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Abstract: Near-infrared (NIR)-light-triggered photothermal
therapy (PTT) is usually associated with undesirable damage
to healthy organs nearby due to the high temperatures
(> 50 8C) available for tumor ablation. Low-temperature
PTT would therefore have tremendous value for clinical
application. Here, we construct a hypoxia-responsive gold
nanorods (AuNRs)-based nanocomposite of CRISPR-Cas9
for mild-photothermal therapy via tumor-targeted gene editing.
AuNRs are modified with azobenzene-4,4’-dicarboxylic acid
(p-AZO) to achieve on-demand release of CRISPR-Cas9
using hypoxia-responsive azo bonds. In the hypoxic tumor
microenvironment, the azo groups of the hypoxia-activated
CRISPR-Cas9 nanosystem based on gold nanorods (APACPs)
are selectively reduced by the overexpression of reductases,
leading to the release of Cas9 and subsequent gene editing.
Owing to the knockout of HSP90a for reducing the thermal
resistance of cancer cells, highly effective tumor ablation both
in vitro and in vivo was achieved with APACPs under mild
PTT.

The clustered regularly interspaced short palindromic
repeats (CRISPR)-associated protein 9 (Cas9) system is
composed of the Cas9 nuclease and a single guide RNA
(sgRNA).[1] Being an emerging technology in the biological
field, CRISPR-Cas9 plays vital roles for gene editing and
disease treatment.[2] Up to now, various methods have been
developed to deliver CRISPR-Cas9 system, including electro-
poration,[3] microinjection,[4] viral vectors,[5] and other non-
viral vectors.[6] Among the in vivo delivery systems, viral
approaches probably trigger unwanted immunogenicity and
carcinogenesis.[7] To overcome the biosafety issues, tremen-
dous nonviral strategies have been successfully achieved, but

they are still difficult to realize on-demand release of
CRISPR-Cas9 that was precisely triggered by disease micro-
environment.[8]

Rapid cell proliferation and damaged microvessels at
tumor site reduce the oxygen supply by the increased oxygen
consumption as well as limited blood supply.[9] The imbalance
between insufficient oxygen supply and ever-increasing
metabolic demand leads to a typical characteristic of hypoxia
in most solid tumor microenvironments.[10] The characteristic
promotes more effective platforms to achieve promising
cancer treatment strategies. On the one hand, hypoxia
enhances the tumorigenesis and resistance to cancer therapy,
inspiring extensive researches to fight against it for improve-
ment of the anticancer effect.[11] On the other hand, with the
typical characteristic of hypoxia, the tumor-targeted imaging
agents and hypoxia-activated prodrugs or carriers have been
realized toward precision medicine.[12]

Due to its noninvasive and spatiotemporally controllable
mode, photothermal therapy (PTT), a hyperthermia employ-
ing light to generate localized heat by specific NIR photo-
response nanomaterials or molecules, has drawn increasing
attention in the field of tumor therapy.[13] However, such
remedy typically needs a high temperature over 50 8C to
ablate tumor, which inevitably causes heating damage to
nearby normal tissues and leads to the risk of recurrence or
metastasis.[14] Thus, the strategy of mild-temperature PTT to
overcome tumor thermoresistance is in urgent need. Existing
researches demonstrate that the thermal tolerance at 42–47 8C
is associated with a kind of chaperon proteins called heat
shock protein (HSP).[15] Among such proteins, HSP90 is
overexpressed in tumor cells to maintain homeostasis in harsh
microenvironment and promote survival in stress environ-
ment.[16] Therefore, inhibition of HSP90a (a major isoform of
HSP90) protein provides a potential strategy to achieve
a tumor-specific low-temperature hyperthermia in the clinical
application.[17]

In this study, we proposed a hypoxia-responsive strategy
for targeted delivery of CRISPR-Cas9 system to further
realize mild hyperthermia. At normal oxygen partial pressure,
the CRISPR-Cas9 system was covalently crosslinked on Au
nanorods by a hypoxia-responsive azobenzene linker, azo-
benzene-4,4’-dicarboxylic acid (p-AZO). As the imbalance of
cellular redox states in the hypoxic microenvironment of
tumor cells contributed to an increase in reducing stress,[18] N-
N double bond of p-AZO can be reduced and yield aniline
derivative.[19] Therefore, Cas9/sgRNA ribonucleoprotein
complex was released from AuNRs to specifically knock out
HSP90a gene, which greatly reduced the thermal tolerance of
tumor cells. In this way, a tumor-targeted mild therapeutic
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effect on deeper tissues was achieved upon NIR light
(808 nm) irradiation with a relatively low power.

