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Natural enzyme-based catalytic cascades have garnered increasing attention in cancer therapy, but their clinical
utility is greatly limited due to loss of function during in vivo delivery. Here, we developed an enzyme delivering
nanoplatform (GCI@RPCM) with great in vivo stability and achieve NIR-triggered enzyme dynamic therapy. This
nanoplatform is created with encapsulation of nature enzymes (glucose oxidase and chloroperoxidase) and
photothermal agent (indocyanine green) within tumor targeting and thermo-responsive phase change materials

(RPCMs). With NIR irradiation for 10 min, GCI@RPCM can release 41 % of the enzymes and generate abundant
reactive oxygen species (ROS), which showed significant tumor cell inhibition. After intravenous injection,
GCI@RPCM can efficiently accumulate at the tumor site and local NIR treatment resulted in complete tumor
eradication without detectable systemic toxicity. This study provides a highly stable and NIR-controllable smart
delivery system and achieve enzyme dynamic therapy for enhanced breast cancer therapy.

1. Introduction

With a total of 19.3 million new cases and 9.9 million deaths
occurred in 2020, cancer remained a major global health problem [1].
As an alternative to traditional therapeutic modalities such as chemo-
therapy and radiotherapy, enzyme dynamic therapy (EDT), in which
chloroperoxidase (CPO) catalyzes chloride with hydrogen peroxide
(H203) to generate hypochloric acid (HCIO) and form singlet oxygen
(102), offering new opportunities to combat tumor [2,3]. However, the
instability of chloroperoxidase in body fluids greatly restricts the
application of EDT in tumor therapy, underscoring the need for highly
stable enzyme delivery systems. Although nanocarriers such as polymers
[4,5], liposomes [6-10] and metal-organic frameworks [11] have
greatly improved the therapeutic efficacy of enzymes, these carriers still

have premature enzyme release, causing potential side effects in normal
organs and tissues. Therefore, enzyme delivering systems with high
stability are highly required to achieve efficient and safe use of EDT.
Recently, phase change materials (PCMs), with reasonable melting
point, low cost, good chemical stability and great biocompatibility, have
received considerable interest in acting as gating materials and stimuli-
responsive materials for cancer therapy [12,13]. Combing
thermo-responsive PCMs [14] and near-infrared (NIR) photothermal
agents [15-21] would obtain NIR-responsive PCMs, which can precisely
target tumor by controlling irradiation range and reserve the high sta-
bility of PCMs, thereby avoiding or minimizing potential harm to normal
organs and tissues [22-24]. NIR-responsive PCMs have been developed
to deliver small molecular drugs [25-27] and seal nanoparticles [28] but
have never been used to deliver natural enzymes. It is not clear whether
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proteins (natural enzymes) and PCMs have strong interaction. Consid-
ering the hydrophobic domains in the enzymes, we hypothesized that
the enzymes could bind to the PCMs through hydrophobic interaction
and NIR-responsive PCMs could be utilized to deliver enzymes for pre-
cise cancer therapy.

Herein, we report super-stable and NIR-responsive PCMs
(GCI@RPCMs) for targeted enzyme delivery toward cancer therapy. The
GCI@RPCMs consist of arginylglycylaspartic acid (RGD) ligand-
modified PCMs as the tumor-targeting and thermo-responsive carrier
[29], indocyanine green (ICG) as the NIR photothermal agent [30],
glucose oxidase (GOx) [31,32] and chloroperoxidase (CPO) [33] as
enzyme cascades [34]. The formation of the GCI@RPCMs and their
working mechanism at the tumor site after intravenous injection are
illustrated in Scheme 1. This design allows for the super-stable encap-
sulation of enzyme cascades at 37 °C during circulation but enables
rapid release in the tumor tissue upon NIR irradiation, which facilitated
tumor-specific enzyme delivery, enhancing antitumor efficacy and
reducing side effect. Thus, our work offers a super-stable and NIR light
responsive enzyme carrier for EDT as well as other highly potent protein
therapies.

2. Materials and methods
2.1. Synthesis and characterization of phase-change materials

The GCI@RPCMs (GOx/CPO/ICG/RGD/PCMs) were prepared with
nanoprecipitation method. In detail, PCM solution (mixture of lauric

acid and stearic acid in methanol, 3.5:1, mass ratio, 4 mg/mL, 2 mL),
ICG solution (5 mg/mL in DMF, 1 mL), GOx solution (5 mg/mL in water,
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0.5 mL) and CPO solution (300 units/mL in water, 187.5 pL) were added
dropwise into preheated mixture of lipid solution (3.75 mg EPC, 1.25 mg
DSPE-PEG2000 and 0.31 mg DSPE-RGD, in 4 % aqueous ethanol solu-
tion) at 50 °C, followed by vigorous vortex for 10 min. Then, the mixed
solution was cooled in an ice-water bath for 10 min, followed by being
heated to ambient temperature and vortexed vigorously for 10 min.
Subsequently, the mixture was filtered through a 0.2 pm cellulose ace-
tate membrane (Merck Millipore). Finally, the homogenized PCMs un-
derwent dialysis (MWCO 300K) in water for three times to remove the
unencapsulated proteins.

