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Glucose oxidase and conjugated polymer
nanocomplexes for synergistic photothermal/
starvation/oxidation therapy†

Wei Zhang,*a Wenhai Lin, b Zhensheng Li,c Tingting Sun *d and
Zhigang Xie *d

Photothermal therapy (PTT) is becoming a prevalent tumor therapeutic method, but the overexpression

of heat shock proteins (HSPs) and the self-repair mechanism of malignant tumors may restrict its

therapeutic effect. Glucose oxidase (GOx) has been reported to effectively block the uptake of nutrients

by tumor cells via starvation therapy, further debasing the production of HSPs in cells. Thus motivated, a

nanoplatform (IBDDP&GOx NPs) integrating PTT, starvation therapy and oxidation therapy was

constructed using a near-infrared BODIPY-based conjugated polymer (IBDDP) and GOx. Through the

electrostatic interaction between the positively charged imidazole group from IBDDP and the negatively

charged GOx, IBDDP and GOx could assemble into stable nanocomplexes, simultaneously solving the

problem of insolubility of BODIPY-based conjugated polymers in aqueous solution as well as the poor

stability and grievous system toxicity of GOx. Additionally, IBDDP&GOx NPs effectively retain the

excellent photothermal properties of IBDDP and the biological catalytic activity of GOx, thus exhibiting

enhanced inhibitory effects on tumor cell survival and malignant proliferation. This work proposed a

simple example of integrating conjugated polymers with functional proteins into one formulation, which

could overcome the shortcomings of single therapy and achieve a better synergistic treatment effect by

multimodal cancer therapy.

Introduction

Photothermal therapy (PTT) mainly takes advantage of nontoxic
photothermal agents (PTAs) to generate local high temperature
under laser irradiation to noninvasively inhibit the growth
of malignant tumors.1–3 However, it has been reported that
tumor cells could generate heat shock proteins (HSPs) under
hyperthermic stress to defend against heat-induced cellular
damage, especially HSP70/90, which would enhance hyperther-
mic tolerance and treatment resistance.4–6 Consequently, the

dose of PTAs and the laser power density should be adjusted to
a higher level to enhance photothermal lethality. Nevertheless,
adverse risks such as inflammatory disease and tumor metastasis
might be induced during the process.7,8 In an attempt to down-
regulate and suppress the expression of HSPs, different strategies
have been developed, including the use of inhibitors and
siRNAs.9,10 Although the reported methods exhibited promising
antitumor efficacy, the poor stability of siRNA, the potential toxicity
and the hysteretic effect of inhibitors should not be ignored.11

Therefore, it is necessary to find new methods that could effectively
block the generation or inhibit the activity of HSPs.

Due to the intrinsic consumption of energetic adenosine
triphosphate (ATP) during the HSP expression process, the
hyperthermia resistance of tumor cells caused by HSPs might
be overcome by constantly consuming ATP in a different way,
further improving the efficacy of PTT. In contrast to normal
tissue cells, a significant increase in glucose uptake is found
in cancerous cells.12 Tumor cells preferentially drive their
own proliferation via anaerobic glycolysis, leading to less ATP
generation and higher glucose internalization to meet the
needs of nutrients and energy substances.13–15 As a result, the
proliferation and progression of malignant cancers are highly
dependent on the supply of glucose. In recent years, cancer
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starvation therapy (CST) has become an emerging treatment for
malignant tumors by cutting off the blood supply of tumor
tissues to inhibit the rapid growth of cancers.16 Glucose oxidase
(GOx) can efficiently catalyze the oxidation of glucose into
glucose acid and hydrogen peroxide (H2O2),17,18 which would
significantly reduce ATP generation and might provide an
adjuvant method for CST. The produced H2O2 could further
transform into �OH with stronger cytotoxicity by combining with
the Fenton reaction,19,20 promoting oxidative stress-induced
apoptosis.21,22 Although GOx has shown potential therapeutic
effects in the treatment of tumor, its poor stability, strong systemic
toxicity and rapid metabolism severely limit its direct applications
in vivo. Therefore, how to effectively deliver exogenous GOx to
cancer cells is of vital importance for achieving synergistic anti-
cancer effects of starvation therapy and oxidation therapy.

