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ARTICLE INFO ABSTRACT

Keywords: Nanomedicines while showing a great potential in improving the performance of chemotherapeutics like
Micelles docetaxel (DTX) are distressed by a high liver deposition and poor tumor penetration, which might not only
Docetaxel

cause liver toxicity but also moderate therapeutic effect. Herein, we report that cRGD-directed 24 nm disulfide-
crosslinked micellar docetaxel (cRGD-MDTX) presents low liver accumulation, high tumor uptake, and deep
tumor penetration, leading to the potent suppression of different solid tumors. cRGD-MDTX was optimized with a
cRGD density of 4% and DTX loading of 10 wt%. Interestingly, cRGD-MDTX enabled an extraordinary tumor-
liver ratio of 2.8/1 with a DTX uptake of 8.3 %ID/g in ayB3 over-expressing PC3 prostate tumor. The thera-
peutic studies demonstrated striking antitumor effects of cRGD-MDTX toward PC3 prostate tumor, prostate
cancer patient-derived xenografts (PDX), orthotopic A549-Luc lung cancer and orthotopic SKOV3-Luc ovarian
tumor models, in which tumor growth was effectually inhibited and 6-8 times better improvement of median
survival time over free DTX was observed. This small disulfide-crosslinked micellar drug capable of relegating
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liver deposition opens a new avenue to nanomedicines for targeted therapy.

1. Introduction

Nanomedicines promise to elevate the performance of chemothera-
peutics like docetaxel (DTX), paclitaxel (PTX), and doxorubicin (DOX),
have shown tuned biodistribution, improved therapeutic efficacy and
reduced toxicity compared to free drugs [1,2]. However, 30% - 99% of
injected nanoparticles are typically sequestered in liver from blood
circulation [3], causing hepatic toxicity and poor tumor deposition. The
physiochemical properties of nanoparticles dictate their biodistribution
and are responsible for discrepancy in hepatobiliary clearance [3-5].
The liver uptake of nanoparticles was reportedly dependent on their
sizes [6,7] and surface properties [8].

Insufficient tumor deposition and penetration due to their relatively
big size is another limiting factor for nanomedicines [9,10]. Small-sized
nanomedicines while exhibiting better tumor penetration are con-
fronted with reduced tumor retention [11,12]. To this end, sophisticated
nanoparticles with charge-reversal (negative to positive) [13,14], size
changeable [15,16], or active-targeting [17,18] properties were

explored. It is of critical importance for nanomedicines to find strategies
that are able to relegate liver deposition and increase tumor accumu-
lation as well as penetration. Tumor neovasculature and several types of
tumor cells are known to overexpress ayps integrin [19,20], which
renders it a highly interesting tool to enhance tumor retention as well as
internalization of nanomedicines [21]. Cyclic RGD (cRGD) peptide has
demonstrated particular specificity to ayfs integrin and clinical utility
[22]. cRGD-ZW800-1 has entered phase 2 clinical trial for intra-
operative NIR fluorescence imaging to assess tumor margin in cancer
patients [23]. cRGD conjugation has shown to greatly enhance tumor
accumulation and permeability of platinum(Il)-complexed micelles
[24]. Inadequate in vivo stability, drug leakage and fractional drug
release at the tumor site are further problems for most of the reported
nanomedicines [25]. The translation of nanomedicines has made very
little progress partly because previous studies have mainly focused on
only one or two of the many delivery issues. There are few reports on
design of nanomedicines that display excellent stability, low liver
deposition, high tumor uptake and penetration as well as fast release of
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drugs to the site of action.

Here, we find that integrin-targeting 24 nm robust biodegradable
micellar DTX (cRGD-MDTX) based on dithiolane trimethylene carbonate
(DTC) functionalized PEG-PLA is able to mitigate liver deposition, in-
crease tumor accumulation, and penetrate deep into tumor, resulting in
superior treatment of different solid tumor-bearing mice (Fig. 1A). We
previously demonstrated that nanomedicines based on DTC-containing
polymers hold a high stability and fast intracellular drug release
[26,27], though they typically cause an excessive liver deposition
because of large sizes. cRGD-MDTX was designed based on following
considerations: (i) to minimize liver deposition, it should be small
(average size <30 nm); (ii) to enhance tumor retention, it should be able
to bind tumor vasculature and tumor cells; and (iii) to penetrate tumors
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and to be efficiently internalized by tumor cells, ligand density should be
optimized. It is found that too strong affinity often retards tumor
penetration and tumor cell uptake [28]. This represents an initial elab-
oration on robust and actively targeted nanotherapeutics that is capable
of mitigating liver deposition, enhancing tumor uptake and penetration
as well as triggering intracellular drug release.

