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A B S T R A C T   

In addition to applications in genome editing, clustered regularly interspaced short palindromic repeats (CRISPR) 
have recently been engineered for medical diagnostics based on their trans-cleavage activity owing to their high 
base resolution and isothermal signal amplification. However, trans-cleavage activity is too fragile to be applied 
in vivo. Herein, we introduce a hollow covalent organic framework (COF)-sheltering CRISPR/aptamer-based 
sensor (h-CCS) for ATP imaging in living animals. The CRISPR/aptamer-based complex is comprised of the 
CRISPR-Cas12a system, fluorophore quencher-labeled single-stranded DNA substrate (ssDNA-FQ), and a DNA 
activator that pre-hybridizes with ATP aptamer to prevent the trans-cleavage activity of the Cas12a system in the 
absence of ATP. After being encapsulated in a hollow COF, the constructed nanoreactor is highly robust and can 
be lit up by ATP for in vivo imaging. Considering the unique properties of h-CCS, this strategy offers great 
potential to broaden applications of not only CRISPR-Cas systems but also other proteins in porous matrixes for 
clinical diagnostics, medical research, and biomimetic nanodevices.   

1. Introduction 

Recent advances toward clustered regularly interspaced short 
palindromic repeats (CRISPR) and CRISPR-associated proteins (Cas) 
have opened a new window onto genome editing for extensive appli
cations, especially in the life sciences (Cong et al., 2013; Doudna, 2020; 
Jinek et al., 2012; Li et al., 2021; Pan et al., 2019). Additionally, the 
recent discovery of the non-specific nucleic acid cleavage (collateral 
cleavage or trans-cleavage) activity of the Cas14, Cas13, and Cas12 ef
fectors has ignited growing attention in medical diagnostics based on 
CRISPR due to its high sensitivity, practical economy, and isothermal 
signal amplification (Chen et al., 2018; Dai et al., 2020; Gootenberg 

et al., 2018; Harrington et al., 2018; Xiong et al., 2020). Up to date, 
seminal works with such CRISPR systems have contributed to the 
development of DNA, RNA, protein, ATP, and ion sensors (Dai et al., 
2019; Xiong et al., 2020; Zhao et al., 2021b; Zhou et al., 2020). How
ever, the applications of trans-cleavage activity in complex intracellular 
environments remain vague and in the exploration and practice phases 
(Wang et al., 2019). 

Compartmentalization of biomacromolecules and reactions in 
confined locations known as organelles for complex metabolic reactions 
features living systems (Bhattacharya et al., 2020; Hyman et al., 2014; Li 
et al., 2020a). Such spatial organizations guarantee better biochemical 
functions by controlling reactant accessibility, providing physical 
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protection against external disturbance, and allowing considerable 
freedom for macromolecules (Kiekebusch and Thanbichler, 2014). 
Inspired by these findings, substantial pioneering studies have been 
proposed for the development of organelle-like hollow nano/
microstructures, including polymer assemblies and hollow mesoporous 
silica nanoparticles (Feng et al., 2016; Jo et al., 2020; Lee et al., 2018; Yu 
et al., 2018). Recently, metal-organic frameworks (MOFs) have emerged 
as suitable scaffolds for protein support owing to their unique intrinsic 
properties, including high specific surface areas, adaptable structures, 
and customizable functionality (Della Rocca et al., 2011; Li et al., 2020b; 
Zhang et al., 2018b). However, protein@MOF can be readily digested by 
abundant biomarkers, such as H+ and ATP, in the tumor microenvi
ronment and lose the protective effect of the protein (Liang et al., 2015; 
Yang et al., 2019). In contrast, another porous material, covalent organic 
framework (COF), demonstrated higher stability, but its harsh synthetic 
conditions and potential effect on macromolecular conformation by 
residual chemical bonds of COFs are obstructing the application of COFs 
in encapsulating biomacromolecules via a “one-pot” strategy (Geng 
et al., 2020; Li et al., 2020a; Sun et al., 2018). Therefore, fabricating a 
COF-like robust but MOF-like biomacromolecular-friendly artificial 
organelle to confine proteins to exert their effect in cells remains 
challenging. 

