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A B S T R A C T

The clinical success of nanomedicines demands on the development of simple biodegradable nanocarriers that
can efficiently and stably encapsulate chemotherapeutics while quickly release the payloads into target cancer
cells. Herein, we report that cRGD-decorated biodegradable polytyrosine nanoparticles (cRGD-PTN) boost en-
capsulation and targeted delivery of doxorubicin (DOX) to colorectal cancer in vivo. The co-assembly of poly
(ethylene glycol)-poly(L-tyrosine) (PEG-PTyr) and cRGD-functionalized PEG-PTyr (mol/mol, 80/20) yielded
small-sized cRGD-PTN of 70 nm. Interestingly, cRGD-PTN exhibited an ultra-high DOX encapsulation with drug
loading contents ranging from 18.5 to 54.1 wt%. DOX-loaded cRGD-PTN (cRGD-PTN-DOX) was highly stable
against dilution, serum, and Triton X-100 surfactant, while quickly released DOX in HCT-116 cancer cells, likely
resulting from enzymatic degradation of PTyr. Flow cytometry, confocal microscopy and MTT assays displayed
that cRGD-PTN-DOX was efficiently internalized into αvβ5 overexpressing HCT-116 colorectal cancer cells, ra-
pidly released DOX into the nuclei, and induced several folds better antitumor activity than non-targeted PTN-
DOX and clinically used liposomal DOX (Lipo-DOX). SPECT/CT imaging revealed strong tumor accumulation of
125I-labeled cRGD-PTN, which was 2.8-fold higher than 125I-labeled PTN. Notably, cRGD-PTN-DOX exhibited
over 5 times better toleration than Lipo-DOX and significantly more effective inhibition of HCT-116 colorectal
tumor than non-targeted PTN-DOX control, affording markedly improved survival rate in HCT-116 tumor-
bearing mice with depleting side effects at 6 or 12mg DOX equiv./kg. cRGD-PTN-DOX with great simplicity,
robust drug encapsulation and efficient nucleic drug release appears promising for targeted chemotherapy of
colorectal tumor.

1. Introduction

Colorectal cancer remains one of the leading causes of cancer-re-
lated death worldwide [1,2]. Surgery is the primary therapeutic
strategy for colorectal cancer, however, nearly half of the patients have
recurrence and metastasis after resection [3,4]. Chemotherapy based on
fluorouracil, capecitabine, oxaliplatin, and irinotecan although has
been routinely employed in the clinics for the treatment of colorectal
cancer, often exhibits drug resistance and pronounced toxicity to
healthy organs [5,6]. Nanomedicines hold great promise in increasing
therapeutic efficacy while decreasing adverse effects of chemical drugs
[7–9]. Interestingly, liposomal irinotecan (Onivyde®) and liposomal
oxaliplatin (Lipoxal) have already been approved or advanced into
clinical trials to treat colorectal cancer [10,11]. None of these nano-
medicines, however, demonstrate decent colorectal cancer cell

selectivity.
The past decade has witnessed vast development of targeted cancer

nanomedicines [12–14]. Nanosystems based on biodegradable polye-
sters and polypeptides have received particular interests [15–20], be-
cause of their proven safety. For targeted therapy, drug loading, na-
nomedicine stability and drug release control are critical issues. To
enhance drug loading and stability, micelle-forming polypeptides were
grafted with doxorubicin, benzyl alcohol, and 4-phenyl-1-butanol that
afford elevated hydrophobic interactions and π-π stacking [21,22], or
cinnamyl, dihydroxyphenylalanine, lipoid acid, and cystine groups that
stabilize nanosystems via chemical crosslinking [23–29]. To facilitate
drug release at tumor sites, bioresponsive polypeptides have been ex-
tensively explored [30,31]. For example, pH-responsive polymeric na-
noparticles developed from poly(L-histidine), poly(L-aspartate) and
poly(L-glutamate) derivatives with N,N´-diethylethylenediamine,
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histamine, and 2-(diisopropylamino) ethylamine were shown to swell
and dissociate at acidic tumor environment, resulting in accelerated
drug release [32–35]. Redox-responsive polypeptide nanovehicles that
enhance drug release under intracellular reduction environment have
been fabricated from poly(L-cystine), poly(L-cysteine), and polypeptide
derivatives [36–39]. In spite of devoted work toward targeted cancer
nanomedicines, no such polypeptide system has entered clinical set-
tings to date, partially owing to the fact that designed targeted nano-
medicines are too sophisticated to translate [40,41]. Interestingly, we
recently found that polytyrosine nanoparticles (PTN) based on PEG-
PTyr diblock copolymer are robust and display high loading and fast
intracellular release of doxorubicin (DOX), which could be attributed to
existence of π-π stacking and enzymatic degradation, respectively [42].
PTN provides a simple while multifunctional biodegradable vehicle for
targeted cancer therapy.