2. Experimental section
2.1. Synthesis and characterization of PEG-P(LA-DTC)

PEG-P(LA-DTC) was synthesized by ring-opening polymerization of
dithiolane trimethylene carbonate (DTC) and D,1-lactide (LA) using poly
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Fig. 1. Characteristics of cRGD-MDTX. (A) Illustration of formation and characteristics of cRGD-MDTX. (B) Size distribution profiles of ncMDTX, MDTX and cRGD-
MDTX. (C) Size changes of different formulations at 37 °C over 4 days. (D) DTX release profiles at pH 7.4 with or without 10 mM GSH in 24 h (polymer conc. 1 mg/

mL, n = 3).
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(ethylene glycol) (PEG, M, = 2.0 kg/mol) and 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU) as an initiating system. In brief, in a nitrogen
glove box, mPEG-OH (0.4 g, 200 pmol), DTC (0.14 g, 7.1 mmol) and LA
(0.2 g, 13.9 mmol) were dissolved in dichloromethane (DCM) (10 mL) in
a 25-mL Schlenk bottle, and then DBU (30 mg, 2 mmol) was added under
stirring. After 3 h, one drop acetic acid was added to terminate the re-
action , and the copolymer was recovered by precipitation twice in 20-
fold cold diethylether, filtration and drying under vacuum. Yield: 76%.
'H NMR (400 MHz, CDClz): PEG: 5 3.59 (-CH,CH,0-), 3.36 (CH30-);
PLA: § 5.14 (-COCHO-), 1.54 (CH3-); PDTC: 6 4.19 (-OCH2C-), 2.97
(-SCH2C-). The molecular weight distribution (M,,/M;) was determined
by gel permeation chromatography.

2.2. Preparation and characterization of DTX-loaded micelles cRGD-
MDTX

To prepare cRGD-MDTX with cRGD contents of 2%, 4% or 8%,
cRGD-PEG-PLA, mPEG-P(LA-DTC) and DTX dissolved in PEG350 (at 50,
200 and 100 mg/mL, respectively) were mixed at molar ratio of 2/98, 4/
96 or 8/92, and 50 pL of such mixture was injected into 950 pL of PB
(pH 7.4, 10 mM, 60 °C) to obtain clear dispersions. The drug-loading
content (DLC) was quantified via high performance liquid chromatog-
raphy (HPLC). Cy5-labled micelles were prepared by mixing 0.5%
(molar ratio) PEG-P(LA-DTC)-Cy5 to the above polymer mixture at 0.5/
4/95.5. Non-targeted and non-crosslinked formulations, MDTX and
ncMDTX, were prepared from mPEG-P(LA-DTC) and PEG-PLA, respec-
tively. Empty micelles, cRGD-Ms, Ms and ncMs, were prepared in the
same way but without DTX. The size, size distribution and stability in
FBS were monitored by dynamic laser scattering (DLS).

2.3. Cellular uptake of cRGD-MDTX

To study in vitro cellular uptake, PC3, A549, SKOV3 or MCF-7 cells
seeded in 6-well plates (3 x 10° /well) were incubated with Cy5 labeled
cRGD-MDTX or MDTX for 4 h, and harvested, washed and resuspended
for flow cytometry (FACS) analysis. For confocal laser scanning micro-
scope (CLSM) studies, PC3 cells were seeded on coverslips in 24-well
plates (3 x 10°/well) overnight and then cultured with Cy5 labeled
cRGD-MDTX and MDTX at 37 °C. After 4 h, the cells were washed, fixed
with 4% paraformaldehyde, and stained with diamidino-phenyl-indole
(DAPI) before CLSM observation. The inhibited uptake of Cy5 labeled
cRGD-MDTX by free cRGD (1 mg/mL) pretreated PC3 cells was similarly
conducted.

2.4. Invitro anti-tumor activity of cRGD-MDTX

In vitro cytotoxicity of MDTX and cRGD-MDTX was measured in o f3
overexpressing PC3, A549, SKOV3 cells and o3 low expressing MCF-7
cells using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assays. Typically, the cells in 96-well plates (2 x 10%/well)
were added with 20 pL of cRGD-MDTX, MDTX or free DTX (DTX conc:
0.001-10 pg/mL). After 4 h, the cells were cultured with fresh medium
for 44 h. MTT assays were then conducted according to the protocol. The
relative cell viability was determined by comparing the absorbance at
570 nm with control cells treated with only PBS (n = 6) and half-
maximal inhibitory concentration (ICsy) was calculated employing
Prism 7 four-parameter logistic equation.

