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Chemodynamic therapy (CDT) is an emerging antitumor strategy utilizing iron-initiated Fenton reaction to
destroy tumor cells by converting endogenous HO3 into highly toxic hydroxyl radical (OH). However, the
intratumoral overexpressed glutathione (GSH) and deficient acid greatly reduce CDT efficacy because of OH
scavenging and decreased OH production efficiency. Even worse, the various physiological barriers, especially in
glioma, further put the brakes on the targeted delivery of Fenton agents. Herein, by exploring the thiol reaction
potential of 5,5'-dithiobis-2-nitrobenzoic acid (DTNB), we have constructed a tailored biomimetic nanoreactor to
improve glioma CDT efficacy through synchronous GSH exhaustion and acidity elevation. The biomimetic
nanoreactor was fabricated by employing DTNB to drive the nano-assembly of BSA molecules, followed by
loading the carrier onto the cell surface of neutrophils via disulfide-thiol exchange. Upon sensing the inflam-
matory signal, the nanoreactor hijacked by neutrophils efficiently targets to the tumor site, which then dually
depletes GSH by disulfide bond stabilizing the nanostructure and the following liberated Fe (III). In particular,
the simultaneously released DTNB can not only consume the residual GSH, but also produce 5-thio-2-nitroben-
zoic acid (TNB) promptly, resulting in accelerated Fenton reaction. Through in vitro and in vivo experiments, we
demonstrate the exhaustive and synchronous regulation of Fenton chemistry could potentially serve as a novel
CDT strategy for glioma.

1. Introduction deficient acidity could severely impede the effective implementation of

CDT [6,7]. On the other hand, due to the various physiological barriers,

In emerging nano-catalytic medicine, chemodynamic therapy (CDT),
as a novel therapeutic alternative to tumors, has attracted increasing
research attention owing to the potent cytotoxicity of hydroxyl radical
(-OH) boosted by Fenton reactions [1,2]. Owing to the distinctive
mechanism of intratumoral manipulation, CDT is supposed to precisely
target and eliminate cancer cells while being blind to normal tissues,
rendering it the improved tumor specificity and reduced systemic
toxicity [3]. More importantly, CDT needs no further field stimulation
during the course of treatment, thereby avoiding the
penetration/biosafety-related issues. However, despite the advantages
presented, CDT still suffers from low therapeutic performance [4]. On
one hand, the efficacy of CDT mainly relies on the concentration of toxic
-OH produced by Fenton reaction, which is energetic in an acid condi-
tion (pH ~ 2-4) [5]. Nevertheless, the existed antioxidant system and
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especially the blood-brain barrier (BBB) and blood-tumor barrier (BTB)
in glioma, the deposition of Fenton agents is greatly compromised by the
nanoparticle-based drug delivery systems [8,9], which fundamentally
limits the outcome of CDT.

Through scavenging the stock and inhibiting the production of
intracellular -OH, the robust antioxidant system and weak acid envi-
ronment constitute the two complementary factors responsible for the
poor efficacy of CDT. Among the various antioxidant substances,
glutathione (GSH) is regarded as the most predominant antioxidant
system, enabling the reduction of GSH concentration to be a potent
strategy for -OH enrichment [10-12]. Compared with the suppression of
GSH synthesis or regeneration, directly consuming GSH reserves rep-
resents a rapid and effective manner to decrease the intracellular GSH
levels [13]. In this regard, numerous GSH-responsive Fenton nanoagents
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comprising manganese dioxide, Fe (III), Cu (II), disulfides or oxidation
state molecule have been reported to boost Fenton reaction [13-15].
However, on account of the insufficient depletion of GSH by single
approach and the hypersensitivity of -OH to residual GSH, CDT alone
can barely eliminate malignant tumors and therefore needs combined
therapy [16]. Apart from overexpressed GSH, the deficient acid of tumor
milieu (pH ~ 6.5) imposes another adverse factor on CDT through
decreasing the production efficiency of -OH [17-19]. Recently, attempts
have been made to address this issue by customizing the tumor milieu
through in situ H' generation or acidosis reconstruction. Glucose oxi-
dase can catalyze glucose oxidation into gluconic acid [20,21], therefore
being widely employed to reinforce the efficiency of Fenton reaction.
Beyond that, the overexpressed carbonic anhydrase IX (CA IX) is known
to play important roles in maintaining the weak acid pH of cytosol [22],
thus inhibiting the activity of CA IX enzyme shows another approach to
re-establish tumor acidosis and accelerate the -OH production. Never-
theless, besides the insufficient H' yield, these strategies take a long
time to acidize the tumor milieu [5], which generally mismatches with
the rapidly occurred Fenton reaction. Therefore, it is reasonable to
combine the sufficient GSH depletion and prompt acidity elevation for
effective implementation of CDT.

