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Mitochondrial DNA (mtDNA) mutations play critical roles in tumor progression and metabolic reprogramming. Controllable
gene editing within tumor cell mitochondria remains a challenge due to the double-membrane barrier and the lack of tumor-

selective activation. Herein, we report a dual-responsive CRISPR/Cas delivery platform (UCRP-TPP) that enables

spatiotemporally regulated mtDNA editing for targeted tumor therapy. This nanoplatform integrates near infrared light-

responsive upconversion nanoparticle (UCNP), an apurinic endonuclease 1 (APE-1)-responsive DNA complex, and a

mitochondrial-targeting ligand (TPP), ensuring selective activation and mitochondrial release of Cas9/sgRNA complexes.

Upon activation by endogenous APE-1 enzyme and exogenous NIR light, UCRP-TPP induces mtDNA editing by CRISPR/Cas,

which leads to mtDNA copy number reduction, mitochondrial membrane depolarization, reactive oxygen species

generation, and tumor cell apoptosis. In vivo studies further confirm the robust antitumor efficacy of UCRP-TPP-based

nanoplatform. This work presents a versatile and controllable mitochondrial gene-editing strategy.

Introduction

The CRISPR/Cas9 system, composed of a single guide RNA
(sgRNA) and the Cas9 protein, enables site-specific genome
editing through double-strand breaks (DSBs) at protospacer
adjacent motif (PAM, 5’ -NGG-3' ) sites [1-5]. This powerful
tool has been widely applied in biomedical research, particularly
gene therapy and diagnostics [6-8]. However, intracellular
delivery remains a major challenge due to the system’s
instability (e.g., nuclease-mediated degradation of sgRNA and
proteolysis of Cas9) and poor membrane permeability [9, 10].
Current delivery strategies [11] include plasmid DNA [12, 13],
RNA (Cas9 mRNA and sgRNA) [14, 15], and ribonucleoprotein
(RNP) complexes [16, 17]. Among them, direct RNP delivery can
bypass transcription and translation, offering fast and efficient
editing [17]. To improve delivery efficiency, various
nanocarriers have been explored, such as metal-organic
framework materials [18, 19], liposomes [20, 21], gold
nanoparticles [22-24], DNA nanostructures [16], and
upconversion nanoparticles (UCNPs) [25, 26]. However, it still
remains challenges (eg. off-target effects), and most strategies
are limited to nuclear genome editing. Thus, it urgently needs
to develop spatiotemporally controlled delivery platforms and
mitochondrial gene editing strategies.

The conventional CRISPR/Cas9 system suffers from "always-
on" activity, resulting in off-target effects and reduced editing
precision [27]. To address this, spatiotemporal control of the
CRISPR/Cas9 activity is highly desirable [28, 29]. Stimulus-
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responsive CRISPR/Cas9 platforms have thus attracted growing
interest, as they enable controlled editing by restricting Cas9
activity to specific types of cells. These systems can be activated
by endogenous triggers (e.g., miRNA [30], pH [13, 27], redox
reactions [31, 32], and enzymes [16, 33]) and exogenous stimuli
(e.g., ultrasound [33], light [23, 26, 34]), offering enhanced
precision and minimized side effects. The systems integration
with internal and external stimuli represents a promising
direction for refined and programmable genome editing.

Compared to nuclear gene editing, mitochondrial DNA
(mtDNA) editing based on the CRISPR system is challenging [35]
due to the difficulty of transporting sgRNA and Cas proteins
across the mitochondrial double membrane [36]. Unlike nuclear
DNA, mtDNA lacks introns and histone protection, and exhibits
a limited repair capacity, leading to a ten times higher damage
rate than nuclear DNA [37-39]. As a result, mtDNA represents a
potentially vulnerable and effective therapeutic target. Current
strategies for mtDNA-targeted therapy through direct
mitochondrial disruption include DNA-damaging agents such as
doxorubicin and cisplatin [40, 41], ultra-thin nanosheets [42],
and small molecule probes [43]. Doxorubicin and cisplatin can
directly cause mtDNA damage and interfere with mitochondrial
function to initiate apoptotic cascades [40, 41]. Ultra-thin
nanosheets can selectively target mitochondrial compartments
and disrupt mitochondrial integrity to trigger cell death
signaling [42]. Small molecule probes, by virtue of their ability
to accumulate in mitochondria via membrane potential
gradients, can directly induce structural impairment, such as
mitochondrial membrane potential dissipation or oxidative
stress elevation [43]. Zhang's group reported a different therapy
approach based on mtDNA mutation-induced photosensitizer
release. It leverages the characteristic of mtDNA mutations to
design a responsive drug release system, thereby expanding the
application of mtDNA-targeted therapy.
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Results and Discussion

