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Abstract: To date, the encapsulation of therapeutic enzymes
in a protective matrix is an optimized strategy for the
maintenance of their stability, facilitating their clinical
application. However, the stability and activity of ther-
apeutic enzymes are often in tension with each other. A
rigid protective matrix may effectively maintain the stabil-
ity of therapeutic enzymes, but it can reduce the diffusion
of substrates toward the therapeutic enzyme active site,
dramatically affecting their catalytic efficiency. Here, we
exploited a kind of nanogels by in situ polymerization on
the arginine deiminase (ADI) surface with 3-acrylamido-
phenylboronic acid (APBA) monomer. These nanogels
efficiently improved the thermal stability (25–75℃), the
pH stability (pH 1–13), and protease (trypsin) stability of
ADI due to the strong rigidity of the surface poly(APBA)
shell. And even after 60 days of storage, ∼60% of the
activity of ADI encapsulated by nanogels remained.
Furthermore, ADI encapsulated by nanogels could effi-
ciently degrade arginine to increase the ratio of citrulline
to arginine in mice plasma. That is because autologous
glucose binds with APBA leading to the hydrophilicity

increase of nanogels, and then, the arginine molecules
can readily diffuse toward the encapsulated ADI. This
nanogel platform eases the tension between the stability
and activity of therapeutic enzymes. The resulting nano-
gels can efficiently maintain the in vitro stability and the
in vivo activity of therapeutic enzymes, facilitating the
exploitation of new therapeutic enzyme formulations,
which can be transported and stored in vitro for a long
time and be applied effectively in vivo.

Keywords: therapeutic enzyme, activity, stability, nanogel,
hydrophobicity, hydrophilicity

1 Introduction

Therapeutic enzymes have been applied to clinical prac-
tice for at least 60 years [1]. As an example, De Duve [2]
has first reported that a therapeutic enzyme can be a part
of replacement therapies for genetic deficiencies. To date,
they have been used to treat various diseases, such as
COVID‐19 and cancers [3–6]. Compared with other kinds
of drugs, such as nucleic acid drugs [7], therapeutic
enzymes can specially bind and efficiently act on target
molecules. Furthermore, the target molecules of thera-
peutic enzymes are often multiple, endowing them with
a broad spectrum of therapeutic ability [8]. Therapeutic
enzymes have been used to treat various disorders that
small molecules cannot treat. As an example, arginine
deiminase (ADI) is a kind of therapeutic enzyme used
for arginine (Arg) deprivation that can efficiently suppress
argininosuccinate synthetase (ASS1)-deficient tumors.
Under normal circumstances, Arg is a kind of nonessen-
tial amino acid since normal cells can convert citrulline
(Cit) to Arg via the catalysis of ASS1, while ASS1-deficient
tumor cells must rely on exogenous Arg to meet the
needs of growth and proliferation. Therefore, ASS1-defi-
cient tumors can be efficiently suppressed by ADI-based
degradation of the Arg in the blood. However, therapeutic
enzymes are proteins with complex and fragile three-
dimensional structures, which are easily destroyed by
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high temperature, pH, organic solvents, or proteases [9–11].
The low stability of therapeutic enzymes would limit
their in vitro transportation and storage and reduce their
in vivo catalytic efficiency [12,13]. The enhancement of
therapeutic enzyme stability, therefore, is extremely
necessary to realize their efficient clinical application.

