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Aim: Drug efflux-associated multidrug resistance (MDR) is a main obstacle to effective cancer chemotherapy. Large molecule drugs
are not the substrates of P-glycoprotein, and can circumvent drug efflux and be retained inside cells. In this article we report a polymer-
drug conjugate nanoparticulate system that can overcome MDR based on size-related exclusion effect.

Methods: Doxorubicin was coupled with the triblock polymeric material cell-penetrating TAT-PEG-poly(aspartic acid). The amphiphilic
macromolecules (termed TAT-PEG-Aspg-Dox) could self-assemble into nanoparticles (NPs) in water. The antitumor activity was
evaluated in drug-resistant human colon cancer HCT8/ADR cells in vitro and in nude mice bearing HCT8/ADR tumor.

Results: The self-assembling TAT-PEG-Aspg-Dox NPs were approximately 150 nm with a narrow particle size distribution, which not only
increased the cellular uptake efficiency, but also bypassed P-glycoprotein-mediated drug efflux and improved the intracellular drug
retention, thus yielding an enhanced efficacy for killing drug-resistant HCT8/ADR colon cancer cells in vitro. Importantly, the TAT-PEG-
Aspg-Dox NPs enhanced the intranuclear disposition of drugs for grater inhibition of DNA/RNA biosynthesis. In nude mice bearing
xenografted HCT8/ADR colon cancers, intravenous or peritumoral injection of TAT-PEG-Aspg-Dox NPs for 22 d effectively inhibited tumor

growth.

Conclusion: TAT-PEG-Aspg-Dox NPs can increase cellular drug uptake and intranuclear drug delivery and retain effective drug
accumulation inside the cells, thus exhibiting enhanced anticancer activity toward the drug-resistant human colon cancer HCT8/ADR

cells.
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Introduction

Colorectal cancer (CRC) is a serious threat to human health,
ranking as the third most commonly diagnosed cancer in
males and the second most commonly diagnosed cancer in
females, with an estimated 1.4 million new cases and 693900
deaths occurring in 2012 worldwide™. In the clinic, the most
common therapy for CRC is surgery combined with chemo-
therapy™. In particular, the use of anticancer drugs in mono-
therapy or in combined regimens has significantly improved

the survival rate in CRC stages III and IV in the past decadel.
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The median survival among patients with metastatic CRC has
been extended to >20 months!l. Despite this progress, the
response rate to current systemic therapies is only approxi-
mately 50%, and resistance is almost unavoidable in all
patients®.

Multidrug resistance (MDR) is one of the primary obstacles
to effective cancer treatment, and ATP transporter-driven
drug efflux is the major mechanism responsible for MDR!.
P-glycoprotein (P-gp), encoded by the MDR1 gene, is the most
widely investigated transporter in chemoresistance”. P-gp is
the main barrier against effective intracellular drug accumula-
tion, which is associated with clinical therapeutic failure in
over 90% of patients with metastatic cancer™?. P-gp inhibi-
tors have been used to overcome MDR in clinical trials, but
treatment benefits have been found to be very limited due to



significant side toxicity"”!

. Thus, there is a pressing need to
develop new approaches that could improve the current che-
motherapeutic regimen to overcome MDR.

Nanotechnology is considered a promising strategy to
combat cancer multidrug resistance, and nano drugs can be
resistant to drug efflux due to the size-exclusion effect and
subcellular distribution pattern (eg, nucleic-preferential accu-
mulation)™ ", Of note, the efflux subtracts of P-gp is size
dependent, limited to small drugs (300-2000 kDa)". The
polymeric drug conjugates are also beneficial for anti-MDR
therapy due to their increased size. Poly(amino acids) are
biodegradable and have been investigated for drug delivery in
oncology™!. For example, several poly(L-glutamic acid)-based
drug conjugates (eg, paclitaxel, cisplatin) are in the advanced
development stage.

Here, we developed a novel peptidyl structure-based drug
conjugate system for enhanced drug delivery against MDR
cancer (Scheme 1). Poly(aspartic acid) was synthesized by
solid-phase synthesis and then conjugated to the cell-penetrat-
ing TAT peptide-polyethylene glycol (TAT-PEG) through a
disulfide bond, thus forming the triblock material TAT-PEG-
Asps. Doxorubicin (Dox) molecules were further coupled to
the Aspg segments, and the ASPg-Dox can self-assemble as a
hydrophobic body, whereas the hydrophilic TAT-PEG chains
extend outward, forming a nanostructured system (Scheme 2).