We synthesized the UCRP in a stepwise manner based on Tm- r\/"
doped UCNPs (Figure 2A). The TEM image in Figure S1 showed \/i: B
the monodisperse UCNPs with uniform particle size (27.8 £ 1.6 i
nm). These particles can convert 980 nm NIR light into UV
emission, enabling photo-triggered release of CRISPR/Cas9

components. To optimize luminescence performance, the %w iﬁ: ;E;

modification of the silicon shell on UCNPs with different Emwwmm/ %5 :'gxn

thicknesses was performed (Figure S2A-E). The maximum n b ’ e

upconversion emission was observed with a shell thickness of ey P ey

~4.5 nm (particle size ~¥38.5 + 1.9 nm) (Figure S2F and Figure 2B). s

Figure S3 indicates the scheme of the conjugation of thiol-

modified DNA complexes (sgAPC) with UC@SiO>—NH>—sulfo-

SMCC, followed by Cas9 loading to yield UC@SiO,—sgAPC/Cas9

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. Characterization of the CRISPR/Cas9-based UCRP delivery
platform. (A) Schematic representation of UCRP. TEM images of
(B) core-shell UC@SiO; and (C) UC@SiO2-RNP (UCRP). (D) FTIR
characterization of surface modification of UCNPs. (E) DLS
analysis of the hydrodynamic diameter of UCNPs for surface
modification. (F) Zeta potential analysis of (a) UCNPs (+27.2
mV), (b) UC@Si0; (-21.7 mV), (c) UC@Si0-NH; (+17.6 mV), (d)
UC@Si0,-SMCC (+5.5 mV) (e) UC@SiO,-sgAPC (-17.2 mV), (f)
UC@Si0,-RNP (UCRP, -11.9 mV), (g) UCRP-TPP (+33.3 mV). (G)
Elemental mapping of UCRP.

Enzyme- and Light-activated CRISPR/Cas9. To enable
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sgRNA structure with the APE-1 enzyme and light-responsive
sites. The sgRNA comprises a target recognition region and a
hairpin structure [52]. To enable the regulation of CRISPR/Cas9
activity through two keys, we engineered the recognition and
hairpin domains with distinct responsive elements. As shown in
Figure 3A, for APE-1 responsiveness, an AP strand
complementary to the hairpin was introduced to generate AP
sites for enzymatic cleavage. UV light-induced regulation was
obtained by hybridizing the recognition region with SH chains
and PC strands containing photolysis groups. Gel
electrophoresis analysis in Figure S6 confirmed the successful
formation of the APC-sgRNA complex. CRISPR/Cas9 cleavage
activity involved amplifying a segment of mtDNA to produce
dsDNA (852 bp) containing cleavage sites. As shown in Figure
3B, APE-1 could recover the cleavage ability of CRISPR/Cas9 by
removing the AP strand. Similarly, upon UV light exposure
(Figure 3C), 594 bp and 258 bp fragments were obtained due to
the restoration of CRISPR/Cas9 cleavage activity. After
individually validating the CRISPR/Cas9 cleavage activity in
response to UV or APE1 enzyme alone, we proceeded to assess
the dual-responsive (APE-1 enzyme and UV irradiation)
simultaneously for cleavage activity. As shown in Figure 3D, the
coexistence of APE-1 and UV light can fully recover CRISPR/Cas9
cleavage activity, validating the successful dual-lock design.