To improve the stability of therapeutic enzymes under
harsh conditions, numerous strategies have been applied.
Thereinto, the conjugation of polyethylene glycol (PEG)
to therapeutic enzymes (PEGylation) is one of the most
successful strategies to maintain their stability [14]. How-
ever, the reduced bioactivity of therapeutic enzymes
caused by the random chemical coupling greatly limited
their practical application [15]. Besides, immobilization
of therapeutic enzymes on scaffolds, which can achieve
stabilization effects to maintain the three-dimensional
structure of therapeutic enzymes, is used to improve their
stability [16]. However, therapeutic enzymes immobilized
on macroscaffolds can only be used locally, limiting their
application scope [17]. Microscaffolds, such as organic/
inorganic nanoparticles, can be applied for the immobili-
zation of therapeutic enzymes realizing their systemic and
local application, but the structural stability and catalytic
activity of therapeutic enzymes are strongly affected by the
physicochemical properties of biointerfaces, such as por-
osity, surface curvature, and their heterogeneity [18–22].
Immobilization of therapeutic enzymes often results in the
lower catalytic activity because the structure of the ther-
apeutic enzyme is easily destroyed [22]. Encapsulation of
therapeutic enzymes in a protective matrix, by compar-
ison, is an optimized method to maintain their stability.
For example, Zhang et al. have reported a therapeutic
enzyme encapsulation technology that is based on a zwit-
terionic polymer network, efficiently enhancing their sta-
bility, improving their pharmacokinetics, and mitigating
the immune response [23]. Taking advantage of the rigidity
of the protective matrix to maintain the three-dimensional
conformation of therapeutic enzymes is the fundamental
mechanism of encapsulation methods [24]. Theoretically,
the more rigid the protective matrix is, the stronger the
stability of therapeutic enzymes is. However, their activity
and stability are commonly in tension with each other. A
rigid matrix layer surrounding the therapeutic enzymes
may effectively maintain their structure, but it can reduce
the diffusion of substrates, dramatically affecting their
catalytic efficiency [25,26]. Therefore, how to address
the tension between the stability and activity of thera-
peutic enzymes is a huge challenge for therapeutic
enzyme encapsulation technologies.

As shown in Scheme 1, we used ADI as a model ther-
apeutic enzyme, and the in situ polymerization on ADI
surface with 3-acrylamido-phenylboronic acid (APBA),
N-(3-aminopropyl)methacrylamide (APM), andN,N′-methy-
lene-bis(acrylamide) (BIS) was adopted to exploit a kind of
nanogel (denoted as P-n(ADI)). To further endow P-n(ADI)
with the high in vivo application capacity, it was combined
with PEG to form PEGylated P-n(ADI) (denoted as PP-n
(ADI)). These nanogels showed strong rigidity in vitro
because of the hydrophobicity of poly(APBA) [27]. The
rigid polymeric shell could efficiently restrain confor-
mational changes in ADI, dramatically maintaining the
in vitro stability of ADI. Once inside the body, APBA
molecules located at the surface of PP-n(ADI) could
bind with autologous glucose increasing the hydrophi-
licity and flexibility of the poly(APBA) shell [28]. PP-n
(ADI) bound with glucose was denoted as PP-n(ADI)/
Glucose. The concentration of glucose was 5 mM similar
to the physiological level of glucose unless otherwise
mentioned. Then, the Arg molecules could readily dif-
fuse toward the encapsulated ADI, efficiently main-
taining the catalytic activity of ADI. Furthermore, the
flexible poly(APBA) shell can still protect ADI from
degradation and improve its in vivo stability. This kind
of nanogel could facilitate the exploitation of new ther-
apeutic enzyme formulations, which can be transported
and stored in vitro for a long time and be applied effec-
tively in vivo.

2 Experimental section

2.1 Materials

Rough extracted ADI was purchased from Baiaolaibo
Technology Co., Ltd (Beijing, China). Methoxy PEG pro-
pionaldehyde (mPEG-ALD, MW 5 kDa) was provided by
Jenkem Technology Co., Ltd (Beijing, China). Bicincho-
ninic acid (BCA) protein assay kit, Sephadex G-100, and
Cell Counting Kit-8 (CCK-8) were supplied by Solarbio
(Beijing, China). Amino acid assay kits were bought from
BioVision Incorporated. Fluorescein isothiocyanate (FITC)
isomer was purchased from Yuanye Biological Technology
Co., Ltd (Shanghai, China). Annexin V-FITC/PI cell apop-
tosis assay kit was bought from Meilunbio Co., Ltd (Dalian,
China). Other unindicated chemical reagents were pur-
chased from Sigma.
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2.2 The PP-n(ADI) synthesis and its
characteristics

