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1. Introduction

Pancreatic cancer is one of the most deadly malignancies to
humans. The 5-year survival rate for pancreatic cancer is lower
than 10%, which is the lowest among all types of cancers.[1]

Compared with gemcitabine monotherapy, standard care of
chemotherapy for pancreatic cancer, the newly developed com-
bination therapy of gemcitabine and nab-paclitaxel only
slightly improved the median survival from 6 to 7.8 months.[2]

The dismal reality of pancreatic cancer treatment reveals the
urgent need for therapeutic strategies with higher efficiency
against pancreatic cancer.

Triptolide (TPL) is a bioactive diterpene triepoxide originated
from a traditional Chinese medicinal herb Tripterygium wilfordii
Hook F, commonly named as the thunder god vine or Lei Gong

Teng in Chinese. It was found that TPL
could exert a potent anticancer effect for
many types of cancer, including pancreatic
cancer, and thus it was considered as a
promising chemotherapeutic option for
malignant cancers.[3] However, the poor
water solubility and severe liver toxicity
of TPL hindered its potential clinical appli-
cations.[4] Various approaches have been
utilized to improve its bioavailability and
biocompatibility, including water-soluble
TPL prodrug,[5] TPL-sugar conjugate,[6]

TPL-aptamer conjugate,[7] TPL-peptide
conjugate,[8] and TPL-encapsulated nano-
particles.[9] Among them, Minnelide, a
hydrophilic prodrug of TPL, has effectively
resolved the solubility problem of TPL and
is currently being evaluated in clinical
trials.[5] However, how to effectively
eliminate the TPL-associated liver toxicity

remains a challenge.[10]

The concept of “prodrug” generally refers to a masked and
inactive form of a drug produced by reversible modification of
the parent drug, which is conferred with more desirable physi-
cochemical properties and is ready to be converted back to the
bioactive form of the drug in vivo.[11] The prodrug strategy has
been extensively explored to reduce the toxic side effects of many
parent drugs.[12]

To improve the efficacy of an anticancer drug and reduce its
side effects, drugs are frequently conjugated to a targeting ligand,
which can bind to its corresponding receptors overexpressed in
cancer cells. Research found that β-D-galactose receptors are over-
expressed in a variety of cancer cells,[13] including pancreatic can-
cer.[14] Our previous study revealed that lactobionic acid (LBA), a
disaccharide derivative composed of gluconic acid and galactose,
could effectively binds to β-D-galactose receptors.[15] Herein, we
developed a polymeric nano-prodrug system to circumvent the
solubility issue of TPL and attenuate its toxicity through pancre-
atic cancer targeted delivery and intracellularly dual responsive
release approaches (Figure 1). The cancer-targeted TPL nanopar-
ticle (nTPL-LBA) exhibits outstanding efficacy in eradicating
tumor in an orthotopic pancreatic cancer model while not induc-
ing liver and kidney toxicity.

As shown in Figure 1A,B, the nano-prodrug (nTPL) of TPL is
a polymeric nanogel prepared through crosslinking and self-
assembly process of drug-conjugated polymers. TPL is attached
to the PDA-PEG polymer, a copolymer of 2-(pyridin-2-yldisul-
fanyl)ethyl acrylate (PDA) and poly(ethylene glycol) methyl
ether acrylate (PEG), via ester bonds which can be hydrolyzed
to release the parent drug TPL (Scheme S1, Supporting
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Triptolide (TPL) is a small molecule isolated from a traditional Chinese herb
Tripterygium wilfordii Hook F and shows excellent anticancer effect for
pancreatic cancer cells. However, the poor water solubility and severe liver
toxicity of TPL hindered its clinical application. Herein, TPL is covalently
conjugated to a polymer and entrapped inside the core of the TPL nanogel
(nTPL) to protect it from premature leakage during blood circulation. With the
help of lactobionic acid (LBA), nTPL-LBA could selectively target the tumors in
an orthotopic pancreatic cancer mouse model. TPL could be subsequently
released intracellularly in its original form due to the presence of elevated
intracellular esterase and GSH, and eventually kills cancer cells. nTPL-LBA
treatment reduces tumor burden by 99% while not introducing TPL-associated
liver and kidney toxicities. Most importantly, more than half of the nTPL-LBA-
treated animals are tumor-free, suggesting that nTPL-LBA is an effective
approach in eradicating pancreatic cancer.
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Information). In addition to TPL, LBA is also incorporated
in nTPL to yield targeted nTPL (nTPL-LBA) to guide the
nano-prodrugs to the tumor sites and enter cancer cells.