2.5. Cell apoptosis and microtubule stabilization of cRGD-MDTX

For apoptosis study, PC3 cells in 6-well plates (5 x 10* cells/well)
were incubated with cRGD-MDTX, MDTX, free DTX (DTX conc: 30 ng/
mL) for 4 h, and subsequently incubated with fresh medium for 44 h.
Cells were then detached using EDTA-free pancreatin and stained with
10 pL PI and 5 pL Annexin V-Alexa Fluor 647 for 15 min before imme-
diate flow cytometry measurements.
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To visualize the microtubule polymerization, PC3 cells (3 x 10°
/well) on coverslips were treated with cRGD-MDTX or MDTX (DTX conc:
2 pg/mL) for 4 h and cultured in fresh medium for 44 h. Then the cells
were fixed for 15 min, blocked by 0.1% triton and 5% goat serum for 1 h,
and stained with o-tubulin antibody at 4 °C overnight. The cells were
sequentially stained by Alexa-680 labeled anti-rat IgG secondary anti-
body for 1 h and DAPI for 5 min. The immunofluorescence images of PC3
cells were attained by CLSM.

2.6. Animal models

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Soochow Uni-
versity (P.R. China) and approved by the Animal Ethics Committee of
Soochow University. To establish mouse model bearing subcutaneous
PC3 xenografts, PC3 cells (1 x 107 cells/mouse, 100 pL) were subcuta-
neously injected into the right flank of BALB/c nude mice. For prostate
cancer patient derived xenograft (PDX) model, prostate cancer patient
tumor tissues were collected with consent of the patient, which were
approved by the ethics committee of the First Affiliated Hospital of
Soochow University (Suzhou, P.R. China) in accordance with the
Declaration of Helsinki protocol. PDX model was set up by implanting
patient tumor bulk (50-100 mg) subcutaneously to the right flank of
NOD/SICD mice. At tumor volume of about 500 mm?, PDX tumors were
taken and cut into small pieces that were implanted (ca. 50 mm?) into
right flank of NOD/SICD mice.

Orthotopic A549 xenograft was established by injecting 50 pL A549-
Luc cells (1 x 10° cells/mouse) directly to the left lung lobe. The tumor
bioluminescence imaging was monitored using an IVIS imaging system.
Orthotopic SKOV3 xenograft was built by injecting 10 pL. SKOV3-Luc
cells (1 x 10° cells/mouse) to the right ovary that was exposed by sur-
gery. After sealing the wound, the tumor growth was monitored using
IVIS in vivo imaging system.

2.7. Pharmacokinetics and biodistribution studies

To investigate the pharmacokinetics of micellar DTX in healthy
BALB/c mice, 200 pL cRGD-MDTX, MDTX, ncMDTX or free DTX were
injected at DTX dose of 7.5 mg/kg (n = 3) via tail veins. At prescribed
time points blood samples (ca. 70 pL) were withdrawn from the retro-
orbital sinus, and 20 pL plasma was collected and added into 500 pL
methanol/acetonitrile (v/v, 1/1) overnight. After centrifugation, the
supernatants were evaporated, and 100 pL acetonitrile was added to
dissolve DTX in the residues. After filtration, DTX was quantified by
HPLC calculated from a standard curve acquired from the mixture of 20
pL plasma and DTX of known concentrations using the same method,
and plotted against time to analyze elimination half-life (t; /2 3) using PK
Solver.

To investigate the biodistribution, Cy5-labeled cRGD-MDTX and
MDTX were i.v. administered into the mice bearing subcutaneous PC3
xenografts (DTX dose: 7.5 mg/kg, 0.2 ug Cy5/mouse, n = 3). The mice
were scanned to track Cy5 signal at prescribed time points by IVIS. After
24 h, tumors and major organs were collected, weighed, and imaged
using IVIS system. Subsequently, tumors and organs were homogenized
in 1 mL methanol, and stored at r.t. for 24 h to extract DTX. After
centrifugation the supernatants were evaporated, and 0.1 mL acetoni-
trile was added. DTX content was quantified using HPLC and shown as
injected dose per gram of tissue (% ID/g).

To investigate the distribution of micellar DTX inside tumor tissues,
at 24 h post injection of Cy5-labeled cRGD-MDTX, the tumors were
sliced, treated with DAPI (staining nuclei), primary rat antibody CD31
and secondary Alexa Fluor 488-conjugated anti-rat IgG (staining blood
vessels) in that order. The peripheral and central regions of tumor slices
were imaged using CLSM.
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2.8. Treatment of cRGD-MDTX in mice bearing prostate CDX and PDX
models

At PC3 tumor volume of about 100 mm?, the mice were randomly
divided into seven groups (day 0): cRGD-MDTX with cRGD density of
2%, 4% or 8%, MDTX, ncMDTX, free DTX (DTX dose: 7.5 mg/kg) and
PBS (n = 5). DTX formulations were i.v. injected on day 0, 3, 6, and 9.
Body weight and tumor volume (V = W2 x L/2, where W and L are width
and length, respectively) of the mice were recorded every two days and
normalized to the initial values on day 0. On day 14 the mice were
sacrificed, blood was sampled for the detection of calcium ion and
phosphate concentrations using assay kits, and tumors were weighed for
calculating tumor inhibition rate (%) relative to PBS group. The major
organs and tumors were fixed with 4% paraformaldehyde, and stained
with terminal deoxynucleotidyl transferase-mediated nick end labeling
(TUNEL) and imaged using CLSM.