PP-n(ADI) was synthesized according to the previous
method with slight modification [29]. Crude enzyme extract
was filtered by Sephadex G-100 to obtain pure ADI,
which was further quantified by a BCA assay kit. To
facilitate the encapsulation, ADI (10 mg/mL) was first
mixed with N-hydroxysuccinimide ester (the molar ratio
was 1:20) at 4℃ for 24 h, and the acrylated ADI was
purified by dialyzing against phosphate-buffered saline
(PBS). The acrylated ADI (1mg/mL) was mixed with APM,
APBA, and BIS (the molar ratio was 1:300:3,000:300). The
polymerization was initiated by taking advantage of ammo-
nium persulfate as the initiator and N,N,N′,N′-tetramethy-
lethylenediamine as the catalyst, and it was carried out
under the protection of nitrogen at 4°C for 2 h. The

resulting P-n(ADI) was purified by dialyzing against PBS
and using a hydrophobic interaction column (Phenyl-
Sepharose CL-4B). The ADI loading capacity was deter-
mined by a BCA assay kit. To further prepare PP-n(ADI),
mPEG-ALD was mixed with P-n(ADI) in the alkaline buffer
overnight. The molar ratio of mPEG-ALD to P-n(ADI) (by
ADI mass) was 20. The uncoupled PEG was removed by
dialyzing against PBS. Bovine serum albumin (BSA)
could be used as an ADI substitute, and PP-n(BSA)
could be prepared as the above-mentioned method.

The size distribution and zeta potential of samples
were measured by the dynamic light scattering (DLS)
technique. One milligram per milliliter of samples were
measured by DLS, and it was repeated three times. A trans-
mission electron microscope (TEM) was applied to assess
the morphologies of samples (0.5mg/mL) that were pre-
stained with phosphotungstic acid (3%). Native ADI, P-n

Scheme 1: The mechanism for the preparation and action of nanogels. (a) APBA, APM, and BIS were added to ADI solution and they could
enrich around ADI molecules because of the hydrogen bond and hydrophobic interaction between them. Then, P-n(ADI) was formed by
initiating the free radical polymerization of monomers and crosslinkers. mPEG-ALD was linked to P-n(ADI) to form PP-n(ADI). (b) The
polymeric shell was hydrophobic in vitro, efficiently maintaining the stability of ADI. Glucose bound with APBA molecules can locate at
the polymeric shell leading to the loosening of nanogels and the restoration of the catalytic activity of ADI. In addition, the loosened
polymeric shell still had protective effects.
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(ADI), PP-n(ADI), and PP-n(ADI)/glucose (1 mg/mL, by
ADI mass) were labeled with FITC and analyzed via
agarose gel electrophoresis. The molar ratio of FITC to
samples was 5. Gel running electrophoresis was con-
ducted for 30 min on agarose gel (1%). One milligram
per milliliter of samples were lyophilized, and they were
measured by the Fourier transform infrared spectro-
scopy (FT-IR) analysis. The UV–visible absorption of
sample solutions (0.5 mg/mL) was measured using a
spectrophotometer.

To test the surface hydrophobicity of samples, the
static water contact angles of samples were measured.
Briefly, 1 mg/mL of samples were added onto the surface
of a silicon slice, and N2 was used to dry the surface
solution forming a film. Then, we added a drop of water
onto the film and recorded the static water contact angle.

2.3 The test of samples’ specific activities

The specific activities of samples were measured by an
ELISA kit. About 0.1 mg/mL of samples were coincubated
with Arg (50mM) at 37℃, and the process lasted 10min.
Then, an Arg assay kit was applied to quantify the residual
Arg, and the enzymatic activity was determined according
to the definition. The specific activity was defined as the
formula: specific activity (IU/mg) = Enzyme activity/
Enzyme concentration.