When the nano-prodrug nTPL-LBA is fabricated in aqueous
solution, the hydrophobic TPL will be encapsulated inside the
nanogel, protecting it from premature leakage and thus mini-
mizing its systemic toxicity, whereas the LBA moieties will be
decorated on the surface of the nanogel thanks to its hydro-
philic nature, making it convenient to target cancer cells
(Figure 1). nTPL-LBA is expected to accumulate in the tumor
via the so-called enhanced permeability and retention (EPR)
effect,[16] and be taken up by cancer cells through receptor-
mediated endocytosis, as shown in Figure 1C. The nTPL nano-
gel will be dissociated by chopping off the disulfide bonds with
the elevated intracellular glutathione (GSH), whereas the ester
bond linkage between TPL and the polymer chain will be
cleaved with the help of the intracellular catalytic enzymes,
esterases.[6] As a result, the cancer cells will be killed by the
released TPL.

2. Results and Discussion

2.1. Fabrication and Characterization of TPL-Loaded
Nanoparticle

To prepare the nTPL-LBA nanogel, TPL was first modified with
succinic anhydride to yield TPL-SA.[6] TPL-SA was conjugated to
PDA-PEG through an esterification reaction to produce polymer-
drug conjugate of PDA-PEG-TPL (Scheme S1, Supporting
Information). The chemical structures of these compounds were
confirmed by nuclear magnetic resonance (NMR) spectroscopy
(Figure S1–S3, Supporting information), and the content of
TPL in the PDA-PEG-TPL was quantified to be 12.3% (w/w).
A mixture of PDA-PEG-TPL and PDA-PEG-LBA in dimethyl sulf-
oxide (DMSO) was fabricated into micelles by dialysis in deion-
ized water, and further crosslinked with the help of tris(2-
carboxyethyl)phosphine (TCEP) to yield nTPL-LBA polymeric
nanogels. As shown in Figure 1D, transmission electron micros-
copy (TEM) revealed that nTPL-LBA has a spherical morphology
with a diameter of 154.7� 10.4 nm. Dynamic light scattering

Figure 1. Schematic illustration of polymeric nanoprodrug nTPL-LBA for efficient intracellular delivery of anticancer drug TPL. A) The structures of PDA-
PEG-TPL and PDA-PEG-LBA polymers. B) Fabrication of nTPL-LBA through a self-assembly and crosslinking process. C) β-D-galactose receptor-mediated
cellular internalization of nTPL-LBA and the enzyme catalyzed on-demand release of TPL in tumor cells. D) TEM image of nTPL-LBA. E) Size distribution
of nTPL-LBA. F) Colloidal stability of nTPL-LBA at different conditions. Data represent the means � SD, n¼ 3.
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(DLS) found that nTPL-LBA had a hydrodynamic size of
185.6� 8.8 nm with a dispersity of 0.10� 0.03 (Figure 1E),
which is a little larger than its size in the dry state recorded
by TEM. To verify the targeting ability of LBA, nontargeted
nTPL nanogel was prepared from PDA-PEG-TPL polymer alone
following the same procedure used for nTPL-LBA. TEM and DLS
analysis showed that nTPL had similar morphology and size as
those of nTPL-LBA (Figure S4–S6, Supporting Information).
The zeta potential measurement showed that both nanogels
had slightly negative charges on their surface (Figure S7,
Supporting Information).

To serve as an outstanding targeted drug carrier, nTPL-LBA
should have great stability during blood circulation. The colloidal
stability of nTPL-LBA was examined by monitoring its hydrody-
namic size with DLS in phosphate-buffered saline (PBS) (pH 7.4)
and PBS supplemented with 10% fetal bovine serum (FBS).
As shown in Figure 1F, no obvious size change observed in
both conditions for nTPL-LBA, which makes it a suitable
nano-prodrug for in vivo application.