Beyond providing energy, ATP is also involved in a series of physi
ological and pathological processes, including cell growth, inflamma
tion, and transplant immunity, as a signaling molecule (Idzko et al., 
2014; Zhao et al., 2021a). Such clear significance calls for accuracy in 
vivo detection methods. At present, luciferase and its substrate luciferin 
are widely employed to monitor the level via an ATP-dependent lumi
nescent reaction, but the strong dependence on the substrates (e.g., 
oxygen, exogenously supplied luciferin) and various interferences be
tween the sample matrix and cellular factors limit its application 
(Morciano et al., 2017). Although demonstrated appealing real-time 

imaging features, recent genetically encoded fluorescent ATP sensors, 
such as iATPSnFRs and ATeam, are limited by low signal levels or in
direct ATP responses (Berg et al., 2009; Imamura et al., 2009; Lobas 
et al., 2019). Hence, further explorations remain required for flexible 
and sensitive in-vivo ATP imaging. 

Herein, we prepared a COF-derived nanoreactor to package the 
CRISPR-Cas12a system for ATP imaging in vivo (Fig. 1). The CRISPR/ 
aptamer-based sensor (CS) was first designed to detect ATP and then 
encapsulated in situ within amorphous zeolitic imidazolate framework 
(ZIF)-8 (CS@a-ZIF-8), which served as a template for the growth of 
CS@a-ZIF-8@COF core-shell structures. Finally, the a-ZIF-8 core was 
etched away to liberate the sensor within the hollow COF capsule 
(Fig. 2A). This commodious environment provided the enzyme with 
conformational freedom and alienated Cas12a from complex substrates 
in the biological environment. With the hollow COF, we have achieved 
an ATP-fuelled trans-cleavage activity-based CRISPR platform in vivo. 

2. Experimental section 

2.1. Syntheses of h-CCS 

First, CS, Zn2+, and 2-methylimidazole were mixed to synthesize 
CS@a-ZIF-8. After encapsulation, the resulting product was redispersed, 
and 4,4′-diaminobiphenyl and 2,4,6-trihydroxybenzene-1,3,5-tricarbal
dehyde (21.0 mg/mL) were added to obtain CS@a-ZIF-8@COF. To 
obtain the hollow structure, acetic acid was used to etch ZIF-8 for the 
final h-CCS (see Supporting Information for details). 

2.2. Cell imaging 

For the microscopic study, cells were plated into 20-mm 4-chamber 
glass-bottom dishes (Cellvis, CA, USA) overnight to allow their 

Fig. 1. Schematic illustration of a hollow COF-sheltering CRISPR/aptamer-based sensor triggered by ATP for tumor imaging.  
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attachment to the glass bottom. Before incubation with h-CCS, the cells 
were pretreated with or without 300 nM oligomycin and 5 mM Ca2+ for 
2 h. After that, the cells were washed three times with PBS buffer and 
then imaged using laser scanning confocal microscopy (Leica TCS SP5, 
Germany). The images were collected at 550–580 nm upon excitation at 
532 nm. 

2.3. In vivo imaging 

Animal procedures were performed according to the guidelines of 
Nanjing University Medical School. Female BALB/c nude mice (16–18 g) 
were subcutaneously injected with freshly harvested A549 cells at the 
back of the mouse. After the tumor size reached 100–200 mm2, the nude 
mice were arbitrarily divided into 3 groups for treatment with COF-Cy5, 
mut-CCS, and h-CCS. The mice were intratumorally or intravenously 
injected with COF-Cy3, mut-CCS, and h-CCS (Cy5-DNA probe dose of 25 
nmol/kg). Whole-body fluorescence imaging of A549 tumor-bearing 
mice after different treatments was performed using an IVIS system 
over time. Mice were anesthetized after 12 h of treatment, and the tu
mors and major organs were harvested and subjected to ex vivo imaging. 
Regions of interest were circled in the tumors and analyzed using Living 
Image Software. 

3. Results and discussion 

As a proof of concept for the ATP-sensitive CRISPR-Cas12a system, 
the ATP aptamer was designed to hybridize with the DNA activator to 
inhibit trans-cleavage activity in the absence of ATP (see Fig. S1A). 
Specifically, the sensor is composed of CRISPR-Cas12a, ATP aptamer- 