At PDX tumor volume of ca. 100 mm?, the mice were randomly
assigned into five groups (day 0): cRGD-MDTX, MDTX, ncMDTX, free
DTX (DTX dose: 7.5 mg/kg) and PBS (n = 5). DTX formulations were i.v.
administrated into the PDX mice on day 0, 3, 6, and 9. Body weight and
tumor volume were recorded every two days.

2.9. Therapeutic activity of cRGD-MDTX toward mice bearing orthotopic
solid tumor models

For the mice bearing orthotopic A549-Luc tumors, when lung
bioluminescence reached ca. 1 x 107 p/s/cmz/sr (day —1), the mice
were i.v. administered with cRGD-MDTX, MDTX, free DTX (DTX dose:
7.5 mg/kg) or PBS on day 0, 3, 6, 9 and 12 (n = 5). The mice were
weighed every two days, and scanned on day —1, 5, 11, 17 and 32 using
IVIS imaging system after injection luciferin potassium salt (75 mg/kg).
Body weight and bioluminescence were given relative to the values of
day —1. The survival rates of the mice were monitored, and the mice
with body weight loss over 15% were also consider dead.

At ovarian bioluminescence of SKOV3-Luc tumor-bearing nude mice
of 1 x 10° p/ s/cm>/sr (day —1), the mice were i.v. administered with
cRGD-MDTX, MDTX, free DTX (DTX dose: 7.5 mg/kg) or PBS (n = 5) on
day 0, 3, 6 and 9. Body weight, bioluminescence and survival rates of the
mice were tracked similarly as above.

2.10. Statistical analysis

Data were expressed as mean + s.d. Significant difference among
groups was judged by one-way ANOVA with Tukey multiple comparison
tests. Survival curves were analyzed by log-rank comparison test
employing Prism 7 software. *p < 0.05 was significant, and **p < 0.01
and ***p < 0.001 were highly significant.

3. Results and discussion
3.1. Synthesis of PEG-P(LA-DTC) and cRGD-PEG-PLA

Aiming at developing an integrin-targeting, ultra-small robust
biodegradable micellar DTX (cRGD-MDTX), we synthesized DTC-
functionalized PEG-PLA, PEG-P(LA-DTC) by ring-opening copolymeri-
zation of LA and DTC using mPEG-OH and DBU as an initiating system.
1 NMR spectrum illustrated besides signals attributable to PEG (6 3.60,
3.36) and LA moieties (§ 5.14, 1.54), also resonances assignable to DTC
(6 4.19, 2.97) (Fig. S1A). The degree of polymerization of DTC and LA
was determined by comparing the integrals of DTC at § 4.19 and LA at §
5.14 to PEG methylene at 5 3.60, respectively. The results showed that
PEG-P(LA-DTC) was acquired with a controllable M,, of 2.0-(1.0-0.7)
kg/mol and a unimodal distribution (My,/M,, of 1.14) (Fig. S2). cRGD-
PEG-PLA with an M, of 2.0-2.0 kg/mol was synthesized similarly via
ring-opening polymerization of LA with maleimide-functionalized PEG
(Mal-PEG, M, = 2 kg/mol), followed by Michael addition with cRGDfC.
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'H NMR spectra validated that the peak at 5 6.70 assignable to Mal
disappeared and the characteristic peak of cRGD appeared at &
7.13-7.27 (Fig. S1B, C), indicating successful conjugation. BCA assay
revealed a cRGD functionality of ca. 98%.

