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Abstract
Metal-containing nanomaterials have attracted substantial research efforts due to their rich
compositional and structural diversity as well as the broad possible applications. However, the most
metal-containing nanomaterials are normally only used as new delivery vehicles in the �eld of
biomedicine but do not possess biologically activity by itself. Herein, we modi�ed dendritic polyethylene
glycol on one folate-nickel nanotube to fabricate a new-type of metal-containing nanotube PEG-FA-Ni
NTs. We found PEG-FA-Ni NTs have exhibited excellent in vitro and in vivo antitumor activity comparable
to the positive drugs doxorubicin and cisplatin. Meanwhile, this study indicates that the PEG-FA-Ni NTs
may achieve more optimal anti-tumor effects by damaging DNA, blocking cell cycle and ultimately
inducing apoptosis. All the results showed that PEG-FA-Ni NTs could be a potent nanomedicine for the
further development and application on cancer therapy.

Introduction
Malignant tumor disease is a public health threat worldwidely1. Although conventional chemotherapeutic
agents are popular for cancer treatment, the therapeutic e�cacy is limited by their high toxicity2. Hence,
the development of low toxicity and high effective drugs is essential for tumor treatment. With the
continuous development and breakthrough of nanotechnology, a large variety of nanomaterials has been
used in tumor treatment and achieved good curative effects3–5. Metal-containing nanomaterials are an
emerging class of nanomaterials that generally as a coordination polymer with metal ions as the junction
and organic/inorganic ligand support to form a spatial 3D extension6–7. These materials have attracted
considerable research interest due to their structural diversity and potential applications8–10.

Substantial recent research efforts are focusing on the biological application of metal-containing
nanomaterials. Zhao Yuliang's group found that metal Gd atoms were embedded in the fullerene carbon
cage to form [Gd@C82(OH)22]n nanoparticles exhibit low toxicity and high antineoplastic activity11. the

mechanisms include immune enhancement12, G0/G1 phase arrest13, angiogenesis inhibition14, and
antioxidant effect15, among others; Natarajan et al. synthesized a water soluble ligand bridged cobalt(II)
coordination polymer of 2-oxo-1,2-dihydroquinoline-3-carbaldehyde (isonicotinic) hydrazine, which has
strong radical scavenging potency against different radicals and exhibited good anticancer activity16.
These works show that metal-containing nanomaterials have broad application prospects in the �eld of
biomedicine and can be directly developed as nano-metal drugs.

In the previous study, we reported a novel type of metal-containing nanotubes (FA-Ni NTs) with an inner
diameter of 5–8 nm, using biologically active molecular folic acid (FA) and N2H4 (HZ) as a linker and

metal ions (Ni2+ and Co2+) as a connector17–18. As we all know, folic acid is a biocompatible, poorly
immunogenic, and tumor-speci�c molecule for a large fraction of human cancer cells with overexpressed
folate receptor (FR)19–21. Thus, the conjugation of nanomaterials with folic acid could be used to target
cancer cells to enhance the e�cacy and reduce the toxicity. The exciting results showed that this type of
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nanotube itself has good antitumor activity in vivo and in vitro without loading small molecule drugs. As
a continuous work for the further development of this nanotube as a potent nano-metal medicine, it is of
great importance to improve its solubility. In order to improve the solubility of FA-Ni NTs and prolong the
blood circulation time in the body, hydrophilic modi�cation of FA-Ni NTs is required. Among many
chemical modi�ers, polyethylene glycol (PEG) has been widely used to improve the solubility of
nanoparticles due to its good biocompatibility, non-immunogenicity and small side effects22–24.
Compared with other derivatives of PEG, dendritic polyethylene glycol (arm-PEG) has the advantages of
signi�cantly improving the dispersion and reducing the immunogenicity in the body compared with the
linear polyethylene glycol25–26. In this work, the FA-Ni NTs modi�ed with the arm-PEG (PEG-FA-Ni NTs)
was obtained to get enhanced dispersity. Moreover, based on the results of previous in vitro cell
experiments of FA-Ni NTs, we evaluated its activity against several representative tumor cell lines in vitro
and in vivo to further expand their antitumor spectrum, and its antitumor mechanisms were also
preliminary explored.

