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A B S T R A C T

Precise delivery and responsive activation of therapeutic agents are critical for tumor precise therapy. Herein,
inspired by intelligent express, a nanozyme-laden intelligent macrophage express was fabricated based on IR 820-
macrophage loaded with GOx nanozymes for tumor-targeted photothermal-amplified starvation therapy with
fluorescence imaging guidance. The nanozyme-laden intelligent macrophage express exerted precise delivery
through cargo loading, conveying and unloading. For efficient cargo loading, H2O2-sensitive GOx nanozymes with
blocked enzymatic activity were packaged on macrophage expresses with excellent phagocytic ability. Due to the
inherent tumor tropism, the therapeutic agents-laden macrophage expresses naturally accumulated at tumor site
with fluorescence navigation to track the conveying process. The spatiotemporal unpacking of the laden thera-
peutic agents at tumor site was triggered by the external laser for the macrophage express photothermal property.
The released special tumor-microenvironment responsive GOx nanozymes were activated by H2O2 in tumor to
start starvation therapy. Photothermal therapy generated mild hyperthermia and starvation therapy produced
H2O2 further increased the nanozymes enzymatic activity, enhancing GOx-mediated starvation therapy. The
nanozyme-laden intelligent macrophage express integrated laser-induce drug release and activation, tumor
microenvironment-responsiveness, and circular amplification property, achieving the synergistic effects of PTT
and starvation therapy in vitro and in vivo.
1. Introduction

Tumor has abnormal cell metabolic behavior with addictive con-
sumption of glucose to maintain its excessive cell proliferation [1–3].
Over the decades, different approaches targeting abnormal metabolism
have received increasing attention in tumor therapy [3], such as cancer
starvation therapy (CST) by blocking essential nutrients and energy [4,
5]. Glucose oxidase (GOx) could effective convert glucose and oxygen
into toxic hydrogen peroxide (H2O2) and gluconic acid, depleting glucose
in microenvironment [6]. So GOx-mediated starvation therapy has been
emerged as an attractive strategy against tumor by cutting off indis-
pensable nutrient supply to inhibit tumor proliferation [6,7]. However,
GOx-mediated starvation therapy faced challenges as enzymatic
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inactivation due to exposure to biological conditions, and potential toxic
effects of off-target GOx [8,9]. To overcome these problems, trans-
formation of GOx into tumor environment-responsive nanozyme with
high stability and tunable activity is an effective strategy [10,11]. Ab-
normality of tumor metabolism generates the specific tumor microenvi-
ronments (TME), including low pH [12], and high level of reactive
oxygen species (ROS) [13]. H2O2 as a hallmark is over produced in TME
and tumor cytoplasm, providing a pathway for selective and efficient
activation of GOx nanozymes [14]. Therefore, the construction of
H2O2-responsive GOx nanozyme could exert the controllable release and
activation of GOx as a step for efficient cancer starvation therapy.

Notably, how to precisely deliver nanozyme to targeted tumor site is a
key issue to consider. Targeted delivery with imaging navigation is an
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effective strategy for precise tumor delivery that we have recently
developed [15,16]. Macrophage-based drug delivery system has attrac-
ted intensive attention for its unique characterizations as biocompati-
bility, phagocytic property, vessel migration and tumor infiltration
[17–19]. Attributed to the inherent tumor tropism, macrophage-based
delivery system could naturally target therapeutic drugs to tumor site
[19,20]. Previous studies have reported a series of macrophage delivery
systems engulfed Dox, nanozymes or liposomes, which appeared good
therapeutic effects by targeted delivery [21,22]. Another concern for
precise delivery is the imaging tracking of delivery process in vivo to
enable visual guidance for tumor treatment. Fluorescence imaging has
been introduced into imaging-guided drug delivery for its high sensitivity
and non-destructiveness [23,24]. Integrating fluorescence navigation
into the cell-based delivery system could provide real-time information
to guide treatment timing and dosing cycle for precise delivery
on-demand. Our previous work has reported fluorescence
imaging-guided chemotherapy, immunotherapy, or thermal therapy with
favorable efficiency [15,25]. Especially, we have constructed IR-820
modified macrophage to achieve the fluorescence imaging-guided
tumor therapy by precise delivery [16]. Based on these, we plan to
further carry out functional macrophages-based delivery system for
precise delivery of nanozymes in order to achieve better cancer starva-
tion therapy.

The final step in achieving precision therapy is to promote the acti-
vation of nanozymes through controlled stimulation. The responsive
drug release could be controlled by different physical, chemical, or bio-
logical stimuli either internal or external [26,27]. Given the high
spatiotemporal controllability, deep penetration ability and beneficial
photothermal effect, near infrared (NIR) laser is an impressive trigger for
localized release and activation [21,28,29]. For the cancer starvation
therapy of nanozymes, near infrared photothermal control of their
focused and timely release in tumor can effectively reduce the toxicity
and promote the catalytic effect of nanozymes [30,31]. Furthermore, NIR
laser induced photosensitizers to generate localized hyperthermia from
light energy, exhibiting high specific treatment for thermal ablation of
tumor tissue and nearby cells [21,32]. Thus, NIR fluorescent photosen-
sitizer modified system can play the dual role of photo-controlled drug
release and photothermal therapy simultaneously. Tumor starvation
therapy and photothermal therapy could promote and complement each
other to achieve better combined treatment effect [31,33]. A series of
nanoscale nanozymes, like hollow prussian blue nanoparticles loaded
GOx nanosized biocatalyst [30], heptamethine cyanine dye
2

(Cy7)-conjugated GOx nanoagents [33], GOx and tirapazamine
co-loaded polydopamine doped poly(vinyl alcohol) microbubble [34],
and GOx-conjugated polyaniline nanoplatform [35], have been reported
to achieve combined tumor starvation and photothermal therapy. The
GOx-mediated CST can block energy supply to tumor cells, which is
beneficial to promote the PTT efficacy in mild temperature, whereas the
enzymatic activity of GOx varies with temperature, and exhibits the
optimal catalytic properties under PTT at local tumor. Therefore, the
combination of PTT and GOx–mediated starvation therapy was a win-win
cooperation, achieving superior combinational therapeutic efficacy with
controllable release and activation.