2.2. The Release Kinetics of nTPL-LBA

High-performance liquid chromatography (HPLC) analysis
revealed that the loading content (LC) and loading efficiency
(LE) of TPL in nTPL-LBA were 11.5% and 98.9%, respectively.
The TPL release profile of nTPL-LBA was investigated in varied
conditions to mimic different physiological environments
(Figure 2A). Little to a negligible amount (<5%) of TPL was

released from the nano-prodrug in PBS (pH 7.4), PBS supple-
mented with 10% FBS or 2mM GSH after 48 h of incubation.
However, in the presence of 0.2UmL–1 of esterase, which exists
at a high level in the tumor tissue and intracellular environment
and can catalyze the hydrolysis of ester bonds with high
efficiency,[17] an accelerated release of TPL was observed.
Interestingly, in an environment containing both esterase and
2mMGSH, about 50% TPL was released within 10 h of incubation
(Figure 2A). These results validate the drug release efficiency of
nTPL-LBA and render it an ideal prodrug free of premature release
before entering into cancer cells where the ester bond and disulfide
linkers are cleaved by intracellular esterases and GSH, respec-
tively.[6] HPLC and LC-MS analysis of the released products con-
firmed that the original form of TPL could be tracelessly released
from the nanogel (Figure S8, S9, Supporting Information), which
warrants the therapeutic efficacy of the nTPL-LBA nanogel.

2.3. Cellular Uptake of nTPL-LBA

To demonstrate the tumor-targeting ability of the LBA ligand in
nTPL-LBA for pancreatic cancer, confocal laser scanning micros-
copy (CLSM) and flow cytometry (FCM) were utilized to evaluate
the cellular uptake of nTPL and nTPL-LBA. PANC-1, a human
pancreatic cancer cell line, was adopted for this research due
to its less sensitivity to most anticancer drugs[18] and more resis-
tance to TPL compared with prevailingly studied BXPC-3 cells
(Figure S10, Supporting Information). PANC-1 cells were incu-
bated with Cy3-labeled nTPL or nTPL-LBA, and then analyzed by

Figure 2. A) Drug release profiles of nTPL-LBA in different release media. The esterase and GSH concentrations used in the assay were 0.2 UmL–1 and 2mM,
respectively. B) Representative confocal fluorescence images of PANC-1/Luc cells after incubation with Cy3-labelled nTPL and nTPL-LBA for 3 h. Cell nuclei
were stained with Hoechst 33342. C) Cellular internalization analysis of PANC-1/Luc cells after incubation with Cy3-labeled nTPL and nTPL-LBA for 3 h by flow
cytometry. D) Cell viability of PANC-1/Luc cells after different treatments with TPL, nTPL, and nTPL-LBA for 72 h. Data represent the means � SD, n¼ 3.
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CLSM and FCM. As shown in Figure 2B, the relatively weak fluo-
rescence (red) of Cy3 emitted from cells incubated with nTPL
indicated that nTPL could be taken up by pancreatic cancer cells.
In contrast, a much stronger fluorescence signal was observed in
cells treated with nTPL-LBA, suggesting that more nTPL-LBA
nanogels were taken up by the cells. The results of flow cytometry
analysis (Figure 2C), which are in good agreement with the find-
ings from CLSM, further verified the higher cellular uptake of
nTPL-LBA nanogels. In addition, the preincubating of LBA sig-
nificantly inhibited the cellular uptake of nTPL-LBA (Figure S11,
Supporting Information) further validated that the improved
uptake of nTPL-LBA was due to the β-D-galactose receptor-medi-
ated endocytosis.

2.4. In Vitro Cytotoxicity

To test the anticancer efficacy of TPL and its nanogel counter-
parts, their in vitro cytotoxicity was evaluated in human pancreatic
cancer PANC-1 cells using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assay at varying TPL

equivalent concentrations. As shown in Figure 2D, both free
TPL and the TPL nanogels exhibited anticancer activities in a
dose-dependent manner as anticipated in a submicromolar level,
confirming the high potency of TPL in killing pancreatic cancer
cells. The IC50 of free TPL and nTPL were 66.1 and 145.8 nM,
respectively. However, the LBA-modified nanogel, nTPL-LBA,
exhibited a much higher potency in killing cancer cells, as evi-
denced by an IC50 of 69.5 nM, which is comparable with that
of free TPL. This improved anticancer efficiency is ascribed to
the enhanced cellular internalization of nTPL-LBA compared with
nTPL, as shown in Figure 2B,C. Furthermore, the toxicity of the
PDA-PEG polymer itself was negligible in the tested dose range
(Figure S12, Supporting Information).