Experimental

Materials
Folic acid (FA) was purchased from Jiaxing Biochemical Reagent Co., Ltd. NiCl2•6H2O and N2H4•H2O
(85%) was purchased from Shanghai Sinopharm Group. N-hydroxysuccinimide (NHS) and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide (EDCI) were purchased from Sinopharm Group. 8-arm-
polyethylene glycol-amine (8-arm-PEG-NH2) (10 kDa) was purchased from Shanghai Ziqi Biotechnology
Co., Ltd. Phosphate buffer is provided by Wuhan Google Biotechnology Co., Ltd. A dialysis bag (molecular
weight 3500) was purchased from Sigma-Aldrich. The water used in the experiment was deionized
ultrapure water. All other chemicals were used under analytical reagent grade without further puri�cation.

Synthesis and pre-treatment of FA-Ni NTs
FA-Ni NTs was synthesized according to our previously published procedure18. After that the crude
sediment was washed several times with water and ethanol, then it was smashed by ultrasonic cell
disintegrator for 5 min and dialysis in pure water for 24 h (MWCO = 3500). The solid FA-Ni NTs was
acquired by freeze-drying method.

Synthesis of PEG-FA-Ni NTs
For the synthesis of PEG-FA-Ni NTs, 10 mg FA-Ni NTs powder mentioned above was added to 3 ml of PBS
(pH 6.0) and ultrasonicated for 30 min to fully disperse. Then 18 mg EDCI and 27 mg NHS were added
into the mixture respectively and reacted for 15 min to activated carboxyl groups on FA-Ni NTs. The
excess of EDCI and NHS were removed by centrifuging and washing. After these treatments, the prepared
NHS-FA-Ni NTs and 30 mg 8-arm-PEG-NH2 was added to 10 ml of PBS (pH 7.4) and reacted for 24 h.
Excess 8-arm-PEG-NH2 was removed by dialysis for 24 h and then solid PEG-FA-Ni NTs was obtained by
lyophilization.
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Material characterization
Transmission electron microscopy (TEM) was performed with a JEOL 2100 with accelerating voltage of
200 kV. TEM samples were prepared by drop-casting dispersion in ethanol solutions onto copper grids
covered by carbon �lm and dried at ambient temperature. The potentials were determined by dynamic
light scattering (DLS) (ZetaSizer Nano ZS90, Malvern Instrument, USA), at the concentration of 1 mg/mL
of FA-Ni NTs. Thermogravimetric analysis (TGA) was used to quantify the graft ratio of PEG on the
surface of FA-Ni NTs. Confocal images were acquired using a Zeiss confocal laser scanning unit
mounted on an LSM 710 �xed-stage upright microscope (CLSM).

Cell lines and culture conditions
HeLa (Human epithelioid cervix carcinoma), L-O2 (Human normal liver), MCF-7 (Human breast cancer),
HepG2 (Human hepatocellular carcinoma), A549(Human lung carcinoma) cell lines were provided by
KeyGEN Biotech and maintained in Dulbecco's Modi�ed Eagle Medium (DMEM) containing 10% fetal
bovine serum (HyClone Laboratories, Inc. Logan, UT, USA) with 100 units mL− 1 penicillin, and 100 mg
mL− 1 streptomycin; KB (human oropharyngeal epidermoid carcinoma) cell lines were provided by
KeyGEN Biotech and maintained in Roswell Park Memorial Institute Medium 1640 (RPMI 1640)
containing 10% fetal bovine serum (HyClone Laboratories, Inc. Logan, UT, USA) with 100 units mL− 1

penicillin, and 100 mg mL− 1 streptomycin. The cells were cultured in a humidi�ed incubator at 37°C, 5%
CO2. Annexin-V/PI double staining kit, DNA damage assay kit and cell cycle analysis kit were provided by
KeyGEN Biotech; Male Balb/c mice weighing 20–25 g furnished by Experimental Animal Center, Jiangsu
Academy of Traditional Chinese Medicine. All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of China Pharmaceutical University and approved by
the Animal Ethics Committee of China Pharmaceutical University, Jiangsu, China.