In this regard, inspired by intelligent express, a nanozyme-laden
intelligent macrophage express based on IR 820-macrophage loaded
with GOx nanozyme was constructed for tumor synergetic photothermal-
activated starvation therapy (Fig. 1). The nanozyme-laden intelligent
macrophage express divided three steps including cargo loading,
conveying and unloading. Firstly, the packing process was achieved for
the excellent phagocytic ability of macrophages. To reduce damage to the
host cells, high active GOx was fabricated into H2O2-sensitive nanozymes
(GNPs) with high stability for specific environment responsive activa-
tion. Multifunctional therapeutic macrophage express (IRG@RC) was
constructed with encapsulation of therapeutic agent GNPs and fluores-
cent photosensitizer IR-820. This construction of macrophage express
could achieve large amount of drug encapsulation with maintained host
cell viability, as well as the protect the activity of GNPs from degradation
in the physiological environment before reaching the tumor site. Sec-
ondly, based on the inherent tumor tropism, IRG@RC could be accu-
mulated in tumor site. With fluorescence navigation, this conveying
process could be monitored, realizing the targeted and precise delivery
with imaging guidance. Finally, the spatiotemporal unpacking process of
the laden therapeutic agents at tumor site was triggered by the external
laser and the special tumor microenvironment, amplifying cancer
photothermal-starvation therapy by responsive stimulation. Exposed to
external laser, the IRG@RC express was destroyed to release encapsu-
lated H2O2-sensitive GNPs, and subsequently GNPs were activated by the
high H2O2 level in tumor, inducing glucose consumption to initial star-
vation therapy. Of note, the generated H2O2 in CST was a positive
feedback microenvironment, and conversely attacked the H2O2-sensitive
shell of GNPs, further enhancing their activation. Moreover, laser-
triggered PTT could generate hyperthermia in tumor site, inducing the
tumor apoptosis, accelerating the decomposition of H2O2 into O2 [36],
and enhancing the GOx enzyme activity for starvation therapy. The
Fig. 1. Scheme of the functional thera-
peutic macrophage expresses for PTT-
amplified starvation therapy. (1) Func-
tional therapeutic macrophage expresses
were constructed based on IR 820-
macrophage (IR@RC) loaded with GOx
nanozyme (GNPs). (2) Fluorescence im-
aging tracking conveying process of
IRG@RC expresses after intravenous in-
jection: targeted delivery therapeutic
agents to tumor site by the inherent
tumor tropism. (3) Laser induced the
fracture of IRG@RC expresses to release
packaged GNPs and PTT therapy. (4)
High intracellular H2O2 induced the
activation of GNPs to trigger starvation
therapy. (5) PTT induced mild temper-
ature and generated H2O2 amplified the
starvation therapy.
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nanozyme-laden intelligent macrophage express integrated the
multi-functions as real-time imaging, targeted drug delivery, spatiotem-
poral release and activation of nanozyme, and the synergetic tumor
therapy. It could be speculated that the efficient tumor outcomes could
be achieved with PTT-amplified starvation therapy under fluorescence
imaging guidance.

2. Material and methods

2.1. Fabrication and characterization of H2O2-responsive GOx/PEI
nanozymes (GNPs)

The H2O2-responsive nanozymes GNPs were prepared by linking GOx
and PEI via H2O2-sensitive crosslinkers. The GOx solution (5mg/mL) was
mixed with PEI at 10 mg/mL to stir for 1 h. The subsequent addition of
the H2O2-responsive compound PDAA which was pre-prepared as an
active ester by EDC and NHS activation to initiate the cross-linking re-
action. After stirring for 6 h, the ensemble solution was dialyzed for 48 h
and lyophilized to obtain the GNPs.

The GOx could catalyze the conversion of glucose to generate the
H2O2 and gluconic acid, reducing the pH value. For measuring the cat-
alytic activity of the GOx in the H2O2-sensitive nanozymes, the real time
pH of the solution was monitored using a pH meter (PHS-25 pH Meter,
INESA Scientific, China). To evaluate the temperature dependence of
nanozyme, GNPs was mixture with glucose (1 mg/mL) in a water at
different temperature (25, 37, or 42 �C) with stirring. To assess the H2O2-
responsiveness, GNPs was mixed with reaction solution, which contain-
ing 1 mg/mL glucose and different concentration of H2O2 (0, 1, 5, or 10
mM). The change in Hþ concentration was calculated according to the
following equation:

Δ Concentration (Hþ) ¼ 10-pH(final)-10-pH(initial)

where pH (final) and pH (initial) represent the pH values at the detection
and initial time point, respectively.