hybridized activator, and a single-stranded DNA (ssDNA) reporter 
labeled with a fluorophore and quencher pair (denoted as ssDNA-FQ). 
Once ATP occurs, the aptamer experiences a structural switch (or 
conformational change) to bind ATP, leading to a weakened interaction 
with the DNA activator and reducing the melting temperature of the 
remaining nucleotides and thereby releasing the DNA activator to 
trigger the trans-cleavage activity of CRISPR-Cas12a. To further verify 
the validity of CS, we recorded the fluorescence responses of CS to ATP 
at varying concentrations. Since the ssDNA-FQ reporters could be 
cleaved by activated Cas12a, fluorescence was observed, and the signals 
were proportional to the ATP dosage (Figs. S1B and C). After 30 min of 
different ATP processing, we measured the fluorescence intensity and 
found that the fluorescence intensity at a low concentration of ATP (1.0 
μM) obtained an approximately 3-fold increase compared with that 
treated without ATP, which demonstrates the good detection perfor
mance of this sensor. Besides, the results provided a linear range from 
0.1 to 1.0 μM for ATP detection (Fig. S1C). To evaluate the selectivity of 
CS, we investigated the fluorescence responses toward other nucleotide- 
triphosphate analogs, i.e., GTP, CTP, and UTP. As shown in Fig. S1D, 
these competing nucleotide-triphosphate analogs initiated no obvious 
changes in fluorescence intensity at a concentration of 1.0 mM, while 
the signal after treatment with 20 μM ATP received more than 6-fold 
signal enhancement, indicating the high selectivity of the ATP 
aptamer for the CRISPR/aptamer-based sensor. 

Subsequently, we packaged the aforementioned CS in a COF- 
sheltering capsule. As shown in Fig. 2A, a three-step procedure was 
proposed to build the h-CCS: 1) encapsulating CS in a-ZIF-8 by mixing 
with 2-methylimidazole (40 mM) and zinc acetate (15 mM) (CS@a-ZIF- 
8); 2) coating with COF shell (CS@a-ZIF-8@COF); 3) hollowing ZIF-8 by 

Fig. 2. Construction of h-CCS. (A) Synthetic route to h-CCS; TEM images of (B) CS@a-ZIF-8; (C) CS@a-ZIF-8@COF; (D) h-CCS. (E) FT-IR spectra of 1: a-ZIF-8, 2:a-ZIF- 
8@COF, 3: hollow COF, 4: benzidine, 5: 2,4,6-triamino-1,3,5-trioxy-benzol. 
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acid etching. The resulting transmission electron microscopy (TEM) 
images and DLS analyses demonstrated that loading CS barely influ
enced the morphology of a-ZIF-8, except with a larger size (Figs. S2, S3, 
2B, C, and D). The zeta potential analysis and FT-IR spectra showed the 
reaction process (Figs. 2E and S4). Besides, powder X-ray diffraction 
(PXRD) patterns (Fig. S5) implied the amorphous structures of our sys
tem, which was consistent with a previous report (Wu et al., 2019). In 
addition, we noticed that the pore diameter of the COF is about 4.0 nm 
(Fig. S6), which was small enough for the travel restrictions of most 
biomolecules. To directly confirm the successful encapsulation of CS, 
energy dispersive spectroscopy (EDS) elemental mapping was per
formed. The distributions of P from DNA and sgRNA and S from protein 
illustrated that CS was successfully retained in hollow COF (Fig. S7). We 
also used gel electrophoresis analysis to trace the Cas12a protein. After 
incubation with H+, the CS@a-ZIF-8 group displayed clear Cas12a 
blotting, while no protein band appeared in the CS@a-ZIF-8@COF 
group (Fig. 3B), indicating that CS was loaded in ZIF-8 but hardly 
escaped from the COF-sheltering shell. For DNA encapsulation, we ob
tained similar results by detecting the fluorescence signals in h-CCS, 
where the aptamer was labeled with carboxyfluorescein (FAM) and 5-nt 
ssDNA was labeled with Cy3 (Fig. S8). 

Next, the ATP-response performance of h-CCS was evaluated. We 

found that the COF shelter demonstrated no obvious fluorescence and 
merely influenced the Cy3 signal (Fig. S9). Based on that, a positive 
correlation was obtained for fluorescent intensity peaks at 566 nm to the 
ATP concentrations in the range from 0 to 100 μM, and the limit of 
detection (LOD) was calculated as 45 nM (Fig. 3C, and D). To validate 
the specificity of h-CCS for ATP analysis, the fluorescence responses 
toward other analogs were examined as well, and only ATP induced a 
significant fluorescence enhancement (Fig. 3E, Fig. S10). To further 
confirm ATP responsiveness, a mutated DNA strand, which is insensitive 
to ATP (Zhao et al., 2018), was employed to replace the above ATP 
aptamer in CS. The results displayed no obvious change in the mutated 
system after the addition of ATP, as expected (Fig. 3F–G). Besides, we 
also verified the feasibility of the sensor in a serum-containing envi
ronment. As shown in Fig. S11, the recovery rates ranged from 96.76% 
to 109.9%, indicating the high reliability of our sensor. 