Here, we report on construction of cRGD-PTN for robust en-
capsulation and targeted delivery of DOX to colorectal cancer in vivo
(Scheme 1). cRGD has been extensively explored to improve nanome-
dicine's affinity and uptake by αvβ5 and αvβ3 integrin overexpressing
cancer cells including HCT-116 colon cancer cells [43–47]. Interest-
ingly, 125I radiolabeling reveals that cRGD decoration affords 2.8-fold
better accumulation of PTN in HCT-116 colon tumor in mice. cRGD-
PTN-DOX shows over 5 times higher toleration compared with

clinically used Lipo-DOX and induces effective inhibition of HCT-116
colorectal tumor with depleting side effects.

2. Experimental methods

2.1. Synthesis of cRGD-PEG-PTyr copolymer

Acrylated PEG-PTyr (AA-PEG-PTyr) was firstly prepared through
controlled polymerization of Tyr-NCA using AA-PEG-NH2 as an in-
itiator, similar to a previous report [42]. cRGD-PEG-PTyr copolymer
was obtained by thiol-ene reaction of AA-PEG-PTyr with cRGDfC (Fig.
S1). In brief, a solution of AA-PEG-PTyr (110.0 mg, 10 μmol AA group)
in DMF (2.0 mL) was added to a solution of cyclic RGDfC peptide
(cRGD, 9.8 mg, 12 μmol) in DMF (1.0mL), followed by UV irradiation
(320–390 nm, 50mW/cm2) for 10min in the presence of I2959 pho-
toinitiator. The product was purified by dialysis (MWCO 7000) in D.I.
water for 48 h followed by lyophilization to obtain cRGD-PEG-PTyr.
Yield: 78.0%. Cy5-labeled PEG-PTyr (Cy5-PEG-PTyr) was acquired
through the reaction of Cy5-NHS with terminal amino groups of PEG-
PTyr.

125I–labeled PEG-PTyr copolymer (125I-PEG-PTyr) was obtained by
the reaction of PEG-PTyr (5.0 mg, 5.1× 10−4 mmol) with Na125I in
DMF (200 μL, 216 μCi) at room temperature (r.t.) for 15min. Excess

Scheme 1. Illustration of cRGD-decorated polytyrosine nanoparticles (cRGD-PTN) for robust encapsulation and targeted delivery of DOX to HCT-116 colorectal
tumor in mice. cRGD-PTN is co-assembled from PEG-PTyr and cRGD-PEG-PTyr (4/1, mol/mol). DOX is efficiently and robustly encapsulated in cRGD-PTN through π-
π stacking. DOX-loaded cRGD-PTN has a long circulation time, efficiently accumulates in the tumor, and is internalized by HCT-116 cells via receptor-mediated
mechanism. In HCT-116 cells, PTyr is subject to enzymatic degradation, triggering DOX release and cell death.
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Na125I was removed by exhaustive dialysis (MWCO 7000 Da) in HEPES
(pH 7.4, 10mM). The radioactivity of 125I-PEG-PTyr was measured by
radioactivity meter (Beijing Heng Odd Instrument Co., Ltd). The effi-
ciency of iodine exchange reaction calculated by dividing the initial
radioactivity of Na125I with the radioactivity of 125I-PEG-PTyr was 51%.

