Tumor inhibition rate was
calculated according to the following formulus:

= −

×

tumor inhibition rate(%)

((mean tumor weight of saline treated mice mean tumor weight of 

DM1 treated mice)/mean tumor weight of saline treated mice) 100

3. RESULT AND DISCUSSION
3.1. Synthesis and Characterization of HA-SS-DM1

Prodrug. HA-SS-DM1 prodrug was readily obtained by
conjugating HA with PDA·HCl using DMTMM as a coupling
agent followed by thiol−disulfide exchange with DM1 (Scheme
2). 1H NMR showed signals at δ 7.33, 7.85, and 8.40 assignable
to the PDA moiety and δ 1.86−2.01, 3.28−4.02, and 4.5 to the
HA backbone (Figure S1). The degree of substitution (DS,
number of PDA substituents per 100 sugar units) was 6, as
determined by comparing the integrals of signals at δ 7.33, 7.85,
8.40 (pyridyl protons of PDA moiety) and δ 4.5 (anomeric
protons of HA backbone), which was also confirmed by UV−
vis measurement of pyridine-2-thione released from HA-SS-Py
following excess DTT treatment at 343 nm (data not shown).
The thiol−disulfide exchange reaction was carried out at a
DM1/PDA molar ratio of 3/1 in DMSO/PB buffer mixture at
pH 6.5 and 37 °C. The uncoupled DM1 was removed by
dialysis. 1H NMR of HA-SS-DM1 showed peaks of DM1
moieties at δ 7.11, 6.45, 5.53, 5.24, 3.25−3.55, and 0.71−1.52
(Figure 1). The characteristic signals of pyridyl aromatic
protons at δ 7.33, 7.85, and 8.40 vanished completely.
Moreover, the intensity ratio between resonances at δ 7.11
(aromatic protons of DM1 moiety) and δ 1.86−2.01 (methyl
protons next to amide group in HA backbone) supported
quantitative conjugation of DM1, which corresponded to a
remarkable drug content of about 20 wt %. In comparison,

antibody-maytansinoid conjugates (AMCs) have a typically low
drug loading level (not more than 2.5 wt %), owing to the
limited functional lysine groups in the antibody amenable to

Scheme 2. Synthesis of HA-SS-DM1 Prodrug

Figure 1. 1H NMR (600 MHz, D2O/DMSO-d6) of HA-SS-DM1
prodrug.
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conjugation and poor water solubility of maytansinoid.18,41 For
example, clinically used ado-trastuzumab emtansine (T-DM1)
has a drug content of about 1.8 wt %,42 which is more than 10-
fold lower than HA-SS-DM1 prodrug. Figures 2A and S2

displayed that HA-SS-DM1 formed nanoparticles of about 170
nm at concentrations above 0.2 mg/mL, while transformed into
unimers (ca. 10 nm) upon dilution to 0.04 mg/mL. The in
vitro release studies revealed that DM1 release from HA-SS-
DM1 prodrug while kept low under physiological condition
(approximately 12% in 24 h) was markedly enhanced under a
reductive condition containing 10 mM GSH, wherein about
60% drug was released in 2 h and over 90% in 24 h (Figure 2B).
HPLC analyses showed that DM1 released from HA-SS-DM1
prodrug had the same elution time as free DM1 (Figure S3),
supporting that the released drug is in its pristine form and fully
maintains its anticancer activity.
3.2. CD44-Targetability and In Vitro Antitumor Effect

of HA-SS-DM1 Prodrug. MTT assays displayed that HA-SS-
DM1 prodrug had a remarkable antitumor activity toward
MCF-7 cells with a IC50 (half-maximal inhibitory concen-
tration) of 0.13 μg DM1/mL, similar to that of free DM1
(Figure 3). The IC50 of HA-SS-DM1 prodrug increased,
however, to 0.38 μg DM1 equiv/mL in HA-pretreated MCF-7
cells, indicating that HA-SS-DM1 prodrug is endocytosed by