The GCI@PCMs were prepared similarly to GCI@RPCMs, except that
DSPE-RGD was not included. The GI@PCMs, CI@PCMs and (I@PCMs
were prepared similarly to GCI@PCMs, except that CPO, GOx and GOx/
CPO were not added, respectively.

The hydrodynamic diameter and zeta potentials of different PCMs
were measured with dynamic light scattering (DLS; Malvern ZEN3690).
The stability of PCMs was evaluated by monitoring the changes in hy-
drodynamic diameters of GCI@RPCM in water, PBS and 10 % FBS (10 %
FBS mixed with 90 % PBS) for seven days.

The encapsulation efficiency (EE) and loading content (LC) of ICG
were quantitated by NIR absorption at 785 nm (LAMBDA650, Perki-
nElmer, USA) after destroying PCMs by methanol. The EE of ICG is
defined by the concentration of the ICG detected in the PCMs over the
initial concentration used to make the formulation. The LC is defined as
the concentration of ICG to that of lipids in the PCMs (w/w). The EE and
LC of GOx and CPO were quantitated by the Bradford protein assay after
destroying PCMs with methanol.

The NIR absorption spectra of free ICG and different PCMs (I@PCMs,
CI@PCMs, GI@PCMs, GCI@PCMs, GCI@RPCMs) in water (ICG
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Scheme 1. (a) Schematic illustration of the preparation of GCI@RPCMs consisting of PCMs, two natural enzymes, GOx, and CPO, photothermal agent ICG and RGD
modification via a nanoprecipitation method. Upon irradiation, GCI@RPCMs melt and release enzymes. (b) The NIR-responsive enzyme dynamic therapy (EDT)

against breast cancer models.
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concentration: 2.5 pg/mlL) was measured in the range of 400-900 nm
(LAMBDAG650, PerkinElmer, USA).

The fluorescence spectra of free ICG and different PCMs (I@PCMs,
CI@PCMs, GI@PCMs, GCI@PCMs, GCI@RPCMs) in water (ICG con-
centration: 10 pg/mL) were measured on a fluorescence spectrometer
(FLS1000, Edinburgh, UK) with excitation at 765 nm, and the emission
was collected from 780 to 900 nm.

2.2. In vitro photothermal measurement

The temperature profiles of free ICG and GCI@RPCMs in water (ICG
concentration: 0, 2.5, 5, 10, 20 pg/mL) during irradiation with NIR laser
were determined by a thermal imager (A300, FLIR). Briefly, 0.1 mL
(each) of water, free ICG, or GCI@RPCMs was irradiated using a NIR
laser (808 nm, 1 W/cm? or 1.5 W/cm?), and the temperature of each
sample was monitored for 5 min.

2.3. NIR laser triggered morphology change measurement

The morphology of GCI@RPCMs before and after NIR irradiation
(808 nm, 1.4 W/cmz, 10 min) was measured with TEM imaging (Talos
F200X) operated at an acceleration voltage of 200 kV. For sample
preparation, 10 pL of GCI@RPCM (containing 0.1 mg/mL lipids) were
dropped onto a 200/300 mesh F/C copper TEM grid (Suzhou Crystal
Silicon Electronics & Technology Co., Ltd., Suzhou, China), and the
excess dispersion was then removed after 1 h; after that, the adsorbed
sample was stained with 10 pL of 3 % phosphotungstic acid for 30 s.

2.4. Invitro release kinetics measurement

To quantify the in vitro release kinetics of GOx/CPO from
GCI@RPCMs, GOx/CPO were first labeled with FITC (named FITC-GC).
FITC-GC was synthesized by crosslinking GOx/CPO with 5-FITC ac-
cording to a reported protocol [35]. The protein concentration of
FITC-GC was calculated according to the following formula: GC
(mg/mL) = [A2g80-0.31 X A4gs5]1/1.4, where Ajgo and A4g9s were the
UV-vis absorbances of GC solution at 280 nm and 495 nm. Then,
FITC-GCI@RPCMs were synthesized similarly to that of GCI@RPCMs
except that GOx and CPO was replaced with FITC-GC (1 mL, 0.54
mg/mL in water).

To monitor the release kinetics of FITC-GC under NIR irradiation, the
FITC-GCI@RPCMs (1 mL, [ICG] = 20.0 pug mL 1) in water was irradiated
by the 808 nm NIR laser at a laser fluence of 0.8 W em ™2 for 10 min. At
indicated time points (0, 2, 4, 6, 8 and 10 min), the irradiated solution
(10 pL) was retrieved and mixed with water (90 pL) for fluorescence
measurements using a microplate reader (Ex = 490 nm, Em = 500-550
nm). The release percentage of FITC-GC was calculated by (It-1p)/(I100-
Ip), where I, is the fluorescence intensity of the solution at the indicated
time point, Iy is the initial fluorescence intensity of the solution before
laser irradiation, and Ijoo is the fluorescence intensity of FITC-
GCI@RPCM ([ICG] = 20.0 pg mL’l, 10 pL) mixed with methanol (90
pL). The release kinetics of FITC-GC without NIR irradiation at pH = 3,
5, 7 was performed similarly.

