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Background: Influenza A (H1N1) virus is a highly contagious respiratory disease that causes severe illness and death. Vaccines and 
antiviral drugs are limited by viral variation and drug resistance, so developing efficient integrated theranostic options appears 
significant in anti-influenza virus infection.
Methods: In this study, we designed and fabricated covalent organic framework (COF) based theranostic platforms (T705@DATA- 
COF-Pro), which was composed of an RNA polymerase inhibitor (favipiravir, T705), the carboxyl-enriched COF (DATA-COF) nano- 
carrier and Cy3-labeled single DNA (ssDNA) probe.
Results: The multi-porosity COF core provided an excellent micro-environment and smooth delivery for T705. The ssDNA probe 
coating bound to the nucleic acids of H1N1 selectively, thus controlling drug release and allowing fluorescence imaging. The 
combination of COF and probe triggered the synergism, promoting drug further therapeutic outcomes. With the aid of 
T705@DATA-COF-Pro platforms, the H1N1-infected mouse models lightly achieved diagnosis and significantly prolonged survival.
Conclusion: This research underscores the distinctive benefits and immense potential of COF materials in nano-preparations for virus 
infection, offering novel avenues for the detection and treatment of H1N1 virus infection.
Keywords: crystal porous materials, microenvironment-responsive, controlled release, fluorescence imaging, diagnosis and therapy

Introduction
The influenza virus outbreak causes severe respiratory system infection and enormous challenges to public health.1–3 History has 
proved that influenza viruses spread will result in historical pandemics, which may cause hundreds of thousands of infected 
patients worldwide.4,5 For example, the novel H1N1 in North America caused thousands of deaths in 2009.6 Moreover, 
asymptomatic cases are hard to detect, aggravating virus transmission, especially in underdeveloped districts. Currently, the 
primary methods for preventing and controlling the spread of influenza depend on vaccines and antiviral drugs. However, the 
efficiency of vaccines is severely circumscribed by frequent variations of the influenza virus.7,8 Although the therapeutic drugs of 
M2 ion channel inhibitor and neuraminidase inhibitor were once effective against influenza virus, such as amantadine, 
rimantadine, and zanamivir,9–11 the resistance of these drugs was increased with the passage of time.12–15 Favipiravir (T705), 
as a viral RNA polymerase inhibitor, would play antiviral effects by blocking viral nucleic acid replication, which has received 
extensive attention since it might be a viable remedy for pandemic influenza virus infections. Nevertheless, its application is also 
hindered by low tabletability and permeability.16–18 Owing to the advances in nanotechnology and the development of 
nanomaterials in bio-medicine, intelligent platforms have become an alternative to the therapy of viral infections in recent 
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years.19–22 However, most traditional nanoplatforms are not ideal for loading capacity, release effect, and improvement outcome 
on chemotherapy (mesoporous silica, nanoparticles, liposomes, etc),23,24 resulting in complicated specific imaging and time- 
consuming chemotherapy. Therefore, it is crucial to alleviate the therapy method for viral infections by establishing high- 
performance intelligent diagnostic and therapeutic platforms through a simple and effective strategy.

Covalent organic framework materials (COFs),25–27 a new type of organic porous crystalline materials with a periodic 
network structure, have attracted much attention given their extraordinary design-ability, permanent porosity, and precise 
porous structures since 2005. With the size of COFs reducing to the nanoscale, the potential of COFs has been explored 
for bioanalysis and nanomedicine,28 such as cancer treatment,29,30 drug delivery31,32 and cell imaging,33 which brings 
new opportunities for the detection and treatment of viral infection.34 In one study, it was reported that quinoline- 
4-carboxylic acid-linked and porphyrin-enriched COFs exhibited multifunctional antiviral activity via a triple-modal 
chemo/PDT/PTT synergistic treatment under natural sunlight irradiation, indicating a great potential of COF materials in 
the treatment of viral infection.35 Compared with effective therapy for influenza virus, COF also play a crucial role in 
accurately diagnosing influenza virus infection, facilitating the control of infection sources and illness progression.36–38 

For instance, Li’s group has fabricated an electrochemical biosensor using magnetic covalent organic frameworks/ 
pillararene hetero-supramolecular nano-composites as the signal probes, which exhibited accuracy and selectivity for 
detecting human norovirus (HuNoV).39 Although COF materials have exhibited promise in diagnosing and treating viral 
infection, limited research has focused on COF-based nanoplatforms against pathogenic viruses. To our knowledge, 
intelligent theranostic platforms with selective diagnosis and restriction of viruses are even rarer.