Cell cytotoxicity study
The cell cytotoxicity of PEG-FA-Ni NTs, pure folic acid nanosheets and NiCl2 solution were evaluated by
MTT assay using L-O2 cells, HeLa cells, A549 cells, HepG2 cells, KB cells and MCF-7 cells, with different
express levels of folate receptors. Samples containing 2×104 cells in 100 µL DMEM containing 10% PBS
were plated in 96-well plates and incubated for 24 h at 37°C in a humidied atmosphere containing 5%
CO2. These cells were respectively incubated with different concentration solutions of PEG-FA-Ni NTs,
folic acid nanosheets and free nickel ions for 72 h under the same conditions. After the incubation, 20 µL
MTT (5 mg mL− 1, dissolved in PBS, pH = 7.4) was added to each well and incubated for another 4 h.
Then, the incubated medium was removed and 150 µL DMSO was added to each well, and they were then
gently shaken for 10 min at room temperature. Absorbance was measured at 490 nm using a
Spectramax M5 Microtiter Plate Luminometer (Molecular Devices, US). The absorbance value of
untreated cells was set at 100%. The concentration of PEG-FA-Ni NTs, folic acid nanosheets and free
nickel ions, which inhibited 50% cell growth compared with untreated cells (IC50), was calculated by curve
�tting (LOGIT method) using SPSS software. Each experiment was repeated three times in triplicate.
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The confocal laser scanning microscope (CLSM) images
To investigate the general intracellular distribution of PEG-FA-Ni NTs, CLSM was utilized to trace the
endocytosed PEG-FA-Ni NTs. according to previously reported procedures. HeLa cells, HepG2 cells, A549
cells with samples containing 1×104 cells were seeded on a coverslip in 35 mm dishes and incubated
overnight in a 5% CO2 incubator at 37°C for attachment, respectively. Cells were �rst washed with
phosphate buffered saline (PBS, pH = 7.4) and treated with the FITC-labelled PEG-FA-Ni NTs. After
culturing for 4 h, the cells were washed with PBS three times and mixed with 500 µL 4%
paraformaldehyde for 20 min. Subsequently, to further observe cell nuclei, cells were stained with DAPI (2
µg/mL) for 15 min. Cell nuclei and intracellular �uorescent FITC-labelled PEG-FA-Ni NTs were observed by
CLSM.

Cell cycle and apoptosis analysis with �ow cytometry
HeLa cells were grown (3 × 105 cells per well) in 6-well plates at 37°C in a 5% CO2-humidi�ed incubator
for 24 h and then further incubated under the same conditions treated with PEG-FA-Ni NTs, FA-Ni NTs in
the culture medium for another 48 h. After incubation, cells were harvested and centrifuged at 1200 rpm
for 10 min, and the supernatant was discarded. The precipitated cells were suspended in 1 mL of PBS
solution, �xed with cold ethanol (at − 20°C, 95%) under continuous vortex, and stored at 4°C until
analysis. On the day of the experiment, the �xed cell suspensions were washed by centrifugation (1200
rpm for 10 min) three times, and the precipitate was suspended in 1 mL of PBS containing 0.1% TritonX-
100. The cells were further treated with 200 µg/mL RNase for 30 min at 37°C, and then, DNA staining with
100 µg/mL propidium iodine was conducted at room temperature for 15 min. Samples were analysed
through a �ow cytometer (BD Biosciences Facs Canto), and data were analysed using Mod�t �ow
cytometry analysing software.

For the apoptosis test, PEG-FA-Ni NTs and FA-Ni NTs at the same doses were applied to the cells and
incubated as in cell cycle analysis. The cells were then harvested, washed with cold PBS, and centrifuged.
The cell pellet was re-suspended in annexin-binding buffer, and 5 µL of annexin V-FITC conjugate and PI
solution were sequentially added to the sample to detect apoptotic and necrotic cell populations,
respectively. Finally, the cells were incubated at room temperature for 15 min, and measurements were
conducted by using a �ow cytometer.

DNA damage detection
For qualitative analysis of DNA damage marker γ-H2AX, HeLa cells were pre-seeded in CLSM culture
dishes (1 × 105 cells per well) and allowed to adhere overnight, followed by dividing into three groups
(Blank, PEG-FA-Ni NTs, FA-Ni NTs and cisplatin). After being incubated with PEG-FA-Ni NTs, FA-Ni NTs and
cisplatin for 48 h, the cells were subjected to 4% paraformaldehyde �xation for 10 min and then treated
with iced Triton X-100 for 20 min to permeate the cell membrane. Next, the cells were incubated in 1%
bovine serum albumin for 1 h, further incubated with anti-histone γ-H2AX mouse monoclonal antibodies
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in the dark overnight. Then secondary antibody was added and treated for 1 h. Finally, the cell nucleus
was dyed with DAPI for 10 min.