To determine the disassemble of GNPs in responsive to H2O2 envi-
ronment, GNPs were added with saline, 0.03% H2O2 medium, or 0.3%
H2O2 medium, respectively, and the final concentration was 0.5 mg/mL.
After 5 min, 1, 2 or 4 h incubation at room temperature, the samples were
tested for intensity particle size on a Malvern instrument (Zetasizer Nano
ZS 90). The size change of GNPs in glucose was also recorded after
incubated with 1 mg/mL glucose for 1 h.
2.2. Fabrication and characterization of multifunctional macrophages-
based express

The photothermal agent IR-820 decorated RAW 264.7 cell expresses
(IR@RC) were fabricated by conjugated the IR-NHS with the proteins in
cytoplasm in our previous paper [16]. The GOx loaded therapeutic ex-
presses (G@RC or IRG@RC) were prepared by rhodamine-labelled GNPs
incubation. The macrophages were incubated with nanozymes at
different concentration. Then the intracellular rhodamine fluorescent
intensity was analyzed by flow cytometer (FACS Calibur, BD, America),
and the intracellular GOx amount was evaluated by fluorescent spec-
troscopic analysis (FluoroMAX-4C-L, HORIBA Scientific, America). For
directly visualize distribution of GNPs, the IRG@RC cells were stained
with Hoechst 33342 to identify the nuclei location, and then fluorescence
images were recorded on a confocal laser scanning microscope (ZEISS
LSM 710, Germany). The ex vivo release profile of GOx NPs from G@RC
or IRG@RC was accessed by measuring the rhodamine signal in the su-
pernatant using fluorescence spectroscopy.

The impact of the intracellular GOx on the macrophage-based ex-
presses was evaluated by the MTS assay. The cells were incubated with
GNPs in different GOx concentration for 2 h, and then the glucose-free
medium was replaced with complete culture with incubation for
another 22 h. The cell cytotoxicity of the GOx were related with the
3

conversion of glucose into H2O2 and glutamic acid, so the cell viability of
G@RC was also studied in culture medium with different glucose
concentration.

To verify the photothermal effect of IR@RC and IRG@RC expresses,
solution of dispersed expresses was illuminated by a near-infrared light
laser (808 nm, 1 W/cm2) for 5 min, and the thermal imaging was taken
by an infrared thermal imaging camera (E6, FLIR System Inc, America) to
record the temperature every minute. To assess the fluorescence navi-
gation, the in vitro fluorescence imaging of IR@RC and IRG@RC ex-
presses was taken on the in vivo imaging system (Maestro EX, CRI,
America) with laser irradiation or not.

2.3. In vitro tumor microenvironment modulated by the IRG@RC expresses

Firstly, the transfer of therapeutic agents between macrophage ex-
presses and tumor cells was evaluated. 4T1 cells, preincubated for 24 h,
were cocultured with IRG@RC express with laser trigger to control the
release of loaded GNPs from express. After 24 h incubation, the fluo-
rescence imaging was taken by confocal laser scanning microscope (LSM
710, ZEISS, Germany).

Then the intracellular H2O2 and pH value were detected by
BES–H2O2–Ac probe and pH probe BCECF-AM, respectively. 4T1 cells
were seeded into 6-well plates at a density of 2 � 105 cells per well and
incubated for 24 h. The medium was placed with fresh 1640 containing
PBS, GNPs, and IRG@RC express (The GOx concentration was 0.2 μg/
mL) for another 24hr. For wells treated with IRG@RC expresses, cells
were exposed to 808 nm laser to control the GNPs release. The medium
was removed and fresh medium containing 30 μmol/L BES- H2O2–Ac
probe or 10 μmol/L BCECF-AM probe for 1 h, respectively. Then the cells
were washed with PBS, collected by trypsin, and the fluorescence was
analyzed by flow cytometry.

2.4. In vitro 4T1 tumor cells inhibition of multifunctional macrophages-
based expresses

4T1 tumor cells inhibition by macrophages expresses (IR@RC,
GNP@RCT, or IRG@RC) was studied. CFSE-tagged 4T1 cells (4.0 � 105)
were suspended with expresses (1.0 � 105 or 2.0 � 105) in RPMI me-
dium. The groups incubated with IR@RC or IRG@RC expresses were
irradiated by 808 nm laser irradiation at a power density of 1.0 W/cm2

for 0, 30, or 60 s. Then the mixture cells were incubated for 24 h, and
subsequently washed with PBS and stained with propidium iodide (PI).
To evaluate the cell viability, the PI-stained cells as death were counted
by flow cytometry.

2.5. Tumor microenvironment assessment in vivo

When the tumor size reached 100 mm3, the 4T1 tumor bearing mice
were divided into five groups with intratumor injection of saline, GOx
NPs (GNPs), or IRG@RC express, respectively. Note that part of the mice
injected with IRG@RC express were exposed to laser at 12 h post injec-
tion. After 24 h, the mice were sacrificed and tumors were collected and
homogenized to produce single cell suspension. The intracellular envi-
ronment of H2O2 was measured using the hydrogen peroxide content
detection kit. To assess intracellular pH, cells were stained with pH probe
BCECF-AM for 30 min at 4 �C, and then intracellular green fluorescence
of BCECF was analyzed by flow cytometry. To examine the glucose
consumption, tumor cells were incubated with 2-[N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl) amino]-2-deoxy-d-glucose (2-NBDG) for 30 min in the
dark at 4 �C, and the intracellular 2-NBDG fluorescence was analyzed by
the flow cytometry.