Materials and methods

Materials

Fmoc-Asp(OtBu)-OH, 2-chlorotrityl chloride resin, and
Fmoc-Cys(OtBu)-OH were purchased from GL Biochem Co,
Ltd (Shanghai, China); 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS), N,N-
dimethylformamide (DMF), ethyldiisopropylamine (DIEA),
2-(1H-benzotriazole-1-yl1)-1,1,3,3-tetramethyluronium hexaflu-
orophosphate (HBTU), glutathione (GSH), Verapamil, diethyl
ether, 1-hydroxybenzotriazole (HOBt), and triisopropylsilane
were purchased from Sinopharm Chemical Reagent Co, Ltd
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Scheme 1. TAT-PEG-Aspg-Dox nanoassembly for enhanced drug delivery.
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(Shanghai, China); Ellman’s reagent, propidium iodide and
4’ ,6-diamidino-2-phenylindole (DAPI) were purchased from
J&K Scientific (Beijing, China); annexin V-FITC was purchased
from BioVision Inc (Mountain View, CA, USA). TAT-PEGsy-
SH (TAT sequence YGRKKRRQRRR) was synthesized by
Qufu Liyang Biochem Co, Ltd (Qufu, China).

Cell lines

The human colon cancer parental cell line HCT8 and the drug-
resistant version, HCT8/ADR, were cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum and anti-
biotics (100 pg/mL streptomycin and 100 U/mL penicillin) at
37°C in a humidified incubator with 5% CO,.

Synthesis of Aspg-Cys and TAT-PEG-Aspg

Thiolated octo-aspartic acid (Aspg-Cys) was synthesized using
a standard solid-phase synthesis procedure. Aspg-Cys was
then conjugated to TAT-PEGsy-SH via the thiol/disulfide
exchange reaction™. Briefly, the TAT-PEGs;y-SH was dis-
solved in PBS (pH 8), with the addition of Ellman’s reagent.
The mixture was stirred for 1 h and was then purified by hepa-
rin affinity column to remove excessive Ellman’s reagent. The
resultant was reacted with Asps-Cys to form TAT-PEG-Asps
via the disulfide bond. This purified product was confirmed
by "H NMR spectroscopy.

Preparation of TAT-PEG-Aspg-Dox conjugates

TAT-PEG-Aspg and doxorubicin conjugates were prepared
based on a carboxyl-to-amine crosslinking method with EDC/
NHS. Briefly, NHS and EDC were added to the methanol
solution of TAT-PEG-Asps to activate the carboxyl groups of
Aspg. The doxorubicin methanol solution was then added
dropwise to the activated TAT-PEG-Asps, stirring overnight
at room temperature. The polymer-drug conjugates of TAT-
PEG-Aspg-Dox were precipitated by adding excess cool ether.
The Dox content in the conjugates was measured by fluores-
cence spectrophotometry (Aex 485 nm and Aem 590 nm).

Intracelluar and intranuclear
delivery
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Scheme 2. Synthetic illustration of TAT-PEG-Aspg-Dox.

Preparation and Characterization of TAT-PEG-Aspg-Dox NPs

The TAT-PEG-Aspg-Dox was dissolved in water and self-
assembled into nanoparticles. The particle size and zeta
potential were measured using a Zeta Sizer Nanoparticle
Analyzer (Malvern, UK). The morphology imaging of TAT-
PEG-Aspg-Dox NPs was conducted by JEM-200CX transmis-
sion electron microscopy (TEM) with negative staining using
uranyl acetate.

Critical micelle concentration and stability of TAT-PEG-Aspg-Dox
nanoparticles (NPs)

The critical micelle concentration (CMC) was determined
by fluorescence spectroscopy using pyrene as a hydropho-
bic fluorescent probe as previously described™. Briefly, the
sample was prepared at a concentration ranging from 4 to
2x10° mg/mL and was mixed thoroughly with pyrene solu-
tion (2.4x10° mol/L) at a volume ratio of 1:1. The fluorescence
intensity was recorded at Ex 338 nm and 333 nm, and Em 390
nm (F-4600 Fluorescence Spectrophotometer; Hitachi, Japan).
The intensity ratio (Iss/Ls;) was plotted against the logarithm
of the sample concentration.