In vivo antitumor effect
To establish tumor therapy models, 2×106 HeLa cells, 2×106 HepG2 cells and 2×106 A549 cells
(suspended in 100 µl sterile PBS)/mouse were injected in the right armpit of female Balb/c nude
mouse(23 ± 2 g), respectively. When the tumor volume reached 100–150 mm3 (determined as day 0), the
HeLa, HepG2 and A549 bearing mice were randomly divided into �ve groups (n = 4) and received
intravenous administration of PBS, free DOX, free cisplatin, FA-Ni NTs, PEG-FA-Ni NTs. All the nanotube
and the positive drug were given through the tail vein on selected days (0, 3, 6, 9, 12, 15 day). In the
experiment process, body weight and tumor volume of each mice were recorded every 2 days after the
�rst injection. The tumor volume was calculated by the equation volume = ab2/2, in which means the
longest diameter of a tumor and b means the shortest.

Histology
At day 15 after �rst injection, mice were sacri�ced. Main organ and tumors were isolated for further
immunohistochemical staining. The excised tumors were �xed in formalin, embedded in para�n,
sectioned into slices at a thickness of 5 mm and further stained with hematoxylin and eosin (H&E). H&E
assays were monitored at high power (400×) magni�cations.

Results And Discussion

Synthesis and characterization of PEG-FA-Ni NTs
We have clari�ed detailed formation mechanism of this FA-Ni NTs in our published works18 that is the
intricate coordination of FA, Ni2+ and hydrazine. Meanwhile, there were still some free and active carboxyl
groups site from FA on the surface of FA-Ni NTs, which provided the binding position for the further
modi�cation of the naked FA-Ni NTs (Scheme 1).

The TEM image showed that the FA-Ni NTs tend to be heavily agglomerated, although single-tube
structures can still be seen at the edge (Fig. 1A). After dendritic PEG modi�cation, the agglomeration of
the nanotubes was reduced and the dispersibility was greatly improved. In addition, due to the large
space occupancy of dendritic PEG, the surface of the modi�ed nanotubes was obviously wrapped by
dendritic PEG. Individual tubular structures were relatively ambiguous, but tubular contours were still
visible at the edge indicated by red arrows (Fig. 1B).

Compared with linear PEG, dendritic PEG has been widely used as versatile excipients in drug research
and production owing to its outstanding advantages on maintaining drug activity, hydrophilicity,
numerous active site and spatial effect. Hence, we propose that the amine groups could covalently linked
to the carboxyl groups suspended on the outer wall of FA-Ni NTs, which will substantially improve the
water solubility of this type of nanotubes. The sedimentation experiment result shows that the better
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dispersion of PEG-FA-Ni NTs than that of FA-Ni NTs (Figs. 2A). The Ni 2p XPS spectrum of PEG-FA-Ni NTs
is shown in Fig. 2B. The Ni 2p3/2 XPS spectrum presented an asymmetric doublet peak, with the main
peak located at 854.43 eV, a minor peak at 855.72 eV, and a satellite peak showing broad features at
higher binding energy of 861 eV. The curve �tting by G/L peak revealed that satisfactory �tting of peaks
required at least �ve peaks of 2p3/2 portion. The main peak could be assigned to the nickel ion with
divalent oxidation state. The satellite peak generally arises due to multiple splitting in the energy levels of
the transition metals, and is typically used for con�rming the existence of divalent nickel. TGA was used
to determine the amount of coupled dendritic PEG (Fig. 2C). The initial weight loss in the TGA curve up to
300°C is assigned to the loss of free and coordinated water molecules present in the sample. The further
changes weight in the temperature range of 300–400°C in the TGA curve is due to the loss of dendritic
PEG27–28. By comparing the weight loss rates of PEG-FA-Ni NTs and FA-Ni NTs in the range of 300–
400°C, we calculate the coupling rate of dendritic PEG was 9.2%. The zeta-potential values of FA-Ni NTs
and PEG-FA-Ni NTs were measured (Fig. 2D). Due to the presence of some carboxyl groups on the surface
of the nanotube that is not involved in coordination, the zeta potential of FA-Ni NTs exhibits a negative
charge, which is about − 12.86 mV. The resulting zeta potential of PEG-FA-Ni NTs modi�ed with dendritic
PEG reversed and rose to + 0.97 mV, which was mainly due to the positive charge displayed by amino
groups at the end of the dendritic PEG. Thus, the exposure of positive charges is conducive to enhancing
cellular uptake of PEG-FA-Ni NTs. The results showed that the FA-Ni NTs have been modi�ed with
hydrophilic dendritic PEG, which could further reduce agglomerate, improve dispersity.