Then, the specific activities of native ADI and PP-n
(ADI), which were preincubated with the same volume of
fresh mice serum at 37°C, were tested every 10 days, and
it was continued for 60 days. Furthermore, to verify the
protective effects of nanogels on therapeutic enzymes,
native ADI and PP-n(ADI)were incubated with or without
protease (trypsin, 2.0 μM) at 37°C for a day, and their
enzymatic activities were also tested. In addition, the
specific activities of native ADI and PP-n(ADI), which
were stored at different temperatures or in solutions
with different pH values, were also tested.

2.4 The glucose responsiveness of samples

To test the glucose-responsive activity of samples, a cer-
tain amount of native ADI and PP-n(ADI) was incubated
with Arg solution (100mM) at 37℃, and the concentra-
tions of residual Arg were measured by an Arg assay kit
every 1 min. The process lasted for 10min. Furthermore,

the enzyme activities of PP-n(ADI) that was incubated
with glucose solution (1, 6, and 10mM) and an equal
volume of serum were also tested according to the
above-mentioned methods.

2.5 The cytotoxicity of nanogels

Human umbilical vein endothelial cells (HUVECs) were
used to test the cytotoxicity by a CCK-8. Cells were inocu-
lated into a 96-well plate and cultured in a cell incubator
for 24 h. Then, fresh medium that contained different con-
centrations of PP-n(BSA)was employed to replace the cul-
ture medium, and untreated cells were used as the control.
Each group had six replicates. After 48 h of culture, we
added CCK-8 solution to each well, and the absorbance
at 450 nm of each well was measured. The cell viability
(%) = [absorbance (test well)450 nm − absorbance (blank
well)450 nm]/[absorbance (control well)450 nm − absorbance
(blank well)450 nm] × 100 [30].

2.6 Cell viability assay

Michigan Cancer Foundation-7 (MCF-7) cells were used
as target cells to evaluate the cell suppression effects of
samples by using a CCK-8. MCF-7 cells (5,000 cells per
well) were inoculated into a 96-well plate and cultured in
a cell incubator for 24 h. Then, the medium was replaced
with a fresh one that contained different concentrations of
samples. At 48 h, we added CCK-8 solution into each well,
and the cell viability was assessed. Cells without the treat-
ment of samples were used as the control, and the cell
viability (%) = [absorbance (test well)450 nm − absorbance
(blank well)450 nm]/[absorbance (control well)450 nm −
absorbance (blank well)450 nm] × 100 [30]. Furthermore,
the apoptosis of MCF-7 cells induced by samples was
measured by using AnnexinV-FITC/PI double staining.

2.7 The intracellular activity of PP-n(ADI)

The ratio of Cit to Arg in cells that were treated with
samples was tested. Briefly, MCF-7 cells were inoculated
into a six-well plate and cultured in a cell incubator for
24 h. Then, different concentrations of samples were used
to treat cells. The treated cells were washed and detached
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with trypsin after 24 h. We further added distilled water
to disperse the cells, and the cells were vortexed and
centrifuged for 30min at 12,000 rpm. Finally, we col-
lected the resulting supernatant and used the corre-
sponding assay kits to quantify the Arg and Cit in cells.

2.8 The blood circulation of samples

Similar to what we did before [31], we randomly divided
healthy Kunming mice into two groups, and each group
had six mice. FITC-labeled native ADI and PP-n(ADI)
(∼1 mg by ADI mass) were intravenously single-dose
injected into the corresponding mice. After the injection,
we collected the mice blood at selected time points and
obtained mice plasma by gentle centrifugation. Finally, a
microplate reader was used to measure the fluorescence
intensity of the dilute plasma.

2.9 The in vivo activity of PP-n(ADI)

We randomly divided healthy Kunming mice into two
groups, and each group had six mice. Samples (∼1 mg
by ADI mass) were intravenously injected into the cor-
responding mice once. After the injection, we cut the
mice tail to collect mice blood at certain time points
and centrifuged the blood to obtain mice plasma. The
Cit and Arg in fresh mice plasma were quantified by the
assay kits.