Unfortunately, the targeted deposition of Fenton agents, as the
precondition for the fulfillment of CDT, by nano-system is often hin-
dered because of the BBB/BTB and dense extracellular matrix in glioma
[23]. Vectorization of therapeutics employing endogenous cells such as
neutrophils (NEs), which possess inflammatory sensing ability to tra-
verse physiological barriers [24-26], has recently been proposed as a
potent targeting strategy for brain drug delivery. Generally, intracellular
loading or cell surface attaching of therapeutics are widely utilized ap-
proaches to exploit the delivery capability of endogenous cells. Besides
the limitation of cell types with phagocytosis capability, nanodrugs
loaded in host cells may suffer from undesired degradation and release
[27,28], which in turn may affect the cell targeting abilities. In contrast,
attaching cargos on the cell surface is able to reduce the potential
cytotoxicity and avoid the premature degradation, thus highly prom-
ising for drug targeted delivery. Generally, nanodrugs can be loaded on
cell surface via charge-dependent adsorption, ligand-receptor attach-
ment, and covalent coupling [29,30]. However, these approaches
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possess inherent drawbacks [31]: charge-dependent adsorption is likely
instable, ligand-receptor attachment may interfere the signal trans-
duction, while the covalent coupling is usually manipulated in harsh
conditions and accompanied by unloading concerns. It is therefore
essential to seek alternative method with simplicity, cytocompatibility
and reversibility to improve the targeting efficiency of Fenton agents.

In previous works [32,33], we demonstrated, in an efficient and
cytocompatible manner, 5,5-dithiobis-2-nitrobenzoic acid (DTNB) is
able to drive the disulfide crosslink of protein nanoparticles onto cell
surface through disulfide-thiol exchange for its efficient leaving group of
5-thio-2-nitrobenzoic acid (TNB). Given the cleavable property of the
interfacial disulfide, it is appealing to explore its potential in nanodrug
loading application. More importantly, if delicately used as an oxidant,
DTNB can not only fast deplete the intracellular GSH, but also acidize
the tumor milieu synchronously by side product TNB, indicating the
regulation potential for Fenton chemistry. Therefore, in this study, by
exploring the thiol reaction capacity of DTNB, we report a tailored
biomimetic nanoreactor to improve glioma CDT efficacy through syn-
chronous GSH exhaustion and acidity elevation (Scheme 1). To obtain
the biomimetic nanoreactor (DTNB/Fe(II)@BNP-NEs), DTNB and Fe
(IlI) are encapsulated into the bovine serum albumin (BSA) nano-
particles (BNP) stabilized with disulfide network, followed by loading
onto the surface of NEs via disulfide-thiol exchange (Fig. S1). Upon
sensing the inflammatory signal, the nanoreactor DTNB/Fe(III) @BNP
hijacked by NEs efficiently targets to the tumor site, wherein DTNB/Fe
(IIM@BNP is unloaded in response to the enzymes or other reducing
substances released by the over-activated NEs. Once being internalized,
DTNB/Fe(IIN@BNP triply depletes the intracellular GSH and promptly
elevates the acidity of tumor milieu through disulfides and the subse-
quent liberated Fe (III) and DTNB, leading to enhanced Fenton reaction
efficacy. Based on in vitro and in vivo results, we proved such exhaustive
and synchronous regulation of Fenton chemistry could potentially serve
as a novel CDT strategy for glioma.