The TAT-PEG-Aspg-Dox NPs were GSH-responsive vehicles
due to the disulfide bridge linkage between TAT-PEG and
Asps. The size change of the NPs treated with GSH (1 pmol/L,
10 mmol/L) at room temperature was measured at different
time intervals to evaluate the redox-responsive property of the
NPs.

Intracellular and intranuclear delivery of the TAT-PEG-Aspg-Dox
NPs

HCTS8 (human colon cancer cell line) and HCT8/ADR (human
colon cancer drug-resistant cell line) cells were seeded in
24-well plates at a density of 2x10* cells per well and were
incubated for 24 h before use.
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For cellular internalization observation, the cells were incu-
bated with the TAT-PEG-Asps-Dox NPs at an equivalent Dox
concentration of 10 pg/mL in fresh culture medium with 10%
FBS. After incubation for 4 h, the cellular uptake efficiency
was determined by flow cytometry analysis (Becton Dickin-
son, USA).

For the intranuclear distribution study, after incubation with
the TAT-PEG-Aspg-Dox NPs or free Dox for 4 h, the cells were
washed twice with ice-cold PBS and were fixed with fresh 4%
paraformaldehyde for 15 min at room temperature. The cell
nuclei were counterstained with DAPI, and imaging was per-
formed using confocal laser scanning microscopy (Olympus
FV1000, Japan).

Resistance to drug efflux

Intracellular drug retention in the drug-resistant HCT8/ADR
tumor cells was investigated by incubation with free Dox
or TAT-PEG-Aspg-Dox NPs for 2 h. After replacement with
fresh culture medium supplemented with 10% FBS and fur-
ther incubation for varying times (0.5, 1, 2, and 4 h), the cells
were harvested in 200 pL of DMSO after treatment with RIPA
lysis buffer for 10 min. The cell lysate was centrifuged at 8000
rounds per minute, and the supernatant was used to measure
the Dox content by fluorescence spectrophotometry.

Effect of verapamil on drug efflux

Verapamil is a commonly used P-gp inhibitor. HCT8/ADR
cells were seeded in 24-well plates and were incubated for
24 h before use. The HCT8/ADR cells were pretreated with
verapamil (50 pmol/L) for 2 h and then were incubated with
free Dox or TAT-PEG-Aspg-Dox NPs. After incubation for 1 h
or 2 h, the cellular Dox intensity was measured by flow cytom-
etry analysis.



In vitro cytotoxicity study

The cytotoxicity of the NPs in the HCT8 and HCT8/ADR cell
lines was investigated using the standard MTT assay. Cells
were seeded at a density of 5x10° cells per well in 96-well
plates and were cultured for 24 h before analysis. The cells
were incubated with varying concentrations of TAT-PEG-
Aspg-Dox NPs or free Dox for 48 h. MTT (20 pL, 5 mg/mL)
was added to each well, and the samples were incubated for
another 4 h. After removal of the medium, 200 pL of DMSO
was added to each well, and the absorbance was measured at
490 nm using a microplate reader (Multiskan; Thermo Fisher,
USA). The cell viability was calculated.

Cell apoptosis assay

The apoptotic cells were detected by flow cytometry. Briefly,
the HCT8/ ADR cells were seeded in a 6-well plate at a concen-
tration of 2x10° cells/well and were cultured for 24 h before
analysis. The cells were treated with the TAT-PEG-Aspg-Dox
NPs or Dox at a concentration of 10 pg/mL. After 48 h of
treatment, the cells were harvested, washed, and stained with
annexin-V/propidium iodide (PI) according to the manufac-
turer’s instructions. The apoptotic cells were measured by
flow cytometry analysis (Becton Dickinson, USA).

Western blot assay

P-gp expression in the cells was detected by Western blotting
as previously described"”. Briefly, the cells were lysed, and
proteins were separated by SDS-PAGE and were transferred
to nitrocellulose membranes using semidry blotting. Primary
antibodies, including anti-mouse P-gp (Abcam) and anti-
mouse GAPDH (Sigma), were used for Western blotting anal-
ysis for overnight incubation at 4 °C.