2.2. Fabrication of blank and DOX-loaded cRGD-PTN

Blank cRGD-PTN was fabricated from PEG-PTyr and cRGD-PEG-
PTyr via solvent exchange method. Briefly, a solution (5.0 mg/mL,
100 μL) of PEG-PTyr and cRGD-PEG-PTyr mixture at a molar ratio of
4:1 in DMF was added dropwise to HEPES (10mM, pH 7.4, 900 μL),
followed by exhaustive dialysis (MWCO 7000) in HEPES. Cy5-labeled
cRGD-PTN (Cy5-cRGD-PTN) was similarly prepared except that 10mol
% of Cy5-PEG-PTyr was mixed in polymer solution. 125I–bearing cRGD-
PTN (125I-cRGD-PTN) was similarly prepared by dropwise addition of
125I-PEG-PTyr and cRGD-PEG-PTyr at a molar ration of 4:1 in DMF to
900 μL of HEPES.

cRGD-PTN-DOX was fabricated by dropwise adding a DMF solution
of block polymer and predetermined amount of DOX (10mg/mL in
DMSO) into the HEPES (pH 7.4, 10 mM) prior to extensive dialysis
against HEPES. The solution of cRGD-PTN-DOX was diluted with DMF
(30-fold) to extract the encapsulated DOX, and the amount of DOX was
measured by fluorometry (ex. 480 nm, em. 560 nm). The drug loading
content (DLC) and drug loading efficiency (DLE) were determined as

the following:
DLC (wt%)= (weight of encapsulated DOX/total weight of polymer

and encapsulated DOX)×100.
DLE (%)= (weight of encapsulated DOX/feed weight of

DOX)× 100.

2.3. In vivo biodistribution

The mice were handled under protocols approved by the Animal
Care and Use Committee of Soochow University. Human HCT-116
colorectal tumor xenografts were acquired via subcutaneous implanta-
tion of minced colorectal tumor tissue into Balb/c nude mice. When
tumor size reaching 100–200mm3, Cy5-PTN and Cy5-cRGD-PTN
(200 μL, Cy5 concentration: 25 μg/mL) were intravenously adminis-
tered into the tumor-bearing mice through the tail. A near-infrared
fluorescence imaging system (Caliper IVIS Lumina II) was employed to
collect the whole body Cy5 fluorescence images at predetermined time
points. For ex vivo imaging, mice were administered with PTN-DOX and
cRGD-PTN-DOX (DOX concentration: 10mg DOX equv./kg). The tumor
and major organs were harvested at 4 h post injection to acquire DOX
fluorescence images.

The biodistribution and tumor targetability of cRGD-PTN was fur-
ther studied using SPECT/CT. Briefly, 125I-cRGD-PTN or 125I-PTN with
a dose of 108 μCi/kg was administered into BALB/c nude mice via in-
travenous injection when the volume of HCT-116 tumors reached about
100–200mm3. SPECT/CT images were collected using U-SPECT/CT
(MILabs, Netherlands).

2.4. In vivo antitumor efficacy

The therapeutic effect of cRGD-PTN-DOX and PTN-DOX was as-
sessed using nude mice bearing HCT-116 tumor. When the tumors grew
up to around 100mm3, the mice were intravenously administrated with
4 doses of cRGD-PTN-DOX (6 or 12mg DOX equiv./kg), PTN-DOX
(6mg DOX equiv./kg), Lipo-DOX (6mg DOX equiv./kg), and blank
cRGD-PTN every 4 days, respectively. The tumor volume was de-
termined using the formula V=0.5× L×W2 (L: tumor dimension at
the longest point, W: tumor dimension at the widest point). The max-
imum tolerated dose (MTD) was investigated in tumor-free nude mice.
Following a single intravenous injection of cRGD-PTN-DOX (60, 80 and
100mg DOX equiv./kg) or Lipo-DOX (10 and 20mg DOX equiv./kg),
mice were observed and weighted within 7 days. The MTD was de-
termined as the highest dose that does not lead to death, abrupt body
weight loss (> 15%), and the appearance of intolerable toxicity.

