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Synthetic polymers used in medicine, such as poly(ethylene gly-
col) (PEG), generally have no therapeutic activities but are used 
as excipients1–3. In recent decades, polymers have been increas-

ingly employed as nanocarriers to encapsulate or conjugate anti-
tumour agents, including protein drugs such as neocarzinostatin, 
small-molecule chemotherapeutic drugs such as doxorubicin, and 
nucleic acid drugs such as DNA and small interfering RNA (siRNA), 
to fabricate various nanomedicines, in order to improve their phar-
macokinetics and tumour accumulation, and thereby reduce adverse 
effects of drugs and increase their therapeutic efficacy2,4,5.

Recently, a few synthetic polymers have been found to have 
some intrinsic pharmaceutical activities6,7. For instance, poloxam-
ers are shown to inhibit the activity of adenosine triphosphate-
binding cassette pumps in multidrug resistant (MDR) tumours8. 
Dendrimers, the highly branched three-dimensional macromol-
ecules with precise molecular structures9, have been endowed 
with bioactivities mainly from their surface functionalities10–12. 
For instance, dendrimers with amine or hydroxyl surfaces13 and 
dendritic polyglycerol sulfates14 or dendrimer-like PEG glycopoly-
mers15 were found to have anti-inflammatory activity by inhibiting 
related enzymes, whereas azabisphosphonate-capped dendrimers 
directed monocytes towards anti-inflammatory activation and 
exerted therapeutic effects against rheumatoid arthritis16,17. Vivagel 
(SPL7013 gel), with a naphthalene disulfonate-terminated poly-
l-lysine (PLL) dendrimer as the active ingredient, has potent 
human immunodeficiency virus-1 and herpes simplex virus-2 
inhibitory activity18 and is currently in clinical trial phase III. 
Furthermore, highly cationic polypropylene imine (PPI) and PLL 
dendrimers with an amine surface showed some in vivo antican-
cer and anti-angiogenesis activities19,20. However, given that these 
polymers have some intrinsic (that is, functioning without active 
pharmaceutical ingredients) therapeutic activities19–22, none is yet 
sufficiently potent as an anticancer drug.

Exemplified by natural therapeutic polymers such as antibod-
ies23,24, polymers are particularly advantageous as macromolecular 
drugs25 in their nanoscale hydrodynamic sizes and multivalence, 
which may render them long blood-circulation times1–3 and 
tumour accumulation26 as well as high selectivity and activity27–29. 
Here, we present a readily built polyacylthiourea dendrimer  
that per se can efficiently inhibit the growth of various tumours 
including MDR tumours, and even efficiently inhibit tumour metas-
tasis. More significantly, in contrast to cytotoxin-based anticancer 
drugs that cause adverse effects due to unintended intoxication of 
healthy cells, this dendrimer can be considered non-cytotoxic and 
has low acute and subacute in vivo toxicities with an intravenous 
(i.v.) median lethal dose (LD50) greater than 1 g kg−1 in mice, and 
thus causes almost no noticeable adverse effects during the treat-
ments. The dendrimer is the first non-cytotoxic dendrimer of 
inherent and potent in vivo anticancer activity.

Results
Dendrimer synthesis and properties. Isothiocyanates (R-NCS) react 
with amines and produce thiourea moieties without byproducts. The 
reaction is highly efficient without need of catalyst and insensitive to 
oxygen and water, meeting all the criteria of click chemistry30. It has 
been extensively used in various bioconjugations and even dendron 
ligation31. The thiol/methacrylate-based Michael addition reaction is 
another proven click reaction32. Accordingly, two orthogonal mono-
mer pairs—2,2-bis(methacryloyloxymethyl)propionyl isothiocyanate 
(BMAITC)/cysteamine (CA) and 2,2-bis(methacryloyloxymethyl)
ethyl isothiocyanate (BMITC)/CA—were prepared to construct poly-
acylthiourea (PATU) and polythiourea (PTU) dendrimers, respec-
tively, as illustrated in Fig. 1 and Supplementary Scheme 1.

Tris(2-aminoethyl)amine, as the core-forming compound, 
reacted with a slight excess of BMAITC (BMAITC/NH2 =  1.1) and 
produced the first-generation (G1) PATU dendrimer with three 
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acylthiourea groups and six methacrylate termini. The reaction 
finished in less than 3 h at room temperature and the resulting G1 
PATU dendrimer was easily isolated by precipitation in hexane in a 
95% yield. The matrix-assisted laser-desorption ionization time-of-
flight mass spectrometry (MALDI-TOF MS) spectrum confirmed 
its molecular precision (molecular weight: 1,079.40; Fig. 1b). The 
methacrylate termini of the G1 dendrimer then reacted with a slight 
excess of CA (1.05 equiv. to methacrylate group) in dimethyl sulfox-
ide (DMSO) for 30 min at room temperature. After removal of the 
excess CA by simply washing with brine solution, the amine-termi-
nated molecule (G1.5 PATU) was obtained. Repetition of these two 
steps produced dendrimers of desirable generations (Fig. 1a).

The molecular weights of these PATU dendrimers were ini-
tially determined using MALDI-TOF MS spectra, but only the  
first and second generations gave their molecular signals (Fig. 1b). 

The molecular signals of higher generations did not appear in the 
spectra because their copious thiourea groups prevented them from 
ionizing33. Gel permeation chromatography (GPC) equipped with 
an 18-channel laser light scattering detector was used for determin-
ing their molecular weights, which all agreed well with their calcu-
lated values (Fig. 1c), and their polydispersities were all very close 
to a unit, suggesting their structural perfection as gauged by NMR 
spectra (Supplementary Figs.  1–5). The characteristic peaks of  
the resulting acylthiourea groups were observed in the Fourier 
transform infrared spectrum at 3,445 (N–H), 1638 (HN–C= O), 
1,514 (N–H) and 1,090 (C= S) cm−1 (Supplementary Fig. 6a).

The PATU dendrimers with methacrylate termini were water-
insoluble. Thus, short PEG chains (PEG550) were introduced to 
the periphery of the G4 dendrimer by the thiol/methacrylate reac-
tion, affording the PEGylated G4 PATU dendrimer (PATU-PEG; 
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Fig. 1 | Facile synthesis and characterizations of PATu dendrimers. a, Synthesis of PATU dendrimers from BMAITC and CA. Only one dendron is shown. 
Reactions required are numbered as (1), (2) and (3); the PEGylated G4 PATU dendrimer is abbreviated as PATU-PEG. b, MALDI-TOF-MS spectra of the G1 
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Fig.  1a). The 1H NMR and 13C NMR spectra showed a complete 
addition of PEG chains (Supplementary Figs. 7 and 8). The PATU-
PEG had a molecular weight matching its theoretical value with a 
low polydispersity (Fig.  1c). Following the same procedures, the 
PEGylated low-generations of PATU dendrimers (that is, G1-PEG, 
G2-PEG and G3-PEG PATU dendrimers) were also prepared and 
then characterized by 1H NMR, 13C NMR and GPC (Supplementary 
Figs. 11–13).

Similarly, the BMITC/CA monomer pair was used to construct 
PTU dendrimers with the same chemical structures as PATU except 
for the absence of the acyl groups adjacent to the thiourea moieties 
(Supplementary Scheme 1). All the reaction conditions were the same 
and the subsequent characterizations using various techniques demon-
strated the structural perfection of PTU dendrimers (Supplementary 
Information and Supplementary Figs. 6b, 14–21 and 22a).

It should be pointed out that the synthesis of both dendrimers 
was extremely efficient—the growth of one generation, including 
the reactions, purification and isolation, could be completed within 
4 h with an overall yield higher than 90%, and it took less than 24 h 
to obtain grams of G4 dendrimers in our lab.