2.6. Tumor retention of multifunctional expresses and in vivo photothermal
imaging

To access the tumor retention of the therapeutic expresses, 4T1
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tumor-bearing mice were intravenously injected with saline, IR-stained
GOx NPs (IRG NPs), IR@RC express, or IRG@RC express at an equiva-
lent IR-820 dose (1 mg/kg) respectively. Then the fluorescence imaging
on tumor region in mice was recorded daily by in vivo imaging system.
The external laser at a power density of 1.0 W/cm2 was added at 1st and
4th day. Fluorescence images of each sample were analyzed. The relative
fluorescence intensity of tumor was calculated by comparing with the
fluorescence intensity at 1st day. When the tumor sites were exposed to
the external, the temperature variation at tumor was depicted by infrared
thermal imaging camera every minute.

2.7. Tumor growth inhibition

The 4T1-Luc tumor bearing mice were divided into five groups with
i.v. injection as follow: (1) saline as control, (2) IRG NPs, (3) IR@RC
express, (4) and (5) IRG@RC express. The dose of IR or GOx was 1 mg/kg
and 3 mg/kg respectively, and the group (2), (3) and (5) were expose to
808 nm laser at day 1 and 4 after injection, and the laser density was 1.0
W/cm2 for 5 min. Tumor size and body weight were recorded every other
day in following 20 days. Meanwhile, the tumor volume was also
monitored for each 5-day period by bioluminescence imaging (IVIS
Lumina system, Xenogen, America). In the end, mice were sacrificed and
tumor were collected and weighted. The resected tumor tissue was fixed
and stained with hematoxylin and eosin (H&E) for histology analysis.
The paraffin-embedded tumor slices were deparaffinized and rehydrated
for immunofluorescence-stain with PCNA, Ki67 antibody and immuno-
fluorescence Detection Kit, and TUNEL assay kit according to the man-
ufacturer's instruction.

3. Results and discussion

3.1. Fabrication and characterization of GNPs

For a cell-based express, it was essential to balance the drug loading
capacity and drug toxicity to host cells. GOx could directly catalyze the
conversion of glucose into H2O2 and gluconic acid, reducing the envi-
ronment pH to cause toxicity. To escape the direct toxicity of GOx to host
express, it was a feasible strategy to shield GOx in nanozymes to reduce
its catalytic activity. Meanwhile, the activation of the shielded GOx in
tumor targets was a key issue that needs to be taken into consideration to
achieve efficient tumor treatment. The abnormal tumor metabolism
induced the higher level of H2O2 in tumor tissues (20–100 � 10�6 M)
than that in normal physiology (~0.1 � 10�6 M), ensuring H2O2 as a
cancer–associated stimulus for controlled drug release [14,37]. Herein,
the H2O2-responsive nanozymes GNPs were prepared by linking GOx and
PEI via H2O2-sensitive crosslinker PDAA (Fig. 2 a). Notably, H2O2-sen-
sitive shell could ensure GOx stability and hide its catalytic ability to
alleviate safety concerns in host macrophages. The H2O2 in TME could
trigger the activation of GNPs, inducing the glucose oxidation to initial
starvation therapy. In addition, the generated H2O2 during the GNPs
catalytic process could further amplify the H2O2 responsiveness of GNPs.
TEM image (Fig. 2 b) revealed that the GNPs displayed the spherical
structures, and the average hydrodynamic diameter (Fig. 2 c) was 166.7
� 13.25 nm. The zeta potential changed from �20.3 � 2.61 mV for free
GOx to 22.6� 3.73 mV for GNPs due to the positive charged PEI polymer
shell, which was beneficial to phagocytosis of nanozymes to achieve
efficient loading. (Fig. 2 d). UV–Vis spectra (Fig. S1) of GOx and GNPs
were recorded to evaluate the GOx content in the GNPs. The loading
capacity of GOx was 0.075 mg/mg and the loading efficiency was 82.6%,
which was determined by the UV–Vis absorption at 278 nm.

GNPs could effectively deplete glucose in the presence of O2 to
generate gluconic acid and H2O2, thereby inducing a decrease of pH. The
newly generated H2O2 could decompose H2O2-responsive linker to
expose the GOx, enhancing the glucose consumption rate (Fig. 2e). The
catalytic property of GNPs was measured by monitoring the change of Hþ

concentration (ΔHþ). As shown in Fig. 2g, the Hþ concentration
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increased slowly in the first 5 min and then gradually increased with
time. When the H2O2 was added to the GNPs/glucose system, a rapid
increase in Hþ concentration could be observed, and the increase of Hþ

concentration was dependent on H2O2 concentration. It could be ratio-
nalized that added or generated H2O2 could decompose H2O2-responsive
PDAA linker to expose the shielded GOx in GNPs, enhancing the pro-
duction of gluconic acid and Hþ. To elucidate the decomposition of GNPs
in responsive to H2O2 environment, the change of GNPs size was moni-
tored by DLS. Data in Fig. S2 demonstrated the size change with time
dependence. The particles sizes of GNPs keep unchanged in saline and
decompose into particles with various size in H2O2 medium. In addition,
the intensity-magnitude frequency curve shows multiple peaks in GNPs
incubated in glucose solution for 1 h (Fig. S3). Furthermore, the effect of
the temperature on ΔHþ was also studied. The data in Fig. 2 f displayed
the temperature dependence of GNPs catalytic activity. At room tem-
perature of 25 �C, the generated Hþ in 20 min was ~11 μM, while the
value ofΔHþ increased to ~35 μMat 37 �C. As the temperature continues
to rise, theΔHþ reached~128 μMat 42 �C, which was 11.5 and 3.6 times
than that at 25 and 37 �C, respectively. Of note, it could be observed the
gap of ΔH þ between 37 �C and 42 �C were significantly widened with
time, suggesting the generated H2O2 was in turn to further activate the
GNPs. It could be speculated that the mild hyperthermia at tumor region
could enhance the activity of GNPs locally released by NIR laser. This
kind of enhanced catalytic activity of GNPs with temperature was
beneficial for tumor photothermal-amplified starvation therapy.