2.5. Enzymatic activity measurement

Thermo-responsive enzymatic Activity was measured through eval-
uating the generation of HCIO with dye decolorization at different
temperatures (25 °C, 37 °C and 45 °C). In detail, 50 pL of free GOx/CPO
or GC@PCM (GOx concentration: 0, 1, 3, 5, 7 and 9 pg/mL; CPO con-
centration: 0, 22.5, 67.5, 112.5, 157.5 and 202.5 mU/mL) was incu-
bated with the substrate solution in air atmosphere at different
temperatures for 12 h. In a typical experiment, the substrate solution is a
mixture of glucose solution (1 mg/mL, 1 mL), NaCl solution (2 M, 2 pL),
NayPO4 buffer solution (1 M, 5 pL) and AO7 solution (1 mg/mL, 10 pL).
At the end of the enzymatic reaction, the UV-vis absorption of the
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reaction solutions in the range of 350-600 nm was measured
(LAMBDAG650, PerkinElmer, USA). The decolorization efficiency (1) of
AQ7 dye after different treatments was calculated as follows: 1 = (Ao-
Ag)/Ap x 100 %, where Aq was the absorbance of the substrate at 485
nm after treatment with free GOx/CPO or GC@PCM and Ag was the
absorbance of the substrate solution at 485 nm. At 45 °C, the enzyme
activity of GOx/CPO at pH = 3, 5, 7 and single GOx or CPO at neutral
conditions was evaluated similarly. For Michaelis-Menten constant
determination, the enzyme activity of free GOx/CPO or GC@PCM
nanoparticles at 45 °C with different substrate concentrations (1-10 mg/
mL) were measured. The velocity was determined by reduced absor-
bance divided by time (12 h). The values of the Michaelis-Menten con-
stant (Kp,) were determined from Michaelis-Menten equation.

2.6. Cell culture

Murine breast cancer cells (4T1) and human breast endothelial cells
(MCF-10A) were obtained from American Type Culture Collection
(ATCC). 4T1 cells were cultured in RPMI-1640 medium (Gibco) sup-
plemented with 10 % FBS (Gibco) and 1 % penicillin and streptomycin
(P/S, HyClone). The cultures were maintained in an incubator at 37 °C
in a humidified atmosphere containing 5 % CO,, and the medium was
changed every other day. The subculture of MCF-10A cells (breast
epithelial cells) was similar to that of 4T1 cells, except that the medium
was DMEM (Gibco) supplemented with 10 % FBS and 1 % P/S.

2.7. Cellular uptake of PCMs

TPE-BICOOH@PCM and TPE-BICOOH@RPCMs containing
aggregation-induced emission dyes (TPE-BICOOH) were used to quan-
tify the cellular uptake of PCMs. TPE-BICOOH was synthesized as pre-
viously reported [36]. TPE-BICOOH@PCM and TPE-BICOOH@RPCMs
were synthesized similar to I@PCM and I@RPCMs, except that ICG was
replaced with TPE-BICOOH (32.2 pL, 2 mg/mL in DMSO).

To monitor the cellular uptake of TPE-BICOOH@PCMs and TPE-
BICOOH@RPCMs in 4T1 cells, the cells in 96-well plates were treated
with TPE-BICOOH@PCMs or TPE-BICOOH@RPCMs (TPE-BICOOH 5
pM, 100 pL/well) for different time (2, 4, 8, 12 h). After that, the cells
were washed with PBS and imaged with fluorescence microscopy (Leica,
Cy5 channel). The mean fluorescence intensity of cells was analyzed
with Image J. To prove the enhanced uptake of TPE-BICOOH@RPCMs
was due to arginylglycylaspartic acid (RGD) ligand-mediated target-
ing, the 4T1 cells were pre-treated with free RGD peptides for 3 h and
then incubated with TPE@RPCMs for 2 h. To evaluate the tumor cell
specificity of TPE-BICOOH@RPCMs, the uptake of TPE-BICOOH@PCMs
and TPE-BICOOH@RPCMs in MCF-10A cells after incubation for
different time (2, 4, 8 and 12 h) was also investigated.

2.8. Cytotoxicity

To quantify the cytotoxicity of PCMs with laser irradiation, 4T1 cells
were treated with PCMs (ICG concentration: 10, 15, 20 pg/mL) in cell
media supplemented with 20 mM NaCl for 20 h. For enzyme cascade
reaction, the glucose was 2000 mg/L, the CI” was 128 mM (400 mg/L or
5 mM KCl and 6000 mg/L or 103 mM NaCl in the commercial cell media
as well as supplemented 20 mM NaCl) in the cell media and the oxygen
in the cell incubator was about 20 %. Then, the media were replaced
with fresh media and followed by laser irradiation (808 nm, 1.5 W/cem?,
5 min). Later, the cells were further incubated for 4 h before MTT assay.
To evaluate the cytotoxicity of PCMs without laser irradiation, 4T1 cells
were treated with PCMs (ICG: 10, 15, 20 pg/mL) in cell media supple-
mented with 20 mM NaCl for 24 h. The cell viability was determined by
the MTT assay similar to our previous work [7].

To visualize the cytotoxicity of PCMs with or without laser treat-
ment, 4T1 cells in 24-well plates were first incubated with different
PCMs (ICG: 20 pg/mL) for 24 h with or without laser irradiation (808
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nm, 1.5 W/cm?, 5 min) and then collected and stained with Calcein-AM/
PI Double Stain Kit, followed by observation under fluorescence mi-
croscopy (Leica).