Very unexpectedly, the subtle structural difference between 
PATU and PTU dendrimers caused dramatic differences in their 
properties, one of which is that the PTU dendrimers were fluo-
rescent at 430 nm on excitation at 366 nm (Fig.  2a) even though 
the thiourea moiety is not a conventional fluorophore, whereas 
PATU dendrimers had no fluorescence. Polyamidoamine and PPI 
dendrimers were found to have inherent fluorescence, which was 
ascribed to the oxidative impurities produced during the synthesis 
and storage34. We thus examined whether the PTU fluorescence was 
induced by oxidation. Bubbling oxygen gas into the dendrimer solu-
tions did boost the fluorescence intensity of G3 polyamidoamine 
dendrimer but did not affect those of G3 PTU and PTU-PEG den-
drimers (Supplementary Fig. 23), indicating that the PTU fluores-
cence might not come from oxidative impurities. The fluorescence 
of PTU-PEG may arise from the aggregation-induced emission35,36; 
that is, the unpaired electrons of the nitrogen and sulfur heteroat-
oms in close proximity in the dendrimer form so-called spatially 
conjugated heterodox clusters that serve as fluorophores37.

Interestingly, both dendrimers exhibited strong but differ-
ent copper-chelation capabilities. On addition of Cu2+ ions into  
the PATU-PEG aqueous solution, the absorption peak at 270 nm 
of acylthiourea shifted gradually and disappeared at high  
Cu2+ concentrations, while a shoulder appeared at approximately 
320–350 nm (Fig.  2b). The binding constant and binding number 
were determined by isothermal titration calorimetry experiments 
to be (2.7 ±  0.3) ×  105 M−1 and 84.5, respectively (Supplementary 
Fig.  24a). The binding number was further validated by directly 
determining the copper/dendrimer molar ratio in the purified 
PATU-PEG/Cu complex, which was 76.8 ±  10.0. After complexing 
so many copper ions, the hydrodynamic diameter of PATU-PEG 
increased from about 3 nm to about 10 nm as measured by dynamic 
laser light scattering (Supplementary Fig. 24b). Transmission elec-
tron microscopy images showed that copper complexation induced 
not only the size growth of the individual dendrimer molecules  
but also their aggregation (Supplementary Fig.  25). In addition, 
PATU-PEG selectively bound Cu2+ ions over other common micro-
element ions (Fig. 2b, inset and Supplementary Fig. 24c). In the case 
of PTU-PEG, addition of Cu2+ into the PTU-PEG solution gradually 
quenched its intrinsic fluorescence (Supplementary Fig. 22b) due to 
copper ion-caused quenching38. The Cu2+ complexation also made 
the thiourea absorption peak at 250 nm disappear and a plateau 
emerge at 270–290 nm (Supplementary Fig. 22c). Among the tested 
ions, only Cu2+ efficiently quenched the PTU-PEG fluorescence, 
suggesting the highly selectively binding of PTU-PEG to Cu2+ over 
other metal ions (Supplementary Fig. 22d).

The complexation between acylthiourea/thiourea and CuCl2 
involves the reduction of Cu2+ to Cu+ by the moieties39. The 
formed Cu+ was detected by bathocuproine disulfonate (BCS), 
a Cu+-specific sequestering agent40. On addition of BCS to the 
PATU-PEG/CuCl2 or PTU-PEG/CuCl2 solution, a characteris-
tic peak of the Cu+–BCS complex appeared at 480 nm (Fig.  2c 
and Supplementary Fig.  22e), confirming the Cu+ formation40. 
The intensity of the Cu+–BCS complex in the PATU-PEG/Cu2+  
solution was much higher than that in the PTU-PEG/Cu2+ solution 
(Fig. 2c, inset), suggesting a stronger reducing ability of the PATU 
dendrimers. The X-ray photoelectron spectroscopy measurements 
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showed that 45% of copper ions in PATU-PEG/CuCl2 were in the Cu+ 
state and the rest were in the Cu2+ state. However, only 4% of copper in  
PTU-PEG/CuCl2 existed as Cu+ ions (Supplementary Fig.  26), 
indicating that the thiourea moieties in PTU could not effectively 
reduce Cu2+.

The dendrimers exhibit low acute and subacute in vivo toxic-
ity. The in vitro and in vivo toxicity of PATU-PEG and PTU-PEG 
were assessed with an emphasis on PATU-PEG due to its better 
anticancer activity, which is shown later. In the 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Fig.  3a  
and Supplementary Fig.  27), even at concentrations as high as  
200 μ g ml−1, neither PATU-PEG nor PTU-PEG significantly 
inhibited the cell growth of various human tumour cell lines 
(A549, BCap37, KB, SW620, SKOV3, MCF7/ADR and HeLa) 
and non-tumourigenic cell lines (HFL1 and BEAS-2B). Similarly, 
the PEGylated low-generation PATU dendrimers also demon-
strated low in vitro cytotoxicity against human tumour cell lines 
(SW620, MCF7/ADR) and a non-tumourigenic cell line (BEAS-2B) 
(Supplementary Fig. 28). PATU-PEG also had no effect on the cell 
proliferation or colony-forming ability (Fig. 3b and Supplementary 
Fig.  29), cellular morphologies (Supplementary Fig.  30) and cell 
cycle (Supplementary Fig. 31).

Acute-toxicity tests revealed that the values of the i.v. LD50 and 
95% confidence interval for PATU-PEG in imprinting control 
region (ICR) mice were 1,176 mg kg−1 and 1,050–1,317 mg kg−1, 
respectively (values for dose (mg kg−1) (number of dead/tested 
mice): 1,914.1 (10/10), 1,531.3 (8/10), 1,225.0 (7/10), 980.0 (2/10) 
and 784.0 (0/10). Histological analysis of major organs of the mice 
treated with PATU-PEG showed no obvious damage or lesions 

(Fig. 3c). PATU-PEG treatments for five consecutive days caused no 
significant changes in mouse serum chemistry, including liver and 
renal functions and myocardial enzymogram (Table 1). Therefore, 
the dendrimers, particularly PATU-PEG, can be considered non-
cytotoxic and to have low in vivo acute and subacute toxicity.

PATU-PEG efficiently inhibits the growth of multiple human 
xenograft tumours. The anticancer activities of the dendrimers 
were first tested using athymic nude mice bearing BCap37 breast 
tumours at a dendrimer dose of 1.0 μ mol kg−1 (50 mg kg−1 PATU-
PEG or 48.6 mg kg−1 PTU-PEG). The body weights of animals in 
each group remained steady, indicating that they did not cause severe 
systemic toxicity (Supplementary Fig. 32a). Unexpectedly, both the 
non-cytotoxic PATU-PEG and PTU-PEG effectively inhibited the 
tumour growth, particularly PATU-PEG (Fig. 4a and Supplementary 
Figs.  32b and 33a). Indeed, immunohistochemical analysis of 
these tumours further revealed that PATU-PEG more significantly 
downregulated vascular endothelial growth factor (VEGF) expres-
sion, decreased the microvessel number (cluster of differentiation 
31(CD31) staining) and arrested cellular proliferation (antigen Ki-67 
staining) than PTU-PEG (Supplementary Fig. 32c–f). Considering 
their similar chemical structures, these results indicate that the acyl-
thiourea groups play an important role in the anticancer activity. 
Furthermore, these dendrimers without conventional therapeutic 
moieties showed potent anticancer activity, representing a new type 
of synthetic polymers of intrinsic anticancer activity.