In vitro antitumor activity of PEG-FA-Ni NTs
Based on previous in vitro cell viability experiments that FA-Ni NTs have good antitumor activity against
FR overexpressed HeLa cells and FR low-expressed A549 cells even without loading any positive drugs18,
here we further assess the antitumor activity of PEG-FA-Ni NTs. HeLa cells, HepG2 cells, KB cells, MCF-7
cells, A549 cells and L-O2 cells lines were treated with PEG-FA-Ni NTs for 72 h. Cells incubated with
cisplatin or DOX were used as the positive controls and cell viability was determined by MTT (3-[4, 5-
dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide) assay. The cytotoxicity experimental results
showed that PEG-FA-Ni NTs have good antitumor activity against HeLa cells, HepG2 cells, KB cells, MCF-7
cells and A549 cells compared to the positive drugs DOX and cisplatin. Among them, the IC50 values of
HeLa cells, HepG2 cells, and A549 cells are depending on their FA expression levels. The cytotoxicity of
PEG-FA-Ni NTs against LO2 was signi�cantly less than that of cisplatin (5.32 µg/mL) and DOX (3.40
µg/mL), indicating that this type of nanotubes is much safer and indeed valuable for further application
(Table 1). In general, the PEGylation of FA-Ni NTs, PEG-FA-Ni NTs, can still maintain excellent in vitro
antitumor activity.
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Table 1
The IC50 values of HeLa, HepG2, KB, MCF-7, A549 and L-O2 after co-

incubation with PEG-FA-Ni NTs, DOX and cisplatin, respectively, for 72 h.
IC50 (µg/mL)

  HeLa HepG2 KB MCF-7 A549 L-O2

PEG-FA-Ni NTs 2.91 2.99 3.21 5.13 6.56 20.30

DOX 1.16 3.41 1.66 2.82 1.43 3.40

Cisplatin 1.11 2.37 1.78 1.89 0.65 5.32

Pharmacological activity test of folate nanosheets and free
nickel ions on different cells
In order to investigate the anti-tumor mechanism of this kind of folate-nickel complex nanotubes, under
the same conditions, we tested the pharmacological activities of free Ni2+ and folate nanosheets formed
by solvothermal method of pure folic acid without coordinating with Ni2+ by MTT method. The
concentration of Ni2+ in each group was set according to the content of Ni2+ in FA-Ni NTs. The results
showed that the inhibition rates of folate nanosheets and Ni2+ on different tumor cells and normal
hepatocytes were no more than 20%, which was consistent with the known viewpoint that isolated folate
and nickel ions have no obvious antitumor activity (Fig. 3). Hence, we conclude that folate molecules and
nickel ions exhibit certain tumor-inhibiting activity in the formation of folate-nickel complex nanotubes,
and their nano-sized morphology may be critical to the anti-tumor activity.

Uptake of PEG-FA-Ni NTs by tumor cells
To demonstrate that the PEG-FA-Ni NTs were internalized to the cell mediated by the FR, we chose the
Hela cell (a kind of human cervical carcinoma cell with a high growth rate and over-expression of FR) and
HepG2 cell (a human liver carcinoma cell line with a high-expression of FR), with FR low-expression A549
cells (adenocarcinomic human alveolar basal epithelial cells with a low-expression of FR) served as
control29. Fluorescein isothiocyanate (FITC) was used as a marker to track PEG-FA-Ni NTs. As shown in
Fig. 4, after incubation with FITC-labelled PEG-FA-Ni NTs, the �uorescence brightness was sequentially
Hela > HepG2 > A549, which was consistent with their corresponding FR expression level. The results
suggested that PEG-FA-Ni NTs could easily bind to the tumor cells overexpressing folate receptor,
indicating their targeting delivery capacity. Meanwhile, PEG-FA-Ni NTs are not inclined to bind to A549
cells with low expression of folate receptor, resulting ine�ciently uptake by the A549 cells.