2.5. In Vivo Biodistribution of nTPL-LBA

Encouraged by the low premature release merit of nTPL-LBA and
its high efficiency in killing cancer cell in vitro, we proposed to
investigate the antitumor efficacy of the nanogels in vivo.
An orthotopic pancreatic mouse tumor model was established

Figure 3. In vivo biodistribution and anticancer efficacy of the TPL nano-prodrugs in an orthotopic tumor mouse model of human pancreatic cancer. Ex
vivo images acquired with a A) fluorescence filter and B) a luminescence filter. C) Quantitative analysis of mice organs and tumors after treatments with
Cy3-labeled nano-prodrugs nTPL and nTPL-LBA. Data represent the means � SD, n¼ 3. D) Treatment timeline for the tumor growth inhibitory assay.
E) Representative whole body bioluminescence images of mice before and after treatments with free TPL and nanogels. F) Representative biolumines-
cence images of harvested pancreatic tumors attached to spleens from sacrificed mice.
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as described in the literature.[19] PANC-1/Luc cells, which stably
transfected with luciferase, were injected into the pancreatic tail
of female nude mice through a laparotomy. As bioluminescence
intensity is proportional to the population of cancer cells in the
tumor,[13d] the size of a tumor was monitored via recording the
intensity of bioluminescence emitted from the mice with a non-
invasive IVIS imaging system after the injection of luciferin. The
in vivo tumor targeting efficiency of the nanogels were investi-
gated by detecting their biodistribution in tumor-bearing mice
after i.v. injection of Cy3-labeled nanogels. As shown in
Figure 3A,B, the fluorescence emission of Cy3 was mainly
observed in tumors, kidneys, and livers of the mice. The excellent
colocalization of fluorescence and bioluminescence signals in
the tumor areas validated the tumor-specific accumulations of
both nanogels due to the EPR effect. Figure 3C shows that
the fluorescence intensity of tumors in mice treated with
nTPL-LBA was twofold stronger than that detected in nTPL-
treated mice, which confirmed the enhanced tumor targeting
effect of nTPL-LBA. More importantly, the fluorescence signal
in the nTPL-LBA treated group is the strongest among all col-
lected organs (Figure 3C), suggesting its highly specific tumor
targeting effect.

2.6. Tumor Growth Inhibitory Effect of nTPL-LBA

To investigate whether better tumor targeting effect of the nTPL-
LBA nanogel could be translated into superior tumor growth
inhibitory effect, orthotopic tumor-bearing mice were intrave-
nously administrated with free TPL and nano-prodrugs at the
TPL equivalent dose of 1.0 mg kg�1 through the tail vein at

day 0, 4, and 8 (Figure 3D). As shown in Figure 3E, tumors
treated with PBS in the control group grew rapidly, reflected
by the much stronger bioluminescence signals detected in the
pancreas region. Contrary to the control group, the weakened
bioluminescence signals in free TPL and the TPL nanogel-treated
mice, which validated that TPL and TPL nanogel were able to
retard tumor growth and reduced the tumor burdens. To our sur-
prise, almost no detectable signal was collected in the nTPL-LBA
treated mice, suggesting the outstanding anticancer effect of
nTPL-LBA nanogel.

To more accurately observe the tumor burden on the pancreas,
pancreatic tumors attached to the spleen were harvested for fur-
ther analysis. As shown in Figure 3F, tumors collected from the
control group emitted very strong bioluminescence. In contrast,
much weaker bioluminescence intensity was detected in the
tumor from free TPL and nTPL nanogel-treated groups. For
the five mice treated with nTPL-LBA, however, no detectable bio-
luminescence signal was collected in the pancreases of three
mice, and only very weak signals were recorded from the pan-
creases of the remaining two animals.