2.5. Statistical analysis

Data were displayed as mean ± S.D. One-way analysis of variance
(ANOVA) with Bonferroni correction was employed to assess the dif-
ferences between groups. *p < .05, and **p < .01 as well as
***p < .001 were indicated significant and highly significant, respec-
tively.

3. Results and discussion

3.1. Synthesis of cRGD-PEG-PTyr copolymer

cRGD-PEG-PTyr copolymer was synthesized by controlled poly-
merization of Tyr-NCA in DMF using heterobifunctional AA-PEG-NH2

(Mn= 6.0 kg/mol) as an initiator, followed by thiol-ene reaction with
cRGDfC peptide. Fig. 1A shows the 1H NMR spectrum of AA-PEG-PTyr
in which characteristic signals of AA group were discerned at δ
5.12–5.26 and 5.86, PTyr at δ 9.08, 6.94, 6.58, 4.42, 2.83 and 2.64, and
PEG at δ 3.51. The degree of polymerization (DP) of PTyr in AA-PEG-
PTyr was calculated to be 30.0 by comparing the integrals at δ 6.58 and
3.51. AA-PEG-PTyr copolymer displayed an Mn of 13.9 kg/mol and
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Fig. 1. 1H NMR spectra (600MHz, DMSO‑d6) of AA-PEG-PTyr (A) and cRGD-
PEG-PTyr (B).
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narrow distribution (Mw/Mn= 1.09) as characterized by GPC mea-
surements (Fig. S2). The thiol-ene reaction between AA-PEG-PTyr and
cRGDfC peptide was conducted in DMF with 10min UV irradiation.
Fig. 1B showed that cRGD-PEG-PTyr possessed besides the peak of PTyr
and PEG, also resonances of cRGD at δ 7.07–7.13. Meanwhile, the
signals at δ 5.12–5.86 attributed to acrylate group disappeared, sig-
nifying the successful conjugation of cRGD. Using 9, 10-phenan-
thraquinone method [48], the degree of cRGD conjugation of cRGD-
PEG-PTyr was further quantified to be 94%.

3.2. Preparation of cRGD-PTN and cRGD-PTN-DOX

The self-assembly of PEG-PTyr and cRGD-PEG-PTyr led to the for-
mation of monodisperse nanoparticles (cRGD-PTN) possessing a mean
size of 70 nm and low PDI of 0.12 (Fig. 2A). The size and size dis-
tribution was further visualized by TEM images. Upon treating with
proteinase K (6 U/mL), cRGD-PTN displayed significantly enlarged size
in 2 h (Fig. S3A). The fast enzymatic responsivity of cRGD-PTN could be
attributed to the mild hydrophilicity of micellar core resulting from
phenolic hydroxyl groups of PTyr segments, facilitating their access to
enzymes. In contrast, many polypeptide-based nanoparticles with PEG
shielding exhibited impeded enzymatic degradability [20,49]. Taking
advantages of strong π-π stacking interactions between DOX and phenyl
groups of PTyr block, cRGD-PTN displayed an extraordinary drug
loading capacity with drug loading contents of 18.5–54.1 wt%
(Table 1). Besides π-π stacking [50,51], several other physical strategies
including electrostatic interactions [52,53], hydrogen bonding [54,55],
and donor-acceptor interaction [56] have been recently introduced into
polymeric nanoparticles to achieve superb loading of different drugs.
DOX-loaded nanoparticles (cRGD-PTN-DOX) did not show obvious size
change upon adding 10% FBS and a hydrophobic interaction compe-
titor, Triton X-100 (Fig. 2B–C), indicating that cRGD-PTN-DOX is ex-
traordinarily stable. The robustness of PTN-DOX and cRGD-PTN-DOX
was further verified by their little size change in PBS within 7 days (Fig.
S4). Fig. 2D displays that PEG-PTyr copolymer induced obvious fluor-
escence quenching of DOX (5.0 μg/mL) as a result of proximal