The endocytosis process and the distribution of PEG-FA-Ni NTs in cytoplasm could be observed by bio-
TEM imaging (Fig. 5). Firstly, part of PEG-FA-Ni NTs could be found near the cell membrane, the
morphology is consistent with TEM images of PEG-FA-Ni NTs (Fig. 5A-1). Then, the PEG-FA-Ni NTs are
phagocytized by the cell and trapped into the intracellular endosomes (Figs. 5A-2), and then the process
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of escaping from the endosomes into the cytoplasm is observed in Fig. 5B. Finally, the PEG-FA-Ni NTs are
degraded and discharged outside the cell (Fig. 5C). The enlarged image shows the morphology change of
nanotubes, implies the PEG-FA-Ni NTs are gradually degraded. In addition, it is worth mentioning that
after the PEG-FA-Ni NTs incubation, the nuclear membrane of the HeLa cells becomes shrunk and the
nucleoli basically disappear (Figs. 5D). This indicates that the nanotubes induced cell death after
entering the cell.

Ex vivo imaging of PEG-FA-Ni NTs in normal mice

The biodistribution of PEG-FA-Ni NTs was estimated from the ex vivo images of the organs retrieved after
the systemic administration of Cy5.5-labeled PEG-FA-Ni NTs into the normal mice. Mice were injected with
the Cy5.5-labeled PEG-FA-Ni NTs via tail vein, to circulate, and then sacri�ced at pre-determined time
points and major organs were harvested for imaging. Organ images were obtained as soon as feasible
after sacri�ce to minimize degradation of the Cy5.5-labeled PEG-FA-Ni NTs. The major organs distribution
of PEG-FA-Ni NTs after different time points post-injection are shown in Figs. 6A, 6B. At 1 h, the
�uorescence intensity of the kidney is the strongest, followed by the liver and lung. When the time was
extended to 48 h, the �uorescence intensity of the liver and lungs almost disappeared, and the
�uorescence intensity of the kidneys also gradually decreased. This showed that after blood circulation,
most of the nanomaterials may be cleared by the kidneys, and there is almost no accumulation in other
major organs. In addition, it was found that PEG-FA-Ni NTs displayed signi�cantly stronger �uorescence
intensities than FA-Ni NTs (Fig S1). These results may suggest that PEGylation of nanoparticles reduces
major organs uptake and allows prolonged circulation in the bloodstream.

Study on the damage mode of tumor cells by PEG-FA-Ni
NTs
According to the literature, most of the inorganic metal anti-tumor drugs mainly achieve the inhibition by
inducing apoptosis of tumor cells30–31. Therefore, in order to explore whether folate-nickel complex
nanotubes can cause apoptosis, we incubated PEG-FA-Ni NTs and FA-Ni NTs with HeLa cells for 48 h,
then double stained with PI and Annexin V-FITC, and the percentages of early and late apoptosis
population in treated and untreated cells were calculated from the �ow cytometric data. The results
showed that almost no apoptosis was observed in HeLa cells of control group (Fig. 7A). However, after
PEG-FA-Ni NTs and FA-Ni NTs treatment, the early and late apoptosis rate is 14.4% and 16.8%, 10.5% and
17.2%, respectively. The results of �ow cytometric analysis clearly establish the e�cient induction of
apoptotic in HeLa cells by PEG-FA-Ni NTs.

In view of the above results, we went on investigating whether PEG-FA-Ni NTs cause apoptosis by
damaging DNA. As we all know, DNA damage usually results in the cell cycle arrest and then affects cell
division. We performed a qualitative study on the expression of intracellular DNA damage marker γ-H2AX
after PEG-FA-Ni NTs and FA-Ni NTs were incubated with HeLa by immuno�uorescence experiments, and
cisplatin was set as a positive control (Fig. 7B). The experimental results showed that compared with the
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blank group, the red �uorescence signal of the DNA damage marker γ-H2AX was signi�cantly enhanced
after HeLa cells were treated with PEG-FA-Ni NTs, indicating the expression level of γ-H2AX was
signi�cantly increased, while the �uorescence intensity of PEG-FA-Ni NTs was comparable to that of the
positive drug cisplatin group. Meanwhile, the red �uorescence intensity of the PEG-FA-Ni NTs group was
slightly higher than that of the FA-Ni NTs group, which further proved its superior antitumor activity.
Actually, some works have proved that PEGylation can protect nanomaterials from degradation by
lysosomes, promote nanomaterials to enter the nucleus, and exacerbate DNA damage and cell cycle
arrest32–35. The above results can be inferred that PEG-FA-Ni NTs induce apoptosis by damaging DNA.