2.10 The biological safety of samples

We randomly divided healthy Kunming mice into two
groups, and each group had six mice. According to our
previous study, samples (∼1 mg by ADI mass) were intra-
venously injected into the corresponding mice once [32].
One week after injection, we euthanized the mice and
obtained their main organs, which were further stored over-
night in paraformaldehyde solution (4%). Then, organs
were carefully washed twice with buffer solution and
embedded in paraffin. Finally, we section the embedded
organs and stained the tissue sections with hematoxylin–
eosin (H&E), and the resulting H&E staining tissue sec-
tions were observed under a microscope.

2.11 Statistical analysis

Statistical comparisons were achieved using GraphPad
Prism 7.04 software. Results are presented as mean
± SEM.

3 Results and discussion

The morphology and diameter of prepared nanogels were
characterized as shown in Figure 1. The diameter of P-n
(ADI) (16.58 ± 5.18 nm) was significantly larger than that
of native ADI (6.04 ± 1.34 nm), implying the formation of
poly(APBA) shell on the ADI surface, but it should be
noted that not all ADI was encapsulated into P-n(ADI),
and the loading efficiency was 87.67 ± 5.29%. The cou-
pling of PEG to P-n(ADI) further increased in size to
22.58 ± 7.68 nm. Furthermore, the diameter of PP-n
(ADI)/glucose was 23.20 ± 6.70 nm, which was nearly
not different from that of PP-n(ADI). Theoretically, the
formation of polymeric shells on ADI and the further
coupling of PEG could gradually increase the size of
nanoparticles. Therefore, the size changes implied that
the preparation process met our design expectations.
PP-n(ADI) potentially improved the in vivo application
efficiency of ADI because nanogels avoided the removal
of ADI by the kidney, which often metabolically cleared
drugs smaller than 10 nm [33]. The representative TEM
image of samples (the inset picture in Figure 1) presented
that they were both spherical shapes and had homoge-
neous dispersion implying the protection of nanogels to
ADI. It had been proved that nanomedicines possessed
optimal in vivo performances including long blood circula-
tion time, low immunogenicity, and excellent targeting
ability should be with the appropriate size (10–100 nm)
and regular structure [34]. Therefore, the above results
demonstrated that nanogels could potentially be used as
excellent delivery vectors for ADI.

As shown in the agarose gel electrophoresis analysis
(Figure 2a), FITC-labeled native ADI moved toward posi-
tive electrodes because of its electronegativity (Figure 2b).
After encapsulation, the zeta potentials of P-n(ADI) and
PP-n(ADI) became positive, and therefore, they both
moved toward negative electrodes. The high zeta poten-
tial of polymeric nanoparticles could result in their rapid
in vivo clearance. For example, it had been reported that
micelles (25 ± 6 nm) with a zeta potential of 37.0 ± 2.9 mV
were mostly accumulated in liver tissues [35]. On the
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contrary, the accumulation of micelles (27 ± 6 nm) with a
zeta potential of 3.6 ± 0.8mV in liver tissues was much
lower. Therefore, although the surface potential of PP-n
(ADI) was slightly positive (2.3 ± 1.1 mV), it would not
result in the nonspecific clearance of PP-n(ADI) in ani-
mals. The surface components and structure of samples
were further characterized. For P-n(ADI), the appearance
of new peaks (1426.74, 1335.10, and 709.85 cm−1) in the
FT-IR spectrum was attributed to the phenylboronic acid
(Figure 2c) [36], indicating the successful formation of
poly(APBA) shell on the surface of ADI. New peaks at
2881.62, 1103.03, 959.46, and 846.36 cm−1 were shown
in the spectrum of PP-n(ADI), indicating the successful
coupling of PEG to P-n(ADI) [37]. Glucose can be bound
to PP-n(ADI) since the spectrum exhibited the typical
peaks of glucose at 1427.63 cm−1. The binding of glucose
to PP-n(ADI) could potentially prolong its circulation
time since the autologous glucose was not perceived as
a foreign material by the immune system. Furthermore,

the autologous glucose may endow PP-n(ADI) with the
ability to target lesions due to the associated diseases
consuming a lot of glucose. As an example, glucose could
be conjugated to nanomedicines realizing the specific
targeting and subsequent treatment of cancers [38].
UV-visible spectrum further proved that the polymeric
shells could efficiently shield ADI. Native ADI as a kind
of protein showed the characteristic peak at 280 nm. On
the contrary, the formation of a polymeric shell on ADI
shielded this characteristic peak (Figure 2d).