2. Results and discussion

Preparation and Characterization of Nanoreactor. The nano-
reactor DTNB/Fe(III)@BNP was synthesized by exploiting the reaction
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Scheme 1. Schematic illustration of biomimetic nanoreactor for glioma chemodynamic therapy (CDT) through synchronous GSH exhaustion and acidity elevation.
Upon sensing the inflammatory signal, the nanoreactor hijacked by NEs efficiently targets to the tumor site, which triply depletes the intracellular GSH and promptly
acidizes the tumor milieu, leading to enhanced Fenton reaction efficacy for glioma CDT.
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ability of DTNB against thiols in BSA. Briefly, BSA was firstly reduced by
dithiothreitol (DTT) to obtain the reduced BSA (rBSA), which were then
activated by excessive DTNB under rigorous stirring. Subsequently,
equivalent rBSA along with the Fenton agent Fe (III) was introduced to
drive the intermolecular disulfide crosslinking of BSA as well as the drug
loading, the nanoreactor DTNB/Fe(III)@BNP was thus obtained with
loading contents of 7.12 % and 0.33 % to DTNB and Fe(Ill), respectively.

DTNB/Fe(II)@BNP exhibits a spherical morphology with narrow
size distribution as shown in Fig. 1a. Since the stability is very important
for in vivo application, DTNB/Fe(IlI)@BNP was dispersed in DMEM
containing 10 % FBS mimicking the physiological environment and the
size was measured at predetermined time points. As shown in Fig. 1b,
DTNB/Fe(III)@BNP showed negligible size variation after 7 day incu-
bation, implying the stable property of the nanoreactor. To elucidate the
forces that stabilized the nanostructure, sodium dodecyl sulfate (SDS),
ethylene diamine tetraacetic acid (EDTA) and DTT were introduced as
destroyers of hydrophobicity, chelation and disulfide respectively into
DTNB/Fe(III)@BNP solution. As shown in Fig. S2, SDS and EDTA could
cause the variation of particle size, while DTT almost dissociated the
nanoparticle since the size of DTNB/Fe(II[)@BNP suffered significant
decrease. This implies though physical forces existed, disulfide crosslink
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dominated the forces stabilizing the nanreactor. To further validate the
existence of disulfide, DTNB/Fe(III)@BNP was incubated with GSH (10
mM), and decreased particle size was observed (Fig. 1c and Fig. S3).
Moreover, X-ray photoelectron spectroscopy (XPS) was also utilized to
verify the formation of disulfide. As shown in Fig. S4, the S 2p peak of
DTNB/Fe(III) @BNP located at 163.5 eV, which was associated with the
presence of disulfide, increased compared with that of rBSA. These re-
sults collectively validated the formation of disulfide network which
endowed the nanoreactor with GSH-cleavage and depletion property. As
expected, DTNB/Fe(III)@BNP showed accelerated DTNB release in the
presence of GSH supplementation (Fig. 1d). The cumulative released
DTNB was calculated by addition of the depleted (TNB) and free DTNB
in the presence of GSH (Fig. S5).

As DTNB continuously liberated from DTNB/Fe(III) @BNP upon GSH
treatment, pH of the solution dramatically decreased due to the presence
of acidic TNB generated from GSH depletion by DTNB (Fig. 1e), indi-
cating the capacity of DTNB/Fe(IIl[)@BNP for acidifying tumor milieu.
To detect the -OH generation under simulated normal and acidized
tumor milieu boosted by Fe-initiated Fenton reaction, rhodamine B
(RhB) was used as the ROS indicator and added into DTNB/Fe(III) @BNP
following the sequential introduction of GSH and H30». Intriguing, as
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Fig. 1. Preparation and characterization of nanoreactor. (a) Particle size distribution of DTNB/Fe(III)@BNP determined by dynamic light scattering. Inset: trans-
mission electronic microscope image of DTNB/Fe(II)@BNP. 100 nm in the legend. (b) Stability of DTNB/Fe(III)@BNP in DMEM containing 10 % FBS. (c) Hy-
drodynamic diameter of DTNB/Fe(II) @BNP subjected to 10 mM GSH treatment (n = 3). (d) Cumulative DTNB release profile of DTNB/Fe(II[)@BNP in the presence
or absence of 10 mM GSH (n = 3). ***P < 0.001. (e) pH of DTNB/Fe(III) @BNP upon treatment with 10 mM GSH (n = 3). (f) Detection of -OH production from DTNB/
Fe(III) @BNP pretreated with 1 mM GSH for 3 h followed by introduction of 1 mM H»0, by measuring TNB and rhodamine B (RhB) absorbance at pH 6.5 and (g) pH
5.2. (h) Optical photographs of different mixed solutions at 1 h post sequential addition of GSH or H,0,. (i) Plots of T5! against Fe concentration and Fe-mediated MR