To overcome the above challenges, we designed and fabricated
imidazolyl-modified and positively charged conjugated polymers
(IBDDP) as the PTAs, which could assemble into composite
nanoparticles (IBDDP&GOx NPs) with GOx via electrostatic inter-
actions, as illustrated in Scheme 1. Multiple experiments demon-
strate that the prepared IBDDP&GOx NPs could not only maintain
the primary catalytic activity of GOx but also exhibit satisfactory
photothermal conversion ability. GOx displays synergistic effects
in starvation therapy and oxidative therapy by continuously
consuming glucose in cells and simultaneously producing a large
amount of H2O2. As a cascade reaction, the production of ATP in
tumor cells is severely interfered due to the consecutive consump-
tion of glucose, further impeding the expression of HSPs and
enhancing the PTT sensitivity to realize an ideal combined
anticancer effect.

Results and discussion

The imidazolyl-substituted ionized IBDDP polymer was synthe-
sized using the synthetic route shown in Fig. S1 (ESI†). Briefly,
imidazolyl-substituted BODIPY was first prepared via a typical
experimental procedure reported by our group.23–25 Then, Suzuki
coupling polymerization was carried out between diketopyrrolo-
pyrrole derivative M1 and IBDP. After repeated precipitation in
ice-cold methanol, a dark black imidazolyl-substituted and posi-
tively charged conjugated polymer, IBDDP, was obtained. The
proton nuclear magnetic resonance (1H NMR) spectra are shown
in Fig. S2 and S3 (ESI†), demonstrating the successful synthesis
of IBDDP. Considering the imidazole groups in the IBDDP
backbone, the polymer chains are positively charged, enabling
the formation of nanocomplexes with negatively charged GOx
through electrostatic interactions. First, by means of the ultra-
sonic emulsification method, we prepared stable nanocomposites
(IBDDP&GOx NPs) and then determined the optimal mixing ratio
of IBDDP and GOx with different feeding ratios: IBDDP/GOx = 1/0,
1/3, 1/5, 2/1, 5/1, 10/1. As shown in Fig. S4A (ESI†), homogeneous
and stable dispersions could be obtained by combining GOx with
IBDDP, and less precipitation was formed along with an increase
in GOx. Subsequently, the hydrated diameter, polydispersity index
(PDI) and zeta potential of the abovementioned IBDDP&GOx NPs

were characterized by dynamic light scattering (DLS). As shown in
Fig. 1A, B and Fig. S4B (ESI†), the diameter and surface potential
of IBDDP NPs formed by merely encapsulating IBDDP with the
amphiphilic polymer F-127 were 138.3 nm and +37.4 mV, respec-
tively, confirming the strong positive charge of the IBDDP polymer
and the capability to interact with the negatively charged GOx.
Moreover, as the concentration of GOx increased, the NPs became
small, and the charge of the NPs changed from positive to
negative. Some reported studies showed that NPs with a
positive charge were more easily endocytosed than negatively
charged NPs.26–28 With regard to the efficient catalytic ability of
GOx reported by other studies,29,30 we decided to utilize the
IBDDP&GOx NPs with a feeding ratio of 10 : 1 for all the experi-
ments, and the surface charge was +30 mV. As shown in Fig. 1C,

Scheme 1 Schematic illustration of the structure of the imidazolyl-
substituted ionized BODIPY-based conjugated polymer (IBDDP), the
nanosystem driven by the electrostatic interaction between the IBDDP
and GOx, and its application in multimodal carcinoma therapy.

