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Selective extracellular arginine deprivation by a
single injection of cellular non-uptake arginine
deiminase nanocapsules for sustained tumor
inhibition†

Hongzhao Qi, *a Yin Wang,a Xubo Yuan, c Peifeng Lia and Lijun Yang *b

The metabolic enzyme-based arginine deprivation represents a tremendous opportunity to treat arginino-

succinate synthetase (ASS1)-deficient tumors. Arginine deiminase (ADI), a typical representative, has

aroused great interest. To date, the functional modification of ADI, such as PEGylation, has been applied

to improve its weakness significantly, reducing its immunogenicity and extending its blood circulation

time. However, the advantages of ADI, such as the cellular non-uptake property, are often deprived by

current modification methods. The cellular non-uptake property of ADI only renders extracellular arginine

degradation that negligibly influences normal cells. However, current-functionalized ADIs can be readily

phagocytized by cells, causing the imbalance of intracellular amino acids and the consequent damage to

normal cells. Therefore, it is necessary to exploit a new method that can simultaneously improve the

weakness of ADI and maintain its advantage of cellular non-uptake. Here, we utilized a kind of phosphor-

ylcholine (PC)-rich nanocapsule to load ADI. These nanocapsules possessed extremely weak cellular

interaction and could avoid uptake by endothelial cells (HUVEC), immune cells (RAW 264.7), and tumor

cells (H22), selectively depriving extracellular arginine. Besides, these nanocapsules increased the blood

half-life time of ADI from the initial 2 h to 90 h and efficiently avoided its immune or inflammatory

responses. After a single injection of ADI nanocapsules into H22 tumor-bearing mice, tumors were stably

suppressed for 25 d without any detectable side effects. This new strategy first realizes the selective extra-

cellular arginine deprivation for the treatment of ASS1-deficient tumors, potentially promoting the clinical

translation of metabolic enzyme-based amino acid deprivation therapy. Furthermore, the research

reminds us that the functionalization of drugs can not only improve its weakness but also maintain its

advantages.

1. Introduction

Tumor metabolism, which is the target for treating certain
malignancies, has recently triggered increased interest.1 The
depletion of amino acids that are necessary for tumor survival
with metabolic enzymes is a typical representative and has
been successfully used in clinical trials.2 Arginine, originating
from citrulline via
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application is still limited due to the high immunogenicity
and short blood circulation time.

The functionalization of ADI has been applied to overcome
its disadvantages. The PEGylation of ADI is the most widely
used method, and its effectiveness has been evaluated in clini-
cal trials.11,12 PEGylation can extend the blood circulation time
and reduce the immunogenicity of ADI. However, its activity is
dramatically decreased because of the random chemical reac-
tion between ADI and PEG. As an example, PEGylated ADI
from mycoplasma only retains 50% of its original enzymatic
activity.10 Furthermore, although the hydration effect of PEG
increases the hydrophilicity of ADI, the hydrophobic backbone
and methoxy terminal of amphiphilic PEG still render immu-
nogenicity.13 The PEG-driven immune response can accelerate
the clearance of PEGylated ADI, diminishing its therapeutic
effects and even causing lethal side effects. Nanocarriers have
been recently exploited to encapsulate ADI via non-covalent
means, efficiently maintaining the activity of ADI. For
example, carboxymethyl chitosan-based vesicles have been
used as ADI nanoreactors for arginine deprivation, and the
activity of the encapsulated ADI is nearly identical to that of
native ADI.14 The improvement of decoration methods, to
date, appears to have efficiently overcome the shortages of
ADI. However, the exploitation of these methods has always
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passing through a phenyl-sepharose CL-4B column and dialyz-
ing against PBS.

The size and zeta potential of native ADI, SIT-n(ADI), and
WIT-n(ADI) were measured by dynamic light scattering (DLS,
BI-90Plus, Brookhaven Instruments Ltd, USA), and the
samples were analyzed in triplicate. Their morphologies were
assessed using a high-resolution transmission electron micro-
scope (TEM, JEM-2100F, JEOL Ltd, Japan), and the samples
were stained with 2% phosphotungstic acid before obser-
vation. The FT-IR spectrum analysis of lyophilized native ADI,
SIT-n(ADI), and WIT-n(ADI) was performed with KBr pellets
using an FTIR spectrometer (Nicolet IS10, Thermo Scientific,
USA). Native ADI, SIT-n(ADI), and WIT-n(ADI) solutions
(0.2 mg mL−1) were also measured using a UV-vis spectro-
photometer (T9, Puxi Instrument, China). Circular dichroism
(CD) analysis was performed using a spectrophotometer
(Model J-810, Jasco, Tokyo, Japan). Native ADI, SIT-n(ADI), and
WIT-n(ADI) were prepared at a concentration of 0.2 mg mL−1.
Measurements were collected over the wavelength range of
250–190 nm.