CD44+ MCF-7 cells via receptor-mediated pathway and DM1
has been efficiently released inside the cancer cells.
In order to assess its cellular uptake behavior, HA-SS-DM1

prodrug was labeled with Cy5, a near-infrared (NIR)
fluorophore, using DMTMM as a coupling agent (Scheme
S1). UV−vis measurement revealed that each HA-SS-DM1
chain had on average one Cy5 molecule. Confocal laser
scanning microscopy (CLSM) showed strong Cy5 fluorescence
in the cytoplasm of MCF-7 cells after 1 h incubation with Cy5-
labeled HA-SS-DM1 prodrug (Figure 4A). The fluorescence
became stronger after 4 h incubation. The competitive
inhibition experiments revealed that pretreatment of MCF-7
cells with 5 mg/mL free HA prior to addition of Cy5-labeled
HA-SS-DM1 prodrug resulted in depleted Cy5 fluorescence in
MCF-7 cells, corroborating receptor-mediated internalization
of HA-SS-DM1 prodrug. The fact that intracellular Cy5
fluorescence intensity became negligible after 1 h incubation
with Cy5-labeled HA-SS-DM1 prodrug at 4 °C (Figure S4)
confirmed that cellular uptake of HA-SS-DM1 by energy-
dependent endocytosis in MCF-7 cells. Flow cytometry further
confirmed efficient and specific cellular uptake of HA-SS-DM1
prodrug, in which pretreatment of MCF-7 cells with free HA
led to 10-fold reduction of cellular uptake (Figure 4B).

3.3. In Vivo Pharmacokinetics and Biodistribution of
HA-SS-DM1 Prodrug in Tumor Bearing Mice. The in vivo
pharmacokinetic studies showed that Cy5-labeled HA-SS-DM1
prodrug had a long elimination half-life of 2.12 h in mice
(Figure 5A). In sharp contrast, free Cy5 exhibited a short
elimination half-life of 0.02 h. The in vivo fluorescence images
of MCF-7 tumor-bearing nude mice demonstrated significant
tumor accumulation of HA-SS-DM1 prodrug at 4 h post i.v.
injection (Figure 5B). The tumor Cy5 fluorescence reached the
maximum at 24 h and kept strong in 48 h, signifying superior
accumulation of HA-SS-DM1 prodrug in the tumor. To assess
the role of HA receptors in vivo, tumor-bearing mice were
preadministrated using 50 mg/kg free HA prior to injection of
Cy5-labeled HA-SS-DM1 prodrug. The results showed that
tumor accumulation of HA-SS-DM1 prodrug was significantly
weakened by free HA, signifying the importance of ligand−
receptor interaction for HA-SS-DM1 prodrug in achieving high
targetability and accumulation in the MCF-7 tumor in vivo.
To further examine the in vivo biodistribution of Cy5-labeled

HA-SS-DM1 prodrug, MCF-7 tumor bearing mice were
sacrificed at 24 h postinjection, tumor and main organs
(heart, liver, spleen, kidney, and lung) were excised, and tissue

Figure 2. (A) Hydrodynamic sizes of HA-SS-DM1 determined by
DLS as a function of prodrug concentrations. (B) In vitro drug release
behaviors of HA-SS-DM1 prodrug. The release studies were
performed at pH 7.4 and 37 °C either with or without 10 mM GSH.

Figure 3. In vitro cytotoxicity of HA-SS-DM1. The inhibitive
experiments were conducted by 4 h pretreatment of MCF-7 cells
with 5 mg/mL of free HA before adding HA-SS-DM1 prodrug (n = 4).
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Cy5 fluorescence was measured. Notably, Cy5-labeled HA-SS-
DM1 prodrug exhibited a remarkably high tumor uptake of
8.17% of injected dose per gram of tissue (%ID/g; Figure 5C).
The tumor accumulation was markedly reduced by preadminis-
trating with free HA. In contrast, preadministrating mice
bearing MCF-7 tumor with free HA resulted in little alternation
of Cy5-labeled HA-SS-DM1 prodrug accumulation in all the
main organs. These results support that HA-SS-DM1 prodrug
can efficiently target to MCF-7 breast tumor.
3.4. Toleration and Antitumor Efficacy of HA-SS-DM1