imaging of DTNB/Fe(III) @BNP.
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shown in Fig. 1f and g, the absorbance of RhB was found no apparent
changes, while significant decrease of TNB and corresponding increase
of DTNB in absorbance were observed, and the reciprocal trans-
formation was more drastic in the lower pH condition. In contrast, no
absorbance changes were detected after the treatment only in the
presence of GSH or HyO» (Fig. S6). These results suggested TNB probably
had stronger reduction ability than RhB and could be preferentially
oxidized to DTNB, which could be further accelerated in acidized con-
dition, indicating the effective -OH production ability of DTNB/Fe(III)
@BNP through Fenton reaction. Fig. 1h showed the optical photographs
of different mixed solutions after sequential addition of GSH or H205,
the color changes of which were consistent with the above results. In
addition, as shown in Fig. 1i, intensity (darkness) of T2-weighted MRI of
DTNB/Fe(IlI)@BNP was gradually enhanced and the corresponding
relaxation rate (1/T5) was varied linearly as Fe concentration increased.
The results indicated that Fe (III) loading enabled DTNB/Fe(II) @BNP to
be a favorable To-weighted MR contrast agent, with r, relaxation (slope
of the curve) value of 5.0648 mM ! s

Boosted Fenton Reaction Efficiency by Synchronous GSH
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Exhaustion and Acidity Elevation. To examine the cytotoxicity of
DTNB/Fe(II)@BNP on C6 cells, CCK-8 assay was performed. For com-
parison, BNP and Fe(II)@BNP with similar size (Fig. S7) were also
synthesized and used as controls. As shown in Fig. 2a, all nano-
formulations exhibited concentration-dependent toxicity, whereas Fe
(IIN)@BNP and DTNB/Fe(II[)@BNP presented gradually improved cell
killing effect after internalization (Fig. S8) compared with BNP. The
apoptosis analysis was consistent with the CCK-8 results (Fig. 2b). This
was presumably attributed to the multiple regulation of intracellular
Fenton chemistry involving the sufficient GSH depletion and prompt
acidity elevation. Interestingly, Fenton agents Fe (III) and membrane-
impermeable DTNB alone used enhanced the cell propagation, prob-
ably due to their multiple roles in cell metabolism, which underlined the
necessity of integration for achieving favorable Fenton reaction
performance.

To verify our speculation on enhanced cytotoxicity of the nano-
reactor, the regulation property for intracellular Fenton chemistry was
examined. As shown in Fig. 2c and Table S1, the three nano-
formulations all induced GSH depletion in a kinetic manner, while at
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each time point, BNP, Fe(II[)@BNP and DTNB/Fe(III)@BNP exhibited
gradually increased consumption on intracellular GSH. This is fully
matched with the single, dual or triple GSH depletion strategy imposed
on BNP, Fe(II)@BNP and DTNB/Fe(II) @BNP through disulfide and the
released cargoes, indicating the potential of nanoreactor for GSH
exhaustion. Once liberated, DTNB rapidly reacted with GSH and pro-
duced acidic TNB, which is of vital importance for the efficient occur-
rence of Fenton reaction. To detect the change of intracellular acidity,
2/,7"-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl
ester (BCECF-AM), a fluorescent pH probe, was employed. As expected
(Fig. 2e), DTNB/Fe(III)@BNP caused the obvious acidity elevation since
the fluorescence signal of BCECF dramatically decreased after 4 h in-
cubation, a time dimension in accordance with the GSH exhaustion. In
contrast, neither BNP nor Fe(III)@BNP induced apparent acidity varia-
tion, indicating the significant role of DTNB in acidifying the intracel-
lular environment. The acidity change was also visualized using
confocal laser scanning microscope (CLSM) (Fig. 2d), in which the
BCECF signal could barely observed in the cytoplasm of DTNB/Fe(III)
@BNP treated cells, in sharp contrast with that of the control, BNP and
Fe(II@BNP groups. This result was well consistent with the flow
analysis and showed the prompt acidity elevation capability of DTNB/Fe
(IID)@BNP. Upon synchronous GSH exhaustion and acidity elevation,
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Fenton reaction is supposed to proceed efficiently, we thus measured the
-OH production using ROS indicator 2',7'-dichlorofluorescin diacetate
(DCFH-DA). As shown in Fig. 2g, significantly increased fluorescence
signal of DCF was found in response to DTNB/Fe(III)@BNP treatment,
whereas BNP and Fe(II[)@BNP groups presented apparently lower
fluorescence intensity, which was mainly ascribed to the insufficient
GSH depletion and deficient intracellular acidity. The -OH production of
DTNB/Fe(III)@BNP was further confirmed by CLSM investigation
(Fig. 2f), which was in agreement with the flow analysis, indicating the
efficient regulation property of intracellular Fenton chemistry.