The intrinsic anticancer activity of PATU-PEG was further con-
firmed and assessed using Doxil as a positive control. In nude mice 
bearing BCap37 tumours (Fig. 4b), PATU-PEG (50 mg kg−1) inhib-
ited tumour growth as effectively as Doxil at a dose of 4 mg kg−1. 
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However, whereas the animals treated with Doxil were found list-
less and losing weight on administration (Supplementary Fig. 34), 
those treated with PATU-PEG had no observable change in behav-
iours and general health, and their average body weight increased 
steadily throughout the study (Supplementary Fig.  34). This cor-
related well with its low toxicity observed above. These data also 
indicate that PATU-PEG was well tolerated by animals but exerted 
comparable anticancer activity to the established first-line antican-
cer drug Doxil, much more potent than the reported cationic PLL 
dendrimer20.

To examine whether the anticancer effect of PATU-PEG origi-
nates from its copper-chelation property, the effects of Cu2+ and Cu+ 
on the cytotoxicity of PATU-PEG were first investigated. Compared 
with the non-toxicity of PATU-PEG, the PATU-PEG/Cu2+ complex 
had the same cytotoxicity as Cu2+ whereas PATU-PEG/Cu+ was less 
toxic than CuCl itself (Supplementary Figs. 35 and 36a), but the half 
maximal inhibitory concentration (IC50) values of both complexes 
were still higher than 100 μ g ml−1, indicating that unlike the cop-
per ligand-grafted phosphorus dendrimers41, PATU-PEG does not 
exert anticancer activity via the cytotoxicity of its copper complex. 
Subsequently, the in vivo tumour inhibition efficacies of partially 
or fully Cu2+-complexed PATU-PEG were compared with that of 
copper-free PATU-PEG to infer the influence of copper complex-
ing on the anticancer activities. According to the maximal binding 
number of copper per dendrimer molecule measured above, PATU-
PEG (50 mg kg−1) was pre-complexed with 3.2 mg kg−1 Cu2+-equiv. 
(ConcentrationPATU-PEG/ConcentrationCu molar ratio =  1/48) to make 
the PATU-PEG complex with copper at its 50% capacity (denoted 
as PATU-PEG/0.5Cu2+). Similarly, the fully copper-saturated 
PATU-PEG (PATU-PEG/Cu2+) was obtained by mixing 50 mg kg−1 
PATU-PEG with 6.4 mg kg−1 Cu2+-equiv. (ConcentrationPATU-PEG/ 
ConcentrationCu(II) =  1/96). They were used to treat BCap37 tumour-
bearing nude mice and compared with copper-free PATU-PEG 
(Fig.  4c,d). The copper-free PATU-PEG significantly suppressed 
tumour growth compared with the control and its copper complexes 
(Fig. 4c and Supplementary Figs. 33b and 36d). PATU-PEG-treated 
tumours resected after the animals were killed had significantly 
decreased VEGF expression, microvessel count and Ki-67 posi-
tive staining (Fig.  4d and Supplementary Fig.  36f–h), and many 
more apoptotic cells, as detected by the terminal deoxynucleoti-
dyl transferase-mediated dUTP nick end labelling (TUNEL) assay 
(Fig.  4d). The reduction in VEGF and Ki-67 by PATU-PEG was 
further validated in tumour-bearing mice after a single high-dose 
treatment (250 mg kg−1; Supplementary Fig. 37). Consequently, pre-
complexation of copper mitigated PATU-PEG’s antitumour activity 
(Fig.  4c and Supplementary Figs.  33b and 36d). For comparison, 
CuCl2 alone at a 3.2 mg kg−1 Cu2+-equiv. dose showed no tumour 
inhibitory effect (Supplementary Fig. 38). A higher dose of CuCl2 
at 6.4 mg kg−1 Cu2+-equiv. was highly toxic, resulting in significant 

mortality (Supplementary Fig.  38c). These comparisons demon-
strate a positive correlation between the tumour inhibitory activity 
of PATU-PEG and its copper-binding capacity.

The anticancer activity of PATU-PEG was further validated using 
ammonium tetrathiomolybdate (TM), a strong copper-depleting 
agent for cancer treatment under clinical trials42, as a positive con-
trol. TM is mostly administrated orally (25–50 mg kg−1 in mice), and 
no pharmacokinetic data in mice are available yet. Thus, an i.v. dose 
titration was performed and showed that the i.v. injection of TM 
at a dose of 2 mg kg−1 or 10 mg kg−1 produced a similar ceruloplas-
min (Cp) lowering profile in mice to that produced by 50 mg kg−1 of 
PATU-PEG (shown later in Fig. 7d). The tumour inhibition activity 
of PATU-PEG (50 mg kg−1) was thus evaluated with TM at both doses 
as the control. PATU-PEG more effectively inhibited the growth of 
BCap37 tumours (Fig.  4e and Supplementary Figs.  33c and 39b) 
and SW620 colon tumours (Fig.  4f and Supplementary Figs.  33d 
and 40b) than TM. Furthermore, a higher dose of PATU-PEG at 
100 mg kg−1 gave even greater tumour inhibition (Supplementary 
Fig. 40d,f), indicating that PATU-PEG’s anticancer activity was dose 
dependent. In all the experiments, no PATU-PEG-treated animals 
showed toxicity complications (Supplementary Figs. 39a and 40a,e).

The human adriamycin-resistant MCF-7/ADR tumour model 
was used to further evaluate PATU-PEG’s anticancer activity against 
MDR tumours and its combination with the first-line clinical anti-
cancer drug doxorubicin (DOX). The in vitro MTT assay shows that 
the combination of DOX with PATU-PEG did not enhance its cyto-
toxicity to MCF7/ADR cells (Supplementary Fig.  41a). As shown 
in Fig.  4g, DOX (4 mg kg−1) only slightly inhibited the growth of 
the drug-resistant tumours, as found in the literature43, whereas 
PATU-PEG effectively suppressed tumour growth per se. The com-
bination of PATU-PEG (50 mg kg−1) with DOX (4 mg kg−1) did not 
significantly increase the tumour inhibitory effect compared with 
PATU-PEG alone (Fig. 4g and Supplementary Figs. 33e and 41c). 
However, more frequent dosing of PATU-PEG (daily for 8 days) 
led to regression of the established MCF7/ADR tumour xenografts 
(Supplementary Fig. 41d–f); two of the eight animals had even com-
plete tumour regression. These results indicate that PATU-PEG is not 
the substrate of multidrug resistance and thus can effectively inhibit  
the growth of MDR tumours, but it cannot reverse the multidrug 
resistance of MCF7/ADR.

PATU-PEG suppresses solid tumour metastasis and circulat-
ing tumour cell seeding. The anticancer efficacy of PATU-PEG 
and whether it can suppress tumour metastasis were further tested 
using an extremely aggressive and metastatic 4T1 murine mam-
mary carcinoma model (Fig. 5), whose tumour growth and metas-
tasis in BALB/c (albino, laboratory-bred strain) mice very closely 
mimic human breast cancer at stage IV44. To track the metastatic 
tumour cells, the cells stably co-expressing luciferase and green 

Table 1 | Serum chemistry of mice treated with PBS or PATu-PeGa

icR mice (n = 10) PBS PATu-PeG (50 mg kg−1) PATu-PeG (100 mg kg−1) ANoVA P-levelsb