The tailored design of hypoxia-activated CRISPR-Cas9
nanosystem (APACPs) was displayed in Figure 1A. As-
synthesized AuNRs[20] were first treated with SH-PEG-NH2

(denoted as APs) and then conjugated with the hypoxia-
sensitive linker, azobenzene-4,4’-dicarboxylic acid (termed as
APAs). Subsequently, Cas9/sgRNA ribonucleoprotein com-
plexes were covalently assembled on the APAs by carbodii-
mide hydrochloride/N-hydroxysuccinimide coupling
(denoted as APACs). To facilitate cell uptake, the resulting
nanoparticles were wrapped by positively charged polyethy-
lenimine (PEI), yielding APACPs with a modified organic
layer including Cas9 of 2 nm (Figures 2A, B, and S1). The
stepwise modification process of preparing APACPs was also
verified by zeta potential analysis and Fourier Transform
Infrared Spectrometer (FT-IR) (Figure 2C and F). For
directly confirming the successful assembly of Cas9/sgRNA,
high magnification TEM was monitored, and obvious gold
and phosphorus elements were discovered in APACPs,
corresponding to AuNRs and sgRNA, respectively (Fig-
ure 2D). Moreover, UV-vis absorbance spectra showed that
the longitudinal Surface Plasmon Resonance (SPR) peak of
AuNRs appeared an 83 nm redshift from 688 nm of AuNRs to
771 nm after modification (Figure 2E). Besides, the photo-
thermal effect of APACPs was detected, and results demon-
strated that the photothermal efficiency of APACPs was
highly dependent on power density and concentration (Fig-
ures S2 and S3).

Subsequently, we evaluated the Cas9-binding capacity of
our nanosystem by gel electrophoresis. As shown in Fig-

ures 3B and S4, 1 mg of Cas9 could be substantially connected
with 4.0 � 10�5 nmol of APs via carbodiimide cross-linker
chemistry. Next, we explored the hypoxia-responsive Cas9
release in Tris-HCl. Here, sodium hydrosulfite (SDT) was
employed as a analog of azoreductase, which could break the
azo bond in our nanosystem.[18b] For convenience in analyzing,
we labelled the Cas9 on AuNR nanocomplexes with cyanine3
(Cy3). Once the p-AZO was destroyed by SDT, the Cas9 was
released from the AuNRs, leading to a significant fluorescent
signal (Figure 3A). As shown in Figure 3C, enhanced fluo-
rescence intensities were readily observed after SDT added,
and such intensity was positively correlated with SDT
concentration. Afterwards, the release of Cas9 over time in
the presence of SDT was investigated. We discovered that the

Figure 1. Design of the hypoxia-responsive CRISPR-Cas9 system to
reduce tumor thermal tolerance. A) Preparation of APACPs. B) Hypo-
xia-triggered delivery of Cas9-sgHSP90a to the nucleus for gene editing
and mild-photothermal therapy carried out with NIR light.

Figure 2. Characterization of the nanocomposites. TEM images of
A) free AuNRs (scale bar: 50 nm; scale bar in magnified image:
10 nm), B) APACPs (scale bar: 50 nm; scale bar in magnified image:
10 nm), and D) its TEM mapping (scale bar: 25 nm). C) The zeta
potential of AuNRs, APs, APAs, APACs, and APACPs. Bars represent
mean � SD (n = 3). E) UV-vis absorbance spectra of AuNRs, APAs,
and APACPs. F) FITR spectra of AuNRs, APs, APAs, APACs, and
APACPs (from top to bottom).