3.2. Preparation and characterization of therapeutic macrophages express

Based on the IR-820 modified macrophage to achieve the fluores-
cence imaging guided tumor therapy by precise delivery [16], we further
carried out functional macrophages-based delivery system for precise
delivery of nanozymes in order to achieve better cancer starvation
therapy. The package of therapeutic agents with large amount was an
important prerequisite for constructing a cell-based express with ideal
therapeutic outcomes. Macrophages could naturally carry micro- to
nano-scale therapeutic vectors via cellular endocytic pathway [38], so a
sufficient amount of nanozymes could be easily packaged in
macrophages-based expresses. In order to pack the nanozyme into
macrophage expresses, we need to suppress its toxicity to maintain the
express vitality. The harm of GNPs to macrophages was first assess by
MTS assay. In the absence of glucose, the GNPs was benign towards the
macrophages (Fig. 3a), and the cell viability was higher than 80% even
incubated with 10 μg/mL GOx. The GOx-induced cell death was due to
the glucose consumption and H2O2 generation, then the viability of GNPs
packed macrophage expresses was further assessed in medium with
different glucose concentration. The decrease of cell viability could be
noticed with the increase of the glucose concentration (Fig. 3b), sug-
gesting the trigger of GOx-based starvation therapy by glucosemedium in
macrophages expresses. Considering glucose concentration in blood is
between 70 and 140 mg/L [39], the viability of GNPs-packed macro-
phage expresses was over 70% at medium containing 2.25 mg/mL
glucose, thus acceptable vitality of express was maintained to achieve
efficient tumor target.

To determine the GOx encapsulation efficacy, the macrophages were
incubated with GNPs in different condition to determine the intracellular
GNPs by flow cytometry (Fig. 3c and Fig. S4). The GNPs laden behavior
by macrophage expresses demonstrated the time and concentration
dependence. Then the intracellular GOx amount was quantitatively
analyzed by fluorescence spectra. When incubated with GNPs at 2.5 μg/
mL for 1, 2, or 4 h, the intracellular GOx amount in IRG@RC was 0.32 �
0.02, 0.45 � 0.02, or 0.55 � 0.01 pg/cell respectively (Fig. 3 d).
Considering host cell viability and dosing, the therapeutic macrophage
express was constructed with GNPs at 2.5 μg/mL for 2 h. CLSM images in
Fig. S5 displayed that the distribution of IR (red fluorescence) and GNPs
(green fluorescence) in cytoplasm with normal cell morphology.

The photothermal conversion ability affected photothermal ablation-



Fig. 2. Fabrication and characterization of GNPs. (a) Schematic illustration of the GNPs: (1) activation step of H2O2-sensitive crosslinker PDAA, and (2) the fabrication
process of GNPs. (b) TEM image. (c) Hydrodynamic size and (d) zeta potential of GNPs. (e) Schematic illustration of the catalytic activity of GNPs. The Hþ con-
centration change (ΔHþ) of GNPs (f) in different H2O2 concentration and (g) different temperature.
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induced release and catalytic activity of the encapsulated GNPs. As
illustrated in in vitro thermal images (Fig. 3e), the temperature of the
therapeutic macrophage expresses (IR@RC and IRG@RC) increased
rapidly with laser irradiation time. The temperature raised from room
temperature to 40 �C in the first 1 min, and then the temperature
continued to increase, reaching 47 �C after 5 min irradiation (Fig. 3f).
These efficient photothermal ablation of therapeutic expresses could
ensure the release of laden GNPs with enhanced catalytic activity for
effective tumor photothermal-amplified starvation therapy. CLSM im-
ages in Fig. S5 displayed the photothermal ablation of IRG@RC. After
laser irradiation, the cell membrane of macrophage expresses is
completely shrunken, and membrane fragments (red circles) with green
fluorescence could be observed, indicating the release of GNPs from the
host cells. In following, the fluorescence imaging capability of the ther-
apeutic expresses was monitored to evaluate their application potential
for fluorescent imaging navigation. As depicted in Fig. 3g, the strong
fluorescence signal could be observed in both IR@RC and IRG@RC,
suggesting the non-destructive fluorescence property with GNPs pack-
age. In addition, the fluorescent signal intensity after laser irradiation
demonstrated the potential for imaging after PTT.
5

3.3. IRG@RC expresses mediated the intracellular environment of tumor

The prerequisite for IRG@RC expresses to initiate tumor starvation
therapy is that the packaged GNPs were released from host express and
transferred to the interior of tumor cells. The drug efflux behavior
(Fig. 4a) illustrated the time-dependent and laser-responsive increase of
GNPs in the supernatant. Of note, the released GNPs amount was ~9% in
the first 12 h, while it increased to ~20% with the immediately exposed
to laser. At final ~60% of the packaged GNPs was released in 60 h, and
the released GNPs amount reached~90%with laser irradiation. Previous
studies have shown that it only takes 6–12 h for macrophages to migrate
to tumors by intravenous injection [40,41]. Therefore, macrophage ex-
presses could ensure effective delivery of drugs into the tumor. Combined
the cell viability data in Fig. 3b, IRG@RC expresses could maintain its
viability and precise delivery of GNPs. Subsequently, the transfer
behavior of GNPs between expresses and tumor cells were tracked by
confocal laser microscope (Fig. 4b). The red fluorescence referred to
IR-820 still located in the cytoplasm of the host expresses, while the
green fluorescence of the rhodamine-labelled GNPs migrated into 4T1
tumor cells, and the green fluorescence intensity in tumor cells were
enhanced with laser irradiation. The fluorescence transfers revealed