intermolecular interaction between DOX and PTyr block, and the
fluorescence intensities decreased with increasing concentrations of
PEG-PTyr. In contrast, PEG-poly(ε-caprolactone) (PEG-PCL) displayed
little fluorescence quenching for DOX under otherwise the same con-
ditions. The quenching of DOX fluorescence implies strong inter-
molecular interactions between PTyr and DOX. Similar DOX fluores-
cence quenching was observed in coumarin, chrysin or epigallocatechin
gallate (EGCG)-containing nanoparticles [51,57]. It has been reported
that intermolecular interaction between paclitaxel and naphthyl-func-
tionalized micelles could be examined through 2D NOESY NMR [58].
Using similar strategy, we further investigated the intermolecular cor-
relation of PTN-DOX, and the results showed that there exist clear cross-
peaks at δ 6.5–7.8 (Fig. 2E), corroborating the strong intermolecular π-
π stacking interactions between aromatic protons of PTyr and DOX. The
in vitro release studies revealed that about 87% of DOX was released in
24 h in PBS containing proteinase K (6 U/mL), while< 19% of DOX
was released under enzyme-free conditions (Fig. S5). To explore the
drug release profile in cancer cells, cRGD-PTN-DOX at a dose of 100 μg/
mL of DOX was used to facilitate the accurate quantification of DOX by
fluorescence measurement and avoid severe toxicity in cancer cells. The
results revealed that cRGD-PTN-DOX following 10 h incubation with
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Fig. 2. (A) Size distribution of cRGD-PTN measured
by DLS and TEM. (B) Colloidal stability of cRGD-
PTN-DOX against dilution and 10% FBS. (C)
Hydrodynamic size of cRGD-PTN-DOX as a function
of concentrations of hydrophobic competitors,
Triton X-100. (D) Assessment of intermolecular in-
teractions between PEG-PTyr and free DOX (5.0 μg/
mL) in DMF by fluorescence measurements. (E) 1H
NMR 2D nuclear Overhauser effect spectroscopy
(NOESY) of PTN-DOX in D2O (5.0–8.0 ppm).

Table 1
Characterization of cRGD-PTN-DOX.

Entry DLC (wt%) DLEa

(%)
Sizeb

(nm)
PDIb Zetac

(mV)
theory determineda

1 20 18.5 90.7 93 0.11 −3.2
2 30 27.0 86.3 105 0.13 −3.1
3 40 35.5 82.6 121 0.15 −3.0
4 50 44.5 80.1 129 0.18 −2.5
5 60 54.1 78.6 145 0.19 −2.2

a Determined by fluorescence measurement.
b Determined by DLS analysis.
c Measured by electrophoresis.
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HCT-116 colorectal cancer cells exhibited nearly 90% drug release (Fig.
S6). These results indicate that cRGD-PTN possesses not only robust and
high encapsulation of DOX but also triggered intracellular drug release,
which are both critical for targeted chemotherapy.

3.3. Selectivity and cytotoxicity of cRGD-PTN-DOX to HCT-116 cancer
cells

Antiproliferation effect of cRGD-PTN-DOX was explored using MTT
assays in αvβ5 integrin positive HCT-116 cells. Fig. 3A shows that

cRGD-PTN-DOX exhibited remarkable cytotoxicity with a half-maximal
inhibitory concentration (IC50) of 6.7 μg/mL, which was 3.1-fold and
5.9-fold lower than that of the non-targeted PTN-DOX (20.8 μg/mL)
and clinically used Lipo-DOX formulations (39.5 μg/mL), respectively.
Noticeably, the blank PTN and cRGD-PTN were practically non-toxic,
and displayed a high cell viability of over 91% at concentrations of
0.1–1.0mg/mL (Fig. S7). While the maximum concentration of cRGD-
PTN used for the anitiproliferation evaluation of cRGD-PTN-DOX (50 μg
DOX equiv./mL) was 0.13mg/mL. Besides, natural amino acid is the
only degradation byproduct of cRGD-PTN, further signifying its in vivo
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biocompatibility. Nanoparticles based on polypeptides possess good
safety and have been broadly investigated for cancer therapy and di-
agnosis [59–61]. In order to explore the internalization of DOX-loaded
nanoparticles, we have measured the amount of DOX in HCT-116
cancer cells following 4 h incubation with cRGD-PTN-DOX and PTN-