Fig. 3. UV light- and APE-1-triggered activation of the
CRISPR/Cas9 system. (A) Schematic illustration of activation
sgRNA/Cas9 via APEl-mediated strand cleavage and UV-
induced photolysis. (B—D) Gel electrophoresis analysis of
Cas9/sgRNA-mediated cleavage of 852 bp mtDNA upon (B)
APE1 interaction, (C) UV light irradiation, respectively and (D)

This journal is © The Royal Society of Chemistry 20xx
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the simultaneous interaction with APE1 angl,, MV dight
stimulation. Fragments of 594 bp and 2586 WelEdétected/E)
Fluorescence intensity of FAM-BHQ1-labeled target DNA after
treatment with UCRP under different conditions (+APE1, +NIR).
(F) Optimizing the activity of UCRP by varying the molar ratio of
Cas9/UCNP. (G) Fluorescence intensity ratios of released FAM-
labeled sgRNA in the supernatant as a function of APE1l
concentration and NIR irradiation time. F represents the
fluorescence intensity of FAM-labeled sgRNA released into the
supernatant after treatment with APE1 and NIR irradiation,
while Fo refers to the fluorescence intensity of FAM-labeled
sgRNA in the supernatant under initial conditions (without APE1
exposure or NIR irradiation). n = 3; data are presented as mean
+SD.

To realize spatiotemporal control in biological systems, we
replaced UV light with NIR irradiation for downstream
activation of the CRISPR system. As shown in Figure 3E, the APE-
1 and NIR light dual-responsive UCRP was evaluated with a
FAM-BHQ1-labeled DNA substrate. The simultaneous
treatment with APE-1 and NIR light could restore the cleavage
activity, evidenced by a marked increase in fluorescence
intensity. The fluorescence intensity gradually increased with
prolonged NIR light exposure, and approximately 2.7-fold
enhancement was obtained after 30 min illumination (Figure
S7). To optimize the editing efficiency, UCRP was prepared by
varying the molar ratio of Cas9 to UCNP (Figure 3F). The
maximum cleavage efficiency was achieved at a ratio of 100:1.
Furthermore, Cas9/sgRNA release was monitored using
fluorescent dye-labeled sgRNA. As shown in Figure 3G, the
fluorescence intensity in the supernatant did not show any
significant increase only with APE-1 enzyme addition. In
contrast, the fluorescence intensity increased markedly with
prolonged NIR irradiation in the presence of APE-1. This
indicates that APE1 alone is insufficient to promote the release
of Cas9/sgRNA, and the UCRP structure remains stable. The
simultaneous existence of APE1 and NIR light can trigger the
release of Cas9/sgRNA. These findings indicate that the dual-
lock design of UCRP can be efficient in controlling the activity of
CRISPR/Cas9 through the combination of APE1 modulation and
NIR light exposure.

Gene Editing in Mitochondria with UCRP-TPP Targeting. After
confirming the activity, we next evaluated the intracellular
performance of the UCRP-TPP system. TPP, a mitochondrial-
targeting ligand, was covalently conjugated with PLL using the
EDC/NHS crosslinking method [53]. Then, as-obtained TPP-PLL
was assembled onto UCRP to form UCRP-TPP for mitochondrial
targeting. Subcellular localization was tracked by FAM-labeled
sgRNA. Compared with UCRP-PLL, UCRP-TPP showed superior
colocalization ability (Figure 4A), which was supported by
fluorescence intensity profiling (Figure 4B and 4C).

Given that mtDNA is easy to be damaged due to its lack of
introns and histone protection, double-strand breaks (DSBs)
maybe irreversibly impair mitochondrial function [54, 55]. To
validate CRISPR-induced mtDNA editing, we designed a 20-bp
guide RNA (sgND4, Table S1) targeting the MT-ND4 gene. NIR

J. Name., 2013, 00, 1-3 | 3
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light irradiation triggered the release of sgRNA/Cas9 from
UCRP-TPP after targeting delivery, and then induced mtDNA
DSBs in mitochondria. MCF-7, Hela, and MCF-10A with the
target gene via sequencing (Figure S8) were selected for
evaluation. The copy number analysis of mtDNA revealed a
marked reduction in MCF-7 and Hela cells after UCRP-TPP
treatment, while minimal change was observed in normal MCF-
10A cells (Figure 4G). This selectivity is attributed to APE1, an
enzyme overexpressed in the cytoplasm of tumor cells, that
activates CRISPR/Cas9 specifically [56]. Upon activation and
mitochondrial localization, UCRP-TPP initiated genome editing
and mtDNA cleavage, triggering mitochondrial quality control
pathways and accelerating mtDNA degradation [57, 58] (Figure
S9). The structural integrity of mitochondrial was examined by
TEM. Cells without NIR light illumination showed normal cristae
and morphology. In contrast, UCRP-TPP-treated cancer cells
under NIR light exposure displayed cristae fragmentation and