Fig. 3. Preparation and characterization of therapeutic macrophage expresses. (a) Cell viability of macrophages incubated with GNPs in glucose-free medium for
different concentration by MTS assay. (b) Cell vitality of GNPs@RC expresses in medium with different glucose concentration by MTS assay. The GNPs encapsulation
efficacy in macrophage expresses: (c) Intracellular fluorescence intensity of rhodamine-labelled GNPs tested by flow cytometry. (d) Intracellular amount of rhodamine-
labelled GNPs analyzed by fluorescence spectra. (e) In vitro thermal imaging and (f) quantitative analysis of IR@RC and IRG@RC expresses with laser irradiation for a
period of time. (g) Ex vivo fluorescence images of RC, IR@RC, and IRG@RC with/without laser irradiation.
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Fig. 4. The IRG@RC expresses mediated the intracellular environment of tumor. (a) Percent of released rhodamine-labelled GNPs from therapeutic expresses. (b)
CLSM images of 4T1 cells co-incubated with IRG@RC express for 24 h. Flow cytometry analysis of intracellular (c) pH or (d) H2O2 in 4T1 cells cultured with different
expresses. In vivo experiments: (e) H2O2 content at tumor tissue determine by H2O2 detection kit. Flow cytometry images (f and h) and intracellular fluorescence
intensity (g and i) of pH probe BCECF-AM (f and g) or 2-NBDG (h and i) to determine cellular pH value and glucose consumption.
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delivery process between expresses and tumor cells, illustrating the NIR
laser-responsive release and photothermal accelerated delivery of GNPs.

To uncover the in vitro antitumor mechanism of IRG@RC expresses,
the intracellular pH and H2O2 of 4T1 cells were assessed to examine the
catalytic reaction triggered by GNPs transferred from host expresses into
4T1 cells. As detected by the pH probe (Fig. 4c and S6), 4T1 cells treated
with therapeutic expresses IRG@RC presented the remarkably weakened
intracellular fluorescence compared to untreated cells (Medium), indi-
cating that a decrease in pH was induced by the released GNPs. The
intracellular fluorescence was further decreased with laser-treated
IRG@RC express, suggesting the laser-triggered release and
photothermal-enhanced catalytic activity of GNPs. Subsequently, the
intracellular H2O2 generation was determined by the H2O2 probe,
BES–H2O2–Ac (Fig. 4d and S7). Compared with untreated cells, the
intracellular H2O2 probe fluorescence was remarkably enhanced in cells
treated with IRG@RC, and then further increased with laser irradiation.
The decrease of intracellular pH and increase of H2O2 amount in tumor
cells suggested the successful transfer of GNPs from host expresses into
tumor cells to exert their catalytic capacity. It was worth noting that the
laser irradiation presented a positive effect on intracellular pH and H2O2
level, signified that the starvation therapy could be enhanced with PTT.
The NIR laser firstly triggered the selective release of packaged GNPs by
photothermal ablation, inducing the photothermal accelerated convey of
7

GNPs to tumor cells. Then the catalytic activity of GNPs was elevated by
PTT-induce hyperthermia, in company with significant pH reduction and
H2O2 production, resulting in considerable cell inhibition. The tumor
microenvironment alternation induced by therapeutic expresses treat-
ment was further studied in vivo. After 24 h intratumor injection, the
H2O2 content in tumor tissue from the therapeutic expresses was signif-
icantly elevated compared to saline group (Fig. 4e). More H2O2 was
generated in laser-treated IRG@RC express group, identifying the laser-
triggered release and hyperthermia enhanced activation of GNPs.
Meanwhile, the therapeutic agents treated groups induced the decrease
of intracellular pH value compared to control group as indicated by the
decrease green fluorescence, which was attributed to the generation of
H2O2 and glutamic acid (Fig. 4f and g). Interestingly, the weakest
intracellular green fluorescence intensity demonstrated the lowest
intracellular pH value in the laser-treated IRG@RC express group.
Furthermore, the consumption of glucose was evaluated with 2-NBDG
indicator, which could accumulate preferentially in malignant cells to
monitor the glucose uptake (Fig. 4 h and i). Compared to saline group,
IRG@RC plus laser treated group displayed stronger cellular green
fluorescence, indicating the excess uptake of 2-NBDG to compensate
glucose depletion. Overall, these data demonstrated that IRG@RC ex-
press triggered by external laser could release and activate the packaged
GNPs, which depleted the glucose to generate H2O2 and gluconic acid for



Y. Zhang et al. Materials Today Bio 16 (2022) 100421
pH reduction. In addition, the generated H2O2 could in turn disrupt the
H2O2-responsive GNPs, further activate the catalytic process. The host
IRG@RC expresses owned the laser-controlled PTT-amplified starvation
therapy, which would exhibit the synergistic effects on tumor treatment.
Fig. 5. In vitro effect of therapeutic host expresses against 4T1 cells. Cell death rate o
without laser irradiation, the death percent was evaluated by flow cytometry with c
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3.4. In vitro effect of therapeutic expresses against 4T1 cells

