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Methemoglobin as a redox-responsive nanocarrier to
trigger the in situ anticancer ability of artemisinin

Huan Li, Yangjun Chen, Tingting Chen, Haijie Han, Hongxin Tong, Qiao Jin and Jian Ji

Learning from the antimalarial mechanism of artemisinin (ART) in nature, we explored methemoglobin (MHb) as a smart

nanocarrier of ART, in which anticancer abilities can be turned on in situ through the upregulated reducing capacity of tumor

tissue. Ultra violet–visible, electron paramagnetic resonance spectrometry and in vitro cell assessment proved that a reducing

agent such as glutathione can work as an excellent biogenic trigger to reduce ferric iron in MHb to the ferrous state, activating

the ability of ART to generate free radicals and resulting in cytotoxicity and apoptosis. In vivo investigations showed that the

MHb–ART complex had encouraging anticancer outcomes. The bioinspired nanocarrier may pave a new way to achieve targeted

toxicity to cancer cells with extremely low side effects.
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INTRODUCTION

Artemisinin (ART) was acknowledged with the 2015 Nobel Prize in
Medicine due to its great contribution to saving millions of lives from
malaria.1–3 The remarkable therapeutic effect of ART was found to
arise from its endoperoxide structure, which can generate cytotoxic
free radicals in the presence of ferrous iron (Fe2+).4,5 Since malarial
parasites use hemoglobin as a major food source, it presents a high
intracellular level of Fe2+ that can serve as a trigger to activate the
antimalarial ability of ART.6,7 The in situ trigger mechanism provides
the basis of its incredibly accurate toxicity to malarial parasites with
extremely low side effects.8 Recently, the potential generation of free
radicals from ART has been considered as a promising way to treat
cancers,9–11 and iron is often co-delivered with ART to enhance the
free radical generation.12,13 However, it remains challenging to develop
an effective in situ approach to trigger free radical generation reactions
within tumors. Using bio-inspiration from the antimalarial mechan-
ism of ART in nature, here we explored methemoglobin (MHb)—an
oxidized form of hemoglobin with iron in the ferric state (Fe3+) rather
than in the ferrous state (Fe2+)—as a smart nanocarrier for hydro-
phobic ART. While MHb reacts very slowly with ART,14,15 the
upregulated reducing capacity16–19 of the tumor tissue can work as
an excellent biogenic trigger to reduce ferric iron in MHb to the
ferrous state, activating its ability to generate free radicals and resulting
in the cytotoxicity of ART in situ (Scheme 1).

MATERIALS AND METHODS

Reagents and materials
Bovine hemoglobin and glutathione reduced ethyl ester (GSH-OEt) were
purchased from Sigma-Aldrich (Shanghai, China). ART and 5,5-dimethyl-1-
pyrroline 1-oxide (DMPO) were purchased from TCI (Shanghai, China), and

3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium (MTT) was purchased

from YEASEN (Shanghai, China). L-glutathione (reduced) and buthionine

sulfoximine (BSO) were purchased from Aladdin (Shanghai, China). The KB
(human epidermoid carcinoma) cells and endothelial cells (human umbilical

vein endothelial cells, 8000) were purchased from the China Center for Typical

Culture Collection and Sciencell (Carlsbad, CA, USA), respectively. The
endothelial cells used for the experiments underwent seven passages. All other

chemicals and materials were purchased from Sinopharm Chemical Reagent

(Shanghai, China) and were used as received.

Preparation of the MHb–ART complex
The 10 mg ml− 1 bovine hemoglobin in phosphate-buffered saline (PBS) was

left in the open air overnight to allow full oxidation of hemoglobin. The MHb

content was determined by the Benesch equation20 using absorbance at 560,

576 and 630 nm detected by ultra violet–visible (UV–Vis) spectrometry

Shimadzu UV-2505 (Shimadzu, Tokyo, Japan). MHb with content 490%

was used for further MHb–ART complex preparation. Briefly, 10 mg ml− 1

ART in DMSO was added dropwise to a 10 mg ml− 1 MHb solution and stirred

for 30 min. The solution was transferred to an ultrafiltration centrifuge tube

and washed three times by centrifugation at 4000 r.p.m. to remove the DMSO.