In vivo cytotoxicity study
The animal study procedures were approved by the IACUC.
The studies were conducted on female BALB/c-nu nude mice
aged 3-4 weeks. Drug-resistant HCT8/ADR cells were sub-
cutaneously implanted (1x10° cells/mouse) on the back. The
mice were divided into five groups randomly (six per group):
PBS, TAT-PEG-Aspg-Dox (peritumoral injection, pi), Dox
(pi), TAT-PEG-Aspg-Dox (intravenous injection, iv), Dox (iv).
When the tumor reached approximately 100 mm?, the animals
were treated with the NPs equal to a Dox dose of 2 mg/kg per
two days over a period of 22 d. The tumor volume and body
weight were monitored throughout the study. The tumor vol-
ume was calculated using the following formula:

V=(LxW?)/2
At the experimental endpoint, the mice were sacrificed, and
the tumors and major organs were harvested and weighed.
Histological examination of the major organs was conducted.
The organ coefficient was calculated using the following for-
mula:

Organ coefficient (%)=Weight of the organ/Body weightx100%

Tumor penetration
BALB/c-nu nude mice harboring HCT8/ADR breast tumors
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were treated with Dox or TAT-PEG-Asp8-Dox NPs. After 4 h,
the mice were sacrificed, and the tumor tissues were collected
for cryosection. The frozen slides were observed using a fluo-
rescence microscope.

Statistics analysis

Data analyses were performed using GraphPad Prism 6.
Statistical differences between groups were determined by
one-way ANOVA. The Student’s t-test was used when two
parameters were evaluated. The cellular tests were run in
triplicate, and animal studies were with six per group. P<0.05
was considered significant.

Results

Polymeric drug conjugates have been widely explored. To
increase the cell penetration efficiency of such conjugates, cell-
penetrating peptide-modified poly(Asp) was synthesized.
Cell-penetrating peptides (CPPs) are a class of relatively short
peptides that can penetrate the cell membrane and deliver
various types of large cargoes (eg, proteins, nucleic acids,
nanoparticles) into cells"®. Moreover, the arginine-rich CPP
has also been demonstrated to be able to preferentially target
the nucleus, where Dox can intercalate with DNA and thus
inhibit cell proliferation”. Importantly, cell nucleus-targeting
delivery has become an emerging method for combating
MDR[]Z, 201.

The synthesized TAT-PEG-Asps was confirmed by 'H NMR
(Figure 1A). The self-assembling TAT-PEG-Aspg-Dox NPs are
approximately 150 nm with a narrow particle size distribution
(PDI 0.102), indicating good homogeneity (Figure 1B). It is
worth noting that NPs with a favorable size (less than 200 nm)
could lead to an enhanced permeability and retention (EPR)
effect for passive targeting and increase the drug accumulation
at tumor sites”” . TEM was subsequently carried out to
investigate the morphology (Figure 1C). Owing to the vacuum
working conditions of TEM, the observed size on TEM was
smaller than that from dynamic light scattering measurements.
The zeta potential was approximately +15 mV (Figure
1D) owing to the modification of cationic TAT. Generally,
poly(Asp) NPs have a low efficiency of cell internalization
because of their negatively charged nature™. TAT was used
in this system to improve the intracellular delivery efficiency.

Disulfide bonds were strategically applied to conjugate
TAT-PEG to Asps. Owing to the highly reducing environ-
ment inside tumor cells, the NPs dissembled very quickly. As
shown in Figure 2B, the diameter of GSH-treated (10 mmol /L)
NPs increased dramatically, reaching approximately 600 nm
within 1 h. Further incubation resulted in microsized particles
and severe aggregation. However, without GSH treatment (in
water) or at a very low GSH concentration, there was merely
minor size variation within the same period.

To investigate the cellular internalization, the NPs were
incubated with the HCT8 or HCT8/ADR cells for 24 h at an
equivalent Dox concentration of 10 pg/mL and were analyzed
by flow cytometry. In the non-resistant HCT8 cells, the NPs
showed increased intracellular delivery efficiency compared

Acta Pharmacologica Sinica
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Figure 1. Characterization of TAT-PEG-Asps. (A) NMR spectrum; (B) size distribution; (C) transmission electron microscopy (TEM); (D) Zeta potential of
the nanoparticle (NP).
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Figure 2. The critical micelle concentration and stability of TAT-PEG-Aspg-Dox. (A) The critical micelle concentration (CMC) of TAT-PEG-Aspg-Dox was
about 0.102 mg/mL. (B) NPs size change with or without glutathione (GSH) treatment.

with the free Dox (86.3% vs 57.8%, respectively) (Figure 3A). mulation than the free Dox. These results demonstrated that
A more significant improvement was seen in the HCT8/ADR the TAT-PEG-Aspg-Dox NPs could overcome drug efflux in
cells, which were resistant to drug uptake with a mere 20% HCT8/ADR cells and improve the intracellular accumulation
positive rate for the free Dox group. However, the NPs were of Dox.

not affected and showed 4.3-fold higher intracellular accu- P-gp overexpression in the tumor cell membrane is the

Acta Pharmacologica Sinica
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major mechanism responsible for MDR. P-gp can actively
pump out anticancer drugs, leading to an insufficient intra-
cellular drug concentration to kill tumor cells. Western blot
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analysis confirmed the high expression of P-gp in HCT8/ ADR
cells (Figure 3B).