Prodrug In Vivo. The clinical application of DM1 is largely
restricted by its dose-limiting adverse effects. To further
confirm the potential of HA-SS-DM1 prodrug for clinical
application, its maximum tolerated dose (MTD) was evaluated
in normal mice. Escalated DM1 doses of HA-SS-DM1 prodrug
ranging from 2, 3, 4 to 5 mg DM1 equiv/kg and free DM1
ranging from 0.5, 0.75, 1, 1.25 to 1.5 mg/kg were i.v. injected
into SPF KM mice, followed by recording body weights,

survival rates, and other signs of toxicity in the mice for the
following 10 days. Mice administrated with PBS were used as a
control. Figure S5 reveals that free DM1 had a low MTD of
about 1 mg/kg, in accordance with previous report.43 The
higher injection dose of DM1 would induce distinct toxicity in
the mice, such as severe body weight loss (over 15% weight
loss), retarded motion, mild diarrhea, humpback, out of
balance, or even death. Interestingly, HA-SS-DM1 prodrug
exhibited a high MTD of 4 mg DM1 equiv/kg (Figure 6A),
which is 4-fold higher than free DM1. It should be noted that
disulfide-linked antibody-maytansinoid conjugates (AMCs)

Figure 4. (A) CLSM images of MCF-7 cells after cultivation with Cy5-
labeled HA-SS-DM1 for 1 and 4 h (scale bar: 10 μm). For each panel,
the images from left to right show cell nuclei stained by DAPI (blue),
Cy5 fluorescence in MCF-7 cells (red), the differential interference
contrast microscopy (DIC) of cells and overlays of the three images.
(B) Flow cytometry of MCF-7 cells after 4 h cultivation with Cy5-
labeled HA-SS-DM1 prodrug. For both A and B, the inhibitive
experiments were conducted by 4 h pretreatment of MCF-7 cells with
5 mg/mL of free HA before adding HA-SS-DM1 prodrug.

Figure 5. Blood circulation and in vivo biodistribution of HA-SS-DM1
prodrug. (A) In vivo pharmacokinetics of Cy5-labeled HA-SS-DM1
and free Cy5 in Kunming mice (dosage: 0.4 μg Cy5 equiv/mouse).
Cy5 uptake (%ID/g) is expressed as mean ± SD (n = 3). (B) In vivo
fluorescence imaging of mice bearing MCF-7 tumor after intravenous
injection with Cy5-labeled HA-SS-DM1 prodrug (dosage: 0.4 μg Cy5
equiv/mouse). The mice received free HA (50 mg/kg) prior to
injection of Cy5-labeled HA-SS-DM1 prodrug were used as a control.
The red arrow indicates the tumor region. (C) In vivo biodistribution
of Cy5-labeled HA-SS-DM1 prodrug in MCF-7 tumor-bearing mice at
24 h post i.v. injection. The Cy5 amount in the different organs and
tumor were quantified using fluorescence spectrometry.
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have a MTD of about 0.9 mg DM1 equiv/kg, while AMCs with
noncleavable linkers exhibit an MTD of about 2.7 mg DM1
equiv/kg,18 both lower than that of HA-SS-DM1 prodrug. The
significantly increased drug tolerance of HA-SS-DM1 prodrug
provides a broader therapeutic window for enhanced treatment
with low side effects.
The therapeutic effect of HA-SS-DM1 prodrug was studied