3.2. Fabrication of cRGD-MDTX

cRGD-MDTX was fabricated by injecting a PEG350 solution of DTX,
cRGD-PEG-PLA and PEG-P(LA-DTC) mixture into an aqueous solution.
cRGD-MDTX with varying DTX loading (5-15 wt%) and cRGD contents
(2%, 4% or 8%) could be facilely obtained with small and uniform hy-
drodynamic diameter (22 to 25 nm, PDI = 0.05-0.13, Fig. 1A) and
weakly negative surface charge (—3.47 ~ —0.43 mV) (Table 1). The
empty micelles, cRGD-Ms, had a similar size (Table S1). Static laser
scattering (SLS) measurement of cRGD-Ms illustrated a hydrodynamic
radius (Ry) of ca. 10.5 nm and Ryp/Rg = 0.759 (Fig. S3A), pointing to a
core-shell structure [29]. cRGD-Ms and Ms did not show critical micelle
concentration (CMC) at >0.1 pg/mL while ncMs made of PEG-PLA
displayed a CMC of ca. 9.4 pg/mL (Fig. S3B), confirming spontaneous
disulfide-core-crosslinking in cRGD-Ms and Ms. as previously reported
for DTC-containing polymersomes and micelles [26,30]. Consequently,
cRGD-MDTX and MDTX demonstrated markedly improved stability
compared with non-crosslinked ncMDTX (Fig. 1B). The clinical formu-
lation, Nanoxel-PM™, was indicated to be used within 4 h after re-
dissolution to prevent precipitation [31]. Nanodrugs maintaining
small size in vivo are vital to penetrate deep into tumors [32,33]. cRGD-
MDTX and MDTX quickly released 80% DTX with 10 mM glutathione
(GSH) in 24 h, while merely 15% DTX was leaked under a non-reductive
condition (Fig. 1C). In comparison, fast DTX release from ncMDTX was
discerned either with or without GSH.

3.3. Cellular uptake and inhibitory effect of cRGD-MDTX toward PC3
cells

cRGD is reported to have targetability to aps integrins that over-
express in many tumors and neovasculature [19,20,34,35]. Prostate
cancer PC3 cells over-expressing o,f3 [36,37] (Fig. S4) were used to
evaluate the targetability of cRGD-MDTX. The internalization of Cy5-
labeled cRGD-MDTX (cRGD content of 2%-8%) by the cells was
assessed using FACS. The results showed that 4% cRGD-MDTX had the
best uptake, which was 2.5-fold that of MDTX (Fig. 2A). CLSM
confirmed significantly higher internalization of Cy5-labeled 4% cRGD-
MDTX than Cy5-labeled MDTX in PC3 cells (Fig. 2B). The pretreatment
of PC3 cells with free cRGD peptide reduced cell uptake, verifying the
targeting effect cRGD-MDTX. 4% cRGD-MDTX was used in later studies
if not otherwise stated. This result emphasizes the importance for
nanomedicines to be equipped with a ligand and optimal density, as is
reported previously [38]. The observed best targetability for 4% cRGD-
MDTX is likely a balanced result from its steric hindrance, affinity, and
cell receptor binding. It has been found that a high ligand density might
reduce the total cellular uptake due to over-consumption of surface

Table 1
Characterizations of cRGD-MDTX and MDTX (n = 3).
Micelles DLC (wt%) Size ? (nm) PDI # Zeta " (mV)
5 22+1 0.08 + 0.01 —0.43 £ 0.09
MDTX 10 22 +1 0.05 £ 0.02 —0.77 + 0.08
15 25+ 2 0.13 £ 0.02 —2.8 £ 0.09
5 24 +2 0.12 £ 0.02 —3.19 + 0.02
4% cRGD-MDTX 10 24 +1 0.05 £ 0.01 —2.70 £+ 0.06
15 25+2 0.13 £0.03 —3.47 £ 0.09
2% cRGD-MDTX 10 23+1 0.10 £ 0.01 —0.82 + 0.02
8% cRGD-MDTX 10 25+2 0.09 £ 0.02 —2.37 £ 0.05
ncMDTX 10 25+1 0.07 £ 0.02 —1.37 £ 0.02

# Determined by DLS in PB (pH 7.4, 5 mM).
b Determined by an electrophoresis in PB (pH 7.4, 5 mM).
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Fig. 2. Cell uptake and antitumor activity of cRGD-
MDTX and MDTX in PC3 cells. (A) Flow cytometric
analysis of PC3 cells at 4 h incubation with Cy5-
labeled MDTX or cRGD-MDTX with various densities
of cRGD. (B) CLSM images of PC3 cells at 4 h incu-
bation with Cy5-labeled MDTX or cRGD-MDTX (free
cRGD pretreated PC3 cells as control). Scale bar: 75
pm. (C) Antitumor activity and (D) apoptotic activity
of ¢cRGD-MDTX and MDTX toward PC3 cells. (E)
Intracellular microtubule organization in PC3 cells
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receptors [39], and too strong affinity does not enhance but retards
tumor penetration [28]. The optimal ligand density also depends on
particle size, wherein smaller nanoparticles tend to have lower optimal
density [26,30]. A549 and SKOV3 cells were also found to overexpress
ayPs (Fig. S4), for which cRGD-MDTX again demonstrated greatly higher
cellular uptake than MDTX (Fig. S5A, B).