The therapeutic potential of the therapeutic expresses was further
evaluated. FITC-tagged 4T1 cells were co-culture with therapeutic ex-
presses with laser irradiation. As shown in Fig. 5a, the death rate was
f 4T1 cells co-incubated with (a) GNP@RC, (b) IR@RC, and (c) IRG@RC with or
ount of PI-sustained tumor cells.
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increased with the number of the GNP@RC expresses, suggesting the
effective starvation therapy of tumor cells. In photothermal therapy
group with IR@RC express (Fig. 5b), the cell death rate was apparent
increased with laser irradiation time. Notably, the combinational
photothermal-starvation therapy groups with IRG@RC expresses
(Fig. 5c) demonstrated the highest rate of death cells. The additional
increase in cancer cell death was the laser-triggered rapid release of
packaged GNPs and hyperthermia-enhanced catalytic activity of GOx. In
brief, the PTT could accelerate the release of GNPs into tumor cells, and
then GNPs was activated by intracellular high H2O2 levels to achieve
tumor starvation treatment. It is noting that the generated H2O2 in CST
and PTT-induced hyperthermia could in turn accelerate the activation
process of GNPs to form a positive cycle, inducing PTT-amplified star-
vation therapy of cell apoptosis.

3.5. Imaging-guided tumor tropic migration and photothermal imaging of
therapeutic expresses

As a delivery system, the targeted convey of therapeutic agents to
tumor site was essential to achieve efficient tumor treatment. Macro-
phage and macrophage-derived cell membrane display the tumor-
targeting ability as drug carriers [42]. Interestingly, the macrophage
carriers not only target deliver drugs to tumor sites, but also enhance
anti-tumor effects with the secretion of pro-inflammatory cytokines,
while some membrane proteins during membrane extraction may lose
during the extraction process, inducing the weaker targeting ability [42].
Macrophage could naturally be recruited into tumor site, however, the
tumor migration property may be affected by encapsulation of thera-
peutic agents. With 4T1 tumor cells as lure, the migration of the
FITC-F4/80 antibody labelled therapeutic expresses was tested by
transwell assay. The fluorescence images (Fig. S8) displayed apparent
green fluorescence, illustrating the successful migration of expresses.
Subsequently, the migratory capacity of different therapeutic expresses
was quantitatively analyzed by flow cytometry (Fig. 6a and S9).
Compared to macrophage group (RC), the ratio of IR@RC expresses was
slightly reduced, while the IRG@RC expresses demonstrated the lowest
ratio. These data indicated that the package of therapeutic agents
decreased the migration ability of the host expresses. However, accept-
able tumor tropic movement ability still remained for tumor target.

The accurate tumor target of the IR-decorated macrophages has been
explored by ex vivo fluorescence images and flow cytometry in our pre-
vious paper [16]. IR@RC could be successfully recruited into tumors to
perform as a tumor targeted delivery tool. In this paper, encapsulated in
macrophage express, the GNPs nanozymes could be protected during the
blood circulation, and efficiently tumor target also achieved due to the
inherent tumor tropism of macrophages. The tumor accumulation of
therapeutic expresses in vivo was further studied by fluorescence imag-
ing. Before animal experiments, a hemolysis test was performed to verify
the biocompatibility of the therapeutic expresses (Fig. 6b and S10). No
apparent hemolysis phenomena could be observed and the hemolysis
rate of all samples was lower than 5%, suggesting the excellent hemo-
compatibility and suitability for intravenous injection. During blood
circulation, the glucose can easily diffuse into macrophages to trigger the
dissembling of GNPs, which maybe lead to the reduction of macrophage
viability, while the targeted delivery efficiency of macrophage express
cannot be particularly affected for the rapid recruitment within 6–12 h
[40].

Then, the accumulated IR fluorescence within tumor was examined
after intravenous injection with IR-labelled GNPs, IR@RC or IRG@RC
respectively (Fig. 6c). The intense fluorescence in tumor site indicated
the effective tumor targeting of IR@RC and IRG@RC. While, the column
graph in Fig. S11 illustrated the fluorescence signal from the nanozymes
(IR-GNPs) group was more intense than those from the therapeutic ex-
presses (IR@RC or IRG@RC) groups, which could be attributed to the
different delivery ways of tumor taken particle or cell-based expresses.
Compared with normal tissues, solid tumor with abnormal tumor vessels
9

with enlarged endothelial junction displayed enhanced permeability and
retention (EPR) effect to accumulate the particles ranging in nano scale,
so the circulating nanozymes could significantly aggregate at tumor sites
in short term [43,44]. The macrophage-based express was recruited into
tumor site by the pertinent chemo attractant and growth factors, which
was relatively slow as compared to EPR. Notably, compared to nano-
zymes, therapeutic expresses could detain in tumor tissue for a long time.
As displayed in Fig. 6 c and d, ~50% of fluorescence from the IRG@RC
expresses group was remained, while that in IR-labelled GNPs was
~20%. When exposed to external laser, the fluorescence signal decayed
at an accelerated rate owing to the disruption of expresses, and about
35% of the signal could be detected in therapeutic expresses groups after
6 day. Nanoparticles based delivery system faces the inherent restriction
of small size and easy removal from tumors. The tumor-aggregated
macrophages expresses are polarized by factors released from cancer
cells within the tumor microenvironment (TME) and take part in the
tumor progresses, reducing the risk of blood reflux and prolonging tumor
retention.