The concentrated solution was further filtered through a sterilized 450-nm pore

size filter membrane to remove any free ART. The MHb–ART complex was

characterized by HT7700 transmission electron microscopy (Hitachi, Tokyo,

Japan) and a Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK, 633 nm

He−Ne laser, 25 °C with a detection angle of 173°). To determine the amount

of ART loaded in the MHb–ART complex, hydrolyzation pretreatment was

performed. Briefly, 100 μl MHb–ART complex was added to 500 μl 0.2% w/w

NaOH solution and incubated at 50 °C for 30 min. Then, 400 μl 0.08 M acetic

acid was added to adjust the pH. The absorption at 260 nm was collected and

used to determine the concentration of ART. The absorption of MHb at

260 nm after the same pretreatment should be subtracted.
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Redox sensitivity
UV–Vis and electron paramagnetic resonance (EPR) (BRUKER A300, Bruker,
Karlsruhe, Germany) spectrometry were used to study the GSH sensitivity of
the MHb–ART complex. The UV–Vis spectra were recorded immediately after
adding the MHb–ART complex to a 10 mM GSH solution. EPR spectra were
recorded at room temperature and operated at a frequency of 9.422513 GHz
with a microwave power of 10.12 mM and field modulation of 100 kHz. The
receiver gain was 3.99× 104 and modulation amplitude was 1.00 G.

Cytotoxicity
Cytotoxicity experiments were conducted on KB cells and investigated using a
standard MTT assay. KB cells were seeded into 96-well plates at 5000 cells per
well and cultured at 37 °C in a humidified atmosphere with 5% CO2 for 24 h.
The cell culture medium with pH 6.5 RPMI 1640 supplemented with 10% fetal
bovine serum, 100 U ml− 1 penicillin and 100 mg ml− 1 streptomycin to mimic
the acidic microenvironment of tumor tissue. The KB cells were treated with
0.5 mM BSO for 12 h or 10 mM GSH-OEt for 2 h. Cells without pretreatment
were used as a control. The cells were further treated with free ART
(DMSOo 0.5%) and the MHb–ART complex at 20 μg ml− 1 for another
24 h. The KB cells were next subjected to the MTT assay. The absorbance at
490 nm was measured using a microplate reader (MODEL 550, Bio-Rad,
Hercules, CA, USA). The cell viability was obtained by comparison to blank
cells treated only with the cell culture medium. The cytotoxicity of the free ART
and the MHb–ART complex on endothelial cells was conducted in a similar
manner, using endothelial cell medium (ECM, 1001; Sciencell) as the cell
culture medium.

Apoptosis
The apoptosis assay was conducted on KB cells and investigated using an
Annexin V-FITC kit (BD Company, Franklin lake, NJ, USA). KB cells were
seeded into 24-well plates at 100 000 cells per well and cultured at 37 °C in a
humidified atmosphere with 5% CO2 for 24 h. The cell culture medium used
here had pH 6.5 RPMI 1640 supplemented with 10% fetal bovine serum,
100 U ml− 1 penicillin and 100 mg ml− 1 streptomycin. The pretreatment with
BSO and GSH-OEt was conducted as above. Cells were further treated with
20 μg ml− 1 free ART (DMSOo 0.5%) or the MHb–ART complex. After
double staining, the KB cells were analyzed by flow cytometry and 10 000 cells
were collected.

In vivo tumor growth inhibition
Healthy male nude mice (3–4 weeks old) were purchased from the animal
center at the Zhejiang Academy of Medical Sciences. Animal experiments
complied with the guidelines provided by the Animal Care and Use Committee
at Zhejiang University. First, 1.5 × 106 KB cells in 100 μl PBS were subcuta-
neously injected into the right thigh region of nude mice. All mice were ~ 20 g
and the tumors were allowed to grow to ~ 65 mm3 before experimentation.
Twelve mice were randomly divided into four groups; each group contained
three mice that were treated with PBS, MHb, free ART or the MHb–ART
complex through tail veins every 3 days. For the free ART and MHb–ART
group, the amount of intravenously injected ART was 3.00 mg kg− 1. Tumor
size was measured every 2 days, and on day 15 all mice were killed. The tumor
volume was calculated utilizing the equation: Volume= (Tumor length) ×
(Tumor width)2/2.

Histology and TUNEL assay
For histology and the TUNEL assay, the major organs (heart, liver, spleen, lung
and kidney) and the tumors were harvested from the mice on day 15 and were
fixed in 4% neutral buffered formalin. The histology and TUNEL assay were
performed by professional personnel from the medical college of Zhejiang
University in a blinded fashion. The samples were examined with a microscope
(Olympus BX61 inverted microscope, Olympus, Tokyo, Japan) under a
bright field.