Fig. 1 (A) Size distribution and (B) surface potential of different nano-
complexes determined by DLS. (C) TEM image of the IBDDP&GOx NPs.
Inset image: the size distribution of NPs measured by DLS; scale bar:
500 nm. (D) UV-vis-NIR absorption spectra of the IBDDP&GOx NPs in
aqueous solution and IBDDP in THF.
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the transmission electron microscopy (TEM) image indicated that
IBDDP&GOx NPs could assemble into spherical and uniform NPs
with a diameter of 214.9 nm (inset picture in Fig. 1C) in aqueous
solution. The size determined by TEM was slightly smaller than
the hydrated diameter measured by DLS, which might be because
that the TEM images were taken under a dry formulation.
According to the UV-vis spectra and BCA (bicinchronic acid)
protein quantitative assay kit, the concentrations of IBDDP and
GOx were 710.3 mg mL�1 and 30.0 mg mL�1, respectively (Fig. S5,
ESI†). Furthermore, the changes in the diameters and PDIs were
measured by DLS. The diameter and PDI of the IBDDP&GOx NPs
remained unchanged over a week, which demonstrated that the
IBDDP&GOx NPs exhibited good colloidal stability (Fig. S6A,
ESI†). Furthermore, we also investigated the stability of IBDDP&-
GOx in PBS with 10% FBS at 37 1C. The size and PDI of the NPs
remained consistent within 12 h, indicating the improved sta-
bility of IBDDP NPs after interacting with GOx (Fig. S6B, ESI†). As
shown in Fig. 1D, the UV-vis-NIR absorption spectra of IBDDP
and IBDDP&GOx NPs were characterized. The maximum absorp-
tion peak of IBDDP&GOx NPs was mainly located at 595 nm.
Because of the formation of aggregates by IBDDP and GOx, the
absorption spectrum of IBDDP&GOx NPs was broadened with a
decreased absorbance compared with that of IBDDP. The
fluorescence spectra of IBDDP&GOx NPs, IBDDP polymers and
IBDP were also detected (Fig. S7, ESI†). The maximum fluores-
cence wavelength of IBDDP polymers (in THF) was observed at
821 nm, while much weaker fluorescence was observed for
IBDDP&GOx NPs due to the phenomenon of aggregation-
caused quenching (ACQ).31

To detect the enzymatic activity of GOx in the nanocompo-
sites, the cascade reaction of horseradish peroxidase (HRP) and
o-dianisidine was carried out (Fig. 2A).32 As shown in Fig. 2B,
the changes in the absorption intensity at 460 nm of newly
produced reduced o-dianisidine were measured using a UV-vis
spectrometer to obtain the kinetic curve of the whole reaction
process, and the initial slope of the curve was used to evaluate
the catalytic activity of GOx. An obvious characteristic absorp-
tion peak at 460 nm of oxidized o-dianisidine could be observed
with the addition of GOx (1 mg mL�1) and IBDDP&GOx NPs. As
expected, the reaction efficiency of IBDDP&GOx NPs was
slightly lower than that of GOx, which might be attributed to
some destruction of GOx in the presence of THF during the NP
preparation process. According to Fig. 2C, calculating the initial
slope of the catalytic reaction curve as the catalytic capability of
the GOx enzymatic reaction and defining that of pure GOx as
100%, the activity of IBDDP&GOx NPs can still be maintained at
61% and exhibit a concentration-dependent catalytic effect.
Moreover, we could also directly observe the GOx-catalyzed
cascade reaction through the solution color due to the produc-
tion of brownish-yellow oxidized o-dianisidine (Fig. S8A, ESI†).
Because of the large production of toxic H2O2 via the GOx-
triggered decomposition of glucose, it could effectively oxidize
and destroy biological macromolecules, such as proteins and
DNA, simultaneously accompanied by the continuous con-
sumption of the energetic glucose, and induce a starvation
effect on the intracellular energy metabolism cycle and

eventually cellular apoptosis and necrosis.33,34 Hence, we
further evaluated the catalytic ability of IBDDP&GOx NPs to
produce H2O2 from glucose at 37 1C. The concentration of the
generated H2O2 was measured based on the formation of a
yellow titanium peroxide complex (Ti(IV)O2

2+) arising from the
reaction of the colorless Ti(IV)O2+ and H2O2, with a character-
istic UV absorption peak at 407 nm.35 As depicted in Fig. 2D
and E, we measured H2O2 generation plots at a series of
concentrations of IBDDP&GOx NPs according to the standard
linear curve between H2O2 and the peak strength at 470 nm
(Fig. S8B and C, ESI†). The production of H2O2 was accelerated
along with the increase in NPs and basically reached equili-
brium after 3 h. Based on the above data, we concluded that
IBDDP&GOx NPs can effectively decompose glucose, providing
theoretical potential for further eliminating cancer cells via CST
and H2O2-induced oxidative therapy.