Since excess ROS can induce the lipid peroxidation of cell membrane,
the marker of this process, malonaldehyde (MDA), were quantitatively
evaluated to further verify the production of -OH. As shown in Fig. 2h,
DTNB/Fe(II) @BNP treatment could significantly increase the intracel-
lular MDA level compared with the other groups, validating the
enhanced production of -OH through efficient regulation of Fenton
chemistry for cell killing. We further conducted a rescue experiment
using GSH, deferoxamine (DFO), and vitamin E (VE) as the Fenton re-
action inhibitors, given the antioxidative roles of GSH and VE as well as
the iron chelation property of DFO [34]. The impaired cell viability
significantly restored upon the subsequent incubation of the specific
inhibitors (Fig. 2i), verifying the Fenton reaction induced cytotoxicity.
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Taken together, these results demonstrated the synchronous GSH
exhaustion and acidity elevation laid the foundation for boosted Fenton
reaction efficiency, implying the potential application of the nano-
reactor for glioma CDT.

Nanoreactor Cell Surface Loading and Characterization. The NEs
were collected from inflammatory murine peritoneal cavity stimulated
with thioglycollate broth, referred to the previous reported method.
Since NEs can rapidly respond to the inflammatory stimuli, we further
screened the time period for collecting NEs after the injection of thio-
glycollate broth. As shown in Fig. 3a, the purity of NEs reached 97 %
after 6 h stimulation, higher than 4 h of 88.9 %, hence 6 h after the
thioglycollate broth injection was chosen for subsequent NEs collection.
Afterwards, DTNB/Fe(IIlI)@BNP were loaded onto the NEs surface
through the exchange of thiols on the cell membrane with disulfides of
thiol-activated DTNB/Fe(III)@BNP to obtain the biomimetic nano-
reactor. The CLSM images clearly indicated the fluorescent DTNB/Fe
(II) @BNP was successfully attached onto the NEs cell surface (Fig. 3b),
rendering the nanoreactor living delivery property. It is worth noting
that the synthesis of biomimetic nanoreactor was conducted in a cyto-
compatible condition with high reaction efficiency (less than 10 min),
which was essential to retain the biological functions of NEs for
chemotactic migration. The cell surface loading of DTNB/Fe(III)@BNP
was also characterized with scanning electronic microscope which
exhibited relatively smooth interfacial architecture post the nanoreactor
attachment (Fig. S9). To further validate the presence of DTNB/Fe(III)
@BNP on the surface of NEs, NEs with or without nanoreactor loading
were subjected to SDS-PAGE after DTT treatment. Compared with NEs,
distinct aggregates were observed at the top of the band in nanoreactor
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loading group (Fig. S10), which could be attributed to the unload and
incomplete dissociation of DTNB/Fe(II[) @BNP from NEs surface. These
results together demonstrated the successful loading of nanoreactor onto
the surface of NEs.

To verify the effect of surface loading on main biological functions of
NEs, DTNB/Fe(III)@BNP with different concentrations (0.1 mg mL’l,
0.2 mg mL ! and 0.3 mg mL 1) was employed to incubate with the NEs.
The fluorescence intensity gradually increased with elevated treatment
concentrations, implying the successful loading of DTNB/Fe(III)@BNP
(Fig. 3c). CD11b, a specific membrane protein associated with NEs,
plays vital roles in regulating the adhesion and migration towards
inflammation. As shown in Fig. 3d, negligible difference was measured
in CD11Db level of NEs incubated with different concentrations of DTNB/
Fe(II)@BNP, indicating the well retained chemotaxis after the drug
loading. No obvious morphological change was perceived after the
attachment of DTNB/Fe(III)@BNP onto NEs surface (Fig. 3e). Cell
viability exerts prerequisite roles on biological functions, hence the
viability of DTNB/Fe(III)@BNP-NEs was measured using apoptosis
assay. There were no apparent difference in viable cell population with
over 85 % proportion (Fig. 3f), indicating the favorable cytocompati-
bility of the loading process. Collectively, these results demonstrated
that the nanoreactor could be efficiently loaded onto the NEs surface
through rapid thiol-disulfide exchange and the loading process imposed
little effect on the biological functions of NEs, indicating the great
promise for cargo delivery.