DOX. The results showed that about 41.3% and 72.9% of DOX were
internalized into HCT-116 cells with PTN-DOX and cRGD-PTN-DOX,
respectively. Flow cytometry further showed that cRGD-PTN-DOX
could be efficiently internalized in HCT-116 cells, and the amount of
cellular uptake was around 2-fold and 18-fold higher than that of non-
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targeting counterpart (PTN-DOX) and Lipo-DOX, respectively (Fig. 3B).
Pretreating HCT-116 cells with free cRGD peptide (2mg/mL) for 4 h
before adding cRGD-PTN-DOX led to clearly decreased cellular uptake,
further corroborating cRGD plays an important role in the cellular
uptake of cRGD-PTN-DOX. Fig. 3C exhibited that HCT-116 cells treated
with cRGD-PTN-DOX revealed strong DOX fluorescence in the nuclei,
suggesting that cRGD-PTN-DOX could efficiently target to αvβ5 over-
expressing cancer cells and achieve fast intracellular drug release. In
contrast, PTN-DOX and Lipo-DOX revealed much weaker DOX fluor-
escence and most DOX was located in the cytoplasm under otherwise
the same conditions. The different distribution of DOX in HCT-116 cells
could be attributed that cRGD-PTN-DOX had higher and faster cellular
uptake via αvβ5 integrin-mediated internalization in comparison with

PTN-DOX, which has been also observed in A549 and U87 cancer cells
treated with cRGD-decorated micelles and polymersomes [44,62]. As
expected, pretreating HCT-116 cells with free cRGD significantly re-
duced DOX fluorescence in the nuclei. These results confirm that cRGD-
PTN-DOX can actively target to HCT-116 cells and quickly release DOX
into the nuclei, giving high antitumor activity to HCT-116 cells.

3.4. In vivo pharmacokinetics and biodistribution

The in vivo pharmacokinetics was explored by measuring the plasma
DOX levels of mice administrated with a single dose of cRGD-PTN-DOX.
Noticeably, cRGD-PTN-DOX exhibited an extended blood circulation
time with an elimination phase half-life of 3.12 h (Fig. 4A), in com-
parison with free DOX and many reported non-crosslinked nano-
particles [63,64]. The prolonged blood circulation time of cRGD-PTN-
DOX could attribute to their high stability conferred by π-π stacking
interactions between drug and PTyr moieties. To visualize the in vivo
tumor-targeting effect, HCT-116 bearing nude mice were administered
intravenously with Cy5-labeled cRGD-PTN and PTN, and then imaged
using a near-infrared fluorescence imaging system. Fig. 4B showed that
cRGD-PTN group presented significant Cy5 fluorescence in the tumor at
2 h post injection, and the fluorescence intensity was elevated at 4–8 h
and remained sharp even at 24 h. In comparison, mice treated with Cy5-
labled PTN displayed much weaker Cy5 fluorescence at the same ex-
perimental period. Moreover, mice treated with cRGD-PTN-DOX ex-
hibited much stronger DOX fluorescence in tumor than any other or-
gans (Fig. 4C), corroborating that cRGD-PTN has good tumor
selectivity. In contrast, PTN-DOX group exhibited clearly weaker DOX
fluorescence in tumor, while strongest DOX fluorescence in the liver
and kidney. We further quantified DOX distributed in tumor and
normal tissues at 4 h post-injection of cRGD-PTN-DOX. The results re-
vealed a boosted tumor DOX accumulation of 9% ID/g, which was
around two times higher than that for PTN-DOX (Fig. 4D).