MTT assays unveiled that PC3 cells were very sensitive to DTX for-
mulations, in which cRGD-MDTX had the best inhibitory effect with an
ICsp of 29 ng/mlL, ca. 2.0-fold lower than that of MDTX (Fig. 2C). The
empty micelles, cRGD-Ms and Ms, did not show cytotoxic effect at high
concentration up to 1.0 mg/mL (Fig. S5C), signifying an excellent
biocompatibility. cRGD-MDTX also demonstrated considerably higher
inhibitory effect than MDTX in A549 and SKOV3 cells (Fig. S5D, E). In
contrast, similar ICsy was observed for cRGD-MDTX and MDTX in MCF-7
cells with low o B3 expression (Fig. S5F). The apoptosis assays exhibited
that cRGD-MDTX induced significantly higher apoptosis of PC3 cells
than MDTX and free DTX (Fig. 2D). CLSM images showed obvious ag-
gregation of microtubules (a-tubulin) surrounding the nuclei of PC3
cells after treating with cRGD-MDTX (Fig. 2E), pointing to a strong
inhibitive effect of microtubule depolymerization [40].

3.4. Pharmacokinetics and biodistribution of cRGD-MDTX

The pharmacokinetic studies in mice showed fast clearance of free
DTX with an t; 5,3 of 0.4 h (Fig. 3A). cRGD-MDTX and MDTX illustrated
prolonged circulation time with t;,55 of 4.9 and 5.0 h, respectively,
which were about two times longer than ncMDTX and clinical DTX
formulations, Nanoxel-PM™ and Taxotere [41]. The long t1 2,3 of cRGD-
MDTX and MDTX verified their better in vivo stability, owing to their
disulfide cross-linking [30].
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To study the biodistribution of the micellar DTX, Cy5-labeled cRGD-
MDTX and MDTX were i.v. administered into the PC3 tumor-bearing
mice, and the in vivo fluorescence images and ex vivo images of tumors
and main organs were acquired and DTX was quantified. In vivo imaging
showed that both micellar DTX formulations gathered swiftly in PC3
tumors at 1 h and were continuous to increase in 4 h (Fig. 3B). cRGD-
MDTX remained a high tumor accumulation from 4 to 24 h while
MDTX showed decrease of tumor accumulation. The ex vivo images and
its semi-quantitative analysis demonstrated much higher tumor accu-
mulation of cRGD-MDTX than MDTX at 24 h (**p, Fig. 3C, D). Moreover,
HPLC quantifications revealed that DTX content of cRGD-MDTX group
in tumors (8.3% ID/g) was ca. 3.1-fold that of MDTX group (Fig. 3E). Of
note, both MDTX and cRGD-MDTX induced a low liver accumulation, in
contrast to larger nanoparticles with similar surface properties [42] and
small-sized nanoparticles without core-crosslinking [43]. This indicates
that both particle size and core-crosslinking play a critical role in less-
ening liver accumulation. Moreover, cRGD-MDTX displayed slightly
higher kidney accumulation, though not significant, than MDTX (Fig. 3D
and E), which is likely due to expression of oyf3 integrin on kidney
podocytes [44]. Fig. 3F shows that cRGD-MDTX group had 1.8-3.8-fold
enhancement on tumor-to-normal tissue (T/N) ratios over MDTX group.
Interestingly, cRGD-MDTX enabled an extraordinary tumor-liver ratio of
2.8/1. T/N ratio is an important criterion for in vivo targetability [45],
and high T/N ratio of cRGD-MDTX validated its tumor selectivity.
Furthermore, tumor accumulation of cRGD-MDTX was enhanced by 2.9
folds from 3 h to 24 h post-injection (**p), in contrast to only slight
increase for MDTX group (Fig. 3G). BIND-014 showed 1.5 times increase
in tumor accumulation from 2 h to 12 h [46]. This greatly enhanced
tumor accumulation for cRGD-MDTX was probably due to its high
penetration and retention resulting from its small size and binding of
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Fig. 3. The pharmacokinetics and bio-
distribution of micellar DTX in mice
(DTX: 7.5 mg/kg). (A) Pharmacoki-
netics in healthy BALB/c mice. (B) In
vivo fluorescence images of the mice
bearing PC3 tumors post i.v. adminis-
tration of Cy5-labeled MDTX or cRGD-
MDTX. (C) Ex vivo images and (D)
semi-quantification of fluorescence in-
tensity of main organs and tumors at
24 h after administration (Cy5 dose:
0.2 pg/mouse). DTX biodistribution in
major organs and tumors (E) and tumor
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cRGD to tumor cells and vasculatures in PC3 tumors, in agreement with
the in vivo imaging result (Fig. 3B). The liver accumulation is a major
issue for nanomedicines. Typically, nanomedicines (size 30-200 nm)
showed low tumor-liver ratios ranging from 0.15 to 1.2 [47-49] and
rarely beyond 2.0 [50]. The present cRGD-MDTX may shine a light on
how to mitigate liver accumulation and enhance tumor retention.