For a photothermal cell-based delivery system, the in vivo photo-
thermal conversion capability should be evaluated to assess the potential
for tumor PTT. Given the excellent photothermal conversion in vitro and
efficient tumor target property in vivo, the extraordinary photothermal
heating in tumor site was recorded in real-time (Fig. 6 e and f). The local
temperature in tumor site increased significantly with irradiation time,
and the final temperature was up to 48 �C after irradiated for 5 min. The
rapid increased temperature was enough to destroy the expresses to
release the packaged drugs and kill the neighboring tumor cells. The
detained IRG@RC expresses at tumor site demonstrated the well photo-
thermal conversion to 808 nm laser, spatiotemporally achieving photo-
triggered unpackage of GNPs. Additionally, the host expresses that
detained at the tumor site for a long time reduced the frequency of
administration to achieve well therapeutic effect.

3.6. Combinational photothermal and starvation therapy on tumor in vivo

In light of the strong performance by IRG@RC expresses in the upper
experiments, the in vivo therapeutic efficacy of IRG@RC expresses was
evaluated in 4T1-Luc bearing mice. The interval and cycle of intravenous
administration was determined according to the remained fluorescence
signal in tumor site. Mice were injected weekly with PBS, IR-GNPs, and
therapeutic expresses, respectively, followed by 808 nm laser irradiation
at day 1 and day 4 after injection (Fig. 7a). The tumor volume and
fluorescence signal intensity in bioluminescence imaging were recorded
to assess the tumor development (Fig. 7 b, c and d). Compared to the
rapid development of tumors in the saline group, the tumor proliferation
was inhibited in the therapeutic groups. Notably, the tumor inhibition
was ameliorated in the therapeutic expresses (IR@RC or IRG@RC)
groups compared with the nanozyme group (IR-GNPs), mainly due to the
preferential accumulation and long-time retention in tumor site. In the
IRG@RC express plus laser group, tumor proliferation was effectively
inhibited due to synergism of photothermal-amplified starvation mo-
dalities leading to an almost complete inhibition of tumor development.
Consistent with the above tumor inhibition data, the qualitative analysis
displayed a 4-fold reduction in tumor weight for the IRG@RC express
plus laser group as compared to the saline group (Fig. 7 e and f). These
results illustrated that the combinational photothermal and starvation
therapy in the therapeutic expresses (IRG@RC) could lead to a syner-
gistic effect on tumor treatment. The body weight curve in Fig. 7g
demonstrated no significant decline in body weight in comparison to the
saline group, indicating the low systematic toxicity of the therapeutic
cells.

At the end of the treatment, the tumors were collected for histological
and immunofluorescence analyses (Fig. 7h). H&E staining revealed
noticeable damage to tumor cells in the IRG@RC expresses plus laser
group by the observed nuclear condensation and cell shrinkage.
Furthermore, the evident inhibited proliferation and significant severer



Fig. 6. Imaging-guided tumor tropic migration and photothermal imaging of therapeutic expresses. (a) Flow cytometry images and the relative quantitative analysis of
rate of expresses number in bottom chamber. (b) Hemolysis analysis of therapeutic agents. (c) In vivo fluorescence images of tumor-bearing mice after receiving
intravenous injection of kinds of therapeutic agents for different times, and (d) the relative quantitative analysis of the fluorescence signal in tumor. Thermal imaging
at tumor site with laser irradiation, (e) In vivo infrared thermography and (f) relative analysis.
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apoptosis of tumor cells were observed in IRG@RC plus laser group from
Ki67, PCNA and TUNEL staining respectively. These data were in
accordance with the therapeutic outcome of in vivo antitumor
experiment.

4. Conclusion

In summary, a nanozyme-laden intelligent macrophages express
based on IR820-macrophage loaded with GOx nanoparticles was suc-
cessfully constructed for tumor synergetic photothermal-activated star-
vation therapy. H2O2-responsive GOx nanozyme shielded enzyme
activity to maintain the host express viability for tumor targeting. The
photosensitizer IR laden in IRG@RC achieved the dual function of PTT
and fluorescence imaging. With fluorescence navigation, the imaging-
10
guided precise delivery was achieved due to the inherent tumor
tropism of macrophages-based express. In addition, the tumor local
unpackage of the laden therapeutic agents was triggered by the external
laser and special TME simulation. With imaging guidance, external laser-
triggered PTT fractured the expresses to release the packed GNPs, which
then activated with the high H2O2 level in tumor microenvironment to
start the starvation therapy. The mild temperature from PTT and the
GNPs catalyzed H2O2 generation further induced GNPs activation to
enhance the starvation therapy. Thus, IRG@RC express exerted multi-
functions as laser-induce drug release and activation, tumor
microenvironment-responsive, and circular amplification property,
achieving the synergistic effects of PTT and starvation therapy in vitro and
in vivo. In brief, the functional therapeutic macrophage-based express
enabled real-time imaging, targeted drug delivery, spatiotemporal



Fig. 7. Antitumor efficacy on 4T1-Luc-tumor bearing mice. (a) Protocol of combinational photothermal and starvation therapy. (b) Relative tumor volume during
treatment. (c) Quantitative analysis for bioluminescence signals and (d) Representative bioluminescence images of 4T1 tumors in different groups. (e) Optical photos,
and (f) the averaged tumor weight of excised tumor from the mice after 20 days of treatment. (g) Body weight curves during treatment. (h) H&E, PCNA, Ki67 and
TUNEL staining images of the dissected tumor tissues after 20 days of treatment. Scale bar: 100 μm.
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release and activation of nanozyme for PTT-amplified starvation therapy
under fluorescence imaging guidance, distributing great potential for
cancer therapy.
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