Furthermore, we evaluated the photothermal properties of
IBDDP&GOx NPs by examining the temperature changes at
various IBDDP concentrations and laser fluences. As expected,
exposing the NP solution (IBDDP: 50 mg mL�1) to the 685 nm
laser (0.61 W cm�2) for 5 min, the temperature was elevated by
35 1C. As a comparison, pure water showed an inconspicuous
temperature change under the same circumstances. In addi-
tion, the photothermal properties of IBDDP&GOx NPs were
concentration- and laser power-dependent (Fig. 3A, B and D).
Moreover, five continual laser irradiation/cooling cycles were
carried out on the NP solutions, indicating excellent photo-
thermal stability without obvious deterioration (Fig. 3C). The
photothermal conversion efficiency (Z) of IBDDP&GOx NPs was
calculated to be 23.1% (Fig. S9A and C, ESI†).36 In addition, we

Fig. 2 (A) The reaction mechanism of GOx activity assays. (B) Time-
dependent absorption spectra (Abs, 460 nm) of o-dianisidine after the
cascade reactions. (C) Relative activities of GOx (1 mg mL�1) and IBDDP&-
GOx NPs (GOx: 1 and 0.5 mg mL�1), n = 3. (D) UV-vis absorption spectra of
formed Ti(IV)OSO4 at different H2O2 concentrations (0.5–20 mM). (E) H2O2

generated from the catalyzed reaction of glucose (100 mg mL�1) in the
presence of various IBDDP&GOx NPs (GOx: 1–10 mg mL�1) at different
time points.
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also measured the photothermal performance of IBDDP NPs,
and the results showed that IBDDP&GOx NPs and IBDDP NPs
had similar photothermal activities, implying that the photo-
thermal properties of IBDDP were not affected after forming
NPs with GOx (Fig. S9B, D and S10, ESI†). All these results
confirmed that IBDDP&GOx NPs possess an outstanding NIR
photothermal effect with excellent photostability and could be
potential candidates for photothermal therapy.

Efficient endocytosis of NPs by tumor cells is generally a
prerequisite for cellular toxicity. Thus, we first utilized confocal
laser scanning microscopy (CLSM) and flow cytometry (FCM) to
study the intercellular uptake of IBDDP&GOx NPs. As shown in
Fig. 4A and Fig. S11A (ESI†), cervical cancer HeLa cells exhib-
ited obvious red fluorescence, and the endocytosis of IBDDP&-
GOx NPs increased as time went and the temperature increased
from 4 to 37 1C. To explain the specific endocytic pathway of the
NPs in detail, HeLa cells were pretreated with a series of
inhibitors: amiloride (micropinocytosis), glucose (clathrin-
mediated), genistein (caveolin-mediated) and Na3N (energy-
dependent) and analyzed by FCM for the endocytosis ability

Fig. 3 Heating-up curves of IBDDP&GOx NPs at (A) different concentra-
tions (5–50 mg mL�1) and (B) laser power densities (0.38–1.05 W cm�2) as a
function of irradiation time. (C) Heating reproducibility of IBDDP&GOx NP
solution (50 mg mL�1) over multiple laser on/off cycles under a 685 nm
(0.61 W cm�2) laser irradiation. (D) Thermal images of IBDDP&GOx NPs
(IBDDP: 50 mg mL�1) and aqueous solution under a 685 nm laser irradiation
of 0.61 W cm�2 at different time points, respectively.

Fig. 4 (A) CLSM results of HeLa cells incubated with IBDDP&GOx NPs (IBDDP: 20 mg mL�1) at 37 1C for 0.5, 2 and 4 h and at 4 1C for 0.5 h; scale bar:
20 mm. (B) ROS production of HeLa cells after treatment with IBDDP NPs (23.7 mg mL�1), GOx (1 mg mL�1) and IBDDP&GOx NPs (IBDDP: 23.7 mg mL�1 and
GOx: 1 mg mL�1); scale bar: 40 mm. (C) Cytotoxicities of IBDDP NPs, GOx and IBDDP&GOx NPs toward HeLa cells without laser irradiation in a normal
medium, n = 4. Cell viabilities of HeLa cells after treatment with different concentrations of (D) glucose and (E) GOx in the glucose-free DMEM, n = 4.
(F) Cell viabilities of HeLa cells after treatment with H2O2 in a normal medium, n = 4. (G) Cell viabilities of HeLa cells treated with different concentrations
of IBDDP NPs, GOx or IBDDP&GOx NPs in the low-glucose DMEM in the presence of laser irradiation (685 nm, 0.61 W cm�2, 7 min), n = 4. All the data are
shown as the average value � SD. Unless stated otherwise, experiments were implemented in triplicate. The significance of the difference was decided
through one-way analysis of variance (*p o 0.05, **p o 0.01, and ***p o 0.001).
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of the NPs.37–39 The fluorescence intensity of IBDDP&GOx NPs
significantly decreased after glucose, genistein and Na3N treat-
ment, indicating that the nanoparticles were mainly endocy-
tosed into tumor cells in an energy-dependent clathrin- and
caveolin-mediated manner (Fig. S11B, ESI†). Furthermore, we
examined the intracellular H2O2 generation ability of IBDDP&-
GOx NPs by the ROS detection probe 20,70-dichlorofluorescein
diacetate (DCFH-DA). According to Fig. 4B, stronger green
fluorescence could be observed in HeLa cells treated with
IBDDP&GOx NPs than in those treated with GOx and PBS. More
importantly, the fluorescence intensity of IBDDP&GOx NPs was
significantly higher than that of IBDDP NPs. Therefore, we were
able to confirm that the nanocomposite IBDDP&GOx NPs could
indeed generate H2O2 by depleting glucose.