The distribution of Cy5-labeled micellar DTX inside tumors at 24 h
post i.v. injection was examined using CLSM. The results showed strong
and widespread Cy5 fluorescence for cRGD-MDTX at both tumor pe-
riphery region (Fig. 4A) and central area (Fig. 4B). In stark contrast,
MDTX resided only in tumor periphery region and blood vessels. We
have shown previously that cRGD-decorated larger-sized micellar drugs
have poor tumor penetration [42]. The superior tumor deposition and
penetration of cRGD-MDTX is attributable to a combined effect of small
size, cRGD targeting and binding to o, p3-overexpressing tumor cells and
neovasculature in tumor tissues. It was reported that extracellular bar-
riers like high interstitial fluid pressure and lowered transcapillary
pressure gradients would prevent nanoparticles from penetration deep
inside tumors [51-53]. In comparison with the sophisticated nano-
particles with charge-reversal (negative to positive) [13,14] and size
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changeable [15,16] properties explored for enhancing tumor penetra-
tion, the present cRGD-MDTX is biodegradable and facile to produce,
representing a new strategy to promoting tumor distribution in solid
tumors.

3.5. Therapeutic activity of cRGD-MDTX to mice bearing PC3 xenografts

cRGD density is a critical parameter for antitumor efficacy of active-
targeting micellar drugs; however, its influence on tumor inhibition in
vivo is seldom reported. Encouraged by the long circulation and high
tumor penetration/deposition, we investigated therapeutic activity of
cRGD-MDTX with varying cRGD densities in nude mice bearing PC3
tumors. The tumor growth curves demonstrated that all cRGD-MDTX
were superior to MDTX, ncMDTX or free DTX (***p) at DTX dose of
7.5 mg/kg via iv. injection (Fig. 5A). Interestingly, 4% cRGD-MDTX
significantly arrested tumor progression, much more profoundly than
MDTX (***p), 2% cRGD-MDTX (**p), and 8% cRGD-MDTX (*p), in
agreement with in vitro MTT results, underscoring the critical role of
cRGD density of nanodrugs in in vivo antitumor activity. Free DTX and
ncMDTX had similar antitumor capability displaying limited tumor
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Fig. 4. CLSM images of Cy5-labeled cRGD-MDTX and MDTX at the margin (A) or in the center (B) of PC3 tumors at 24 h after i.v. injection. Red: micelles (Cy5), blue:
nuclei (DAPI), and green: blood vessels (Alexa 488 labeled anti-CD31 antibody). Scale bar: 50 pm. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

suppression compared to PBS group, while MDTX further reduced tumor
volume (*p). Considering their similar size, drug loading content and
surface property, the higher antitumor efficacy of MDTX than ncMDTX
was primarily owing to the disulfide-crosslinks induced by DTC moieties
in the micellar cores, which on one hand increase stability and prevent
premature drug release and on the other hand trigger rapid DTX release
inside tumor cells [45,54]. Meanwhile, all mice had constant body
weight during treatment (Fig. 5B), confirming low side-effect of the
formulations. The tumor inhibition rate (TIR) of 4% cRGD-MDTX on day
14 was ca. 94.6%, greatly higher than all other formulations (Fig. 5C).
TUNEL staining images of tumor slices validated that 4% cRGD-MDTX
induced enormous and widespread tumor apoptosis (Fig. 5D).

PC3 tumor was reportedly bone metastatic causing severe bone
damage [55]. Here, the plasma concentrations of calcium ions and
phosphate after treatment were determined. The results revealed indeed
significantly higher ions of PBS mice than those of healthy mice
(Fig. 5E). Of note, 4% cRGD-MDTX treated mice had drastically reduced
plasma mineral concentrations and was comparable to healthy mice,
verifying its protection from bone damage.

3.6. Therapeutic activity of cRGD-MDTX to mice bearing prostate PDX
tumor

We further assessed the efficacy of cRGD-MDTX in prostate PDX
model, which is the most relevant mouse model to clinics and frequently
applied for drug development. The prostate PDX tumor model was
established by subcutaneously inoculating tumor tissue of prostate
cancer patient in NOD SCID mice. The PDX tumor showed high
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expression of oy, and f3 integrins (Fig. S4). At tumor volume of ca. 100
mms, DTX formulations were i.v. administered on day 0, 3, 6 and 9 at
DTX dose of 7.5 mg/kg. The results revealed that compared to fast tumor
growth of PBS group, all four DTX formulations could inhibit tumor
growth (Fig. 6A). MDTX showed significantly better inhibitory effect
than ncMDTX and free DTX (**p). cRGD-MDTX was further superior to
MDTX (***p) with clear shrinkage of tumors on day 30 and with slight
gain in body weight (Fig. 6B).