Journal Name

mitochondrial swelling, indicating structural damage, (Eigure,4E
and Figure S10) [59-61]. The observe@! ¢hahEEs5>¥ha{P7ble
attributed to mtDNA disruption, impairing mitochondrial
membrane proteins and respiratory function, leading to
morphological collapse [62].

To further assess mitochondrial dysfunction, JC-1 staining
was employed to evaluate changes in mitochondrial membrane
potential (MMP). All three cell types exhibited red fluorescence
without NIR light illumination, indicating high MMP. After NIR
irradiation, a pronounced red-to-green shift occurred in MCF-7
and Hela cells (Figure 4F). Compared to MCF-10A, the
green/red fluorescence ratio was increased by ~5.4-fold and
~6.5-fold, respectively (Figure S11). These results confirm that
NIR light-activated UCRP-TPP can induce mitochondrial
depolarization and MMP reduction in tumor cells due to
mitochondrial function disruption (Figure 4D) [54]. Thus, APE1-

and NIR light-activated UCRP-TPP enables mtDNA editing and subsequent disruption of mitochondrial function in tumor cells,

providing a promising therapeutic strategy.

4 | J. Name., 2012, 00, 1-3
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Fig. 4. Mitochondrial dysfunction induced by APE-1 and NIR light-triggered UCRP-TPP. (A) CLSM images of Hela
cells treated with UCRP-PLL and UCRP-TPP (FAM-labeled sgRNA), colocalized with MitoTracker (Red). scale bar: 20
um. (B—C) Fluorescence intensity profiles of MitoTracker with (B) UCRP-PLL and (C) UCRP-TPP along the white
arrow in (A). (D) Schematic illustration of mitochondrial damage induced by UCRP-TPP. (E) Bio-TEM image of
mitochondria in MCF-7 cells after treatment with UCRP-TPP under NIR light irradiation. Scale bar: 500 nm. (F) CLSM
images of JC-1 staining in HeLa, MCF-7, and MCF-10A Cells before and after NIR light irradiation (1.2 w/cm2, 30
min, 980 nm.) Scale bar: 20 um. (G) Quantification of mtDNA copy number in HeLa, MCF-7, and MCF-10A cells by
gPCR. ¥P<0.1, ***P<0.001. Data represent means +SD (n=3).
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Induction of cancer cell apoptosis through NIR light-triggered
UCRP-TPP disruption of mitochondrial function. To evaluate
the therapeutic potential of UCRP-TPP, we examined its impact
on mitochondrial damage-induced apoptosis at the cellular
level. CCK-8 assays confirmed that UCRP-TPP exhibited good
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Fig. 5. APE-1 and NIR light-triggered disruption of mitochondrial function and apoptosis of cancer cells. (A) CCK-8 analysis of the
biocompatibility of UCRP-TPP in MCF-7 cells. (B) CLSM images of MCF-7 cells under various conditions. Scale bars: 50 um. (C) Flow
cytometry assay of MCF-7 cells treated with UCRP-TPP with/without NIR light irradiation. (D) Schematic illustration of cancer cell
elimination triggered by mitochondrial damage via UCRP-TPP. (E) CLMS images of HelLa, MCF-7, and MCF-10A cells with/without NIR light
irradiation. Scale bar: 200 pm. (F) CCK-8 viability assay of HeLa, MCF-7, and MCF-10A cells before and after NIR light irradiation.

biocompatibility (Figure 5A). Under NIR light irradiation, a
marked increase in intracellular reactive oxygen species (ROS)
was observed for the UCRP-TPP-treated MCF-7 cells (Figure 5B).
It was likely a result of the mitochondrial dysfunction-induced
disruption of the respiratory chain and oxidative
phosphorylation processes [63]. Elevated ROS levels can induce
oxidative stress and trigger apoptosis [51]. Flow cytometry
revealed that NIR-activated UCRP-TPP significantly increased

6 | J. Name., 2012, 00, 1-3

cells (MCF-7 and Hela) than in normal cells (MCF-10A) (Figure
S14).