To detect the intracellular ROS after different treatments, 4T1 cells in
24-well plates were treated with different PCMs (ICG: 20 pug/mL) for 24
h and then incubated with ROS Assay Kit (DCFH-DA, 10 pM) for 1 h.
After that, for the groups with laser treatment, the cells were irradiated
with laser (808 nm, 1.5 W/cm?, 5 min). Later, all the groups were
immediately observed under fluorescence microscopy (Leica).

To quantify the cell apoptosis after different treatments, 4T1 cells in
24-well plates were treated with different PCMs (ICG: 20 pg/mL) for 24
h with or without laser irradiation (808 nm, 1.5 W/cm?, 5 min). After
that, the cells were collected and stained by Annexin V-FITC and PI
according to the manufacturer’s protocol, followed by detection with
cytometry (Accuri C6).

To visualize the nuclear damage after different treatments, 4T1 cells
in 96-well plates were treated with different PCMs (ICG: 20 pg/mL) for
24 h with or without laser irradiation (808 nm, 1.5 W/cmz, 5 min). After
that, the y-HpAX (HzA histone family member X) in the cells were
stained according to the manufacturer’s protocol, followed by obser-
vation under fluorescence microscopy (Leica). The mean fluorescence
intensity of cells was analyzed with Image J.

2.9. Animals and tumor xenograft model

Female Balb/c mice (4—5 weeks with a weight of 15-20 g) were
supplied by the Beijing HFK Bioscience Co., Ltd. (Beijing, China). To
establish the 4T1 subcutaneous tumor model, 1 x 10° murine breast
cancer 4T1 cells were subcutaneously injected into the right lower limb
of each mouse. Animals received care in accordance with the Guidance
Suggestions for the Care and Use of Laboratory Animals.

2.10. In vivo biodistribution

To monitor the in vivo biodistribution of PCMs in the 4T1 subcu-
taneous tumor model, TPE-BICOOH@PCM and TPE-BICOOH@RPCMs
NPs were injected intravenously through the tail vein into 4T1-tumor
bearing mice (tumor diameter was 4-6 mm, 20 nmol TPE-BICOOH per
mouse, n = 3). After 24 h, the mice were killed and the major organs as
well as the tumors were collected and imaged with IVIS imaging system.
The fluorescence intensity in tumor was quantified using the IVIS
software.

2.11. In vivo tumor therapy in subcutaneous tumor models

When the 4T1 subcutaneous tumor volumes reached 90-100 mm?,
the tumor-bearing mice were randomly divided into seven groups (n =
5): (1) PBS + Laser, (2) I@PCM + Laser, (3) CI@QPCM + Laser, (4)
GI@PCM + Laser, (5) GCI@PCM + Laser, (6) GCI@RPCM and (7)
GCI@RPCM + Laser. Each mouse was intravenously administered either
PCMs (ICG, 2.6 mg/kg; GOx, 0.4 mg/kg; CPO, 8.6 U/kg; 100 pL) or PBS
(100 pL) on day 0. At 24 h after administration of PCMs, group (1) to (5)
were treated with laser irradiation (808 nm, 1.4 W/cmz, 10 min) to
make sure the maximum temperature was 45 ° C; group (7) with more
tumor accumulation were treated with weaker laser irradiation (808
nm, 1.1 W/cmz, 10 min) to make sure the maximum temperature was
also 45 ° C. The lower power densities in animal studies here than those
at cellular level was because that the ICG concentration was slightly
higher than that at cellular level. During laser irradiation, the temper-
ature of tumor surface was recorded with a thermal imager (A300,
FLIR). Tumor volumes and body weight were measured every two days
for 20 days, and the volume (mm?) of the tumors was calculated as
(tumor length) x (tumor width/2)%. At day 23 and 24, the mice after
different treatments were killed, and then the tumor tissues were
weighed and stained with hematoxylin and eosin (H&E), terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and Ki-67
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immunohistochemistry to evaluate the anti-tumor effect. Furthermore,
the tumor slices were stained by DCFH-DA to investigate the ROS level in
vivo. The stained tumor slices were observed under optical microscopy.

2.12. Statistical analysis

Data were presented as mean + standard deviation (SD). Statistical
differences among groups were analyzed using a one-way analysis of
variance (ANOVA) followed by a two-tailed Student’s t-test.

3. Results
3.1. Characterization of GCI@QRPCMs

GCI@RPCMs were prepared using the nanoprecipitation method.
Specifically, a methanol solution containing PCMs, indocyanine green
(ICG) and an aqueous solution of GOx and CPO were mixed and added
into a 4 % ethanol solution of lipids. The mixture was then subjected to a
rapid cooling process to obtain ~183 nm GCI@RPCMs with a negative
surface charge (~-32 mV). Control samples, including GCI@PCMs
(GOx/CPO/ICG/PCMs), GI@PCMs (GOx/ICG/PCMs), CI@PCMs (CPO/
ICG/PCMs) and I@PCMs (ICG/PCMs) (Fig. la), were also prepared
using the nanoprecipitation method. All the control samples exhibited
narrow size distributions with hydrodynamic diameter of 150-180 nm.
All the control samples (except I@QPCM, slightly less negative, —28 mV)
exhibited similar negative zeta potentials of —32 ~ —34 mV (Fig. 1b and
c), similar to those of GCI@RPCMs, indicating comparable surface
properties. NIR absorption curves with maximum absorption at 779 nm
confirmed the successful encapsulation of ICG [30] (Fig. 1d). The
entrapment efficiency (EE) and loading capacity (LC, w/w) of ICG, GOx
and CPO in GCI@RPCMs (Fig. S1, Table S1) were determined to be 78.7
%/49.2 %, 21.5 %/6.72 %, and 21.5 %/(1.51 U/mg), respectively.