3.7. Therapy of orthotopic A549 and SKOV3 xenograft bearing mice

DTX as broad-spectrum anticancer drug is clinically used for lung
and ovarian cancers [56,57]. Western blot results showed that human
non-small cell lung cancer A549 cells and ovarian cancer SKOV3 cells
had high expression of o, and B3 (Fig. S4). Based on the excellent per-
formance of cRGD-MDTX in prostate CDX and PDX models, we further
investigated the antitumor activity in the mice bearing orthotopic A549-
Luc or SKOV3-Luc tumor xenografts.

Orthotopic A549-Luc bearing mice were treated by iv. injection of
cRGD-MDTX (DTX: 7.5 mg/kg) at bioluminescence of 1 x 10° p/s/cm?/
sr and the bioluminescence was tracked in time. The in vivo imaging
exposed that tumor bioluminescence of free DTX and PBS groups rapidly
increased, while that of MDTX and cRGD-MDTX group drastically
reduced (Fig. 7A). The semi-quantitative bioluminescence intensity re-
sults showed that the relative intensity (I/Ip) of PBS group rapidly
increased to 16 on day 17, and the mice died before day 32 (Fig. 7B). The
Ii/Ip of free DTX, MDTX and cRGD-MDTX on day 32 was 21, 5 and 0.5
respectively, illustrating the pivotal role of the small micellar
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Fig. 5. Antitumor activity of cRGD-MDTX with various cRGD densities in PC3 tumor-bearing mice (n = 5) by i.v. administration on day 0, 3, 6, and 9 (DTX: 7.5 mg/
kg). MDTX, ncMDTX, free DTX, and PBS were as controls. (A) Tumor growth curves. (B) Relative body weight of mice. (C) Tumor inhibition rates (TIR), (D) TUNEL

images of tumor slices and (E) plasma concentrations of calcium ion and phosphate on day 14. Scale bar: 50 pm. *p < 0.05,

nanocarrier and cRGD targeting on efficient antitumor activity. Impor-
tantly, cRGD-MDTX and MDTX groups did not show body weight loss,
but PBS and free DTX groups lost body weight due to massive tumor
invasion (Fig. 7C). Notably, Kaplan-Meier survival curves disclosed the
significantly prolonged life spans of the mice treated with cRGD-MDTX
(***p) and MDTX (**p) compared with PBS and free DTX groups
(Fig. 7D). The median survival time (MST) of cRGD-MDTX (73 d) and
MDTX (50 d) groups was 2.8- and 1.9-fold that PBS group (26 d), as
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#*p < 0,01, ***p < 0.001.

compare to a 1.9-fold enhancement of MST by another DTX formulation
c¢NGQ-PS-DTX [45], corroborating with the strong antitumor efficiency
of cRGD-MDTX.

Toward the orthotopic SKOV3-Luc tumor model, the i.v. injection of
cRGD-MDTX and MDTX obviously repressed tumor development
(Fig. 8A). cRGD-MDTX treatment resulted in decreased bioluminescence
thus tumor shrinkage, and had the lowest tumor bioluminescence
among all groups (**p) (Fig. 8B) and constant body weights (Fig. 8C).
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(C) body weight relative to the values on day 0. (D) Kaplan-Meier survival curves. **p < 0.01, ***p < 0.001.
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cRGD-MDTX therapy greatly prolonged the MST to 75 days compared
with MDTX (61 d, **p) and free DTX (46 d, ****p) (Fig. 8 D). These
results are extraordinary because ovarian cancer is known highly chal-
lenging to treat mainly due to the inaccessibility of drugs deep inside
tumor tissues [58].

4. Conclusion

We have demonstrated that oyf3 integrin-targeting 24 nm robust
biodegradable micellar docetaxel (cRGD-MDTX) is able to mitigate liver
deposition as well as target and penetrate deep into various types of solid
tumors, resulting in superior chemotherapy of prostate CDX and PDX
tumor models, and orthotopic lung and ovarian tumor models. cRGD-
MDTX while simple is integrated with multiple intriguing features
such as small size, high stability, evident tumor targeting and pene-
trating ability, and responsive drug release. cRGD-MDTX presents a
unique and viable strategy to circumvent liver accumulation, rendering
it particularly appealing for clinical translation.
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