Next, we studied the cell cycle arrest induced by PEG-FA-Ni NTs. After 48 h of PEG-FA-Ni NTs treatment,
double-stranded DNA was stained with PI, and then the intracellular DNA content was determined by �ow
cytometry. According to the �uorescence intensity of PI, the content of DNA and the distribution of cells in
different cell cycles determine whether the cell cycle is stagnant. The cell cycle test results were analyzed
by Mod�t software and it was found that the cell cycle of the drug group changed signi�cantly.
Quantitative analysis on the cell cycle distribution results showed that the proportion of G0/G1 phase
cells in the blank control group, FA-Ni NTs group and PEG-FA-Ni NTs group was 67.92%, 46.28% and
38.73%, the proportion of cells in S phase was 27.44%, 45.21% and 49.73%, and the proportion of cells in
G2/M phase were 4.64%, 8.52% and 11.54%, respectively. Compared with the blank control group, the
proportion of G0/G1 phase cells in the FA-Ni NTs group and the PEG-FA-Ni NTs group decreased
signi�cantly, and the proportion of cells in the S phase and G2/M phase increased (Fig. 7C). It indicated
that FA-Ni NTs could arrest HeLa cells in the S phase or G2/M phase, and the arrest of cell cycle caused
by PEG-FA-Ni NTs was more obvious. Therefore, we speculate that the folate-nickel complex nanotubes
may achieve optimal anti-tumor effects by damaging DNA, which causes cell cycle arrest and ultimately
leading to apoptosis.

In vivo Tumor Inhibition of PEG-FA-Ni NTs
Overcoming biological barriers in turn is the basis for effective tumor therapy in vivo. We have already
demonstrated that PEG-FA-Ni NTs have good biocompatibility and inhibitory activity against a variety of
tumor cells in vitro. To further verify the antitumor effects of the nanotubes in vivo, the HeLa, HepG2 and
A549 tumors xenograft model of Balb/c mice were established. When the mean tumor volume reached to
100 mm3, the tumor-bearing mice were treated with PBS, free cisplatin or DOX, FA-Ni NTs and PEG-FA-Ni
NTs. After 15 days of treatments, mice were sacri�ced and tumors were excised. The digital photos of
excised tumors were presented in Fig. 8A, Figure S1A and S1B), where PEG-FA-Ni NTs exhibited the
strongest tumor inhibition effect among all groups and the anti-tumor effect exceeded that of the positive
drug cisplatin and DOX, suggesting that PEG-FA-Ni NTs had an excellent antitumor growth activity, which
was attributed to good dispersion, better targeting ability, and excellent cellular uptake. Figure 8B, Figure
S1C and S1D showed the change in tumor volume during the experiment. A similar tumor inhibition effect
was also observed in PEG-FA-Ni NTs group. The �nal tumor volume of PEG-FA-Ni NTs group was the
smallest among all groups, indicating its prominent therapeutic effect. Meanwhile, the body weight of
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mice in experimental groups was not signi�cantly different from that in the control group, implying that
the treatments did not induce systemic toxicity (Fig. 8C, Figure S1E, S1F).

Systematic toxicity assay
To further evaluate the general toxicity of folate-nickel complex nanotubes, we examined the major
organs of tumor-bearing HepG2 (Fig. 9), HeLa (Fig. S2A) and A549 (Fig. S2B) mice after administration
by histopathological biopsy technique. The results showed that after treatment with PEG-FA-Ni NTs and
FA-Ni NTs, the histological manifestations of major organs were not signi�cantly different from those in
the PBS group, indicating that NTs had no obvious toxic and side effects on normal tissues. In addition,
H&E staining of tumor tissue showed that compared with the PBS group, DOX group, cisplatin group, and
FA-Ni NTs group, the nuclear damage in the PEG-FA-Ni NTs group was more severe: the nuclei contracted
and some nuclei were ruptured. The above results indicate that PEG-FA-Ni NTs have excellent antitumor
activity and low side effects.