2.3 Specific activity test of WIT-n(ADI)

The enzymatic activities of native ADI, SIT-n(ADI), and WIT-n
(ADI) were assayed using an arginine assay kit. Briefly, 0.1 mg
mL−1 of native ADI, SIT-n(ADI), and WIT-n(ADI) were respect-
ively incubated with 50 mM arginine at 37 °C for 10 min. An
arginine assay kit measured the concentrations of residual
arginine. One unit of enzymatic activity was defined as the
amount of enzyme that catalyzes 1.0 μmol of arginine into
citrulline per minute under assay conditions. The specific
activity is the ratio of enzymatic activity to protein
concentration.

To test the stability of WIT-n(ADI), we incubated native ADI,
SIT-n(ADI), and WIT-n(ADI) with mouse serum (volume ratio
was 1 : 1) and stored at 4 °C and 37 °C respectively. Then, every
five days, the enzymatic activities of native ADI, SIT-n(ADI),
and WIT-n(ADI) were tested according to the above-mentioned
method. The test continued for 60 days.

2.4 The hydrophilicity determination of WIT-n(ADI)

The static water contact angles of native ADI, SIT-n(ADI), and
WIT-n(ADI) were measured using a Lauda Scientific surface
analyzer LSA 60 at room temperature. Samples (1 mg mL−1)
were added dropwise onto the surface of a silicon wafer,
respectively. Then, the solution was dried under N2 flow to
form a sample-coated silicon wafer. Finally, a drop of ultra-
pure water was placed on the surface of the silicon wafer
using a microsyringe, and the static water contact angle was
recorded.

2.5 The cellular uptake of WIT-n(ADI)

Human umbilical vein endothelial cells (HUVEC), hepatocarci-
noma-22 (H22) cells, and RAW 264.7 cells were seeded on the
glass coverslips (pretreated with polylysine) of a six-well plate
at a density of 1 × 104 cells per well and cultured overnight at
37 °C respectively. Then, the cells were cultured for 24 h with

fresh culture media in the presence of native ADI, SIT-n(ADI),
and WIT-n(ADI) labeled with rhodamine B (200 ng mL−1).
After 24 h of incubation, the cells were washed twice with PBS
and fixed with paraformaldehyde (4%) for 10 min. Following
the wash with PBS, the cells were respectively labeled with
FITC-phalloidin and DAPI and imaged using an Olympus
IX81 microscope.

HUVEC cells, H22 cells, and RAW 264.7 cells were seeded
in six-well plates at a density of 1 × 105 cells per well and
then incubated with rhodamine B-labeled native ADI, SIT-n
(ADI), and WIT-n(ADI) (200 ng mL−1) for 24 h. Then, the cells
were harvested, and fluorescence-activated cell sorting (FACS)
was employed to count rhodamine B-positive cells. Finally,
10 000 cells were counted and analyzed by measuring the
signal from the rhodamine B channel. Each test was repeated
three times.

2.6 Cell viability assay

Cell suppression effects of native ADI, SIT-n(ADI), and WIT-n
(ADI) were evaluated using a CCK-8 kit. First, HUVEC cells,
H22 cells, and RAW 264.7 cells were seeded into 96-well plates
at a density of 4000 cells per well and grown in a complete
medium at 37 °C for 24 h. Subsequently, the culture medium
was replaced with a complete medium containing different
concentrations of native ADI, SIT-n(ADI), and WIT-n(ADI). At
48 h, a CCK solution was added, and the cell viability was
assessed. Unexposed wells were regarded as the control, and
the cell viability was calculated as the ratio of the absorbance
(450 nm) of the test and control wells.