Direct delivery of biomacromolecules remains a challenge; thus, we 
studied the internalization performance of a hollow FAM-labeled 
CRISPR platform in human non-small lung cancer cells (A549 cells). 
As shown in Fig. S12, no significant green fluorescence was observed 
when treated with the free FAM-labeled CRISPR sensor, suggesting 
inefficient cellular uptake of CRISPR-Cas12a. In contrast, hollow COFs 
could facilitate internalization of the CRISPR sensor, contributing to an 

Fig. 3. The detection performance of h-CCS. (A) Schematic illustration of the working principle of CRISPR/aptamer-based ATP sensor; (B) Page gel electrophoresis 
for h-CCS (1: control, 2: supernatant, 3: CS@a-ZIF-8+H+, 4: h-CCS+H+); (C) Fluorescence responses of the h-CCS to ATP of varying concentrations from bottom to 
top: 0 (blank), 0.1, 0.25, 1.0, 2.5, 5.0, 10, 25, 50 and 100 μM; (D) Fluorescence titration curve of h-CCS for ATP; (E) Specificity evaluation of h-CCS for ATP detection; 
the concentrations of ATP was set at 20 μM, while other nucleotide-triphosphate analogs was 1.0 mM (F denotes fluorescence intensity, while F0 denotes initial 
fluorescence intensity). (F) Kinetic curves and (G) fluorescence spectra of h-CCS and h–CCS–mut in response to 5 mM ATP. Data represent the mean ± s.d., n = 3, 
three technical replicates. 
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obvious fluorescence signal in the cells. We next investigated the dis
tribution of h-CCS inside cells (Fig. 4 and Fig. S13). The images showed 
that the fluorescence signal of h-CCS preferred to co-localize with 
MitoTracker (Rhodamine 123) instead of LysoTracker, indicating that h- 
CCS was probably transported to mitochondrial compartments. This 
could be attributed to the positive surface charges of h-CCS that facili
tate the accumulation of h-CCS within mitochondria with a negatively 
charged inner membrane. 

Apart from the enhanced internalization of the CRISPR sensor, the 
COF shelter also provided a compartmentalized bioenvironmental to 
protect the trans-cleavage of the sensor (Fig. S14). To investigate the 
generality of the protection effect, a DNA-based Ag+ sensor and glucose 
oxidase (GOx) were encapsulated in hollow COFs. As shown in Fig. S15, 
in the presence of both Ag+ and DNase I, the structure of the DNAzyme 
sensor was destroyed, leading to cleaved fragment release and fluores
cence recovery. In contrast, the hollow COF protected the DNAzyme 
from DNase I but allowed access for Ag+ (Fig. S15C). Similarly, GOx in 
the hollow COF withstood the hydrolyzation of proteinase K and dis
played good biological activities (Fig. S16), indicating a selective 
permeability of hollow COF for glucose accessibility while keeping the 
enzymes inside. Due to the lower extracellular pH of the tumor micro
environment than that of normal cells, we performed a comparison of 
the internalization of the two composites (GOx@aZIF and GOx@COF) in 
acidic and basic environments to further investigate the robustness of 
the hollow COF. As shown in Fig. S16, ZIF-8 dissociated in an acidic 
environment, which resulted in the relatively lower transfection effi
ciency of GOx than that in alkaline solution; therefore, a higher fluo
rescence signal was obtained in an alkaline environment after 2 h of 
incubation. In contrast, there was no significant difference in the alka
line and acidic environments for GOx@COF. Overall, this developed 
method can be employed to protect various enzymes from macromo
lecular inhibitors and expand enzyme utilization in complex 
environments. 

We then evaluated the ATP-responsive performance of h-CCS in 
living cells. A CCK-8 assay was first conducted to examine the 

cytotoxicity of h-CCS, and cell viabilities over 80% were obtained when 
the concentration was lower than 100 μg/mL (Fig. S17). Hence, the 
following imaging experiments were set at a concentration of 50 μg/mL. 
As shown in Fig. S18, the Cy3 fluorescence in cells after incubation with 
h-CCS gradually increased with time. As a control, neither the COF nor 
the free CRISPR-Cas12a system initiated significant red fluorescence 
after 8 h of treatment. To determine whether the signal was dependent 
on intracellular ATP, we employed different drug stimulations with no 
influence on Cas12a to regulate the endogenous ATP level (Fig. S19). 
Fig. S20 shows that the treatment of A549 cells with oligomycin (a 
known inhibitor of ATP (Gong et al., 2006; Zhang et al., 2018a)) led to a 
significant decrease in red fluorescence compared to that without oli
gomycin treatment. In contrast, Ca2+ (a stimulation that promotes 
intracellular ATP production (Deng et al., 2017; Zamaraeva et al., 
2007)) incubation contributed to an enhancement of the Cy3 fluores
cence signal (Fig. S20). Furthermore, we obtained similar results by 
examining the whole cell population using flow cytometry (Fig. S20). To 
further eliminate the possibility of artifacts in living cells, h–CCS–mut 
was incubated with cancer cells, and weaker fluorescence was also 
observed in the subsequent cell experiment, indicating ATP sensing 
specificity (Fig. S21). 