Inspired by the favorable results above, we further investi-
gated the synergistic therapeutic effects of HeLa cells by mon-
itoring the viability after incubation with IBDDP&GOx NPs via
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assays. We first investigated the cytotoxicity of IBDDP&-
GOx NPs, IBDDP NPs and GOx in the absence of laser irradia-
tion at different concentrations in the normal Dulbecco’s
modification of Eagle’s medium (DMEM). As shown in
Fig. 4C, IBDDP NPs exhibited good biocompatibility without
temperature variations. However, due to the existence of GOx
and high glucose (4.5 mg mL�1) in the DMEM, the IBDDP&GOx
NP and GOx groups could produce a large amount of H2O2 and
induce massive cellular death. Even with an extremely low GOx
concentration (0.375 mg mL�1), the viability of HeLa cells in
both the IBDDP&GOx NP and GOx groups decreased below
40%. To further validate that the strong cytotoxicity of IBDDP&-
GOx NPs was definitely caused by the synergistic effect of CST
and oxidative therapy, we also separately determined the bio-
compatibility of glucose, GOx and H2O2 under different treat-
ments. As shown in Fig. 4D, after incubation in the glucose-free
DMEM, the addition of glucose could indeed promote the
proliferation of tumor cells, while with doping of 10 mg mL�1

GOx, 20% cellular death could still be observed (Fig. 4E). We
speculated that the slight toxicity of GOx in the glucose-free
DMEM was mainly caused by the continuous consumption of
glucose via the disruption of the glucose metabolism, thereby
inhibiting the proliferation of HeLa cells. In addition, we also
investigated the effect of H2O2 on cancer cells in the normal
DMEM. Fig. 4F shows that more cellular death could be
induced with the increase of H2O2 to increase oxidative stress.
To further optimize the MTT results and considering the high
cytotoxicity of IBDDP&GOx NPs in the traditional DMEM and
the unsatisfactory toxicity of GOx in the glucose-free cellular
medium, we evaluated the trimodal anticancer effect (CST, PTT
and oxidative therapy) of IBDDP&GOx NPs in the low-glucose
DMEM (1 mg mL�1). As characterized in Fig. 4G, in the absence
of laser irradiation, the cell viability exhibited a negligible
decrease after incubation with IBDDP NPs, whereas an appar-
ent decrease could be observed for IBDDP&GOx NPs due to the
consumption of glucose and production of oxidative sub-
stances. Moreover, IBDDP NPs exhibited good photothermal
toxicity under light irradiation, and the cell viability was only