Taking advantages of facile substitution of ortho-H of tyrosine with
radioactive iodine [65–67], we prepared 125I-labeled PTN and cRGD-
PTN to monitor their in vivo biodistribution and tumor targetability by
SPECT. 125I-labeled PEG-PTyr was easily obtained by iodine exchange
reaction with an efficiency of 51%. Fig. 5A shows clearly that 125I-
cRGD-PTN gave markedly enhanced accumulation in the HCT-116
colorectal tumor than non-targeted 125I-PTN. The tumor accumulation
increased from 4 to 24 h post-injection. The quantification of radio-
activity reveals that 125I-cRGD-PTN afforded a high tumor accumula-
tion of 11.2% ID/g at 24 h, which was 2.8-fold higher than 125I-PTN
(Fig. 5 B).
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Fig. 6. In vivo therapeutic efficacy of cRGD-PTN-DOX. (A) Tumor volume
changes of mice treated with cRGD-PTN-DOX, PTN-DOX, Lipo-DOX, cRGD-PTN
and PBS, respectively (n=6). (B) Body weight changes of mice in different
treatment groups within 16 d (n=6). “#” indicates one mouse died during
treatment. (C) Survival rates of mice treated with different formulation within
50 d.
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3.5. In vivo therapeutic efficacy

The in vivo antitumor activity of cRGD-PTN-DOX was evaluated
using HCT-116 tumor-bearing nude mice. cRGD-PTN-DOX was ob-
served to significantly inhibit tumor growth at a dosage of 6mg/kg,
which was significantly better than PTN-DOX (p < .01) (Fig. 6A),
supporting that cRGD peptide can actively target to HCT-116 tumor.
Increasing the dosage of cRGD-PTN-DOX to 12mg DOX equiv./kg af-
forded nearly complete suppression of tumor growth. The images of
tumors harvested on day 16 revealed that mice administered with
12mg DOX equiv./kg cRGD-PTN-DOX exhibited the smallest tumor size
(Fig. S8). Noticeably, mice following the treatment with cRGD-PTN-
DOX at both high and low dosages revealed negligible body weight loss
(Fig. 6B), suggesting that DOX encapsulated in cRGD-PTN generated
little systemic toxicity. In contrast, Lipo-DOX group exhibited obvious
body weight loss (> 15%) and even death from day 10. Besides, mice
treated with cRGD-PTN-DOX at both 6 and 12mg DOX equiv./kg all
survived within the experimental period of 50 d, while Lipo-DOX, PTN-
DOX, blank cRGD-PTN and PBS groups displayed median survival times
of 23 d, 37 d, 31 d and 28 d, respectively (Fig. 6C). cRGD-PTN-DOX was
observed to generate significant tumor cell necrosis as a characteriza-
tion of nuclei lysis (Fig. S9), but little damage to healthy organs (Fig.
S10). Lipo-DOX though induced cell death at tumor sites also instigated
obvious side effect including significant hepatotoxicity. Maximum-tol-
erated dose (MTD) measurement exhibited that cRGD-PTN-DOX dis-
played a remarkably high MTD (>100mg DOX equiv./kg), in sharp
contrast with the low MTD of Lipo-DOX (< 20mg DOX equiv./kg)
(Fig. 7). The remarkably high MTD of cRGD-PTN-DOX likely resulted
from its high stability, minimum drug leakage, elevated biodistribution
and favorable cellular uptake. cRGD-PTN-DOX with potent therapeutic
efficacy, enlarged therapeutic window, and little systemic toxicity holds
a great potential in clinical translation.

4. Conclusions

We have demonstrated that cRGD-decorated polytyrosine nano-
particles (cRGD-PTN) are a simple and yet multifunctional biodegrad-
able nanovehicle that possesses not only a high encapsulation of dox-
orubicin (DOX, 18.5–54.1 wt%), superb stability, extended blood
circulation time, and triggered drug release inside cancer cells, but also
high selectivity toward HCT-116 colorectal cancer cells and sig-
nificantly improved tumor accumulation in comparison with the non-
targeted PTN control. Interestingly, cRGD-PTN-DOX exhibits over 5
times better toleration than clinically used liposomal DOX formulation.
The therapeutic studies reveal that cRGD-PTN-DOX can effectively in-
hibit growth of HCT-116 colorectal tumor at 6 or 12mg DOX equiv./kg
without causing pronounced systemic toxicity, leading to markedly
improved survival rate in HCT-116 tumor-bearing mice. The great
simplicity, good safety and multi-functionality of cRGD-PTN make it a
truly unique and appealing platform for clinical translation.
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