Figure 3. Verification of Cas9 connection and release. A) Schematic
illustration of the release of Cas9 protein labeled by Cy3 from APACPs
under simulated hypoxia by SDT. B) SDS-acrylamide gel electrophore-
sis of Cas9 and Cas9/APA complexes. I. Marker, II. 1 mg Cas9, III. 1 mg
Cas9 + 4.0 � 10�6 nmol APAs, IV. 1 mg Cas9 + 4.0 � 10�5 nmol APAs,
V. 1 mg Cas + 1.20 � 10�4 nmol APAs, VI. 1.20 � 10�4 nmol APs. C) Fluo-
rescence spectra of Cas9 released from APACs at various SDT
concentrations. D) The release of Cas9 over time under the action of
SDT.
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fluorescence intensity rapidly increased in 10 minutes (Fig-
ure 3D). Besides, liver microsomes under hypoxia environ-
ment were employed to further investigate the controllable
releasing of Cas9, and the similar results were obtained as
shown in Figure S5. These results demonstrated the efficient
hypoxia-responsive release of Cas9 protein, which constituted
a desirable property for tumor-targeted gene editing and
precision medicine.

To test the cytotoxicity of the nanoparticles, A549 cells (a
human lung adenocarcinoma cell line) were treated with
APACPs at different doses (0, 0.05, 0.1, 0.2, 0.4 nM). After
48 hours, the viability of cells was evaluated by the Cell
Counting Kit-8 (CCK-8) assay. As shown in Figure 4A, no

measurable cytotoxicity was observed at concentrations
below 0.2 nM, whereas higher concentrations (0.4 nM) led
to a decreased cell viability (about 67 %) compared with
untreated cells. Thus, the concentration of 0.1 nM of APACPs
was adopted in the subsequent experiments. Next, the intra-
cellular hypoxia response of our system was detected by
incubation of Cy3-labelled APACPs with modified A549 cells
that express enhanced green fluorescent protein stably
(A549-EGFP cells). Since the azobenzene group could be
cleaved by the increased expression of reductive species in
hypoxia environment (< 1% O2), the Cas9 ribonucleoprotein
complexes could be released from AuNRs and entered
nucleus for gene editing. Evidence of the hypoxia-triggered
character releasing was demonstrated by confocal laser
scanning microscopy (CLSM). Significant Cy3 fluorescent
signals were observed in the nucleus under hypoxic con-
ditions, while the APACPs were blocked by nuclear mem-
brane and negligible red fluorescence was observed in the
nucleus under normoxic condition after 8-hour treatment
(Figure S6).

Subsequently, we investigated the hypoxia-triggered gene
editing in vitro. An A549-EGFP cell and EGFP-targeting
sgRNA (sgEGFP) were applied to assess the editing effi-
ciency here. After culturing for 48 hours, a dramatic decrease
in green channel was observed in the hypoxic cells treated

with APACPs, while other groups demonstrated no observ-
able change (Figure 4B). The EGFP-negative cells were
quantified by flow cytometry analysis. Results indicated that
approximately 37.6% of the A549-EGFP cells incubated with
APACPs under hypoxia condition displayed EGFP knockout,
whereas the EGFP-negative cells in other methods could be
ignored (Figure 4C). Both the fluorescence microscopy and
flow cytometry indicated the effectiveness of APACPs in vitro
gene editing under hypoxic conditions. It was confirmed that
the on-demand release of Cas9 could achieve to edit the
target gene effectively.

After demonstrating the targeted gene editing, we studied
the prohibitory effect of APACPs on tumor cell proliferation.
The HSP90a gene was chosen as the target locus here to be
knocked out for anticancer under low-temperature hyper-
thermia (Figure 5 A). We first screened appropriate gene site
by T7E1 experiments. As shown in Figure S7, T7EI enzyme
could effectively cut the target sequence into two bands of
196 bp and 352 bp in size in the group of sgRNA sequence 2,
and thereby sgRNA sequence 2 was selected to guide the
Cas9 for HSP90a gene editing in subsequent experiments.
Next, we cultured A549 cells with various treatments, i.e.,
group 1: normoxia, group 2: normoxia plus APACPs, group 3:
hypoxia, group 4: hypoxia plus APACPs. As expected, the cell
death rate of A549 cells co-treated with APACPs plus NIR
light irradiation in hypoxia increased significantly to 52.0 %,
which was much higher than that of the cells treated by other
methods (Figure 5 D and E), suggesting an enhanced cell
killing effect via the combination of PTT and hypoxia-
activated Cas9. The cell viability measured by CCK-8 assay
and fluorescent microscope also confirmed the above results
(Figure S8). To further verify the synergetic effect, A549 cells
were, respectively treated with AuNRs and APACPs under
NIR irradiation with different power densities (0.75, 1.5,