PCMs have been utilized to load chemotherapeutics like doxorubicin
and ICG through hydrophobic interaction [25,26]. Considering the hy-
drophobic residues in the enzymes (GOx and CPO), we anticipate that
GOx/CPO can also bind to PCMs through hydrophobic interaction. To
investigate this, we performed molecular dynamics to examine the in-
teractions between GOx/CPO and PCMs. After 100 ns of simulation,
both GOx and CPO exhibited strong affinity to PCMs and the enzymes
dispersed well in PCMs (Fig. 1e). Further calculation showed that the
primary interactions of CPO and GOx against PCM were van der Waals
energies (Fig. 1f). The van der Waals interactions regulate the hydro-
phobic effect [37], verifying our hypothesis that GOx/CPO can bind to
PCMs through hydrophobic interaction. The total binding energies of
PCMs to CPO were —166.4 kJ/mol and PCMs to GOx was —364.4 kJ/mol
(Fig. 1g), indicating a strong interaction between enzymes and PCMs,
where GOx had stronger binding interaction towards PCM NPs. The
strong binding of GOx/CPO to PCM ensures their stable encapsulation
within GCI@RPCMs. Furthermore, GCI@RPCMs demonstrated excellent
stability, with only slight changes in hydrodynamic diameter and PDI
values in water, PBS and 10 % FBS over 7 days (Fig. S1d).

Next, we evaluated the NIR-triggered enzyme release behavior of
PCMs. Transmission electron microscope (TEM) revealed that the size of
GCI@RPCMs was reduced by approximately 60 % after 10 min of NIR
treatment, as the outer part of PCMs melted (Fig. 2a). The size reduction
after NIR treatment was consistent with Liang’s report [14]. Photo-
thermal curves showed that GCI@RPCMs exhibited
concentration-dependent and laser power-dependent photothermal
behavior, with 20 pg mL ™! heating the solution to 53.1 ° C and 58.3 ° C
under 808 nm NIR laser irradiation at 1 W em™2 and 1.5 W c¢cm ™2,
respectively (Fig. 2b-S2a). In contrast, free ICG only heated the solu-
tions to 45.0 ° C and 51.6 ° C under the same conditions (Figs. S2b and
c). This indicates that the nano-formulation can enhance heat genera-
tion, likely due to higher fluorescence quenching and local ICG con-
centration in the nano-formulation (Fig. S2d) [38].

To track enzyme release from GCI@RPCMs after NIR treatment, GOx
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Fig. 1. Structural characterization of the GCI@RPCMs. (a) Schematic illustration of different PCMs. (b) Size distributions, (c) Zeta potentials and (d) NIR absorption
spectra of the GCI@RPCMs and control samples. (e) The initial state (0 s) and equilibrium state (100 ns) of the solution simulation system. PCM is represented as
sorrel sticks. CPO and GOx are represented with cyan and green proteins. (f) The calculated energies between PCM and CPO or GOx calculated by molecular dy-
namics. (g) The binding energies between PCM and CPO or GOx. Data was shown as mean =+ SD. Statistical analysis was conducted by two-tail Student’s t-test or one-
way ANOVA analysis. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

and CPO were labeled with FITC (FITC-GOx and FITC-CPO, Fig. 2c-S2e).
Upon NIR irradiation, the FITC-GCI@RPCMs started to release their
cargos at 2 min, and the release percentage reached 41 % at 10 min
(Fig. 2¢). In the absence of irradiation, the FITC-GCI@RPCMs remained
super stable, releasing less than 1 % enzymes at 37 ° C after 10 min. The
sharp “OFF-ON” drug-release pattern of PCMs demonstrates the high
stability and NIR-response of PCMs.

Further, we investigated the NIR-responsive enzyme activity of
GCI@RPCMs. The enzyme activity of GOx/CPO cascade is usually
detected through the decolorization of acid orange 7 (AO7) by generated
HCIO [34], but the ICG in the NIR-responsive PCMs can interfere with
the absorption of AO7, which makes it difficult to quantify the enzyme
activity. Hence, we chose to study thermo-responsive enzyme activity
instead. To achieve this, we synthesized GC@PCMs (~150 nm, —26 mV)
(Fig. 2e) to replace GCI@RPCMs and used free GOx and CPO as the
control to evaluate the enzyme activity. As the melting point of PCMs is
around 43 ° C, we chose to investigate the enzyme activity at temper-
atures below and above 43 ° C (25 ° C, 37 ° C and 45 ° C). As shown in
Fig. 2f,g and S3a-c, the decolorization efficiency of GC@PCM was barely
detectable at 25 or 37 ° C, while that of free GOx/CPO increases with
temperature, indicating that the enzymes were stably encapsulated in
GC@PCM at these two temperatures. At 45 ° C, the enzymes in the
GC@PCMs can be released and the decoloring efficiency of PCMs was