ALT (U l−1) 48.7 ±  2.5 50.3 ±  3.1 49.3 ±  3.8 0.82

CK (U l−1) 626.3 ±  105.6 884.0 ±  63.9 820.6 ±  142.9 0.06

CKMB (U l−1) 449.3 ±  93.0 620.3 ±  53.5 582.6 ±  122.1 0.14

AST (U l−1) 80.0 ±  4.0 88.3 ±  6.4 90.6 ±  9.1 0.21

LDH (U l−1) 460.7 ±  310.0 409.0 ±  90.9 350.3 ±  38.5 0.16

UREA (mM) 7.5 ±  0.8 7.3 ±  1.3 7.4 ±  0.4 0.94

CREA (μ M) 21.8 ±  4.2 16.2 ±  1.6 17.4 ±  2.1 0.11
Data are mean ±  s.d. ALT, alanine transaminase; CK, creatine kinase; CKMB, creatine kinase mb isoenzyme; AST, aspartate transaminase; LDH, lactate dehydrogenase; UREA, blood urea nitrogen;  
CREA, creatinine; ANOVA, analysis of variance. aMice were intravenously treated daily for 5 days with PBS or PATU-PEG (50 mg kg−1 or 100 mg kg−1). Blood samples were collected for serum chemistry 
analysis one day after the fifth treatment. bAll Tukey post-hoc comparison, P-levels > 0.05.
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Fig. 4 | PATu-PeG inhibits the growth of multiple human tumours in vivo. a, Comparison between PATU-PEG and PTU-PEG in terms of anticancer  
efficacy. Nude mice bearing BCap37 tumours (n =  10 per group) were intravenously injected with PBS, PATU-PEG (1.0 μ mol kg−1, 50 mg kg−1) or PTU-PEG  
(1.0 μ mol kg−1, 48.6 mg kg−1). b, Comparison of anticancer efficacy between PATU-PEG and Doxil. Nude mice bearing BCap37 tumours (n =  8 per group)  
were intravenously injected with PBS, Doxil (4 mg kg−1 DOX-equiv.) or PATU-PEG (50 mg kg−1). c,d, The effect of copper-binding on the anticancer activity 
of PATU-PEG. Nude mice bearing BCap37 tumours (n =  9 per group) were intravenously injected with PBS, CuCl2 (6.4 mg kg−1 Cu2+-equiv.), PATU-PEG 
(50 mg kg−1), PATU-PEG/0.5Cu2+ (50 mg kg−1 PATU-PEG pre-complexed with 3.2 mg kg−1 Cu2+-equiv.) or PATU-PEG/Cu2+ (50 mg kg−1 PATU-PEG pre-
complexed with 6.4 mg kg−1 Cu2+-equiv.). CuCl2 treatments had no tumour inhibition but significant mortality at 6.4 mg kg−1 Cu2+-equiv.. (Supplementary 
Figs. 36c and 38). c, Tumour volumes of mice as a function of time. d, Representative immunohistochemical staining of sections of tumour resected after 
the animals were killed. Red arrows, typical microvessels. Scale bars, 50 μm. e, Tumour inhibitory effect of PATU-PEG against BCap37 tumours using TM as 
a positive control. Nude mice bearing BCap37 tumours (n =  9 per group) were intravenously injected with PBS, TM (2 mg kg−1 or 10 mg kg−1) or PATU-PEG 
(50 mg kg−1). f, Tumour inhibition ability of PATU-PEG on SW620 tumours. Nude mice bearing SW620 tumours (n =  7 per group) were intravenously injected 
with PBS, TM (2 mg kg−1) or PATU-PEG (50 mg kg−1). g, Tumour inhibition ability of PATU-PEG on MCF7/ADR tumours. Nude mice bearing MCF7/ADR tumours 
(n =  8 per group) were intravenously injected with PBS, DOX (4 mg kg−1), PATU-PEG (50 mg kg−1) or PATU-PEG/DOX (50 mg kg−1 PATU-PEG, 4 mg kg−1 DOX). 
The dosing schedules are indicated by black arrows. All data are expressed as mean ±  s.d. **P <  0.01; ***P <  0.001; NS, no significant difference.
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Fig. 5 | PATu-PeG inhibits spontaneous metastasis of primary breast tumours. 4T1-Luc-GFP cells (2 ×  105 per mouse) were inoculated subcutaneously into the 
right hind legs of six- to eight-week-old syngeneic female BALB/c mice. On day 7 post tumour inoculation, the randomized mice (n =  12 per group) were intravenously 
injected with PBS, TM (2 mg kg−1) or PATU-PEG (50 mg kg−1). a, Distant metastasis detected using in vivo bioluminescence imaging. Red arrows, metastatic foci.  
b, The primary tumour volumes of mice as a function of time. c, Intensity in each group measured from bioluminescence imaging. Bars, mean photon flux. The number 
of metastatic foci at 21, 28 and 35 days were, respectively, 0, 2 and 7 for PBS, 0, 0 and 4 for TM, and 0, 0 an 0 for PATU-PEG. d, Kaplan–Meier analysis of animals as 
treated above. Animals were killed when moribund, and the experiment was terminated on day 90. All data are expressed as mean ±  s.d. *P <  0.05; ***P <  0.001.
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fluorescent protein (4T1-Luc-GFP) were used. On day 7 post cell 
implantation, treatments with TM as the control were initiated and 
the tumour metastatic behaviour was monitored using in vivo bio-
luminescence imaging (Fig. 5a). Mice treated with PATU-PEG had 
a significantly slower tumour growth than those in the control and 
TM groups (Fig.  5b). In the control group of 12 mice, metastatic 
foci were observed in the left hind legs of two mice on day 28 and 
of seven mice on day 35. In the TM-treated group, 4 of the 12 mice 
were found to have metastatic foci on day 35, but no PATU-PEG-
treated mice showed metastasis from the primary sites during the 
same observation period (Fig. 5a,c). As shown in the Kaplan–Meier 
plots for the time course of survival (Fig. 5d), the median survival 
times of the controlled and TM-treated animals were 52.4 and  
56.3 d, respectively, and that of the PATU-PEG treated animals was 
longer than 77 d with one-third of them even alive at the end of  
the experiment on day 90.

It should be noted that pulmonary metastasis is commonly 
found in the wild 4T145 or 4T1-Luc46 models. In our model,  
however, 4T1-Luc-GFP cells did not spread to lungs but to bones 
including crus bones and skulls (Supplementary Fig. 42c), consis-
tent with the in vivo imaging (Fig. 5a).

We further tested the ability of PATU-PEG in suppressing tumour 
cell seeding mimicking circulating tumour cell metastasis to lungs. 
4T1-Luc-GFP cells were intravenously injected through the tail vein 
into mice on day 0 as circulating tumour cells and the treatment was 
started one day later. Lung seeding of 4T1-Luc-GFP cells from the 

circulation was observed in all the animals (Fig. 6a), but the mice 
treated with PATU-PEG had significantly fewer tumour foci than 
those in the control and TM groups (Fig. 6a,b and Supplementary 
Fig.  42e). Moreover, the percentage of macro-metastatic foci  
(≥ 1 mm in diameter) of all the tumour nodules in the lung in each 
group was 35% in the control, 39% in the TM group and 20% in 
the PATU-PEG group (Fig.  6c), indicating a stronger inhibition 
of PATU-PEG on the progression of micro-metastases (< 1 mm in 
diameter) to lethal macro-metastases47. Histological fluorescence 
analysis of the resected lungs further confirmed the reduced tumour 
cell seeding in the PATU-PEG-treated mice (Fig. 6d).

Preliminary pharmacological study of PATU-PEG. PATU-PEG 
labelled with cyanine-7 (Cy7, a near-infrared fluorescent dye),  
Cy7-PATU-PEG, was used to investigate the in vivo plasma phar-
macokinetics of PATU-PEG. After i.v. injection into the tumour 
bearing mice, Cy7-PATU-PEG had a relatively slow clearance from 
the blood with a blood retention of 21.5% of the injected dose at 
1 h due to its macromolecular character (Fig. 7a). This result was 
further validated by technetium-99m (99mTc)-labelled PATU-PEG 
(99mTc-DTPA-PATU-PEG).