25% with 35.5 mg mL�1 IBDDP. However, under the same
conditions, the IBDDP&GOx NPs presented enhanced cellular
toxicity compared with the IBDDP NP group for only photo-
thermal therapy and the GOx group for starvation therapy. To
further intuitively characterize the synergistic antitumor effects
of IBDDP&GOx NPs, live/dead cell staining and trypan blue
staining were carried out (Fig. S12 and S13, ESI†). As shown in
Fig. S12 (ESI†), most of the cells in all groups showed green
fluorescence without laser irradiation. However, it is note-
worthy that the morphology of tumor cells in the IBDDP&GOx
NP group was significantly different from that in the other
groups, mainly due to the presence of GOx. Under laser
irradiation, IBDDP&GOx NPs displayed more obvious red
fluorescence than IBDPP NPs, indicating the highest cellular
death. Fig. S13 (ESI†) shows results similar to those of live/dead
cell staining. With the treatment of IBDDP&GOx NPs, obvious
cellular membrane shrinkage could be observed. Based on
these preliminary results, we concluded that IBDDP&GOx NPs
exhibited the most satisfactory antitumor performance and
showed distinct cellular shrinkage compared with the other
groups, which proved that IBDDP&GOx NPs could indeed
achieve a synergistic strategy via the combination of PTT, CST
and oxidative therapy. Furthermore, the JC-1 probe was utilized
to determine the damage of the mitochondrial membrane of
HeLa cells caused by IBDDP&GOx NPs. In general, when the
mitochondria are complete, the mitochondrial membrane
potential is high, showing red fluorescence due to the aggrega-
tion formation of JC-1, while typical green fluorescence could
be observed when mitochondria are damaged with the decrease
of the mitochondrial membrane potential. As shown in Fig. S14
(ESI†), IBDDP NPs can damage the mitochondria via laser
irradiation. However, the mitochondria of the cells treated with
IBDDP&GOx NPs can be damaged either with or without laser
irradiation.

It is well known that glucose is the main energy substance of
animals and plants, and aerobic respiration is the most impor-
tant biological metabolism of glucose, simultaneously releasing
energy and synthesizing a large amount of ATP.40 As a result,
the glucose content in cells directly affects the expression of
ATP. Therefore, we further evaluated the expression of intra-
cellular ATP in HeLa cell posttreatment with IBDDP&GOx NPs
and IBDDP NPs. A luminometer was used to measure the
chemiluminescence intensity of ATP as the standard, and the
result is shown in Fig. S15 (ESI†). The chemiluminescence
intensity increased linearly with more ATP. Subsequently, HeLa
cells were coincubated with IBDDP&GOx NPs and IBDDP NPs.
As characterized in Fig. 5A, after treatment with IBDDP&GOx
NPs, the intracellular ATP of HeLa cells was significantly
decreased but had little effect on the IBDDP NP group, which
indicated that the functionalized IBDDP&GOx NPs could reduce
glucose uptake via GOx-mediated CST, causing ATP production
disorder and interrupting the energy metabolism in cancer
cells. As a cascade reaction, the content of ATP in cells further
affects protein expression. In this work, we focused on the
expression of HSPs, a group of proteins with self-protection
mechanisms produced by malignant cells under external
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stimuli, which are closely related to the tumor cell killing
performance of PTT. Therefore, the immunofluorescence ana-
lysis of HSP90, a representative protein of the HSP family, was
selected to evaluate the impact of different nanocomposites on
the expression of HSPs. Fig. 5B and C show that the expression
of HSP90 was significantly upregulated (stronger green fluores-
cence) owing to the increased temperature during the PTT
process. However, after treatment with IBDDP&GOx NPs and
GOx, the expression level of HSP90 in HeLa cells was much
lower than that of IBDDP NPs under laser irradiation. To
further quantitatively confirm the HSP90 inhibition effect of
IBDDP&GOx NPs, the western blotting assay was carried out to
examine the level of HSP90 in HeLa cells. As demonstrated in
Fig. S16 (ESI†), the expression of HSP90 was significantly
upregulated for IBDDP NPs under laser irradiation, while for
the cells treated with GOx and IBDDP&GOx NPs, the expression
of HSP90 was down-regulated obviously, indicating the effect of
GOx induced CST with glucose and ATP decrease inhibiting
HSP90 expression, which was consistent with the results shown
in Fig. 5B and C. The above results strongly support that GOx
could effectively suppress the HSP expression, which provided a
potential pathway to boost PTT.

Conclusions

In this study, multimodal anti-carcinoma nanocomplexes, IBDDP&-
GOx NPs, were prepared using glucose oxidase and BODIPY-based
conjugated polymers for combined starvation therapy, oxidation
therapy and photothermal therapy. Compared with single photo-
thermal treatment or starvation therapy, IBDDP&GOx NPs demon-
strated much higher antitumor capability. The IBDDP-conjugated

polymer could effectively convert laser energy into local high
temperature and then induce excessive cancer apoptosis. On the
other hand, the introduction of GOx could not only produce H2O2

by constantly consuming glucose but also decrease the expression
of energetic ATP and ATP-dependent HSPs in tumor cells, which
further assists photothermal therapy. This work provides a new
design idea for improving the PTT effect of conjugated polymers
and combining more diversified therapeutic methods.
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