RESULTS AND DISCUSSION

Preparation of the MHb–ART complex
The self-assembled MHb–ART complex was prepared by mixing MHb
(Supplementary Figure S1) and ART at a molar ratio of 1:20, referring
to a previously reported strategy by Liu’s group21 with slight
modifications. Dynamic light scattering results showed that the
hydrodynamic size of the MHb–ART complex was 6.6± 0.5 nm
(Supplementary Figure S2A), which is similar to the size of a single
MHb.22 This suggested that the ART molecules were encapsulated in
the MHb without the formation of large complexes. Transmission
electron microscopy images indicated that the MHb–ART complex
was round and well-dispersed (Supplementary Figure S2B). The zeta
potential of the MHb–ART complex in PBS was − 9.22± 1.61 mV.

Scheme 1 Schematic diagram showing the anticancer ability of the MHb–ART complex, which can be triggered in situ, by relatively high reducing capacity
of tumor tissue. (a) In normal tissue, MHb remains an inert carrier for ART because the interaction between the inner Fe3+ and ART negligibly generates free
radicals; hence the toxicity of the MHb–ART complex is turned off. (b) After entering the tumor tissue, the inner Fe3+ of MHb can be reduced to Fe2+ in situ,
triggering the interaction with ART to generate free radicals and activate the anticancer ability of the MHb–ART complex. ART, artemisinin; MHb,
methemoglobin.
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The relatively low surface negative charge of the complex was
beneficial for reducing undesirable clearance by the reticuloendothelial
system and enhancing accumulation in tumor tissue.23,24 The loading
efficiency of ART in the complex was determined by UV–Vis

absorption after hydrolyzation pretreatment. The molar load ratio of
ART to MHb was nearly 12:1, indicating that there were three ART
molecules in each hydrophobic heme pocket. The MHb–ART com-
plex showed excellent stability (Supplementary Figure S3) and
tolerable leakage (Supplementary Figure S4) in 10% serum solution,
suggesting that it was suitable for further bioassays.

Redox sensitivity of the MHb–ART complex
GSH was used as a model reducing agent because it is a key reducing
species in tumors and features upregulated expression in tumor
cells.25–27 UV–Vis spectrometry was applied to monitor the reaction
between MHb and ART with or without GSH. It was previously
reported that the reaction of ART with the iron protoporphyrin would
result in a decrease in the Soret band as a consequence of disruption of
the π-electron delocalization in the tetrapyrrole ring.14 By observing
the absorption of the Soret band, we learned the extent of the reaction
between iron and ART. For the MHb–ART complex in 0 mM GSH,
the Soret band remained nearly unchanged and only a small decrease
was observed at 48 h, indicating that little hemin (Fe3+) was reduced
to heme (Fe2+) to react with ART (Figure 1a). By contrast, for the
MHb–ART complex in 10 mM GSH, the Soret band decreased
significantly over time and barely any unreacted hemin remained at
48 h (Figure 1b). This meant that GSH could work as a reducing agent
to transform the hemin in MHb to heme, thereby activating its ability
to interact with ART.

Figure 1 Redox sensitivity of the MHb–ART complex. GSH was used as a model reducing agent. UV–Vis spectra of the MHb–ART complex incubated in (a)
0 mM GSH solution and (b) 10 mM GSH solution. (c) EPR spectra of the MHb–ART complex in 0 mM GSH and 10 mM GSH solution. DMPO was added as a
spin-trapping agent. ART, artemisinin; GSH, glutathione; MHb, methemoglobin; UV–Vis, ultra violet–visible.