2.7 Test of the intracellular ratio of citrulline to arginine

HUVEC cells, H22 cells, and RAW 264.7 cells were respectively
seeded in six-well plates and incubated overnight. The cells
were then treated with different concentrations of native ADI,
SIT-n(ADI), and WIT-n(ADI). After 24 h of incubation, the cells
were washed with PBS and detached with trypsin. Distilled
water was added to the detached cell pellets, which were sub-
sequently rigorously vortexed and centrifuged at 14 000 rpm
for 30 min. The supernatant was collected, and the concen-
trations of intracellular citrulline and arginine were measured
using the corresponding assay kits.

2.8 Blood circulation of WIT-n(ADI)

To test the blood circulation time of WIT-n(ADI), healthy
female Kunming mice were separated into three groups (native
ADI, SIT-n(ADI), and WIT-n(ADI)) with 6 mice in each group.
The solution of rhodamine B-labeled native ADI, SIT-n(ADI),
and WIT-n(ADI) was single-dose injected via the tail vein. The
equivalent ADI was ∼1 mg. All experimental protocols were
conducted following the guidelines for Animal
Experimentation of the Affiliated Hospital of Qingdao
University and approved by the Committee for Animal
Experimentation. At selected time points, blood was collected
and centrifuged to obtain plasma. The fluorescence intensity
of the plasma was tested using a microplate reader.
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because excess monomers would readily result in the for-
mation of the bulk hydrogel. Here, we increased the PC filling
ratio of WIT-n(ADI) to ∼80%, potentially endowing WIT-n(ADI)
with super-hydrophilicity.

To verify the successful preparation, we characterized the
synthetic products. The morphology of native ADI (Fig. S1†)
was ruleless and exhibited a certain amount of aggregation
potentially caused by heavy metal salt-based negative staining
agents.25 The representative TEM images of SIT-n(ADI) and
WIT-n(ADI) (Fig. 1A and B) present that they were both spheri-
cal shapes and had good dispersion, implying the protection
to ADI based on nanocapsules. Compared with SIT-n(ADI),
WIT-n(ADI) is more uniform in size. Consistent with the TEM
observation, the dynamic light scattering (DLS) measurement
(Fig. 1C) showed that the diameter of WIT-n(ADI) was 27 ±
3 nm (PDI was ∼0.112), while that of SIT-n(ADI) was 28 ±
10 nm (PDI was ∼0.357). These results indicated that the mean
diameter of SIT-n(ADI) was similar to that of WIT-n(ADI), but
WIT-n(ADI) displayed better uniformity. This difference may
be because of the unique hydration state of PMPC.26 As a kind

of acidic protein, ADI has electronegativity with a mean zeta
potential of −10.46 mV in the physiological state. In compari-
son, the mean zeta potential of SIT-n(ADI) and WIT-n(ADI)
were both nearly 0 mV because of the shielding effect of the
AAM or MPC-based electroneutral polymer shells (Fig. 1D).
The surface neutral zeta potential of WIT-n(ADI) was beneficial
to its great blood circulation since nanoparticles with too high
or too low surface potential were readily cleared by the
immune system.27 Furthermore, the neutral zeta potential
could dramatically reduce the interaction between WIT-n(ADI)
and cells, avoiding its cellular uptake.

We further characterized the structure and components of
WIT-n(ADI). The FT-IR spectrum of WIT-n(ADI) exhibited new
peaks at 1710, 1240, 1090, and 970 cm−1 (Fig. 1E), which were
the typical peaks of MPC-based polymer networks.28 The spec-
trum new peaks of SIT-n(ADI) exhibited at 1617, 1560, 1350,
and 1119 cm−1 indicate the formation of the AAM-based poly-
meric shell around ADI.29 UV-vis spectra also proved the
shielding effect of polymeric shells on ADI. Different from
native ADI, SIT-n(ADI) and WIT-n(ADI) did not show the

Scheme 1 Preparation and therapeutic mechanism of WIT-n(ADI). (A) Preparation of ADI nanocapsules. Step I: monomers and crosslinkers were
enriched around individual ADI via electrostatic and hydrogen bond interactions; step II: free radical polymerization was initiated to form a thin poly-
meric shell around ADI. AAM and MPC were respectively used as monomers to prepare SIT-n(ADI) and WIT-n(ADI). (B) Therapeutic mechanism of
WIT-n(ADI). WIT-n(ADI) could catalyze extracellular arginine into citrulline and indirectly reduce the intracellular arginine concentration of ASS1-
deficient tumor cells, efficiently suppressing their growth. Furthermore, WIT-n(ADI) could not be taken up by normal cells, leading to their negligible
influence on the intracellular arginine concentration and the undetectable side effects. In contrast, SIT-n(ADI) could be efficiently taken up by
normal cells, resulting in the imbalance of intracellular arginine and citrulline and the consequent toxicity.
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characteristic absorption peak of proteins at 280 nm (Fig. 1F).
We further identified the ADI core of SIT-n(ADI) and WIT-n
(ADI) by circular dichroism (CD) analysis (Fig. S2†). In con-
clusion, these results indicated the successful preparation of
ADI nanocapsules.