very similar to that of free GOx/CPO (~30 %), demonstrating that the
excellent thermo-responsive enzyme activity of GC@PCMs (Fig. 2h and
i). The similar enzyme activity of GC@PCMs and free GOx/CPO at 45° C
and similar Michaelis-Menten constant (K,) values of free GOx/CPO
(3.46 mg/mL) and GC@PCMs (4.86 mg/mL) (Fig. S3d) indicated that
the nanoparticle synthesis courses do not affect the enzyme activity. As
GCI@RPCMs and GC@PCMs have similar synthetic protocol, we infer-
red that the GCI@RPCMs displayed similar enzyme activity as the free
GOx/CPO. It is worth noting that GOx and CPO can bear 45 ° C treat-
ment in thermo-response, as the optimal catalytic temperature of GOx is
45 ° C [39] and CPO can retain 90 % activity at 40 ° C after 12 h of
incubation [40]. In addition, the negligible decolaration of AO7 by
single GOx or CPO treatment emphasized that both GOx and CPO were
essential for the activity of the enzyme cascades(Fig. S3e). Further, we
also investigated the effect of pH on enzyme release and activity. It was
found that negligible protein was released from FITC-GCI@PCM NPs at
pH = 3 or 5 (Fig. S4a). The enzyme activity reduced to 72.4 % and 80.9
% at pH = 3 and pH = 5, respectively (Figs. S4b-e), indicating the acidic
pH can slightly reduce the enzyme activity of GOx/CPO enzyme cascade.
These results demonstrated that GCI@RPCMs are super-stable and
NIR-responsive enzyme delivery systems.
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Fig. 2. NIR-responsive characterizations of the GCI@RPCMs. (a) TEM images of GCI@RPCMs without and with irradiation (808 nm, 1.4 W/cm?, 10 min), particle
size distribution histograms and Gaussian fitting curves. (b) Concentration-dependent photothermal behavior of GCI@RPCMs upon irradiation (808 nm, 1 W/cm?,
10 min). (c) Schematic illustration of NIR-responsive enzyme release. (d) Enzyme release kinetics from FTIC-GCI@RPCMs after NIR irradiation (808 nm, 0.8 W/cmz,
10 min). (e) Representative size distribution of GC@PCMs. (f) The decolorization efficiency of AO7 treated by free GOx and CPO mixture or GC@PCMs at 25 °C, (g)

37 °C and (h) 45 °C. Data was shown as mean =+ SD. (i) Schematic illustration
3.2. NIR light-activated enzymatic dynamic therapy in vitro

Effective cellular uptake of nanomedicines is the perquisite for their
therapeutic effect. To investigate the cellular uptake of arginylglycy-
laspartic acid (RGD) ligand-modified PCMs (GCI@RPCMs), we used
fluorescent TPE-BICOOH@RPCMs (Fig. S5) instead, which contained
fluorophore TPE-BICOOH [36] and exhibited strong fluorescence
emission due to aggregation-induced emission effect [41-43] of
TPE-BICOOH. Meanwhile, PCMs without RGD ligand modification were
also labeled with TPE-BICOOH to obtain TPE-BICOOH@PCMs. Both
types of PCMs were then incubated with 4T1 cells for 2-12 h, exhibiting

of thermo-responsive enzyme release and activity measurement.

time-dependent cellular uptake. The TPE-BICOOH@RPCM group
exhibited stronger green fluorescence, indicating higher uptake (Fig. 3a
and b), which was attributed to the RGD ligand on the RPCMs binding to
the ayPs integrin overexpressed in the 4T1 cell membrane. Then RGD
blocking assay [17] further demonstrated that the higher uptake in the
TPE-BICOOH@RPCM group was mediated by RGD ligands (Fig. S6).
Moreover, both TPE-BICOOH@RPCMs and TPE-BICOOH@PCMs
showed low uptake in MCF-10A cells (Fig. 3c-S7). Further quantifica-
tion results demonstrated that the TPE-BICOOH@RPCMs exhibited
2.8-fold more uptake in 4T1 cells than in MCF-10A cells, indicating the
great tumor cell selectivity of RGD ligand-modified PCMs in 4T1 cells.
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Fig. 3. Cellular uptake studies of RPCMs. (a) Time-dependent cellular uptake of TPE-BICOOH@RPCMs and TPE-BICOOH@PCMs after incubation with 4T1 cells.
Scale bar: 20 pm. (b) Quantification of the mean fluorescence intensity of the 4T1 cells after different treatments. (c) Quantification of the mean fluorescence in-
tensity of the MCF-10A cells after different treatments. Data was shown as mean =+ SD. Statistical analysis was conducted by two-tail Student’s t-test or one-way

ANOVA analysis.