The tumor burdens in different treatment groups were also
monitored and quantitively recorded by an IVIS whole-body
imaging system during the treatment (Figure 4A). As expected,
a rapid increase of tumor burden, 4.3-fold, was observed in the
control animals in the duration of 12 days. However, free TPL
and nTPL gradually shrank the tumor burdens to 0.4-fold and
0.3-fold, respectively. Noteworthily, nTPL-LBA demonstrated
the most potent antitumor efficacy, as evidenced by the sharply
declined bioluminescence signal (Figure 4A). In addition, only a
negligible ex vivo tumor signal was collected from the nTPL-LBA

Figure 4. In vivo anticancer efficacy of the TPL nanogel in an orthotopic tumor mouse model of human pancreatic cancer. A) Bioluminescent intensity of
the mice at predetermined time points. B) Quantitative analysis of harvested pancreatic tumors attached to spleens from sacrificed mice. C) Body weight
change of mice during the experiment. D) Body pictures of mice after the last treatment. The red circle highlights the irritation area on the tail skin of mice
treated with free TPL. E) H&E staining of liver and kidney tissues from mice in different treatment groups. Data represent the means � SD, n¼ 5.
**P< 0.01 and ***P< 0.001; n.s.: no significance.
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group (Figure 4B), as supported by 99% tumor burden reduction.
These observations collectively confirmed the outstanding anti-
cancer efficacy of nTPL-LBA and implied that nTPL-LBA is a
powerful tool for eradicating pancreatic cancer.

2.7. Systemic Toxicity of nTPL-LBA

As mentioned earlier, in addition to the poor solubility in aque-
ous media, the systemic toxicity of TPL is another obstacle for its
clinical application. Mice in the free TPL group showed a trend of
body weight loss (Figure 4C), whereas no noticeable body weight
loss was observed throughout the whole period of experiment in
mice in other treatment groups. In addition, there are signs of
swelling and necrosis in the tail skin of the mice treated with free
TPL (Figure 4D), whereas no similar tissue damage was observed
in both nTPL and nTPL-LBA nanogel-treated groups. These
results demonstrated that the nano-prodrug strategy could effec-
tively circumvent the destructive side effects induced by TPL.
To further evaluate the systemic toxicity of free TPL and TPL
nanogels, the major organs collected from sacrificed mice were
analyzed by hematoxylin and eosin (H&E) staining. There was no
difference between control and treatment groups in the heart and
spleen tissues (Figure S13, Supporting Information). However,
as shown in Figure 4E, the liver tissues of mice receiving free
TPL treatment exhibited serious vacuolar degeneration and swol-
len cells, typical hepatotoxicity of free TPL. As expected, no obvi-
ous liver injury was found in nTPL-treated mice, and only some
very mild abnormality was observed in the mice treated with
nTPL-LBA. In addition, the kidney tissues from the animals
treated with free TPL also showed minor renal damage, whereas
no sign of similar renal toxicity was observed in other treatment
groups (Figure 4E). These results proved that, through the
nano-prodrug design, the severe systemic toxicity of TPL could
be efficiently attenuated.

3. Conclusion

In summary, a highly efficient nano-prodrug nTPL-LBA was
developed for targeted delivery and controlled release of a natural
compound TPL for pancreatic cancer treatment. Due to its hydro-
phobic property, TPL moieties were entrapped inside the core of
the nanogel, protecting them from premature leakage during
blood circulation. With the help of LBA, a tumor-targeting ligand
for pancreatic cancer cells, nTPL-LBA could be selectively tar-
geted to the tumors in an orthotopic pancreatic cancer mouse
model and being internalized by cancer cells. TPL will be subse-
quently released inside the cells due to the presence of elevated
intracellular esterase and GSH, and eventually kills cancer cells.
Consequently, the nTPL-LBA nanogel could effectively eradicate
pancreatic tumors while not introducing TPL-associated liver and
kidney toxicities. This intracellular releasing and nano-prodrug
strategy opens a new window for the application of highly toxic
while potent drugs in cancer therapy.

4. Experimental Section

Chemicals: N-(3-dimethylaminopropyl)-N 0-ethylcarbodiimide hydro-
chloride (EDC), N,N 0-dicyclohexylcarbodiimide (DCC), 2,2’-dipyridyl