Due to the high concentration of ATP (5–10 mM) in cancer cells, we 
investigated whether h-CCS can specifically trace cancer cells from 
healthy cells. As anticipated, MDA-MB-231 human breast cancer cells 
displayed a red fluorescence signal from the cleavage of ssDNA-FQ by 
Cas12a after incubation with h-CCS (Fig. 4). Additionally, clear fluo
rescence in the Cy3 channel emission was also observed in the cytoplasm 
of other cancer cell lines (Fig. 4). In contrast, healthy cells, a human 
breast epithelial cell line (MCF-10A) with a low ATP concentration, 
demonstrated negligible fluorescence responses. 

Finally, we explored the application of h-CCS for ATP imaging in 
vivo. The h-CCS was subcutaneously injected into A549 tumor-bearing 
mice (the ssDNA reporter was labeled with Cy5 and a quencher pair), 
and fluorescence images were recorded using an in vivo imaging system 
(IVIS). As shown in Fig. S22A, an increase in fluorescence intensity at the 

Fig. 4. ATP-fuelled h-CCS in living cells. (A) Schematic illustration of intracellular ATP-activated h-CCS. (B) Confocal fluorescence images of A549 cells co-stained 
with Cy3-labeled h-CCS and Rhodamine 123 and the red-green colocalization plot with Pearson’s correlation Rr = 0.95, scale bar: 10 μm. (C) Flow cytometry results, 
and (D) images of different cell lines incubated with h-CCS for 4 h at 37 ◦C. Scale bar: 25 μm. MDA-MB-231, OVCAR-3, and A549 are cancer cell lines, while MCF-10A 
is a healthy cell line. For the representativeness of qualitative images, at least three experiments were carried out in duplicate. 
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tumor site as a function of time was observed by IVIS, and the signal 
plateau was reached at about 6 h. Quantitative analysis showed that 
h–CCS–treated mice demonstrated approximately 1.4- and 2.1-fold 
higher intratumoral Cy5 signals at 3 h and 6 h, respectively, than at 1 
h (Fig. S22B). In contrast, no significant enhancement of fluorescence 
intensity at the tumor site was detected after injection of either 
h–CCS–mut or COF-Cy5 (Fig. S22), suggesting that the signal increase in 
the h-CCS group originated from ATP encouragement instead of COF 
itself or DNase in vivo. The ATP-activated nanoplatform was also tested 
in living mice via intravenous administration (i.v.), and we obtained 
similar results, as shown in Fig. 5. Besides, ex vivo imaging was per
formed by measuring the Cy5 fluorescence intensity in collected organs 
and tumors from the mice 12 h after injection of different drugs 
(Fig. 5C). The intratumoral fluorescent signal in the h-CCS group was 
higher than that in the h–CCS–mut and COF-Cy5 groups, while no 
distinct difference in Cy5 intensity in the main organs was observed for 
all groups. These results demonstrated that robust h-CCS was available 
for visualizing ATP in living mice. 

4. Conclusion 

In summary, we reported a hollow COF-shielding CRISPR/aptamer- 
based nanoreactor for in vivo ATP imaging. The nanoreactor demon
strated inherently high specificity assisted by ATP aptamer CRISPR-Cas 
recognition. In addition, the h-CCS with COF-shell for resisting external 
macromolecule disturbance exhibited high robustness to trace ATP even 
in the complex biological matrix, which endows the sensor with in vivo 
imaging features. Due to its high functional stability, readily available 
aptamer library for a wide range of targets, and desirable cell perme
ability, the nanoreactor holds enormous potential beyond imaging in a 
complicated biological environment. Indeed, this method is only avail
able for small molecule detection at present. To expand the strategy for 
in vivo microRNA imaging, a suitable mesoporous material remains to 
be explored and conquered. Altogether, this design broadened the 
biomedical applications of CRISPR-Cas systems and inspired the further 
understanding of protein behavior in micro/nano environments for the 
fabrication of more ingenious biomimetic nanodevices and artificial 
cells. 
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