3.2 Activity maintenance of WIT-n(ADI)

The activity maintenance of ADI during the preparation
process was tested. SIT-n(ADI) and WIT-n(ADI) could both
efficiently convert arginine into citrulline, and their specific
activity had no significant difference to that of native ADI
(Fig. 2A), indicating that the mild preparation conditions
caused little damage to ADI. Compared with chemical
PEGylation, therefore, encapsulation through physical inter-
action was more suitable for the modification of ADI. The
encapsulation of ADI dramatically enhanced its stability,
further proving the above conclusion. Native ADI, SIT-n(ADI),
and WIT-n(ADI) were respectively incubated with mice serum
(volume ratio was 1 : 1) and stored at 4 °C and 37 °C. As shown
in Fig. 2B, the activity of native ADI was nearly all lost after 20
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could efficiently avoid the cellular uptake of WIT-n(ADI). The
physicochemical property differences between MPC and AAM,
which had been explained in our previous research,23 caused
the above-mentioned results. Furthermore, to exclude the
effect of fluorescent dyes and further confirm the above obser-
vation, samples were also labeled with FITC and incubated
with cells. The cellular uptake of FITC-labeled samples was
consistent with that of rhodamine B-labeled samples
(Fig. S3A,† left part). The cellular uptake efficiency quantified
by flow cytometry further proved the above conclusions
(Fig. S3B†). The cellular uptake efficiency of native ADI, SIT-n
(ADI), and WIT-n(ADI) by HUVEC cells was respectively 2.20%,
13.93%, and 4.32%, while that of native ADI, SIT-n(ADI), and
WIT-n(ADI) by H22 cells was respectively 15.52%, 66.54%, and
13.19%. RAW 264.7 cells had a more exceptional phagocytic
ability, but they were still hard to take up WIT-n(ADI). The cel-
lular uptake efficiency of WIT-n(ADI) by RAW 264.7 cells was
6.74%, while that of native ADI and SIT-n(ADI) was respectively
34.72% and 77.85%. These results indicated that WIT-n(ADI)
could efficiently avoid the uptake of cells, even macrophages
with strong phagocytic ability, potentially possessing the
capacity of selective extracellular arginine deprivation.

PC-containing nanocarriers have been widely used for drug
delivery. However, the influence of PC on the cellular uptake
efficiency of these nanocarriers is often contradictory. On the

one hand, it has been proved that nanoparticles with PC as the
surface show the high efficiency of cellular uptake.30,31 On the
other hand, PC-coated nanoparticles could efficiently avoid the
phagocytosis of macrophages, prolonging their circulation
time.24,32 In our own opinion, the surface content of PC has
significant effects on the interaction between nanoparticles
and cells. At low PC content, the surface of PC-functionalized
nanoparticles may have defects such as hydrophobic micro-
domain, and PC could enhance the interaction between these
defects and cells because of its similar structure to the cell
membrane.33 The PC functionalization even results in the
fusion of nanoparticles with cell membranes.34 At high PC
content, however, the non-defective surface of nanoparticles
could reduce their cellular interaction avoiding cellular
uptake. Specific to nanocapsules, when the PC surface filling
ratio is higher than 58.3%, they could efficiently weaken the
cellular interaction. When we adjust the PC surface filling ratio
to 80%, the cellular uptake efficiency of WIT-n(ADI) is much
lower than that of SIT-n(ADI). Moreover, the structure differ-
ence of PC-functionalized nanoparticles may affect their cellu-
lar interaction. For example, PC-modified micelles formed by
block copolymers of different lengths show different cellular
uptake efficiencies.35