disulfide, MTT, silica gel (spherical, 100 μm), triethylamine (TEA), and
TCEP were all purchased from Tokyo Chemical Industry Co., Ltd
(Portland, OR, USA). Acryloyl chloride, 2,2 0-azobis(2-methylpropionitrile)
(AIBN), cystamine dihydrochloride, N,N-diisopropylethylamine (DIPEA),
4-(dimethylamino)pyridine (DMAP), glacial acetic acid, N-hydroxysuccini-
mide (NHS), LBA, 2-mercaptoethanol (BME), PBS, poly(ethylene glycol)
methyl ether acrylate (PEGMEA, average Mn¼ 480 Da), porcine liver
esterase (PLE), and succinic anhydride were all purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO, USA). TPL was purchased from
Aktin Chemicals, Inc. (Chengdu, China). Potassium D-luciferin
(XenoLight) was purchased from PerkinElmer, Inc. (Waltham, MA,
USA). FBS, Dulbecco’s modified Eagle’s medium (DMEM, Gibco),
Hoechst 33342 (Invitrogen), penicillin–streptomycin (PS), and trypsin-
EDTA were purchased from Thermo Fisher Scientific, Inc. (Waltham,
MA, USA). Deuterated chloroform was purchased from Cambridge
Isotope Laboratories, Inc. (Andover, MA, USA), and the other solvents
used in all the experiments were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO, USA). The PDA-PEG polymer was synthe-
sized according to our published protocol through free radical polymeri-
zation.[12] Gel permeation chromatography revealed that the polymer has a
molecular weight of 27.8 kDa with a PDI of 1.37. Polymers PDA-PEG-
BME[12] and PDA-PEG-LBA[15b] were prepared following our previously
reported procedures.

Synthesis of PDA-PEG-TPL: Starting with commercial TPL, succinic acid
modified TPL (TPL-SA) was synthesized in one step as described in the
literature (Scheme S1, Supporting Information).[6] TPL was conjugated
to the polymer via an esterification reaction between the carboxylic acid
group of TPL-SA and the hydroxyl group of PDA-PEG-BME. To a solution
of PDA-PEG-BME (20mg) in DCM (500 μL), TPL-SA (3.3 mg), DCC
(2.9mg), and DMAP (0.9 mg) were added. The reaction mixture was fil-
tered after stirring in the dark for 24 h at room temperature. The filtrate
was diluted with DMSO (1mL) and dialyzed against DMSO for 48 h using
a Spectra/Por dialysis tube (MWCO: 8 kDa) to remove small molecules.
Then DMSO was exchange into water through dialysis toward deionized
water. The product PDA-PEG-TPL was obtained through lyophilization in
the dark (19mg, 82%). The chemical structure of the polymer PDA-PEG-
TPL was verified by 1 H NMR and the content of TPL was determined with
HPLC (Agilent 1260 Infinity II, Kinetex C18-column (50� 2.1 mm2, particle
size 5 μm), solvent: 35% water (containing 0.1% trifluoroacetic acid)
þ 10% acetonitrileþ 55% methanol, flow rate 0.5 mLmin�1, detection:
240 nm, elution time: 30 min, retention time : 2.5min. 1 H NMR
(300MHz, CDCl3) δ 8.45 (s), 7.69 (s), 7.11 (s), 5.07 (s), 4.67 (s), 4.32
(s), 4.17 (s), 3.83 (s), 3.64 (s), 3.54 (t), 3.37 (s), 3.03 (s), 2.90 (s),
2.75–2.70 (m), 2.34 (s), 2.14 (s), 1.93–1.89 (m), 1.67–1.59 (m), 1.05–
0.80 (m).

Fabrication of Nano-Prodrugs: Polymer nano-prodrugs were fabricated
through TCEP-induced crosslinking approach following our previously
reported procedures.[12] Briefly, TCEP (0.3 mg) in DMSO (20 μL) was
added to a DMSO solution (0.5mL) of PDA-PEG-TPL polymer (or a poly-
mer mixture of PDA-PEG-TPL and PDA-PEG-LBA at the ratio of 5:1 w/w,
10mg) under robust stirring. 15min later, the resulted polymer solution
was dispersed dropwise into deionized water (5 mL) upon vigorous stir-
ring to assemble into polymeric nanogels and stirred overnight. Then the
polymeric nanogels were purified through dialysis against PBS (pH 7.4) in
Spectra/Por dialysis tube (MWCO: 8 kDa) for 24 h. The final nano-pro-
drugs were stored at 4 �C for use. The zeta potential, hydrodynamic size,
and distribution of the nano-prodrugs were analyzed by dynamic light scat-
tering (DLS), recorded on Zetasizer (Zetasizer Nano ZS, Malvern
Instruments Ltd., Malvern, UK). DLS and zeta-potential measurements
were carried out in PBS (pH 7.4) at the concentration of 1.0 mgmL�1.
The physical morphology was measured by Hitachi HT7800 TEM
(Hitachi High-Technologies Corporation, Tokyo, Japan). The content of
TPL in the nano-prodrugs was determined by HPLC, and the LC and
LE of TPL were calculated by the following equations.