FITC

Pl

Hoechst

Merged

Fig. 4. Inflammation-primed targeted delivery. (a) Flow analysis of NEs isolated from peritoneal cavity after the intravenous administration of FITC-labeled DTNB/
Fe(III)@BNP-NEs prepared at different DTNB/Fe(III)@BNP concentrations. Dio-labeled NEs were also administrated and used as control. Referring to the blank
control, the blue population could be gated as the native NEs, while the red population could be attributed to FITC-labeled DTNB/Fe(III)@BNP-NEs or Dio-labeled
NEs, based on the distinction in fluorescence intensity. (b) Penetration of FITC-labeled DTNB/Fe(III)@BNP or DTNB/Fe(IIlI)@BNP-NEs into the 3D C6 tumor
spheroids after incubation for 4 h. CLSM images were collected with a Z-stack thickness of 30-40 pm in hemisphere. (c) CLSM images of C6 cells incubated with
DTNB/Fe(III) @BNP-NE:s for different times. The liberated DNA segments were stained with PI, and the nuclei of C6 cells was stained with Hoechst. Scale bar, 20 pm.
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2.1. Inflammation-primed targeted delivery to tumor

To investigate the inflammation mediated chemotactic migration of
the biomimetic nanoreactor, an in vivo recruitment experiment was
carried out according to the collection of NEs. As exhibited in Fig. 4a and
Fig. S11, the collected NEs from peritoneal cavity upon stimulation with
thioglycollate broth after FITC-labeled DTNB/Fe(II) @BNP-NEs admin-
istration could be divided into two populations. The blue population was
presumed to the autologous NEs based on the absence of fluorescence
signal, referred to the blank group, while the red population could be
ascribed to the injected DTNB/Fe(II) @BNP-NEs since obvious fluores-
cence was detected. Interestingly, negligible difference was found in the
migration proportion of NEs treated with various DTNB/Fe(II) @BNP
concentrations, which was comparable to that of Dio-labeled NEs. The
results suggested that the attachment of DTNB/Fe(III)@BNP on cell
surface barely affected the chemotactic migration of NEs toward
inflamed site for brain targeting. Given the superior drug loading ca-
pacity, biomimetic nanoreactor prepared at 0.3 mg mL~! DTNB/Fe(III)
@BNP was chosen for subsequent experiment.

The tumor-penetration capability of DTNB/Fe(II)@BNP-NEs was
assessed employing a three-dimensional (3D) multicellular tumor
spheroid model. After incubation with FITC-labeled DTNB/Fe(III)@BNP
or DTNB/Fe(III) @BNP-NEs, the fluorescence signal was detected from
the surface to the central region of the tumor spheroid with 120 pm
depth. As shown in Fig. 4b, the FITC fluorescence of DTNB/Fe(IIl)
@BNP-NEs group was clearly observed at 80 pm depth and distributed
in most areas of the tumor after 4 h treatment. In contrast, FITC signal
was visualized mainly on the periphery and only feeble fluorescence
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presented at 40 pm depth of the tumor spheroid incubated with DTNB/
Fe(III)@BNP. The results demonstrated that the penetration capability
of NEs was well retained after the surface loading of DTNB/Fe(III)
@BNP.