To further verify that the cellular non-uptake of WIT-n(ADI)
was due to its extremely weak cellular interaction, we tested
the influence of cell wash on the cellular uptake of WIT-n
(ADI). As shown in Fig. 3A, the fluorescence signals (green) of
SIT-n(ADI) and WIT-n(ADI) were both detected in the cells that
were directly observed without PBS washing. However, when
the cells were washed twice with PBS, the fluorescence signal
of WIT-n(ADI) disappeared. The results implied that WIT-n
(ADI) had extremely weak interaction with cells because the
simple wash process could affect the interaction between WIT-
n(ADI) and cells. On the contrary, the interaction between SIT-
n(ADI) and cells was not significantly affected by the cell wash
process since the fluorescence signal of SIT-n(ADI) in the cells
washed twice with PBS was still evident. The quantitative flow
cytometry analysis showed that the cellular uptake efficiency of
WIT-n(ADI) by unwashed HUVEC cells, H22 cell, and RAW
264.7 cells was respectively 18.26%, 28.13%, and 34.65%
(Fig. 3B). In contrast, the cellular uptake efficiency of WIT-n
(ADI) by PBS-washed HUVEC cells, H22 cell, and RAW 264.7
cells was 0.77%, 0.94%, and 1.29%, respectively. These results
indicated that WIT-n(ADI) had extremely weak interaction with
cells. It had been proved that the cellular uptake of nano-
particles was a process of energy consumption, and the cells
would consume more energy to take up nanoparticles with
weak cellular interaction than those with strong cellular inter-
action.36 Therefore, the extremely weak cellular interaction of
WIT-n(ADI) could result in too high energy consumption for
cells to endocytose WIT-n(ADI).

It should be noted that WIT-n(ADI) has weak interactions
with HUVEC cells, but it may not affect the accumulation of
WIT-n(ADI) at the tumor site. It has been proved that nano-
carriers can accumulate at the tumor site through the leaky
vasculature of the tumor (the EPR effect). In addition, even if

Fig. 2 Activity maintenance of WIT-n(ADI). (A) The specific activity
measurement of native ADI, SIT-n(ADI), and WIT-n(ADI). The significance
level is shown as nsp > 0.05. (B) After incubation with mouse serum
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WIT-n(ADI) cannot accumulate at the tumor site, they can
consume arginine in the blood circulation to indirectly reduce
the arginine content in the tumor tissues. Therefore, the extre-
mely weak cellular interaction of WIT-n(ADI) would not affect
its tumor therapeutic effects.

3.4 Cell viability and the intracellular ratio of citrulline to
arginine

The cell viabilities of HUVEC cells, H22 cells, and RAW 264.7
cells were respectively tested. Fig. 4A shows the cell viability of
HUVEC cells exposed to different concentrations of samples.
At low concentrations (<30 ng mL−1), native ADI, SIT-n(ADI),
and WIT-n(ADI) had no discernible influence on HUVEC.
When further increase in the concentrations of the samples,
however, the cell viability of HUVEC cells treated with SIT-n
(ADI) was decreased. At 100 ng mL−1, the cell viability of
HUVEC cells was ∼65%. The cytotoxicity was related to the
intracellular ratio of citrulline to arginine, which was gradually
increased in HUVEC cells with the increase in SIT-n(ADI) con-
centrations. On the contrary, native ADI and WIT-n(ADI) could
not be taken up by HUVEC cells and did not enhance the intra-
cellular ratio of citrulline to arginine, possessing low cyto-
toxicity. Different from HUVEC cells, H22 cells did not express
ASS1 and could not convert intracellular citrulline to arginine.
Hence, either deprivation of extracellular arginine or depri-
vation of intracellular arginine by native ADI, SIT-n(ADI), and
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arginine was always stable at the normal level, and the viability
of RAW 264.7 cells was consistently high. These results indi-
cated that WIT-n(ADI) could efficiently increase the ratio of
citrulline to arginine in cells that did not express ASS1. In con-
trast, they did not affect normal ASS1-expressed cells because
of their cellular non-uptake property, potentially facilitating
the clinical translation of metabolic enzyme-based amino acid
deprivation therapy.