LC %ð Þ ¼ weight of TPL in nano
weight of the nano

� 100% (1)
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LE %ð Þ ¼ weight of TPL in nano
weight of TPL feed

� 100% (2)

Serum Stability Assay: The colloidal stability of the nano-prodrugs was
analyzed by DLS. The nano-prodrugs dispersed in PBS (pH 7.4) and PBS
(pH 7.4) containing 10% FBS at the concentration of 1.0 mgmL�1 sup-
plemented with sodium azide (0.01% w/v) were incubated at 37 �C for
8 days, and the size of the nano-prodrugs was monitored by DLS at dif-
ferent time points.

Drug Release: The drug release of TPL from nano-prodrug nTPL was
investigated at 37 �C with PBS (pH 7.4) in the presence or absence of
10% FBS, 0.2 UmL–1 esterase, 2 mM GSH, or both 0.2 U/mL esterase
and 2mM GSH as release media. Nano-prodrugs dispersed in release
media were quickly sealed in Spectra/Por dialysis tube (MWCO: 8 kDa)
and instantly immersed into prewarmed release media (100mL).
Release media was sampled (10mL per sample) at predesigned time
points and fresh release media were replaced to keep the volume of
the entire release systems constant. The collected samples were lyophi-
lized to remove the aqueous media and the residues were dissolved into
acetonitrile for analysis with HPLC.

Cell Culture: Human pancreatic cancer cells, PANC-1/Luc cells (a lucif-
erase-expressing cell line derived from PANC-1, kindly donated by Dr. Erica
Sloan at Monash University), were cultured in Gibco DMEM supple-
mented with 100 μgmL–1 streptomycin, 100 units mL–1 penicillin, and
10% FBS under a humidified atmosphere of 5% CO2 at 37 �C. Cells were
subcultured when the cell confluence attained about 80%.

Cytotoxicity Assay: The anticancer effect of the nano-prodrugs against
PANC-1/Luc cells were investigated by MTT assay. Cells seeded in 96-well
plates (5000 cells/well) were cultured at 37 �C with 5% CO2 24 h before the
test. Then cells were incubated with free TPL or nano-prodrugs at varied
concentrations of TPL for 72 h. TPL was dissolved into DMSO and then
diluted with fresh medium to the desired concentrations for MTT assay.
Cells were allowed to grow with no incubation in the control group. After
the removal of incubation medium, MTT reagent dissolved in fresh
medium (100 μL) was added to each well (final concentration
1mgmL�1), and cells were incubated for another 4 h. MTT stop solution
(100 μL) was added to dissolve the formed MTT crystal, and the optical
density at 595 nm was measured by a microplate reader.

Cellular Uptake Observed by Confocal Microscopy: The cellular uptake of
nano-prodrugs was studied in PANC-1/Luc cells with confocal fluorescence
microscopy. Cells cultured in 35mm2 glass-bottom Petri dish (200 000
cells/dish) for 24 h were washed with PBS, and then treated with Cy3-labeled
nano-prodrugs, nTPL, and nTPL-LBA, for 3 h. To validate that nTPL-LBA
entering PANC-1 cell through the β-D-galactose receptor-mediated endocy-
tosis, free LBA (1mgmL�1) was added to the medium before the addition
of nTPL-LBA nanoparticles. In the control group, cells were treated with only
medium. Subsequently, cells were washed with PBS for three times and
fixed with 4% paraformaldehyde (PFA) for 10min. After removal of PFA,
cells were stained with Hoechst 33342 at a concentration of 1 μgmL–1

for 10min. Then the staining solution was removed, and cells were imaged
with a confocal fluorescence microscope (LSM 700, Carl-Zeiss Inc.).

Flow Cytometry Analysis: The cellular uptake of nano-prodrugs by
PANC-1/Luc cells was also investigated with flow cytometry. Cells cultured
in six-well plates (300 000 cells/well) for 24 h were washed with PBS, and
then treated with Cy3-labeled nano-prodrugs for 3 h. In the control group,
cells were treated with only medium. Cells were then trypsinized with
trypsin–EDTA and centrifuged at 2000 rpm for 3min. The collected cell
pellets were washed with PBS via centrifuging for another two times.
At last, cell pellets were resuspended into PBS, and the intracellular fluo-
rescence intensity of cells was measured by flow cytometry (BD Accuri C6,
BD Biosciences).