Cy7-PATU-PEG was also employed to study the in vivo bio-
distribution behaviour of PATU-PEG in mice. As illustrated in 
Supplementary Fig. 43a, strong fluorescence emission was observed 
in the bladder at 30 min post injection. Considering PATU-PEG’s 
hydrodynamic diameter of about 3 nm and the size threshold for 
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Fig. 6 | PATu-PeG suppresses lung seeding of tumour cells in circulation. 4T1-Luc-GFP cells (2 ×  105 per mouse) were intravenously injected into six- to 
eight-week-old female BALB/c mice through the tail vein. On day 1 post-inoculation, i.v. treatment with PBS, TM (2 mg kg−1) or PATU-PEG (50 mg kg−1) was 
initiated (once every 2 days ×  5, n =  10 per group). Lung metastasis seeding was detected using bioluminescence imaging on day 10 post inoculation. a, 
Representative in vivo bioluminescent images of the lung metastasis seeding. b, Representative lungs resected on day 10. c, Visual counting of the average 
number of macro- and micro-metastases in the lung per mouse in each group. n =  5 per group. d, Representative images of the lung tissues stained with 
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*P <  0.05; ***P <  0.001.
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rapid renal excretion of about 6–8 nm (ref. 48), this result indicates 
that a large fraction of the injected PATU-PEG was rapidly filtered 
into the urine. The fluorescence emission in the bladder disappeared 
gradually afterwards, whereas the fluorescence intensity in the liver 
did not change much. At 12 h post injection, the liver was the only 
organ with detectable fluorescence emission. No preferential accu-
mulation in tumour site was observed, indicating that PATU-PEG 
was not tumour specific. The ex vivo results agreed well with the 
above in vivo observations (Supplementary Fig. 43b).

Furthermore, the ex vivo biodistribution studies using gado-
linium-labelled PATU-PEG (Gd-DTAP-PATU-PEG) as the tracer 
allowed the accurate quantification of PATU-PEG in each organ 
(Fig.  7b). At 30 min post injection, the highest PATU-PEG con-
centration of 1,391.1 ±  555.2% injected dose per gram (ID g−1) was 
found in the urine, and the second-highest was in the liver with 
41.0 ±  8.4% ID g−1, which agreed well with its aforementioned renal 
clearance. Also, the biodistribution study (Fig.  7c) showed that 
the remaining PATU-PEG was mostly sequestrated into the liver 
(27.7 ±  5.2% ID at 6 h); the uptake in other soft-tissue organs was 
negligible (< 1% ID per organ after 6 h post injection).

Serum copper and Cp (a major copper transporter in blood) 
activity are currently the most widely used laboratory indicators to 

evaluate copper status49. Compared with the PBS treatment, a single 
i.v. injection of PATU-PEG at 50 mg kg−1 significantly lowered the 
Cp activity in mice, which is statistically equivalent to the levels after 
the TM treatments at i.v. doses of 2 mg kg−1 and 10 mg kg−1 (Fig. 7d). 
The ex vivo experiment proved that co-incubation of PATU-PEG 
with human Cp reduced the Cp activity in a time-dependent man-
ner (Fig. 7e), indicating that PATU-PEG was indeed able to strip off 
copper from Cp. However, both the PATU-PEG and TM treatments 
slightly elevated the total serum copper levels in mice to a similar 
extent compared with the PBS treatment (Fig. 7f). In contrast, the 
urine samples of the PATU-PEG-treated mice contained 1.5 times 
more copper than the control (Fig. 7g). These results indicate that 
PATU-PEG complexed with bioavailable copper once intravenously 
administered; some of the complexes were filtrated through the 
kidney into urine while some were retained in the serum causing 
slight elevation of total serum copper. This is agreeable with the size 
of the PATU-PEG/Cu complex (about 9 nm and some even larger, 
Supplementary Figs. 24b and 25), which is larger than the renal fil-
tration threshold (6–8 nm).

Other possible mechanisms involved in the anticancer activity 
of PATU-PEG were also explored. The possibility involving immu-
notherapy was first checked by measuring the change in serum 
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Fig. 7 | Preliminary pharmacological study of PATu-PeG. a, The plasma pharmacokinetic profiles of PATU-PEG determined by the fluorescence- or  
radio-labelling methods. Tumour-bearing nude mice (n =  3) were intravenously injected with 50 mg kg−1 of either Cy7-PATU-PEG or 99mTc-DTPA-PATU-PEG.  
The concentration in the plasma was normalized as the percentage of the injected dose (% PATU-PEG in plasma). b,c, Ex vivo biodistribution study of 
PATU-PEG. Mice (n =  3 per time point) intravenously injected with Gd-DTPA-PATU-PEG (50 mg kg−1) were killed after the indicated times and their urine 
and major organs were collected and analysed by ICP-MS. The PATU-PEG concentrations were normalized as the percentage of the injected dose (ID) per 
gram of each organ (% ID g−1; b) or per organ (% ID per organ; c). d, A dose titration for intravenously administered TM in terms of the reduced serum 
Cp activity in mice. Mice (n =  ~4–5 per group) were intravenously injected with either TM (2 mg kg−1 or 10 mg kg−1) or PATU-PEG (50 mg kg−1). e, Effect 
of PATU-PEG on the oxidase activity of human Cp. Cp (300 mg l−1) was co-incubated with PATU-PEG (20 μ M) in a sodium-free buffer at 37 °C for the 
indicated times, followed by Cp activity assay. f, Total serum copper concentrations in mice after treatments. Mice (n =  6 per group) were intravenously 
injected with PBS, TM (2 mg kg−1) or PATU-PEG (50 mg kg−1) every other day for a total of five times. Blood samples were collected at 12 h post the 
indicated injection for serum copper measurements by ICP-MS. g, Urine copper levels after a single treatment. Mice (n =  4 per group) were intravenously 
injected with PBS, TM (2 mg kg−1) or PATU-PEG (50 mg kg−1). Urine samples were collected within the first 4 h post injection for urinary copper 
measurements by ICP-MS. All data are expressed as mean ±  s.d. *P <  0.05; ***P <  0.001; NS, no significant difference.
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tumour necrosis factor-alpha (TNF-α ), an important cytokine 
involved in immune response50. The treatment with PATU-PEG 
did not affect the serum level of TNF-α  (Supplementary Fig. 44), 
and the frequent treatments did not change the averaged weight of 
the spleens (Supplementary Fig. 45), suggesting no immunotherapy 
involved. Other tests showed that the PATU-PEG treatment also 
had no effects on the cancer stem cells (Supplementary Fig. 46) and 
autophagy (Supplementary Fig. 47). In addition, it was reported that 
acylthiourea and thiourea derivatives had potent Hedgehog (Hh) 
inhibiting activity51. Accordingly, we further checked the effects of 
PATU-PEG and PTU-PEG on the expression of GLI family zinc 
finger 1 (Gli1), the transcription factor of the Hh signalling, in Hh 
signalling-positive HepG2 tumour cells. The western blot analysis 
showed that PATU-PEG or PTU-PEG treatment did not induce sig-
nificant change of Gli1 expression (Supplementary Fig. 48).

discussion
Synthesis of dendrimers is generally very time consuming, and den-
drimers that can be efficiently synthesized are very rare52. By the 
elaboration of two click reactions, isothiocyanate-amine coupling 
and thiol-methacrylate Michael addition, we designed two pairs of 
orthogonal monomers and synthesized PATU and PTU dendrimers 
(Fig.  1a,d) in a highly efficient way—growing one generation, 
including the reactions and purification/isolation, within 4 h with 
overall yields higher than 90%. Thus, grams of monodispersed G4 
dendrimers could be prepared in a single day.

Interestingly, a very subtle difference between PATU and PTU 
dendrimers, with or without the acyl groups adjacent to the thio-
urea moieties, entitled them very different properties. In particular, 
PATU-PEG was significantly superior to PTU-PEG in anticancer 
activity (Fig. 4a and Supplementary Fig. 32b–f), indicating that the 
acylthioureas contribute better to the tumour inhibitory activity.