ADI has previously shown anti-angiogenic properties due to
its inhibitory effect on endothelial cell growth.37 Still, our
results indicated that native ADI and WIT-n(ADI) did not
seriously affect the cell viability of HUVEC cells. This may be
because the apoptosis of endothelial cells could be induced
only at high concentrations of ADI.37 At a low level of ADI, the
extracellular deprivation of arginine does not disrupt the intra-
cellular amino acid balance because normal cells can take
advantage of extracellular citrulline to generate intracellular
arginine. In contrast, ASS1-deficient cells such as H22 cells
cannot make use of extracellular citrulline, and low concen-
trations of ADI would efficiently deprive both the extracellular
arginine and the intracellular arginine inducing the apoptosis
of these cells.

It should be noted that once ADI enters the cells, the intra-
cellular amino acid balance is readily disrupted even at low

concentrations. This is because SIT-n(ADI) shows higher cyto-
toxicity to HUVEC cells than native ADI and WIT-n(ADI) at the
same concentration. Therefore, it is essential to maintain the
cellular non-uptake property of ADI for inhibiting the prolifer-
ation of ASS1-deficient cells and avoiding the cytotoxicity to
normal cells.

3.5 In vivo activity and immune response of WIT-n(ADI)

The in vivo activity of native ADI, SIT-n(ADI), and WIT-n(ADI)
was tested. The cellular non-uptake property of WIT-n(ADI)
dramatically enhanced its blood circulation time. As shown in
Fig. 5A, the half-life time of native ADI and SIT-n(ADI) was
respectively ∼2 h and ∼8 h, while that of WIT-n(ADI) was
∼90 h, and even after 240 h, ∼25% of WIT-n(ADI) could still be
present in the blood. Fig. 5B shows the ratio of citrulline to
arginine in plasma. The initial ratio of citrulline to arginine in
plasma was 0.55 ± 0.17, while it was instantly increased to
several hundred after systemic administration of native ADI,
SIT-n(ADI), and WIT-n(ADI). In the native ADI group and SIT-n
(ADI) group, however, the ratio of citrulline to arginine in
plasma was quickly decreased. After 96 h, the ratio in the
native ADI group returned to normal. The performance of SIT-
n(ADI) was slightly better, but its function only lasted 144 h.
The super-long blood circulation of WIT-n(ADI) realized its

Fig. 5 In vivo activity measurement. (A) Circulation time of native ADI, SIT-n(ADI), and WIT-n(ADI). ADI was labeled with rhodamine B. (B) Ratio of
citrulline to arginine in the plasma of mice, which were injected with native ADI, SIT-n(ADI), and WIT-n(ADI). The ADI equivalent was ∼1 mg. (C)
Cytokine levels in mouse blood after different times of sample administration. Significantly different from the control group, nsp > 0.05, *p < 0.05,
**p < 0.01, and ****p < 0.001.
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sustained catalysis of arginine in plasma. After 240 h, the ratio
in the WIT-n(ADI) group was still higher than 280.
Furthermore, the ratio of citrulline to arginine in the tumor
tissue was also tested. As shown in Fig. S4,† SIT-n(ADI) and
WIT-n(ADI) could both increase the ratio of citrulline to argi-
nine in tumor tissues, and WIT-n(ADI) showed sustained cata-
lysis of arginine for several days. These results indicated that
the steady high ratio of citrulline to arginine in the plasma
caused by WIT-n(ADI) could induce the high intracellular ratio
of citrulline to arginine in ASS1-deficient tumor cells, poten-
tially suppressing these tumors. We further evaluated the
immunogenicity of in vivo use of WIT-n(ADI) by measuring
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3.7 Tumor suppression by a single injection of WIT-n(ADI)

The tumor inhibition effects of WIT-n(ADI) on H22-bearing
mice were investigated. After 4 days of tumor inoculation,
tumor-bearing mice were injected intravenously with native
ADI, SIT-n(ADI), and WIT-n(ADI) only once. The body weights
of mice in different groups were monitored (Fig. S7†), and they
had no significant difference during the treatment process.
The body weights of mice in the native ADI group and SIT-n
(ADI) group showed a temporary decline potentially caused by

their side effects. To examine the kinetics of tumor growth, we
monitored the tumor volume using a caliper every 3 days and
calculated as [(length × width2)/2]. The tumor volumes of mice
treated with PBS increased rapidly within 13 d (Fig. 7A). Native
ADI could inhibit tumor growth to some extent, but the tumor
volume of mice in the native ADI group was similar to that in
the control group after 22 d. SIT-n(ADI) showed a strong ability
to inhibit tumor growth because the tumor volume of mice in
the SIT-n(ADI) group was much smaller than that in the native
ADI group in the initial 13 d. However, the tumor volume