The water contact angle of the films that were res-
pectively formed by native ADI, P-n(ADI), PP-n(ADI), and
PP-n(ADI)/Glucose was measured. As shown in Figure 3,
the water contact angle of the film formed by P-n(ADI)
was 40.0 ± 3.1°, while that of the film formed by native
ADI was 35.5 ± 2.4°, indicating that the poly(APBA) shell
increased the hydrophobicity of the system. At physiolog-
ical pH, the uncharged phenylboronic acid was hydro-
phobic because of the existence of the benzene ring,

Figure 1: The size distribution of samples. The inset pictures were the corresponding TEM images. The scale bar was 50 nm.
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Figure 2: (a) Native ADI (1), P-n(ADI) (2), PP-n(ADI) (3), and PP-n(ADI)/Glucose (4) were analyzed by agarose gel electrophoresis. (b) Zeta
potential of corresponding samples. (c) FT-IR spectra of corresponding samples. (d) The UV-visible spectrum of corresponding samples.

Figure 3: The films were respectively formed by corresponding samples, and their water contact angle was measured.
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resulting in the hydrophobicity of the polymer layer
on the surface of ADI. When phenylboronic acid could
react with glucose to form hydrophilic phenylborates, the
hydrophobic polymer layer turned hydrophilic. Further-
more, the coupling of PEG and the binding of glucose
improved the hydrophilicity of the system. The hydro-
philicity of PP-n(ADI)/Glucose could reduce the protein
adsorption and the capture of immune cells, potentially
prolonging its circulation time [39]. Taken together,
these results indicated that the developed nanogels
could successfully encapsulate ADI, and the resulting
PP-n(ADI) showed excellent physicochemical proper-
ties, facilitating its in vivo application.

To investigate the effect of the preparation process on
therapeutic enzymes, the activity maintenance of ADI
was tested. The specific activity of PP-n(ADI)/Glucose
was similar to native ADI’s specific activity (Figure 4a),
demonstrating that the preparation process would not
result in the inactivation of ADI. Therefore, taking advan-
tage of physical interaction to encapsulate therapeutic
enzymes was a more suitable method compared with che-
mical PEGylation and immobilization, which could result
in the inactivation of therapeutic enzymes. To further
demonstrate the glucose responsiveness of PP-n(ADI),
the degradation efficiency of Arg was tested. As shown
in Figure 4b, PP-n(ADI) had a low degradation efficiency
of Arg, but its efficiency was rapidly improved after incu-
bation with glucose or serum. Importantly, the activity of
serum-incubated PP-n(ADI) was similar to that of native
ADI, indicating the efficient in vivo catalytic activity of

PP-n(ADI). These results demonstrated that the encapsu-
lation of therapeutic enzymes in nanogels did not cause
damage to them.

In addition, the results indicated that the binding of
glucose to nanogels restored the high-efficiency in vivo
activity of ADI. That is because the binding of glucose
could reduce the rigidity of the nanogel shell to endow
the internal ADI with more flexibility [28], efficiently
increasing the fitness of the ADI active site to Arg. And
Arg could readily diffuse through the flexible poly
(APBA)/glucose shell, maintaining the degradation effi-
ciency of ADI.