We next evaluated the inflammation-primed intercellular trafficking
of cargo from NEs to tumor cells (Fig. 4c). To simulate the inflammatory
stimuli of tumor, the supernatant after tumor cell culture for 24 h was
collected and utilized for the dispersion of DTNB/Fe(III)@BNP-NEs.
When FITC-labeled DTNB/Fe(III)@BNP-NEs were initially introduced
to the C6 monolayer, the FITC and Hoechst of tumor nuclei fluorescence
were clearly observed in separated form, whereas PI signal was not
detected. After 4 h incubation, DTNB/Fe(IlI)@BNP-NEs unloaded
DTNB/Fe(II)@BNP, accompanied by the formation of neutrophil
extracellular traps (NETs) indicated by PI fluorescence, implying the
dissociation of NEs being over-activated. As time extended to 8 h, a large
number of unloaded DTNB/Fe(III) @BNP was endocytosed by C6 cells as
evidenced by the colocalization of FTIC and Hoechst in the same tumor
cell, which subsequently exerted favorable cytotoxicity (Fig. S12).
Accordingly, NEs could unload the surface attached nanoreactor in
response to the inflammation stimuli, which was later endocytosed by
tumor cells and produce abundant -OH for cell killing.

In Vivo Biodistribution and Brain-Tumor Targeting. The in vivo
biodistribution of nanoreactor surface attached onto NEs was conducted
in a C6 glioma model employing the In Vivo Imaging System. Cy7-
labeled DTNB/Fe(II)@BNP was incubated with NEs to prepare the
fluorescent DTNB/Fe(III) @BNP-NEs. As shown in Fig. 5a and Fig. S13,
DTNB/Fe(III)@BNP-NEs efficiently targeted to the inflamed brain
tumor, as evidenced by the strong fluorescence in tumor at 1 h post the

DTNB/Fe(lll)
@BNP

DTNB/Fe(lll)
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Fig. 5. In vivo biodistribution and brain-tumor targeting. (a) Fluorescence images of C6-bearing mice intravenously administrated with Cy7, Cy7-labeled DTNB/Fe
(IIN@BNP or DTNB/Fe(III)@BNP-NE:s at indicated time points. (b) Fluorescence images of major organs excised from mice at 2 h post the administration of Cy7, Cy7-
labeled DTNB/Fe(III) @BNP or DTNB/Fe(III) @BNP-NEs. (¢) Quantitative analysis of mean fluorescence intensity in organs at 2 h post administration. Data are shown
as mean =+ s.d. (n = 3). *P < 0.05, ***P < 0.001. (d) T,-weighted MR images of C6-bearing mice pre and post injection of DTNB/Fe(III) @BNP or DTNB/Fe(II) @BNP-
NEs. The red circles indicate the tumor region. (e) Relative signal intensity of C6 glioma versus time post administration. Data are shown as mean + s.d. (n = 3). ***P

< 0.001.
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intravenous administration. The accumulation of DTNB/Fe(III) @BNP-
NEs in tumor reached the summit peak at 2 h and then suffered a
gradual decrease in the next 6 h. During the whole observation period,
much stronger fluorescence was monitored at the inflamed brain tumor
from mice administrated with DTNB/Fe(III) @BNP-NEs than that of mice
injected with DTNB/Fe(II)@BNP or Cy7 dye. To investigate the bio-
distribution of the three formulations, the major organs were excised
and imaged at 2 h post injection (Fig. 5b). The results showed that Cy7 or
DTNB/Fe(III)@BNP mainly distributed in the liver and kidney, the two
specialized organs for drug metabolism. In contrast, the accumulation of
DTNB/Fe(III)@BNP-NEs in the two metabolic organs obviously
decreased, while significantly increased deposition was observed in the
brain, which was further verified by CLSM imaging of excised brain
tissues (Fig. S14). The statistical analysis indicated a nearly threefold
increase in fluorescence intensity of brain tumor compared with mice
administrated with DTNB/Fe(II)@BNP group (Fig. 5c¢), revealing the
inflammation-primed boosted brain-tumor targeting of the biomimetic
nanoreactor.

The vectorization of DTNB/Fe(III) @BNP-NEs to the inflamed brain
tumor was further assessed using To-weighted MR imaging. Compared
with the DTNB/Fe(II) @BNP group, mice administrated with DTNB/Fe
(III) @BNP-NEs exhibited stronger contrast enhancement of negative
signals in the brain tumor site (Fig. 5d). The effect of contrast
enhancement was further calculated based on the signal intensity. As
presented in Fig. Se, the relative signal intensity of DTNB/Fe(III) @BNP-
NEs decreased by nearly 20 % in 2 h compared to that of DTNB/Fe(III)
@BNP group. The results further validated the chemotactic migration of
NEs in response to the inflamed brain tumor, favorable for the brain-
tumor targeted delivery of surface attached cargoes.