At a dose far below its LD50 (50 versus > 1,000 mg kg−1; mice, i.v.), 
PATU-PEG effectively suppressed tumour growth with tumour 
inhibition ratios higher than 65% against multiple tumour models 
(Fig. 4). Furthermore, PATU-PEG not only effectively suppressed 
distant metastasis from primary tumours (Fig.  5a–d), leading to 
a great survival advantage, but also prevented circulating tumour 
cells from seeding in lungs (Fig.  6a–d). Because peripheral PEG 
is known to be biologically inert, it is reasonable to attribute the 
anticancer and anti-metastasis activities of PATU-PEG to its inner 
structural properties. Thus, the dendrimer itself, without any drug 
encapsulation or conjugation, is a macromolecular drug, unlike the 
current dendrimers that are used as inert carriers53–55. It is also dis-
tinct from the previously so-called therapeutic dendrimers56, which  
gain their bioactivities from their peripheral cationic20, anionic17  
or sugar groups57.

Another equally important and interesting feature of PATU-PEG 
is its low toxicity. Cytotoxic chemotherapeutic agents inducing cell 
killing have been the main arsenal for cancer treatment. While only 
a small fraction of these administrated drugs reaches tumour tis-
sues to produce therapeutic effects, significant fractions inevitably 
distribute in healthy organs and thus intoxicate healthy cells, caus-
ing severe adverse effects, which is commonly responsible for dose 
limiting, low therapeutic efficacy and compromised quality of life of 
patients58–60. PATU-PEG has low acute and subacute in vivo toxicity 
with an LD50 (mice, i.v.) greater than 1,000 mg kg−1 (Fig. 3). During 
the experiments, PATU-PEG did not cause any observable toxicity 
to animals even at high doses (e.g. 250 mg kg−1) or more frequent 
dosing. This low toxicity profile of PATU-PEG also indicates that  
its innate anticancer mechanism is distinct from small-molecule 
acylthiourea or thiourea cytotoxins51.

The mechanisms underlying the tumour inhibitory behaviour of 
PATU-PEG were preliminarily investigated. Compared with healthy 
individuals, cancer patients have aberrantly elevated levels of serum 
and tumour copper61, which is recognized as a mandatory cofactor  

for multiple proteins crucial for angiogenesis42, tumorigenesis62 and 
metastasis63. Excessive copper influx promoted VEGF expression64, 
increased microvessel counts in animals (Supplementary Fig.  38) 
and even led to animal death (Supplementary Fig.  36c). Copper 
depletion has been shown to suppress tumour angiogenesis and sev-
eral pro-tumour pathways such as mitogen-activated protein kinase 
pathway62. Owing to the high copper-binding capability, PATU-
PEG could sequestrate bioavailable copper resulting in in vivo cop-
per depletion (Fig. 7d–g).

Accordingly, the high copper-chelation capability of PATU-PEG 
downregulated the VEGF expression (Fig.  4d and Supplementary 
Figs.  32c, 32d, 36f and S37) and neovascularization (Fig.  4d and 
Supplementary Figs. 32e and 36g) as well as the mitogen-activated 
protein kinase pathway (Supplementary Table 1), leading to tumour 
growth arrests (Fig. 4 and Supplementary Figs. 32b, 33, 36d, 39b, 40 
and 41) as evidenced by the reduced Ki-67 expression (Fig. 4d and 
Supplementary Figs. 32c, 32f, 36h, 37a and 37e) and the promoted 
apoptosis (Fig. 4d).

Severe copper deficiency may lead to deficiencies in blood cells, 
bone and connective tissue abnormalities, and neurologic disor-
ders65–68. But the treatment of mice five times with PATU-PEG at 
the used dose of 50 mg kg−1 for the anticancer experiments did not 
change the copper and zinc concentrations in main organs of the 
mice (Supplementary Fig.  49), alleviating the copper deficiency 
concern. It should be pointed out that the current available data did 
not involve the chronic use of PATU-PEG, and thus cannot show 
the chronic toxicity of PATU-PEG. Current research is underway to 
assess PATU-PEG’s chronic toxicity.

PATU-PEG structures could be further optimized for better  
pharmacokinetics and biodistribution. The current PATU PEGylated 
with short PEG chains was only 3 nm in diameter, far smaller than 
the renal clearance threshold, and thus was quickly cleared by 
renal clearance, leading to low bioavailability (Fig. 7a–c). It can be 
expected that prolonging its circulation time and thus more effec-
tively sequestrating bioavailable copper would further enhance 
tumour accumulation and antitumour activity. Using higher gen-
erations of the PATU dendrimer or longer PEG chains will make the 
PATU-PEG size larger and thus prolong the circulation and further 
improve the pharmacokinetics and biodistribution. However, it is 
the PATU-PEG dendrimers excreted into the urine that contribute 
to the removal of bioavailable copper. Therefore, PATU-PEG should 
be further engineered to be able to circulate long enough in blood to 
sequestrate the copper but still have effective renal clearance.

This non-cytotoxic dendrimer with potent anticancer and anti-
metastatic activities, along with its precise molecular structure and 
facile synthesis, may be developed as a new type of macromolecular 
anticancer agent. The exact anticancer mechanisms of PATU-PEG 
require further extensive study, and structural optimization is also 
needed for improved pharmacokinetics and thereby therapeutic 
efficacy. Furthermore, exerting bioactivity via stripping the copper 
from the body may also provide a new direction in drug discovery.

Methods
Cell lines. Human-origin lung adenocarcinoma (A549), breast carcinoma 
(BCap37 and MCF7), oral epidermoid carcinoma (KB), colorectal adenocarcinoma 
(SW620), ovarian carcinoma (SKOV3), cervical adenocarcinoma (HeLa), foetal 
lung fibroblast (HFL1) and immortalized human bronchial epithelial (BEAS-2B) 
cell lines were purchased from the American Type Culture Collection (Manassas). 
Human adriamycin resistant mammary carcinoma cell line (MCF7/ADR)  
was purchased from ACEA Biosciences. Mouse mammary adenocarcinoma  
stably expressing luciferase (Luc) and green fluorescent protein (GFP) cell line 
(4T1-Luc-GFP) was purchased from CellCyto. All cell lines have been tested for 
mycoplasma contamination, and authenticated by comparing the observed cellular 
morphologies with the reported ones.

A549, BCap37, SKOV3, MCF7, MCF7/ADR and 4T1-Luc-GFP cells were 
maintained in RPMI-1640 medium (Genom Biological Technology). KB, SW620, 
Hela, J774 and HFL1 cells were grown in Dulbecco’s modified Eagle’s medium 
(DMEM) (Genom Biological Technology). BEAS-2B cells were grown in  
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DMEM/Ham’s F-12 (1:1) (DF-12) (Genom Biological Technology). All culture 
media were supplemented with 10% heat-inactivated fetal bovine serum  
(Genom Biological Technology) and 1% penicillin/streptomycin. MCF7/ADR cells 
were maintained continuously with 0.5 μ M of doxorubicin. All cell lines  
except SW620 were maintained in a humidified atmosphere of 5% CO2 at 37 °C. 
SW620 cells were cultured in a humidified atmosphere with no CO2. Subculturing 
of 80–90% confluent cells was routinely done using trypsin-EDTA solution  
(0.05% trypsin and 0.53 mmol l−1 EDTA).

On collection, cells were trypsinized and washed, then concentrated by 
centrifugation, and counted with a hemocytometer. The cells were assessed for 
viability (> 95% viable) and then resuspended in PBS to a required density.