We further tested the influence of nanogels on the
stability of ADI. Samples were stored at different tem-
peratures for 30min. As shown in Figure 5a, nanogels
could effectively maintain the thermostability of ADI,
while the activity of native ADI was rapidly decreased
when the temperature was adjusted to higher than 55°C.
Besides, the activities of PP-n(ADI) stored in solutions
with different pH values for 30 min were similar, further
proving the protective effects of nanogels on therapeutic
enzymes (Figure 5b). When samples were pre-incubated
with the same volume of fresh mice serum and stored at
37℃, native ADI rapidly lost its activity as the increase
of storage time, and it was only ∼10% of its initial activity
after 30 days of storage (Figure 5c). After 60 days, in
contrast, the activity of PP-n(ADI) was still ∼60% of its
initial activity, implying the protective effects of nano-
gels on therapeutic enzymes. In addition, the activity
maintenance of native ADI and PP-n(ADI), which were

Figure 4: (a) The measurement of the specific activities of samples. The significance level was nsp > 0.05. (b) Arg was incubated with
different samples and its concentration change in 10 min was measured.
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both incubated with trypsin, was tested (Figure 5d). The
proteases could degrade native ADI and result in its
activity loss, while nanogels could efficiently protect
ADI from the degradation of proteases. The specific
activity of PP-n(ADI) incubated with trypsin was similar
to that of native ADI, demonstrating the protective effects
of nanogels. Furthermore, to prove whether the nanogel
could still resist the attack of proteases when glucose was
bound with the nanogel, we first pretreated PP-n(ADI)
with glucose and then treated it with trypsin. The activity
of the corresponding PP-n(ADI) was still similar to that

of native ADI. These results indicated that the rigid
nanogels could maintain the in vitro stability of ADI by
restraining conformational changes in ADI. The stability
enhancement of therapeutic enzymes can facilitate their
transportation and storage dramatically increasing the
possibility of clinical translation.

Figure 6a shows the result of circular dichroism (CD)
of the samples. The secondary structure of native ADI
treated with trypsin was destroyed. On the contrary, the
secondary structure of ADI could be well stabilized by
nanogels. These results indicated that nanogels fixed

Figure 5: (a) The measurement of the specific activities of samples that were stored at different temperatures for 30 min. (b) The mea-
surement of the specific activities of samples that were stored in solutions with different pH values for 30min. (c) Samples were pre-
incubated with the same volume of fresh mice serum and stored at 37℃ for 60 days, and their activity was measured every 10 days. (d)
Before and after incubation with trypsin, the specific activity of samples was measured. 1: native ADI; 2: PP-n(ADI); 3: native ADI treated with
trypsin; 4: PP-n(ADI) treated with trypsin; 5: PP-n(ADI) first treated with glucose and then treated with trypsin. The significance levels were
****p < 0.0001 and nsp > 0.05.
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the structure of therapeutic enzymes leading to the main-
tenance of their activity. To evaluate the cytotoxic effects
of nanogels, BSA was selected as the model protein to
prepare PP-n(BSA). That is because BSA had no function
and the results would only show the effect of nanogels on
cells, avoiding interference from the internal therapeutic
enzymes. HUVECs incubatedwith 640 μg/mL of PP-n(BSA)
still maintained as high as 90% viability (Figure 6b),
which demonstrated that nanogels as a drug delivery
vehicle had suitable cytocompatibility.

MCF-7 cell is a kind of ASS1-deficient tumor cell, and
it can be killed by ADI-based Arg deprivation. Here, MCF-
7 cells were treated with samples and their cell viabilities
were also tested. As shown in Figure 7a, the cell viability
was rapidly decreased with the concentration increase of
PP-n(ADI). The viability of the PP-n(ADI) (100 ng/mL)-
treated MCF-7 cells was ∼20% having no difference from
that treated with the same concentration of native ADI. It
was found that the change of the intracellular amino
acid ratio led to cytotoxicity. The MCF-7 cells’ intracel-
lular ratio of Cit to Arg was increased with the increase
in samples’ concentration (Figure 7b). The apoptosis of
MCF-7 cells was also measured by AnnexinV-FITC/PI
double staining (Figure 7c). Samples could induce the
apoptosis of MCF-7 cells, and PP-n(ADI) was potentially
more effective because nanogels would alter the cellular
interaction of ADI [29]. In conclusion, nanogels had low
cytotoxicity and could efficiently maintain the function
of therapeutic enzymes.