Fig. 7 Tumor suppression. (A) Growth evaluation of H22 subcutaneous tumor in Kunming mice after sample administration. Tumor volume was
examined every 3 days for 21 consecutive days. (B) Average mass of collected tumor tissues. (C) H22 tumor tissues obtained from euthanized mice
after 21 days of sample administration and a rectangle represented the dead mice. (D) Immunohistochemistry analyses of the expression of caspase-
3 and Bcl-2 in each group. Nuclei were stained blue, and the proteins were stained brown. The bar was 200 μm. (E) H&E staining and significance
levels are shown as nsp > 0.05, *p < 0.05, and ****p < 0.001.
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increased quickly after 13 d because of the invalidation of SIT-
n(ADI). In contrast, WIT-n(ADI) possessed the ability of sus-
tained tumor suppression. The tumor volume of mice in the
WIT-n(ADI) group was much smaller than that in other groups
after 25 d. The weights of tumor harvested from the mice in
the group of PBS, native ADI, SIT-n(ADI), and WIT-n(ADI) on
day 25 were ∼5.92 g, ∼5.61 g, ∼5.04, and ∼1.62 g, respectively
(Fig. 7B). Fig. 7C showed tumor tissues obtained from eutha-
nized mice on day 25, and a rectangle represented the dead
mice. Tumor tissues of mice in the WIT-n(ADI) group had a
much smaller size than that in other groups, indicating the
excellent tumor inhibition efficiency of WIT-n(ADI). It had
been proved that arginine deprivation could trigger the apop-
tosis of the tumor cells.38 Here, we examined the expression
levels of caspase-3 and Bcl-2 in tumor tissues harvested from
these mice by using immunohistochemistry analyses (Fig. 7D).
WIT-n(ADI) could dramatically suppress the tumor growth and
up-regulate the apoptosis of H22 cells by decreasing Bcl-2
expression and increasing caspase-3 expression. The result was
also confirmed by the direct observation of the slices stained
with H&E (Fig. 7E). These results indicated the feasibility of
selectively depriving extracellular arginine using WIT-n(ADI)
for the treatment of ASS1-deficient tumors.

3.8 Biological safety of WIT-n(ADI)

To verify whether selective extracellular arginine deprivation
avoided the side effects, we examined the histological sections
of organs (heart, liver, spleen, lung, and kidney) stained with

H&E (Fig. 8A). It could be observed that native ADI and SIT-n
(ADI) did not cause apparent damage to most organs except
for the liver. In the native ADI group and the SIT-n(ADI) group,
the morphologies of the hepatic sinusoid and the hepatic
lobule were irregular, indicating their hepatotoxicity. This con-
clusion was further proved by the measurement of the liver
function index (Fig. 8B). Tests of the serum level of total
protein (TP), alanine aminotransferase (ALT), aspartate amino-
transferase (AST), and alkaline phosphatase (ALP) showed that
the liver function of mice in the native ADI group and the SIT-
n(ADI) group was impaired, while that in the WIT-n(ADI)
group was normal. These results demonstrated the high bio-
safety of selective extracellular arginine deprivation.

To date, PEGylated ADI is the most successful functiona-
lized ADI, and it has been used in clinical trials. As an
example, ADI-PEG20 has been a novel targeted therapy for
both hepatocellular carcinoma and malignant melanoma.
However, the toxicity of PEGylated ADI cannot be ignored. For
example, in phase I/II trial of ADI-PEG20 for the treatment of
unresectable hepatocellular carcinoma, 12 patients (43%) had
grade 3 toxicity, and 3 patients (8.5%) had grade 4 toxicity.39

The most common acute toxicity was related to liver function,
and this phenomenon may be due to the hepatocyte phagocy-
tosis of ADI-PEG20. Therefore, compared with PEGylated ADI,
WIT-n(ADI) possessing the cellular non-uptake property has
more significant potential for clinical translation.

In previous drug delivery research studies, the focus of the
researchers is mainly on how to improve the weakness of

Fig. 8 Biological safety. (A) Histological sections of organs stained with H&E, and the bar was 20 μm. (B) Serum levels of total protein (TP), alanine
aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP) in mouse blood of different groups. The significance level
is shown as ****p < 0.001.
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