in MCF-7 breast carcinoma bearing nude mice at a dosage of
600 or 800 μg DM1 equiv/kg. The drug was given every 2 days
for five injections in total. As expected, saline-treated group
showed fast tumor growth (Figure 6B). Free DM1 showed
modest tumor growth inhibition at a dose of 300 or 600 μg/kg.
Given the fact that free DM1 has an MTD of 1.0 mg/kg, no
higher dosage was attempted. HA-SS-DM1 prodrug at 600 μg
DM1 equiv/kg revealed better tumor suppression than free
DM1 under otherwise the same conditions. More interestingly,
HA-SS-DM1 prodrug at 800 μg DM1 equiv/kg almost
completely suppressed tumor growth. The tumor growth
inhibition rate determined by comparing the weights of tumors
at the end of treatment to that of the control receiving PBS
only showed that HA-SS-DM1 prodrug at 600 μg DM1 equiv/
kg resulted in a significantly greater inhibition rate than free
DM1 at the same dose (71.3% vs 44.3%; Figure 6C). HA-SS-
DM1 prodrug at 800 μg DM1 equiv/kg resulted in a further
increased tumor growth inhibition rate of 87.6%. Figure 6D
shows that all treated groups had barely any body weight loss,
indicating that the treatments are well tolerated. The
histological analyses using H&E staining revealed obviously
more necrotic cancer cells in the HA-SS-DM1 prodrug groups,

particularly at a higher dose of 800 μg DM1 equiv/kg, than in
the free DM1 groups (Figure 7). Importantly, HA-SS-DM1

prodrug was shown to cause little damage to the major organs
including the liver. These results demonstrated that HA-SS-
DM1 prodrug significantly improves the tolerability, target-
ability and treatment effects of DM1 to CD44 positive MCF-7
tumor xenografts. Notably, the high therapeutic index of HA-
SS-DM1 prodrug allows further escalating drug dose, which
possibly leads to complete tumor regression. The easy
synthesis, superior drug loading content, excellent targetability,
and enhanced tolerability renders HA-SS-DM1 prodrug a
potentially better alternative to T-DM1 (clinically used
antibody-drug conjugate) for targeted breast tumor therapy.

4. CONCLUSION
We have shown that redox-activatable HA-SS-DM1 prodrug
with superior drug loading and enhanced toleration mediates
highly potent and targeted breast tumor therapy. Notably, HA-
SS-DM1 has uniquely combined the merits, while effectively
overcoming the drawbacks of both polymeric prodrugs and
antibody−drug conjugates: (i) like polymeric prodrugs, it is not
likely immunogenic and can be easily fabricated in a large scale,
with a high drug content, and at a low cost; and (ii) analogous
to antibody-drug conjugates, it exhibits excellent tumor homing
and selective tumor cell uptake. The in vivo studies in CD44-
overexpressing human breast tumor xenografts demonstrate
clearly that HA-SS-DM1 prodrug has a long plasma half-life,
high tumor accumulation, effective tumor suppression, and
reduced systemic toxicity. These simple, targeted, and GSH-
activatable HA-SS-DM1 prodrug is of great interests for the
treatment of CD44 positive cancers.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge on the
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Detailed experimental procedures including materials,
characterization, cell culture, MTT assays, flow cytom-
etry, in vivo pharmacokinetic studies, H&E staining, and
statistical analysis; Synthesis of Cy5-labeled HA-SS-DM1
prodrug; 1H NMR spectrum (400 MHz, D2O) of HA-
SS-Py; DLS and MTD results (PDF).

Figure 6. Maximum-tolerated dose (MTD) and in vivo antitumor
efficacy of HA-SS-DM1 prodrug. (A) MTD studies of HA-SS-DM1
prodrug in normal Kunming mice (n = 5; dosage: 2, 3, 4, 5 mg DM1
equiv/kg); * indicates one mouse died. (B) Tumor volume of HA-SS-
DM1 or free DM1 treated MCF-7 tumor-bearing nude mice as a
function of time. The drug was given on days 0, 3, 6, 9, and 12. Data
are presented as mean ± SD (n = 5); *p < 0.05, **p < 0.01, ***p <
0.001 (student’s t test). (C) Tumor growth inhibition of the different
treatment groups. (D) Mice body weight change in 18 d following
different treatments.

Figure 7. H&E staining assays of the major organs and tumor of mice
following different treatments. The images were acquired using
Olympus BX41 microscope at 40× objective.
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