Given the selective uptake of RGD ligand-modified PCMs in the 4T1
cells, we further investigated their tumor cell inhibition through methyl
thiazolyl tetrazolium (MTT) assay, live/die cell staining and Annexin V-
fluorescein isothiocyanate (Annexin V-FITC)/propidium iodide (PI)
fluorescence staining. Meanwhile, 4T1 cells treated with GCI@PCMs,
GI@PCMs, CI@PCMs and I@PCMs were set as control groups to inves-
tigate the role of the components in GCI@RPCMs. To eliminate the
photothermal therapeutic effect [44] and enable active enzyme release
from PCMs, we chose to irradiate PCMs-treated 4T1 cells with a
maximum temperature of 45 °C. MTT assay showed that the
GCI@RPCMs demonstrated laser and concentration dependent cyto-
toxicity against 4T1 cells. Without laser irradiation, the cell viability of
all the groups were nearly 100 %, indicating that the PCMs were very
stable and negligible enzymes were released at 37 ° C (Fig. 4a). Upon
irradiation, GCI@RPCMs lead to ~50 % cell death when ICG was 20 pg
mL_l, while GCI@PCMs only lead to ~20 % cell death (Fig. 4b),
attributing to RGD ligand-mediated enhanced uptake of enzymes.
Negligible cytotoxicity of GI@PCM and CI@PCM-treated groups after
NIR laser irradiation demonstrated the necessity of cascade enzymes
(GOx and CPO) for effective treatment. Negligible cytotoxicity of
I@PCM-treated group in the presence of laser irradiation demonstrated
that ICG did not exhibit photothermal or photodynamic therapeutic
effect against 4T1 cells in our conditions. Further, live/die cell staining
of different groups verified the strong tumor cell inhibition by
GCI@RPCMs after NIR laser irradiation (Fig. 4c-S8a). Moreover, the
flow cytometry assay with Annexin V-fluorescein isothiocyanate
(Annexin V-FITC)/propidium iodide (PI) fluorescence staining

demonstrated that 4T1 cells treated with GCI@RPCM exhibited the
highest cell apoptosis and necrosis ratio upon laser irradiation (Fig. 5d,
S8b). These results demonstrated that the tumor cell inhibition of
GCI@RPCM exhibits NIR-responsive enzyme cascade therapy, which
was due to its tumor-cell selective uptake and released enzyme cascade
upon NIR laser irradiation.

Moreover, we studied the antitumor mechanism of GCI@RPCM. We
first monitored the content of intracellular reactive oxygen species
(ROS) after different treatments by ROS probe 2',7-dichlorofluorescin
diacetate (DCFH-DA). As shown in Fig. 5a, GCI@RPCM and GCI@PCM
groups after laser irradiation (808 nm, 1.5 W em™2, 5 min) had strong
ROS signals arise probably from HCIO, while GI@PCM had weak ROS
signals probably from HO2 [32]. The negligible ROS signals from
I@PCM group indicated that the ROS from ICG in GCI@RPCMs is little
and the ROS signals of GCI@RPCMs were primarily from the enzyme
cascades. Meanwhile, the ROS of all the groups without laser irradiation
was negligible. Afterward, we evaluated the intracellular DNA damage
by ROS through staining y-H2AX (H2A histone family member X), a
marker of DNA double-stranded breaks. Upon irradiation, the
GCI@RPCM group also exhibited the strongest fluorescence, indicating
the obvious DNA damage of GCI@RPCM group (Fig. 5b and c). In the
absence of laser irradiation, no DNA damage was detected (Fig. S9).
These results demonstrated that GCI@RPCMs generate ROS with NIR
response, which lead to NIR-responsive intracellular DNA damage and
tumor cell death.
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Fig. 4. In vitro tumor cell inhibition by NIR-responsive GCI@RPCMs. (a) The cell viability of 4T1 cells after treatment with different PCMs without or (b) with laser
irradiation (808 nm, 1.5 W/cm2, 5 min). (c¢) The live/die cell staining of 4T1 cells after treatment with different PCMs (ICG: 20 pg/mL) without or with laser
irradiation (808 nm, 1.5 W/cm?, 5 min). Data was shown as mean + SD. Statistical analysis was conducted by two-tail Student’s t-test or one-way ANOVA analysis.
(d) The Annexin V-FITC/PI staining of 4T1 cells after treatment with different PCMs (ICG: 20 pg/mL) without or with laser irradiation (808 nm, 1.5 W cm 2, 5 min).

3.3. NIR-responsive enzymatic dynamic therapy in vivo

To evaluate the in vivo biodistribution and tumor accumulation of
PCMs, fluorescent TPE-BICOOH@RPCMs and TPE-BICOOH@PCMs
were injected into 4T1-tumor-bearing mice upon intravenous adminis-
tration. At 24 h after injection, the mice were killed and the ex vivo
imaging showed that both NPs distributed in liver, kidneys and tumor,
and the tumor accumulation of TPE@RPCM group was 1.8 times that of
TPE@PCM group (Fig. S10), indicating the RGD ligand can increase the
tumor accumulation of PCM NPs.