Figure 4. Hypoxia-responsive release of Cas9 for gene editing. A) Rel-
ative viabilities of A549 cells incubated with APACPs of different doses.
B) Fluorescence microscopy images (scale bar: 100 mm) and C) flow
cytometry analysis of A549-EGFP cells subjected to the following
conditions: I. normoxic, II. normoxic + APACPs, III. hypoxic, IV. hy-
poxic + APACPs.

Figure 5. The cooperation of NIR irradiation and gene editing caused
apoptosis of A549 cells. A) Schematic diagram of Cas9/sgHSP90a

gene editing. B) Western blot analysis of the HSP90a protein expres-
sion in A549 cells treated with or without APACPs nanoparticles under
normoxic or hypoxic conditions: I. Normoxia, II. normoxia + APACPs,
III. hypoxia, IV. hypoxia + APACPs. C) Surveyor assay for indel fre-
quency analysis of A549 cells incubated with or without APACPs
nanoparticles under normoxic or hypoxic conditions: I. normoxia,
II. normoxia + APACPs, III. hypoxia, IV. hypoxia + APACPs. D) Fluores-
cence images of cells treated by I. APACPs, II. APACPs + NIR,
III. APACPs + hypoxia, IV. APACPs + hypoxia + NIR. Green: calcein-
AM; red,:PI. Scale bar: 100 mm. E) Flow cytometry assay of cell
apoptosis with indicated treatments.
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2.25 W cm�2). As damages from low temperature could be
repaired by cancer cells with the assistant of HSP, the AuNRs
hardly induced a complete cell necrosis. In contrast, HSP90
knockout by Cas9 reduced thermoresistance of A549 cells,
and hence the cytotoxicity of APACPs increased significantly
with the increase of power density (Figure S9).

For gaining insight into the mechanism of the Cas9-
mediated mild PTT, we directly cultured cells in different
temperatures. As shown in Figure S10, the cells were killed at
50 8C but lived well at 37 8C, while the cells treated with
APACPs had a higher rate of apoptosis compared to the cells
treated with AuNRs at 42 8C. Following western blot demon-
strated that co-treatment of the nanoparticles and hypoxia
dramatically led to a down-regulation of HSP90a compared
with other treatments (Figure 5B). To assess whether the
decrease in protein was originated from the formation of
indel, we evaluated gene editing efficiency by SURVEYOR
and high-throughput sequence assay. The gene-editing effi-
ciency induced by APACPs treatment under hypoxic con-
ditions was much higher than that in the control groups
(Figures 5 C, and S11). These results indicated that APACPs
could achieve Cas9 releasing under hypoxic conditions and
knockout out the HSP90a gene for suppressing thermoresist-
ance of cancer cells, enabling effective available therapy at
lower irradiation.

Next, we studied the antitumor effect of APACPs in vivo
(Figure 6A). The A549 tumor-bearing nude mice were intra-
venously (i.v.) injected with Cy5-labled APACPs first to
evaluate the tumor retention of APACPs. We recorded the
biodistribution of APACPs via an animal imaging system at

various time points. As shown in Figure S12, the fluorescence
signals in heart, spleen, and lung can be readily observed at
12 hours, and dramatically decreased after 48 hours, indicat-
ing that most of injected nanoparticles could be excreted out
from body. Conversely, APACPs would accumulate at tumor
site, and the fluorescence signals still maintained a high level
after 48-hour injection (Figure S12). Subsequently, we ran-
domly divided a total of 20 nude mice bearing A549 tumors
into 4 groups: 1) PBS (control); 2) APACPs; 3) AuNRs +