In Vivo Therapeutic Effect. To evaluate the therapeutic effect, C6-
bearing mice were randomly divided into four groups and intrave-
nously administrated with PBS, NEs alone, DTNB/Fe(Il[)@BNP or
DTNB/Fe(III) @BNP-NEs. Then by using the In Vivo Imaging System, the
tumor volume was imaged and the bioluminescence intensity was
quantitatively analyzed. At the meantime, survival time of mice in each
treatment group was recorded and the survival curve was plotted. As
shown in Fig. 6a—c and Fig. S15, the brain tumor in each group exhibited
similar bioluminescence intensity at the initial of therapy. Besides, there
was no apparent difference in signal intensity monitored between PBS
and NEs groups in the overall treatment period. However, mice
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administrated with DTNB/Fe(III)@BNP-NEs efficiently inhibited the
glioma progression, enabling the maximum survival time extended from
23 d to 32 d compared with PBS group. These results suggested that
DTNB/Fe(II) @BNP could be targeted delivered to brain tumor with the
assistance of NEs in respond to inflammation chemotaxis, which later
exerted enhanced CDT efficacy due to the efficient regulation of Fenton
chemistry.

We further performed histological analysis of glioma-bearing mice
brains after the various treatment (Fig. 6d). HE staining revealed dense
glioma cells typically representing malignancy in both PBS and NEs
groups, in which masses of Ki67 positive cells were observed, indicating
the well-retained proliferation capability after the treatment. In com-
parison, the cell density and Ki67 expression obviously decreased in
DTNB/Fe(II)@BNP-NEs treated mice, indicating that DTNB/Fe(III)
@BNP-NEs could effectively inhibit the tumor propagation. HE stain-
ing were also carried out in various organs excised from mice in each
group (Fig. S16), and no apparent histological changes were observed.
For further toxicity assessment, healthy mice were administrated with
DTNB/Fe(IN)@BNP or DTNB/Fe(Ill)@BNP-NEs, and their weight
change and blood chemistry were measured. The body weight of mice
suffered a gradual increase regardless of the drug administration
(Fig. S17). Moreover, the levels of blood urea nitrogen (BUN) and
creatinine (CRE) as well as alanine transaminase (ALT) and aspartate
transaminase (AST), important indicators of kidney and hepatic function
respectively, exhibited no significant difference in the blood of healthy
mice (Table S2). These results collaboratively demonstrated the
biosafety of DTNB/Fe(III)@BNP-NEs for antitumor application.

3. Conclusions

We have developed a tailored biomimetic nanoreactor to potentiate
glioma CDT efficacy through synchronous GSH exhaustion and acidity
elevation. DTNB was utilized to drive the disulfide-based nanoassembly
of BSA molecules, along which Fenton agent Fe(IlI) was encapsulated,
the resultant nanoreactor DTNB/Fe(IIl)@BNP was thus prepared with
triple GSH depletion and prompt acidity elevation properties favorable
for the occurrence of intratumoral Fenton reaction. Moreover, loading
the nanoreactor onto the cell surface via disulfide-thiol exchange
negligibly influenced the biological function of NEs, enabling the
inflammation-primed targeted delivery of the biomimetic nanoreactor
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Fig. 6. Invivo therapeutic performance. (a) Iv vivo bioluminescent images, (b) quantitative bioluminescence intensity and (c) survival curves of C6-bearing mice after
the indicated treatment. Data are shown as mean =+ s.d. (n = 5). ***P < 0.001 (compared with the PBS group). (d) The hematoxylin and eosin (HE) and Ki67 staining

of C6 glioma-bearing mouse brain after the various treatments. Scale bar, 50 pm.
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for therapeutic purpose. Importantly, retarded glioma progression and
improved survival rate were demonstrated in the glioma mouse models
undergoing DTNB/Fe(III)@BNP-NEs treatment, suggesting that DTNB/
Fe(II@BNP hijacked by NEs could efficiently accumulate in the
inflamed tumor site and drive the occurrence of Fenton reaction to
maximize the antitumor efficacy. This work presents a novel CDT
strategy based on the targeted exhaustive and synchronous regulation of
Fenton chemistry for alternative glioma therapy.
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