Figure 2 Cytotoxicity and GSH sensitivity of free ART and the MHb–ART
complex. KB cells were treated with free ART and the MHb–ART complex
for 24 h (the ART concentration was 20 μg ml−1). To investigate the GSH
sensitivity, cancer cells were pretreated with 0.5 mM BSO (dark gray) or
10 mM GSH-OEt (white) to suppress or promote GSH expression. The
unpretreated cells (light gray) were used as a control. Data represent the
mean values± the s.d. for n⩾3 replicates (*Po0.05). ART, artemisinin;
BSO, buthionine sulfoximine; GSH, glutathione; GSH-OEt, glutathione
reduced ethyl ester; MHb, methemoglobin; UV–Vis, ultra violet–visible.
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EPR spectrometry was further utilized to obtain direct information
about the free radical generation of the MHb–ART complex in a
reducing environment, using DMPO as a spin-trapping agent. The
EPR spectra (Figure 1c) showed that the MHb–ART complex alone
did not generate free radicals, making them safe candidates for normal
tissues with relatively low GSH levels. After a 10 min addition of the
MHb–ART complex to 10 mM GSH, a typical DMPO-OH adduct
spectrum was detected, implying that the hydroxyl radical (•OH) was
generated from the MHb–ART complex by adding GSH. After 1 h
addition of the MHb–ART complex to 10 mM GSH, the EPR spectrum
changed dramatically with the signal, mainly due to the DMPO adduct
of carbon-centered free radicals (Supplementary Figure S5). This was
in accordance with the widely accepted fact that oxygen radicals
generated by ART subsequently rearrange into carbon-centered
radicals.28,29 Together, these results confirmed the ability of GSH to
reduce the ferric iron in MHb to a ferrous state to activate the
potential of ART to generate free radicals.

Cytotoxicity
The cytotoxicity of free ART and the MHb–ART complex to KB cells
(human epidermoid carcinoma) was studied in vitro using a standard
MTT assay. As shown in Figure 2 (light gray group), the MHb–ART
complex showed higher cytotoxicity to cancer cells than free ART,
which could be attributed to the iron-enhancing effect of the MHb
nanocarrier. In the presence of reducing agents such as GSH, MHb
could be reduced in situ and work as an additional Fe2+ source to
increase the iron-mediated free radical generation of ART, while free
ART merely relied on the intrinsic Fe2+ of cancer cells to generate
toxic radicals. That is, the MHb–ART complex exhibited more
encouraging anticancer ability than free ART. The MHb nanocarrier
itself showed no cytotoxicity to KB cells (Supplementary Figure S6),
indicating that cell death was the result of the interaction between
ART and the nanocarrier. The MHb–ART complex was further
proved to exhibit dose-dependent cytotoxicity (Supplementary
Figure S7). In addition, similar to free ART, no obvious cytotoxicity
was observed when treating normal cells such as endothelial cells with

the MHb–ART complex (Supplementary Figure S8), implying the
safety of utilizing MHb as an iron-supplying nanocarrier.
To further evaluate the role of GSH in triggering cytotoxicity, we

suppressed or promoted the expression levels of GSH in KB cells and
observed the influence of GSH on the cytotoxicity of free ART and the
MHb–ART complex. BSO and GSH-OEt were used to pretreat KB
cells for 12 and 2 h separately to suppress or enhance the GSH levels
inside the KB cells. Cancer cell without pretreatment was used as a
control. As shown in Figure 3, for KB cells treated with free ART,
there was little difference among the control groups and those
pretreated with BSO or GSH-OEt. This implied that GSH did not
significantly affect the cytotoxicity of free ART, whose toxicity merely
relied on the intracellular levels of Fe2+. For KB cells treated with the
MHb–ART complex, BSO pretreatment significantly enhanced the cell
viability, while GSH-OEt pretreatment distinctly decreased the cell
viability over the control group. This verified the ability of GSH to
trigger the anticancer ability of the MHb–ART complex.

Apoptosis
Apoptosis is a commonly reported effect that ART-related drugs exert
on cancer cells.9,11,30 Herein, the potency of free ART and MHb–ART
in inducing cancer cell apoptosis was studied. As seen in Figure 3,
when the KB cells were treated with the MHb–ART complex, the total
cell population of the early and late apoptosis state was significantly
higher than for the free ART group. In particular, the proportion of
late apoptosis cells was approximately three-fold higher in the MHb–
ART group (14.7%) than the free ART group (5.52%), showing the
enhanced potency of the MHb–ART complex in inducing apoptosis.
This was in agreement with the results of the inhibition of cancer cell
proliferation (Figure 2) and can be attributed to the complement of
iron supplied by MHb nanocarriers. The BSO and GSH-OEt
pretreatments were applied again to study the effect of GSH on the
apoptosis-inducing ability. When exposed to free ART, there was no
significant difference in apoptosis between the pretreated KB cells and
the control cells. This suggested that GSH was not crucial in free ART-
induced apoptosis. For KB cells treated with the MHb–ART complex,