We further assessed the selective killing effect of UCRP-TPP
(Figure 5D). Without NIR light irradiation, all cell lines
maintained high viability. Upon 980 nm light exposure,
significant viability loss occurred in tumor cells, while normal
cells remained almost unaffected (Figure 5E). These findings

This journal is © The Royal Society of Chemistry 20xx
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were further validated by CCK-8 analysis (Figure 5F), confirming
the selective killing effect of UCRP-TPP in cancer cells under NIR
light activation. These results demonstrate that UCRP-TPP, as a
mitochondria-targeted CRISPR/Cas9 delivery system, can
effectively induce mitochondrial dysfunction and apoptosis in
tumor cells via APE-1 and NIR light activated gene editing.

In vivo antitumor efficacy of UCRP-TPP. To further evaluate the
therapeutic efficacy of UCRP-TPP, in vivo experiments were
performed using MCF-7 tumor-bearing nude mice. Mice were
randomly divided into five groups and administered different
treatments by intratumoral injection: PBS, UCNP-TPP, UCRP-
PLL, UCRP-TPP, and UCRP-TPP with NIR light irradiation. As
shown in Figure 6A, tumors were locally irradiated with NIR light
once daily on days 2 and 3 after intratumoral injection. Each
irradiation session lasted 30 minutes, and an intermittent
irradiation mode was used to avoid excessive local heating, as
described in the Experimental Section. During the 20-day
treatment period, both tumor volume and body weight were

nicat Science - | -l

ARTICLE

monitored. As shown in Figure 6B, no significant.changesip
body weight were observed, indicating gddd BibEbTHPatibility OF
all treatments. Tumor growth curves revealed a marked
suppression of tumor progression in the UCRP-TPP+NIR light
group, while minimal inhibition was observed in the UCNP-
TPP+NIR light group (Figure 6C). The other groups exhibited
rapid tumor growth comparable to the PBS control. Upon
termination of the study, tumors were harvested and weighed.
Both tumor size and weight were significantly reduced in the
UCRP-TPP+NIR group (Figures 6D and 6E). Histological analyses
further validated the therapeutic effect (Figure 6F). H&E
staining revealed decreased tumor cell density, while TUNEL
staining showed abundant apoptotic cells in the UCRP-TPP+NIR
light group. Moreover, Ki-67 immunostaining confirmed
suppressed tumor cell proliferation. These results demonstrate
that UCRP-TPP can effectively inhibit tumor growth by inducing
apoptosis in the overexpressed APE-1 tumor microenvironment
and upon NIR light activation.
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Fig. 6. In vivo antitumor efficacy of UCRP-TPP. (A) Schematic illustration of the treatment protocol for MCF-7 tumor-bearing nude

mice. (B) Body weight profiles and (C) tumor growth curves of mice in different treatment groups over 20 days. (D) Representative
tumor images from each group: (a) PBS + NIR, (b) UCRP-PLL + NIR, (c) UCNP-TPP + NIR, (d) UCRP-TPP, and (e) UCRP-TPP + NIR. (E)
Tumor weight data for each group at the end of treatment. (F) Histological analyses of tumor tissues by H&E staining, Ki67
immunohistochemistry, and TUNEL staining under different treatment conditions. Scale bars: 50 um.
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Conclusions

We developed a dual-responsive CRISPR/Cas9 delivery
platform (UCRP-TPP) that enables precise mitochondrial gene
editing for tumor therapy. By integrating endogenous APE-1
enzyme responsiveness and exogenous NIR light control, the
system achieves spatiotemporal activation of CRISPR/Cas9 in
tumor cells. The nanoplatform ensures efficient intracellular
transport, mitochondrial localization, and minimizes off-target
effects. Upon APE-1 and NIR light activation, UCRP-TPP induces
mtDNA editing by CRISPR/Cas9, disrupts mitochondrial
membrane potential, and triggers ROS generation and
apoptosis, resulting in selective killing of cancer cells in vitro and
in vivo. This strategy provides a powerful tool for stimulus-
responsive gene-editing systems in cancer therapeutics.
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