In vitro cytotoxicity assay. The cytotoxicity of PATU-PEG or PTU-PEG to  
tumour cell lines was determined by the MTT cell proliferation assay. Briefly,  
cells (~4,000–5,000 cells per well) were evenly plated into 96-well plates and  
grown to 70–80% confluence, followed by addition of PATU-PEG or PTU-PEG  
at set concentrations for 48 h. Subsequently, 20 μ l MTT (5 mg ml−1) in PBS was 
added to each well and incubated at 37 °C for 3 h to allow for complete cleavage of 
the tetrazolium salt by metabolically active cells. Finally, the medium containing 
MTT was removed and 100 μ l DMSO was added to each well. The absorbance 
in each individual well was determined at 562 nm using the Molecular Devices 
microplate reader. Each drug concentration was tested in triplicate and in three 
independent experiments.

Colony formation assay. Cells (~200–400 cells per well) seeded in a six-well 
culture plate were treated with or without PATU-PEG (200 μ g ml−1). After culture 
for 10 d, cells were carefully washed with PBS twice, fixed with methanol and 
stained with crystal violet for colony visualization and counting. Colonies with 
more than 50 cells were counted. Three independent experiments were performed.

Animal maintenance. All animal uses were approved by the Animal Care and  
Use Committee of Zhejiang University. Mice were purchased from Zhejiang 
University Animal Center and housed in sterile cages of five animals or less within 
laminar airflow hoods in a specific pathogen-free room with a 12 h light/12 h dark 
schedule and fed autoclaved chow and water ad libitum. In general, mice were  
used for experiments after acclimation for one week.

Acute toxicity assessment. The acute toxicity of PATU-PEG was studied using 
ICR strain mice with an initial body weight of ~18–21 g. Mice were randomly 
divided into five groups of ten (five males and five females) and maintained 
under the standard conditions with free access to food and water. After one-week 
acclimation, PATU-PEG in 0.2 ml of sterile PBS was injected via the tail vein at 
doses of 1914.1, 1531.3, 1225.0, 980.0 and 784.0 mg kg−1, respectively. Animals 
were observed every 1–2 h on the treatment day, twice a day later, for up to 14 d 
post injection. The intoxication symptoms, changes in body weight and the time 
of death of the treated mice were recorded in detail. The LD50 and 95% confidence 
interval were calculated by the Bliss method.

Serum chemistry. ICR mice were intravenously injected with PBS or PATU-
PEG (50 mg kg−1 or 100 mg kg−1) daily for 5 d. Blood samples were collected for 
serum chemistry analysis one day after the fifth injection. Alanine transaminase, 
creatine kinase, creatine kinase mb isoenzyme, aspartate transaminase, lactate 
dehydrogenase, blood urea nitrogen and creatinine were measured in serum 
using the Johnson & Johnson Vitros 5600 Integrated System (Ortho-Clinical 
Diagnostics). All data are expressed as mean ±  s.d.

Human xenograft tumour model. Six- to eight-week-old female BALB/c 
homozygous athymic nude mice were inoculated with BCap37 (1 ×  106 per  
mouse), SW620 (3 ×  106 cells per mouse), or MCF7/ADR (7 ×  106 cells per mouse) 
via subcutaneous (s.c.) injection to the right flank using 1.5 inch (38.1 mm), 27-
gauge needles. The animals were randomized and the treatments were started after  
~5–7 d post inoculation. Tumour volume (mm3) was calculated using the  
formula V (mm3) =  L (mm) ×  W (mm)2 ×  0.5, where L and W were the longest  
and widest diameters of a tumour. At the end of the experiments, animals were 
killed according to the regulations of the Animal Care and Use Committee  
of Zhejiang University. Tumours were resected, weighed and fixed in 10%  
neutral-buffered formalin for paraffin embedding. The inhibition ratio of tumour 
growth was calculated using the following formula: inhibition ratio =  (mean 
tumour weight of the control group −  mean tumour weight of the experimental 
group) / mean tumour weight of the control group ×  100%.

Murine mammary carcinoma metastasis model. 4T1-Luc-GFP cells (2 ×  105  
cells per mouse) suspended in 200 μ l PBS were inoculated subcutaneously into  
the right hind leg of six- to eight-week-old syngeneic female BALB/c mice. 
They were randomized and tagged. The treatments were started after 7 d post 
inoculation. The s.c. tumours were measured as indicated. Tumour metastasis 
was detected by quantitative bioluminescence imaging. For the bioluminescence 
imaging, animals were injected intraperitoneally with d-luciferin sodium salt  
(Gold Biotechnology) at 150 mg kg−1 body weight in 0.2 ml PBS. After 10 min,  

the animals were imaged (60 s exposure per image) under anaesthesia with  
2.5% isofluorane using a Xenogen IVIS Lumina system (Caliper Life Sciences). 
Acquired images were obtained by superimposing the emitted light over the 
greyscale photographs of the animals. Quantitative analysis was done with  
Lumina II Living Image 4.2 software.

For the lung metastasis model, 4T1-Luc-GFP cells (2 ×  105 cells per mouse) 
were intravenously injected into mice via the tail vein. The treatments were  
started after 1 d post-injection. Bioluminescence imaging was carried out on the 
tenth day post injection.

In accordance with Zhejiang University animal use protocols, animals used 
for the metastasis models were killed at earlier time points if signs of morbidity 
were observed. All animals that survived at experimental endpoints were 
euthanized. For the lung metastasis model, animals were killed after the in vivo 
imaging. Lungs were retrieved for histological examination and visual counting of 
pulmonary nodules.

Histology and immunohistochemistry. Tissue specimens were fixed  
in 10% neutral-buffered formalin and embedded in paraffin. Sections of 4 μ m  
thickness were stained with haematoxylin and eosin (H&E) or used for 
immunohistochemical studies. For immunohistochemistry, sections were 
deparaffinized, rehydrated and subjected to epitope retrieval and stained with 
primary antibodies for 24 h at 4 °C, reacted with horseradish peroxidase (HRP)-
conjugated secondary antibody for 1 h, and diaminobenzidine (DAB) was used 
as the substrate to produce an observable brown colour. The following primary 
antibodies were used: rabbit anti-CD31 (cat. # ZA-0568, ZSGB-Bio OriGene), 
mouse anti-Ki67 (cat. # TA500265, ZSGB-Bio OriGene) and rabbit anti-VEGF 
(cat. # sc-152, Santa Cruz). Apoptotic events were determined by the TUNEL 
assay. Sections were subjected to TUNEL staining using an In Situ Cell Death 
Detection Kit, POD according to the manufacturer’s protocol (Roche). Apoptotic 
cells were identified by positive TUNEL staining. Negative controls were carried 
out by omitting the primary antibodies and substituting the primary antibody with 
antibody diluent. Pictures were taken using an Olympus BX61 upright microscope 
equipped with an Olympus DP26 charge-coupled device camera. Ki-67 analysis 
was based on the use of ImageJ 1.47v (Wayne Rasband, National Institutes of 
Health) and Ki-67 labelling index was calculated by dividing the DAB staining area 
by the total nuclear area in six random × 400 fields. To evaluate VEGF expression, 
five random × 400 fields from each specimen were observed and a scoring method 
according to Volm’s method69 was established corresponding to the sum of: (1) the 
percentage of positive cells (0, 0% positive cells; 1, 25% positive cells; 2, 26–50% 
positive cells; and 3, > 50% positive cells); and (2) the staining intensity (0, negative; 
1, weak; 2, moderate; 3, high). A single countable microvessel was defined as any 
CD31-staining endothelial cell or endothelial-cell cluster that was clearly separate 
from adjacent microvessels, tumour cells and other connective-tissue elements70. 
Vessel lumens or red cells, although usually present, were not necessary for a 
structure to be defined as a microvessel. To assess microvessel density, the total 
number of stained vessels was determined in five random × 400 fields. All the 
results were reported in a blinded fashion for each tumour.