Conclusions
In view of the problems of easy agglomeration and poor solubility of biomolecule-based metal-containing
nanotubes, FA-Ni NTs, we modi�ed it with dendritic PEG to further reduce the aggregation, improve the
solubility and prolong the blood circulation time in vivo. The obtained PEG-FA-Ni NTs showed broad
spectrum of antitumor activity both in vitro and in vivo, and the overall antitumor activity was comparable
to positive drugs DOX and cisplatin, while its toxic side effects on normal cells were signi�cantly smaller
than the positive drugs. In addition, the anti-tumor mechanism of PEG-FA-Ni NTs was investigated by in
vitro apoptosis experiments, cell cycle experiments and DNA damage experiments. We found that PEG-
FA-Ni NTs can smoothly enter tumor cells and induce apoptosis by damaging DNA and arresting cell
cycle. The research of this work expands the application of PEG-FA-Ni NTs in cancer treatment, and
provides a potential kind of metal-containing nanomedicine for cancer chemotherapy.
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Scheme
Scheme 1 is available in Supplementary Files section.

Figures

Figure 1

TEM images of FA-Ni NTs (A) and PEG-FA-Ni NTs (B).
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Figure 2

The sedimentation images of FA-Ni NTs (Left) and PEG-FA-Ni NTs (Right) at 0 h, 4 h (A), Ni 2p XPS
spectrum of PEG-FA-Ni NTs (B), The TGA of PEG-FA-Ni NTs and FA-Ni NTs (C), Zeta potential of FA-Ni NTs
and PEG-FA-Ni NTs (D).

Figure 3
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Cell viability of HeLa, HepG2, KB, MCF-7, A549 and L-O2 after co-incubation with folate nanosheets (A)
and Ni2+ (B) for 72 h.

Figure 4

Confocal laser scanning microscope images of HeLa cells, HepG2 cells and A549 cells after treating with
PEG-FA-Ni-FITC for 4 h.
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Figure 5

Bio-TEM images of the PEG-FA-Ni NTs’ uptake by HeLa cells treated with 6 μg mL-1 PEG-FA-Ni NTs for 6 h:
PEG-FA-Ni NTs just entered the cells (close to the cell membrane, with unfamiliar morphology changes)
(A-1), then endosomes containing the aggregations of PEG-FA-Ni NTs were formed(A-2), followed by
escape of PEG-FA-Ni NTs from endosomes (B). Finally, the PEG-FA-Ni NTs were degraded and discharged
out of the cell (C). After incubation with PEG-FA-Ni NTs, the nuclear membrane of the HeLa cells
contracted and the nucleoli gradually disappeared (D).
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Figure 6

Spectrally resolved ex vivo �uorescence images of organs at 1, 4, 8, 16, 24, and 48 h after injection of the
Cy5.5-labeled PEG-FA-Ni NTs. All �uorescence images were acquired with 200 ms exposure time (A),
Semiquantitative biodistribution of the Cy5.5-labeled PEG-FA-Ni NTs in mice determined by averaging the
�uorescence intensity of each organ (B).
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Figure 7

Apoptotic activity evaluation of control, FA-Ni NTs and PEG-FA-Ni NTs in HeLa cells by �ow cytometry
analysis (A), Assessment of cisplatin, FA-Ni NTs and PEG-FA-Ni NTs induced DNA damage in HeLa cells
through an immuno�uorescence γ-H2AX focus assay (B), Cell cycle distributions detected by �ow
cytometry analysis in HeLa cells after co-incubation with FA-Ni NTs and PEG-FA-Ni NTs for 48 h (C).
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Figure 8

In vivo antitumor effects of free cisplatin, free DOX, FA-Ni NTs and PEG-FA-Ni NTs. Excised HepG2 solid
tumors from HepG2 mice subjected to different treatments at the 15th day after the �rst treatment (A).
Tumor volume changes of tumor-bearing HepG2 mice (B). mice weight changes of tumor-bearing and
HepG2mice (C).
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Figure 9

Histological analysis of tissues after treatments with PBS, free DOX, free Cisplatin, FA-Ni NTs and PEG-FA-
Ni NTs for 15 days.
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