Interestingly, it was found that the NPs could enhance
the intranuclear delivery (Figure 4). In the free Dox-treated
HCT8/ADR cells, Dox-related red fluorescence was hardly
observed due to active drug efflux and consequent poor
accumulation. By contrast, intensive red fluorescence was
observed in the nuclei in the NP group, indicating the efficient
TAT-mediated nuclear localization. The results demonstrated
that the TAT-PEG-Aspg-Dox NPs enhanced not only the cel-
lular uptake but also the intranuclear disposition of drug. The
increased intracellular and intranuclear delivery provided a
potential solution to overcome MDR in cancer cells, leading to
improved therapeutic efficacy.

The intracellular retention results further revealed the
advantages of the TAT-PEG-Asps-Dox NPs for anti-MDR.
The area under the curve (AUC) of the intracellular Dox con-
centration at 4 h was calculated to be 1183 and 463 h-ng-mL"
for the NP group and free Dox group, respectively (Figure
5). The intracellular drug concentration in the free Dox group
was dramatically decreased (merely 45% remaining after 4 h),
demonstrating active drug efflux, whereas the NP group was
effectively retained inside the cells (76% of the drug remained)
because of the resistance to drug efflux.

Verapamil is a commonly used P-gp inhibitor. As shown in
Figure 6, there was a clearly increased uptake efficiency in the
free Dox group due to the inhibition of drug efflux. However,
no significant difference was found in the TAT-PEG-Aspg-Dox
NP group, indicating that TAT-PEG-Aspg-Dox NPs were not
affected by the P-gp-mediated drug efflux.

The cytotoxicity of the TAT-PEG-Aspg-Dox NPs was investi-
gated in HCT8 and HCT8/ ADR cells (Figure 7A). In the HCT8
cells, the NPs displayed slightly better antitumor activity than
free Dox, and both of them were potent to inhibit cell prolif-
eration with an ICs, of approximately 1 pg/mL. However, the

Figure 4. The intranuclear accumulation in HCT8/ADR cells.

Acta Pharmacologica Sinica
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Figure 5. Resistance to drug efflux in HCT8/ADR cells. (A) The area under the curve of intracellular Dox. (B) Intracellular retention of Dox (*"P<0.01).
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NPs still demonstrated high antitumor activity in HCT8/ADR
cells, whereas free Dox was ineffective against HCT8/ADR
cells even at a concentration up to 20 pg/mL. These results
indicated that TAT-PEG-Aspg-Dox NPs could reverse MDR.
There are three possible reasons responsible for enhanced
cytotoxicity of the TAT-PEG-Aspg-Dox NPs: TAT-mediated
enhanced cellular uptake, TAT-mediated intranuclear delivery
and enhanced intracellular retention.

Annexin V-FITC and propidium iodide (PI) were used as
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indicators of early and late apoptosis, respectively. For exam-
ple, the dual labeling method can indicate intact cells (FITC /
PI'), cells in early apoptosis (FITC'/PI') or late apoptosis
(FITC'/PT"), and necrotic cells (FITC /PI"). In HCT8/ADR
cells, the late apoptosis rate was determined by flow cytom-
etry, showing 94.6% in the NP group and 38.9% in the free
Dox group (Figure 7B), indicating that TAT-PEG-Aspg-Dox
NPs could induce apoptosis more efficiently than free Dox in
the drug-resistant cells. The results further demonstrated the
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Figure 7. Antitumor activity assay. (A) Cytotoxicity test in HCT8 and HCT8/ADR cell. (B) Cell apoptosis rate.

improved antitumor effect of the TAT-PEG-Aspg-Dox NPs.