To evaluate the therapeutic efficiency of GCI@RPCMs with NIR laser
irradiation against 4T1-tumor-bearing mice, we set the following groups
as control: PBS with irradiation (group 1), I@QPCM with irradiation

(group 2), CI@PCM with irradiation (group 3), GI@PCM with irradia-
tion (group 4), GCI@PCM with irradiation (group 5) and GCI@RPCM
without irradiation (group 6) (Fig. 6a). To eliminate the difference of
photothermal effect in groups treated with different NPs, the laser power
density was mildly tuned so that the maximum temperatures on the
groups 2 to 5 and 7 were all at around 45 °C (Fig. 6b and c). In contrast,
the PBS treatment (group 1) showed negligible temperature increase
(<2 °C). Tumor growth curves after different treatments were monitored
for 20 days. During the 20-day monitoring, all the mice survived, and the
tumor volumes were all less than 2000 mm?> (Fig. S11). The GCI@RPCM
group without irradiation (group 6) was not significantly different from
PBS group (group 1), indicating the high stability of GCI@RPCMs in vivo
(Fig. 6d-S12a). With irradiation, negligible tumor inhibition was
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Fig. 5. The anti-tumor mechanism of NIR-responsive GCI@RPCM:s. (a) Intracellular ROS detection (by DCFH-DA) of 4T1 cells after different treatments (ICG: 20 pg/
mL). Laser irradiation: 808 nm, 1.5 W cm’z, 5 min. (b) The nuclear damage assay (by y-H2AX staining) of 4T1 cells after different treatments with laser irradiation
(808 nm, 1.5 W cm’z, 5 min). Scale bar, 20 pm. (¢) Quantified nuclear damage of 4T1 cells in (b). Data was shown as mean + SD. Statistical analysis was conducted

by two-tail Student’s t-test or one-way ANOVA analysis.

observed in I@PCM (group 2), which indicates photothermal effect of
I@PCM alone is not enough to induce tumor inhibition. CI@PCM with
irradiation (group 3) also showed negligible tumor inhibition, which
was probably due to inefficient generation of HCIO in the absence of
GOx. Slight tumor inhibition (35.2 %) was observed in GI@PCM with
irradiation (group 4), owing to the generated H2O; in the presence of
glucose in the tumor tissue. GCI@PCM with irradiation (group 5)
showed much stronger tumor inhibition (51.5 %) due to the cascade of
GOx/CPO, with more generation of HCIO in the tumor tissue.
GCI@RPCM with irradiation (group 7) showed strongest tumor inhibi-
tion (100 %) due to the enhanced delivery of GOx/CPO cascade, leading
to highest generation of HCIO. Moreover, the tumors after various
treatments were harvested at the end of the treatment, and the weights
of the tumors after different treatments validated the excellent thera-
peutic effect of GCI@RPCMs (Fig. 6e and f), which was similar to the
results of tumor volumes.

To further demonstrate the therapeutic effects, the excised tumors
(except group 7, whose tumors were completely eradicated) were
analyzed by hematoxylin and eosin (H&E) staining, ROS, Ki-67 and
terminal-deoxynucleotidyl transferase-mediated nick end labeling
(TUNEL) immunofluorescent staining. H&E staining showed that sig-
nificant nuclear dissociation was observed in the GCI@PCM group with
irradiation (group 5) (Fig. 6g). ROS staining showed that GCI@PCM
group showed abundant ROS distribution both in nucleus and cyto-
plasm, where GI@PCM group also showed some ROS, and the other
groups showed negligible ROS. For Ki-67 staining, GCI@PCM group
showed negligible Ki-67 expression, while the other groups all showed
strong Ki-67 expression. TUNEL staining indicated the apoptosis of
tumor cells in GCI@PCM (group 5), but not in group 1-4. Taken

together, the killing effect of tumors by GCI@RPCM NPs upon laser
irradiation is due to the effective accumulation and release of GOx/CPO
in the tumor tissue and the generated ROS, and independent of photo-
thermal effect. The strong ROS led to downregulation of Ki-67 and
substantial apoptosis of tumor cells.

In addition, no noticeable weight loss in mice(Fig. S12c), no histo-
logical abnormality observed in major organs (Fig. S13) and low he-
molysis (<5 %) after various treatments and negligible hemolysis
(Fig. S14) indicated the good biocompatibility of GCI@RPCMs.

4. Conclusions

In summary, we developed highly stable and NIR-responsive phase
transition materials for delivering enzyme cascade toward tumor ther-
apy. The RGD ligand surface modification of materials increased the in
vitro cellular uptake of NPs and in vivo tumor targeting. The enzyme
cascades (GOx and CPO) were stably encapsulated in the RPCMs mainly
through van der Waals interaction. Upon NIR laser irradiation, the
photothermal agent (ICG) in the phase transition materials
(GCI@RPCMs) heated the PCMs and released active enzymes for tumor
therapy. In vivo studies demonstrated that the GCI@RPCMs exhibited
excellent biocompatibility and strong NIR-responsive tumor inhibition.

Compared to traditional ROS(H2053) carrier, the nanoplatform in this
work has three unique advantages and improvements: (1) GOx/CPO
cascade instead of GOx alone is used in the nanomedicine, where GOx
generates HyO> in the tumor tissue, but GOx/CPO generates HCIO in the
tumor tissue; (2) the tumor killing effect of HCIO is stronger than HyO;
(3) the ROS generation is strictly controlled by laser irradiation, which
endows the nanomedicine with great safety and tumor selectivity.
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