As depicted in Figure 8a, the blood circulation half-
life of PP-n(ADI) was ∼12 h, which was much longer than
that of native ADI (∼2 h). The nanogels significantly

prolonged the circulation time of therapeutic enzymes
mainly owing to the shielding protection of PEG. Besides,
the binding of autologous glucose to the surface of nano-
gels could avoid the capture of the reticuloendothelial
system [40]. The initial ratio of Cit to Arg in mice plasma
was 0.56 ± 0.06, and once we intravenously injected the
samples, its value was immediately increased to a few
hundred (Figure 8b). However, the ratio of Cit to Arg in
mice plasma was rapidly decreased in the native ADI
group, and it returned to normal after 96 h. In contrast,
PP-n(ADI) had a relatively long blood circulation time,
and it could realize the sustained degradation of Arg in
mice plasma. Even after a week, in the PP-n(ADI) group,
the ratio of Cit to Arg in mice plasma was still more than
10. We have given one injection of samples into mice, and
their main organs were obtained. We stained histological
sections with H&E, and the results showed that samples
did not have obvious damage to animals (Figure 8c),
indicating the excellent biocompatibility of nanogels.
This may be because nanogels did not cause excessive
oxidative stress [41]. In addition, Arg deprivation would
not damage normal cells because they can convert Cit to
Arg via the catalysis of ASS1, indicating the biosafety of
ADI based. From the in vivo performance of PP-n(ADI), it
could be concluded that the encapsulated therapeutic
enzymes still possessed efficient in vivo activity, and
nanogels did not further increase side effects. Therefore,
this kind of nanogel was an excellent delivery platform
for therapeutic enzymes, and they could serve as novel
therapeutic enzyme formulations for various disease treat-
ments, including tumor therapy, antibacterial treatment,
and anti-inflammatory therapy [7,42,43].

Figure 6: (a) CD analysis of native ADI, native ADI treated with trypsin, and PP-n(ADI) treated with trypsin. (b) Cytotoxicity of different
concentrations of PP-n(BSA) in HUVECs.
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Figure 7: (a) The cell viability of MCF-7 cells that were treated with various concentrations of samples. (b) MCF-7 cells were incubated with
various concentrations of samples, and the ratio of Cit to Arg in them was tested. (c) Fluorescence microscopy images showing the
apoptosis of MCF-7 cells treated with native ADI and PP-n(ADI) (100 ng/mL) by AnnexinV-FITC/PI double staining. The scale bar is 100 μm.
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Figure 8: (a) The blood circulation time of samples. FITC was used to label ADI. (b) Samples (∼1 mg)were intravenously injected into the mice
once, and the ratio of Cit to Arg in corresponding mice plasma was measured. (c) Images of H&E staining of histological sections of organs.
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To further study the biocompatibility of PP-n(ADI) in
vivo, hemolytic activity tests were performed to evaluate
blood compatibility. No hemolysis was observed in the
groups of PP-n(ADI) (Figure 9), which demonstrates that
nanogels were biocompatible as a drug delivery vehicle.

4 Conclusions

Glucose-responsive nanogels were synthesized by forming
a polymeric shell containing phenylboronic acid groups
on a therapeutic enzyme surface. These nanogels could
efficiently restrain conformational changes in therapeutic
enzymes, dramatically maintaining their in vitro stability.
When applied in vivo, furthermore, phenylboronic acid
molecules located at the surface of nanogels could bind
with autogenous glucose, leading to the hydrophilicity
and flexibility increase in the polymeric shell. Then, sub-
strate molecules are easily diffused through the flexible
polymeric shell, effectively maintaining their in vivo cat-
alytic activity. Moreover, the flexible polymeric shell can
still protect ADI from degradation and improve its in vivo
stability. This kind of nanogel can significantly improve
the in vitro stability of therapeutic enzymes and main-
tain their in vivo activity by the flexible change of the
nanogel rigidity, facilitating the exploitation of new
therapeutic enzyme formulations. In the present study,
the researchers mainly focused on the in vivo efficiency
of the drug. We believe that the efficiency of the drug
from in vitro preparation and storage to clinical in vivo
application should be considered comprehensively. And
we hope our results can inspire others to design more
efficient pharmaceutical preparations.
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