The subcutaneous HCT8/ADR tumor model was employed.
The tumor growth curves of each group are presented in Fig-
ure 8A. The treatment of the TAT-PEG-Asps-Dox NPs resulted
in a much smaller tumor volume compared with free Dox
therapy. In contrast to an inhibition rate of 71.8% in the iv Dox
group, the iv TAT-PEG-Aspg-Dox NPs exhibited an enhanced
efficacy (84.2%), while pi treatment slightly improved the ther-
apeutic efficacy, displaying 89.5% for the TAT-PEG-Aspg-Dox
NPs and 79.1% for free Dox. Therefore, the NPs significantly
improved the MDR cancer treatment.

It should be mentioned that the free Dox-treated mice sus-
tained remarkable body weight loss (Figure 9A), and there
were two deaths in the iv Dox-treated group (Figure 9B), sug-
gesting the severe side toxicity. However, the animal body
weight in the TAT-PEG-Asps-Dox NP group underwent minor
changes. In addition, at the endpoint, the major organs were
collected and weighed to calculate the organ coefficients. In
the liver and spleen, the organ coefficient of the iv Dox group
was reduced markedly (Figure 9C). Histological examination
(Figure 9D) showed degeneration and edema and focal cytoly-
sis necrosis in the liver and spleen in the Dox-treated group.
These results indicated that the TAT-PEG-Aspg-Dox NPs

improved the therapeutic efficacy with reduced side toxicity.
In addition, intra-tumoral distribution analysis showed
that TAT-PEG-Asps-Dox NPs could improve the penetration
ability inside tumors compared with free Dox (Figure 10), a
finding that was in accordance with our previous studies of

CPP-mediated tumor penetration?.,

Discussion

Polymer-drug conjugate strategies have been widely used to
improve druggability profiles and therapeutic efficacy. Drug
conjugates benefit from increased size when used in MDR
cancer therapy to circumvent P-gp-mediated drug efflux. The
polymeric drug TAT-PEG-Aspg-Dox is characterized by its
amphiphilic structure: Dox, which is hydrophobic, can form
the core, with the peptide-PEG chains, which are hydrophilic,
extending from this core, and the drug molecules thereby self-
assemble into nanoparticle form.

TAT, which has a similar sequence to a nuclear localization
signal (NLS), has demonstrated nuclear-targeting ability!".
The TAT, which is on the outside of the nanoparticles, can
facilitate cellular uptake and intranuclear delivery. Therefore,
in addition to the size effect-related resistance to drug efflux,
deposit into the nuclei prevents the drugs from being subject

Acta Pharmacologica Sinica
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Figure 8. Treatment in nude mice bearing HCT8/ADR tumor. (A) Tumor volume change over the treatment period. (B) Tumor weight at the experimental
endpoint and inhibition rate of tumor growth. (C) Representative tumor photos in different groups.

to cell membrane-associated P-gp. Additionally, the CPP-
mediated intratumoral penetration could further improve
MDR cancer treatment outcomes”. Recently, it has been
demonstrated that the bio-fate of efficient intratumoral accu-
mulation, penetration, and internalization plays an essential
role in cancer drug delivery™ *!. TAT-based nano drug deliv-
ery provides a useful strategy for enhanced intratumoral drug
delivery and treatment.

Concerns regarding nonselective distribution are often
raised in CPP-based drug delivery™. Recently, however,
it has been discovered that CPP can preferentially bind
to the tumor cells via certain overexpressed receptors (eg,
heparan sulfate proteoglycans and neuropilin-1)***!. We
previously also found that CPP-mediated cellular uptake
in tumor cells was much higher than that in nontumoral
cells (eg, human umbilical vein endothelial cells)"'”. These
findings suggested that the extravasation of CPP could
be minor in normal blood vessels, in contrast to the leaky
tumor vessels that are critical to the EPR effect of the nano
drugs.

Conclusion

In this study, a TAT-PEG-Aspg-Dox nanoassembly system was
developed to sensitize drug-resistant colon cancer to chemo-
therapy. The TAT-PEG-Aspg-Dox nanoparticles effectively

Acta Pharmacologica Sinica

increase cellular drug uptake and intranuclear drug delivery,
thus retaining effective drug accumulation inside the cells.
The nanoparticles significantly enhanced cytotoxicity toward
drug-resistant cells and efficiently induced apoptosis. There-
fore, our study reveals a promising method for the efficient
intracellular delivery of anticancer drugs and MDR reversal.
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Figure 10. Intratumoral penetration (cryosection slices).
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