Histological fluorescence and confocal microscopy. Tissues were fixed overnight 
in paraformaldehyde, and cryoembedded in the Jung Tissue Freezing Medium 
(Leica Microsystems). Sections of 10 μ m thickness were cut by a cryostat (Leica 
CM1950; Leica Microsystems) and stained with 4′ ,6-diamidino-2-phenylindole 
(DAPI). GFP positive cells were detected by their intrinsic signal. Fluorescent 
images were obtained using the Nikon-A1 confocal laser scanning microscope 
system (CLSM; Nikon).

Plasma pharmacokinetics of PATU-PEG in tumour-bearing mice. Both 
Cy7-PATU-PEG and 99mTc-DTPA-PATU-PEG were employed for the plasma 
pharmacokinetics study of PATU-PEG.

For the fluorescence-based method, Cy7-PATU-PEG (50 mg kg−1) was 
intravenously injected through the tail vein into MCF7/ADR tumour-bearing nude 
mice (n =  3). Blood samples (~100 μ l) were then collected via the orbital venous 
plexus of mice at 0.017, 1, 3, 5 and 7 h post injection. Plasma was  
separated from the whole blood by centrifuging at 2,408g for 10 min.  
The fluorescence intensity of Cy7 was measured at an emission wavelength  
of 790 nm excited at 760 nm using the Molecular Devices microplate reader.  
Blank blood samples were measured to determine the blood autofluorescence  
level at this wavelength range.

In the case of 99mTc-DTPA-PATU-PEG, each nude mouse bearing BCap37 
xenograft was intravenously injected with 50 mg kg−1 of 99mTc-DTPA-PATU-PEG 
(0.40 mCi). Blood samples (~20 μ l) were then collected at 0.017, 0.5, 1, 3, 5 and 7 h 
post injection, and weighed, respectively. Radioactivity in the blood samples was 
counted in the GC-1500 gamma counter (USTC Chuangxin) and calibrated against 
a known aliquot of the original injectate counted at the same time.

At the experimental endpoint, animals were killed in accordance with the 
regulations of the Animal Care and Use Committee of Zhejiang University.

Biodistribution of PATU-PEG in mice. Nude mice bearing MCF7/ADR  
xenografts were intravenously injected with Cy7-PATU-PEG (50 mg kg−1)  
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and then imaged (120 s exposure per image) under anaesthesia with 1% sodium  
pentobarbital at 0.5, 1, 2, 6 and 12 h post injection using a Kodak In-Vivo FX  
Professional Imaging System (Kodak). Two mice were killed at 0.5 or  
12 h post injection. Tumours and major organs, including liver, heart,  
spleen, kidney, stomach and lung, were immediately dissected, washed with  
PBS and the fluorescence images were obtained. The fluorescence in vivo  
and ex vivo was detected at excitation and emission wavelengths of 760 nm and 
790 nm, respectively.

To validate the results obtained by the fluorescence-based method, mice were 
intravenously injected with Gd-DTPA-PATU-PEG at a dose of 50 mg kg−1, and then 
killed at 0.5, 2, 6 and 12 h post injection. The urine and major organs, including 
intestine, lung, liver, heart, spleen, kidney and stomach were collected and weighed. 
The organ samples were digested with ultra-pure nitric acid, and the obtained 
solutions were calibrated to give a volume of 5 ml by adding ultra-pure water. Urine 
samples (20 μ l per mouse) were mixed with nitric acid and diluted  
to a volume of 5 ml. The Gd concentrations in these solutions and the original 
injectate were measured by inductively coupled plasma mass spectrometry 
(ICP-MS). The percentages of injected dose per gram of organ (% ID g−1) and 
per organ (% ID per organ) were calculated by comparing the concentrations in 
samples with that of the ID.

Cp activity assay. Serum Cp was assayed based on its oxidase activity  
using the standard method71,72. Briefly, blood samples were collected in  
tubes from the retrobulbar venous plexus of mice. Blood samples, averaging  
~100–200 μ l per mouse, were centrifuged at 4,720g for 2 min (4 °C).  
Two tubes each containing 50 μ l mouse serum and 750 μ l of 0.1 M sodium acetate 
buffer (pH 5.0) were incubated for 5 min in a 30 °C water bath. Pre-warmed  
200 μ l o-dianisidine dihydrochloride solution (2.5 g l−1, 7.88 mM; Sigma) was then 
added into each tube. The reactions were allowed to continue for exactly 30 min in 
one tube and exactly 45 min in the other one. Finally, the reactions were terminated 
by adding 2 ml of 9 M sulfuric acid. The absorbance of both tubes was measured 
at 540 nm using the Molecular Devices microplate reader. Cp activity in IU was 
calculated using the formula Cp oxidase activity =  (A45 – A30) ×  0.625 U mL−1,  
where A45 and A30 are the absorbance at 45 and 30 min, respectively.

In vitro effect of PATU-PEG on Cp activity. Human Cp (300 mg l−1; Athens 
Research and Technology) was co-incubated with PATU-PEG (20 μ M) in a 
sodium-free buffer (50 mM potassium phosphate, pH 6.8, with 100 mM KCl, 
20 mM ε -amino-n-caproic acid and 5 mM ethylenediaminetetraacetic acid)  
at 37 °C for 5 min, 30 min and 60 min, followed by Cp activity assay.

Urinary copper measurements. Urine samples of mice were collected in tubes  
by bladder puncture. Urine (200 μ l per mouse) was digested in ultra-pure nitric 
acid and the obtained solution was fixed to a volume of 2 ml with ultra-pure  
water. Cobalt (100 parts per 109) was added to each sample as an internal control 
for ICP-MS analysis.

Serum copper measurements. Blood samples collected from the retrobulbar 
venous plexus of mice, averaging ~100–200 μ l per mouse, were centrifuged at 
4,720g for 2 min (4 °C). Serum (50 μ l per mouse) was collected and digested  
in ultra-pure nitric acid. The obtained solution was diluted to a volume of 4 ml 
with ultra-pure water and subjected to ICP-MS analysis of copper concentration.

Statistical analysis. Data analysis was carried out using SPSS 16.0 (SPSS). For 
multiple comparisons, one-way analysis of variance followed by a Tukey post-hoc 
test was performed. For individual comparisons, a two-tailed, unpaired Student’s 
t-test was performed. All data are presented as mean ±  s.d. P <  0.05 was considered 
statistically significant.

Data availability. All data generated or analysed during this study are included 
in this article (and its Supplementary Information), and are available from the 
corresponding author on reasonable request.
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for distribution by a for-profit company.

There are no restrictions on materials availability.
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controls.
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immortalized human bronchial epithelial (BEAS-2B) cell lines were purchased from 
the American Type Culture Collection (Manassas, USA). Human adriamycin 
resistant mammary carcinoma cell line (MCF7/ADR) was purchased from ACEA 
Biosciences Inc. (Hangzhou, China). Mouse mammary adenocarcinoma stably 
expressing luciferase (Luc) and green fluorescent protein (GFP) cell line (4T1-Luc-
GFP) was purchased from CellCyto Inc. (Beijing, China).

b.  Describe the method of cell line authentication used. By comparing the observed cellular morphology with the reported one.

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

Yes.

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

KB and MCF7/ADR cell lines are listed. We checked that the MCF7/ADR cells were 
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these two dendrimers to DOX-resistant cells. KB cells were used to test tumor 
specificity with other cell lines.  
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11. Description of research animals
Provide details on animals and/or animal-derived 
materials used in the study.

BALB/c mice, ICR mice and BLAB/c nude mice.
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12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

No human research participants were involved.
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