Animal Model Establishment: All the experiments involving animals
were performed in accordance with NIH regulations, and the experimental
protocols were approved by the Institutional Animal Care and Use
Committee of the University of South Carolina (protocol #: 2425-
101350-082718). An orthotopic pancreatic tumor mouse model was estab-
lished as described in the literature.[19] Briefly, PANC-1/Luc cells cultured

in DMEM were trypsinized with trypsin-EDTA and collected via centrifug-
ing at 2000 rpm for 3min. 2 000 000 cells were dispersed in 20 μL ice-cold
mixture of PBS and Matrigel (2:3, v/v). Mice were first anesthetized with
isoflurane, and then a 1 cm incision was made in the abdominal skin and
underlying muscle to expose the entire pancreas together with spleen. The
cell suspension was slowly injected into the pancreas through the tail of
the pancreas using a 29 G 0.3 mL insulin syringe. The syringe was held still
in the pancreas for 1 min for the Matrigel to get solidified, and then the
needle was gently removed from the pancreas. The spleen and pancreas
were carefully returned back to the abdominal cavity, and the abdominal
musculature and external skin were sequentially closed with an absorbable
braided 4-0 suture and a nonabsorbable monofilament 6-0 suture, respec-
tively. Each mouse was subcutaneously injected with 0.1 mg kg�1 bupre-
norphine as an analgesic after surgery. Ten days after the surgery, the
external sutures were removed from the mice. The tumor burdens in mice
were monitored with an IVIS Lumina III imaging system (PerkinElmer Inc.,
Waltham, USA), and the body weight of animals and signs of pain were
monitored throughout the entire experiment process.

Whole Body Imaging: The growth of tumor burdens was detected with
the IVIS Lumina III imaging system. In brief, nude mice bearing orthotopic
PANC-1/Luc tumors were anesthetized with isoflurane and intraperitone-
ally administrated with 15mgmL�1

D-luciferin (200 μL). 15min later, the
mice were imaged and the bioluminescence signals of PANC-1/Luc
tumors were recorded. All the bioluminescence images were taken with
the same system settings. The images were processed with Living
Image software and the bioluminescence intensity of images was analyzed
in radiance.

In Vivo Biodistribution: After inoculation with PANC-1/Luc cells for
3 weeks, the mice were intravenously injected with Cy3-labeled nano-
prodrugs, nTPL and nTPL-LBA, at a Cy3 equivalent dose of 1 mg kg�1.
Mice injected with PBS were used as control. All the mice were sacrificed
at 6 h after the injection. The tumors and organs of mice were harvested
for ex vivo imaging with the IVIS Lumina III imaging system through both
the fluorescence and the bioluminescence channels.

Antitumor Efficacy: Two weeks after the surgery of PANC-1/Luc tumor
inoculation, the mice bearing tumors were assigned into six groups with
five mice in each group randomly. Free TPL was dissolved into a mixture of
DMSO and Cremophor EL (1:1 v v�1) at 5 mgmL�1 a d then diluted with
PBS to a desired concentration. Animals were intravenously administrated
with TPL or nano-prodrugs, nTPL and nTPL-LBA, at a TPL equivalent dose
of 1mg kg�1. PBS was administrated in the control group. The treatments
were administrated to the animals once every four days. Twelve days after
the start of the treatment, all the mice were sacrificed to harvest the
tumors and organs for further analysis.

Histological Analysis: The organs collected from mice were first fixed
with 4% PFA in PBS (pH 7.4) at 4 �C for 24 h, and then embedded in opti-
mal cutting temperature (OCT). These information have been added to the
histological analysis method. The sections of embedded organs with a
thickness of �10 μm were analyzed under a light microscope after
H&E staining using the magnification of 10� and 40�. The histology
was carried out in a blinded fashion by professional personnel at the
University of South Carolina.

Statistical Analysis: The results were analyzed and expressed as the
mean� standard deviations. Student’s two-tailed t-test was used to deter-
mine statistical significance (P< 0.05) between parallel groups.
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