NIR; 4) APACPs + NIR, and recorded the tumor sizes of
different groups in 20 days (Figure 6B). Obviously, compared
with other treatment methods, APACPs + NIR could
significantly inhibit the growth of tumor. On day 21, all
mice were sacrificed and the tumors were collected, photo-
graphed, and weighed to further confirm the amplified
antitumor efficacy (Figure 6C and D). Moreover, as revealed
by Hematoxylin and eosin (H&E) staining, in situ TUNEL
assay, and KI67 staining, the most severe damage to tumor
was observed in group 4, whereas lower levels of hurt were
detected in the control groups (Figure S13). In addition, the
immunohistochemical study of HSP90a at tumor sites was
performed. The decreased HSP90a expression was found in
group 2, and 4, while negligible suppressing effect in the other
groups was obtained (Figure S14), which strongly evidence
that APACPs could lead to an available thermoresistance
reducing of cancer cells via the Cas9-mediated HSP90a

knockout for mild PTT. The similar results were also found by
mutation analysis (Figures 6E, F, and S15). The editing
efficiency of group 2 is slightly higher than that of group 4,
which probably resulted from temperature effect on enzyme
activity. To further demonstrate the hypoxia-response gene
editing via systemic injection for sure, the Polo-like Kinase
1 (PLK-1) gene which is associated with cancer cell prolifer-
ation was chosen as target site for Cas9. Compared with the
nanoparticles (APCPs-PLK-1) without hypoxia-responsive
azobenzene group, the intravenous administration of
APACPs in which Cas9-sgRNA targeted PLK-1(APACPs-
PLK-1) displayed an obvious suppressive effect on tumor
development (Figure S16), which confirmed the hypoxia
response performance of our design. Meanwhile, the
APACP nanoparticles treatment had no effect on the body
weight of mice (Figure S17), and no significant damage to the
organ slices was observed in the experimental group (Fig-
ure S18), indicating the biological safety of this method.

Finally, we investigated the anticancer effect of APACPs
against orthotopic lung tumor. Compared with the subcuta-
neous transplantation model, orthotopic tumor model built
a more realistic tumor microenvironment and possessed
a higher clinical relevance. Here, to monitor the tumor
growth, micro-CT was employed and the results were
revealed as shown in Figure S19C, where the mice treated
with APACPs and NIR irradiation demonstrated weaker
changes than that of other groups throughout the 18 day
therapeutic course. The number of tumor nodules in the lungs
after 18 day treatment was significantly inhibited in the
APACPs + NIR group (Figure S19D). And the group main-
tained well-organized lung tissue, while widespread damage
of alveolar structure was observed in other groups (Fig-
ure S19E). In addition, body weights of the mice treated with

Figure 6. The antitumor effect of APACPs in vivo. A) Schematic of
nude mice treatment. B) Tumor volume after different methods as
indicated. C) Images of tumors treated by I. PBS, II. APACPs,
III. AuNRs + NIR, IV. APACPs + NIR. D) Weights of tumors treated by
different methods. E) Mutation rate profiles for HSP90a in tumor after
treatment with APACPs. F) Surveyor assay for indel frequency analysis
of tumors with indicated treatment. **p<0.01 represents significant
difference and ****p<0.0001 represents highly significant difference.

Angewandte
ChemieCommunications

21203Angew. Chem. Int. Ed. 2021, 60, 21200 –21204 � 2021 Wiley-VCH GmbH www.angewandte.org

http://www.angewandte.org


APACPs + NIR exhibited slight increase in the 18 days,
further demonstrating the high efficacy of APACPs (Fig-
ure S19B).

In summary, we constructed a hypoxia-responsive nano-
system for Cas9-mediated mild PTT. In the system, a hypoxia-
responsive azobenzene was employed to covalently bridge
CRISPR system and AuNRs. By preparing a single guide
RNA targeting HSP90a, AuNRs were applied to a photo-
thermal converter that transformed NIR light (808 nm) into
intracellular heat to achieve targeted mild hyperthermia and
synergistic anticancer effects both in vitro and in vivo. This
gene editing-based nanosystem effectively overcame hyper-
thermia-induced heating damage of healthy organs nearby
and killed cancer cells in a minimally invasive manner, which
hold enormous potential for future clinical translation. More
importantly, such work presents an elegant strategy for tumor-
targeted gene editing and bridged CRISPR-Cas9 technology
for precision medicine.
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