Figure 3 Apoptosis of KB cells treated with free ART or the MHb–ART complex. The concentration of ART was 20 μg ml−1. To assess the role of GSH, KB
cells were pretreated with 0.5 mM BSO or 10 mM GSH-OEt, and unpretreated cells were used as a control. ART, artemisinin; BSO, buthionine sulfoximine;
GSH, glutathione; GSH-OEt, glutathione reduced ethyl ester; MHb, methemoglobin.
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the proportion of apoptosis cells gradually increased among the BSO-
treated cells (20.3%), control cells (22.2%) and GSH-OEt-treated cells
(26.7%), which is indicative of the key role of GSH in turning on the
ability of the complex to induce apoptosis. Interestingly, even when
the GSH expression level of the KB cells was suppressed by BSO, the
apoptosis cell population of KB cells treated with the MHB–ART
complex was still higher than cells treated with free ART. This was
because there are other reducing agents in addition to GSH such as
thioredoxin,31 cysteine32 and homocysteine33 inside cancer cells, which
can work as a trigger to provoke the anticancer ability of the MHb–
ART complex.

In vivo assessment
We further studied the efficacy of the in vivo tumor inhibition of the
MHb–ART complex. Healthy male nude mice bearing KB tumors
were treated with PBS, MHb, free ART and the MHb–ART complex,
respectively. All four groups showed an increase in tumor size with
time, but tumor growth was maximally suppressed in mice treated
with the MHb–ART complex (Figure 4a). Once again, this shows that
as an in situ translated Fe2+ source, the MHb nanocarrier could
distinctly enhance the anticancer ability of the complex. The TUNEL
assay was conducted on tumors harvested on day 15 to study whether
there was any apoptosis inside the tumor tissues (Figure 4b). Little
apoptosis was observed in tumor tissue treated with PBS or MHb. For
mice treated with free ART and the MHb–ART complex, all showed
TUNEL-positive brown areas but the MHb–ART complex group
showed significantly more apoptosis. This was in agreement with the
apoptosis-inducing potency of the previously studied free ART and the
MHb–ART complex (Figure 3) and is attributed to the antitumor
ability. To gain more insight into the potential influence of the
MHb–ART complex on major organs, we performed H&E staining
assays (Supplementary Figure S9). No obvious pathological

abnormalities were observed in the major organs including heart,
liver, spleen, lung and kidney for all four groups. Along with the low
toxicity of the MHb–ART complex on normal cells such as endothelial
cells (Supplementary Figure S4), the MHb encapsulation of ART can
indeed be deemed an effective way to prevent the pre-interaction
between ART and iron to generate toxic free radicals. Histological
examination of tumor tissues (Supplementary Figure S9) showed that
tumor tissues from the PBS and MHb groups were abundant with
cancer cells with no obvious damage. For the free ART group,
significant damage to tumor tissues began to arise. In the
MHb–ART complex group, massive cell death and damage were
observed in the tumor tissues, further confirming the anticancer ability
of the MHb–ART complex. All of the above in vivo anticancer
investments showed that the MHb–ART complex is a promising
anticancer agent with few side effects and a potent ability to suppress
tumor growth.

CONCLUSION

On the basis of the natural mechanism underlying the antimalarial
ability of ART, we developed the potential of MHb as a redox-
responsive nanocarrier that could be applied to other lethal disease
treatments such as for cancer. The encapsulation of ART into the
MHb nanocarrier enabled iron-mediated free radical generation to be
triggered in situ through an elevated tumor-reducing capacity. UV–Vis
and EPR spectrometry, along with in vitro cell evaluations, have
confirmed the iron-enhancing role and redox sensitivity of the
MHb nanocarrier. The in vivo assessments further proved the
promising anticancer ability of the MHb–ART complex. In principle,
the MHb–ART complex could be utilized in any life-threatening
disease with a prominent reducing environment. More importantly,
this work could pave a new way to tackle the dilemma of developing
efficient pharmaceutical agents with few side effects.

Figure 4 In vivo anticancer investigation. (a) Anticancer ability of PBS, MHb, free ART and the MHb–ART complex, respectively. The inset shows a digital
image of tumors harvested on day 15 (from left to right are tumors treated with PBS, MHb, ART and the MHb–ART complex, respectively). (b) TUNEL assay
of the tumors harvested on day 15. Scale bars: 50 μm. ART, artemisinin; MHb, methemoglobin; PBS, phosphate-buffered saline.
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