In this contribution, we reported an intelligent theranostic platform (T705@DATA-COF-Pro) based on a carboxyl- 
enriched COF (DATA-COF) whose channel was occupied with T705 and the external layer was modified by Cy3-labeled 
ssDNA.40 When the T705@DATA-COF-Pro encountered the H1N1-infected cell, the superficial Cy3-labeled ssDNA as 
efficient probes displayed a remarkable fluorescent signal, and the loaded T705 as an RNA polymerase inhibitor 
exhibited dramatic antiviral activity. Therefore, the obtained T705@DATA-COF-Pro showed specific imaging and 
efficient treatment for H1N1 virus infection. In vivo experiments, its exceptional theranostic performance has also 
been thoroughly elucidated via microenvironmental-responsive41–43 and drug delivery.44–48

Material and Methods
Materials
All the chemicals were obtained from commercial sources without further purification. 1,3,5-triformylphloroglucinol 
(TFP) was synthesized according to a previously reported method, and the characterization data was provided in the ESI 
(Figures S1 and S2 and Scheme S1). RNA oligonucleotides were synthesized and purified by Sangon Biotechnology Co., 
Ltd (Shanghai, China) and those oligonucleotide sequences were shown in Table S1.

Synthesis of the DATA-COF
A mixture of 2,5-diaminoterephthalic acid (14.7 mg, 0.075 mmol), 1,3,5-triformylphloroglucinol (10.5 mg, 0.05 mmol) 
and HOAc (6 M, 0.2 mL) in mesitylene/1,4-dioxane (2.0 mL, 3/1, v/v) was flash frozen in a liquid nitrogen bath and 
degassed. After capping, the tube was heated at 120°C for 72 h. The obtained precipitate was collected by centrifugation 
and washed with THF and ethanol. The solid was dried under vacuum at 120°C for 12 h to afford the DATA-COF 
crystals as black-red solids (20.0 mg, 88.7% yield). IR (KBr): ν = 3456 (m), 3351 (m), 3102 (w), 1710 (m), 1588 (s), 
1426 (s), 1360 (s), 1262 (s), 1221 cm−1 (s); Solid-state 13C MAS NMR (δ, ppm): 184.1, 167.1, 145.6, 135.3, 121.6, 
118.5, 108.3; Anal. calcd for (C14H8NO6)n: C, 56.05; N, 9.33; H, 2.67; found: C, 58.10; N, 8.79; H, 2.80.

Synthesis of the T705@DATA-COF
The T705 (157 mg, 1 mmol) and DATA-COF (10 mg) were mixed in methanol (25 mL) and stirred for 24 h. The product 
was collected by centrifugation and washed with methanol thrice for the unloaded. The drug was washed thoroughly and 
dried in a vacuum (60°C, 12 h) to prepare T705@DATA-COF. The loading capacity of T705 in T705@DATA-COF was 
given as 9.27 wt% via UV-Vis spectrophotometry.
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Synthesis of the T705@DATA-COF-Pro
Based on previous reports,49 after the 3-(3-dimethylaminopropyl)carbodiimide (3 μL, 30 mg/mL) and the N-Hydroxy 
succinimide (1 μL, 100 mg/mL) were added into T705@DATA-COF (100 μL, 1 mg/mL), the mixture was stirred for 30 
min, and collected by centrifugation. The obtained precipitate was redispersed in PBS (496 μL), and 4 μL of the Cy3- 
labeled ssDNA was added to the above solution. After shaking for 24 h in the dark, T705@DATA-COF-Pro was obtained 
by centrifugation. The final product was washed with PBS three times, and then the supernatant was collected to 
calculate the loading density of the Cy3-labeled ssDNA based on the fluorescence standard curve.

Fluorescent Detection of Target ssDNA
According to the references,37 the target ssDNA (50 nM) was added into T705@DATA-COF-Pro solution (100 μg/mL), 
and the mixture was incubated for 60 min at room temperature to hybridize adequately. The fluorescence was measured 
every 3 min at room temperature to record the response process (Ex = 525 nm). Establishment of fluorescence 
dependence curve: The different concentrations of target ssDNA (100–10 nM) were added into T705@DATA-COF- 
Pro solution for fluorescence detection at 30 min. Selectivity of target ssDNA assay: The fluorescence of T705@DATA- 
COF-Pro solution was detected at 30 min after adding into target ssDNA (50 nM) and mismatched ssDNA (50 nM).

Drug Controllable Release
To test the controllable release of T705, the T705@DATA-COF-Pro (20 mg) was immersed and shaken in 100 mL PBS 
solution at 37°C. The 2 mL solution was extracted and replaced by fresh PBS at a prescribed time interval until the 
concentration of T705 in the extract remained constant. The concentration of T705 in the sample was measured by 
detecting the UV absorbance at 323 nm.

Cytotoxicity Test
Cytotoxicity of T705@DATA-COF-Pro was determined using a cell counting CCK-8 kit (Boster Biological Technology Co. 
Ltd., Cat. #AR1160), and six parallel samples were made to eliminate experimental errors in each group. MDCK (Madin-Darby 
canine kidney cells, ATCC CCL-34), purchase from Shanghai EK-Bioscience Biotechnology Co., Ltd. MDCK cells were treated 
with sterilized DATA-COF, T705@DATA-COF, and T705@DATA-COF-Pro containing different concentrations (40–240 µg/ 
mL) for 24 h at 37°C, and untreated counterparts served as the control group. The CCK-8 solution (10 µL) was added into each 
well and further incubated for 30 min. Each group was expressed as the percentage of viable cells relative to the control group.

Acquisition and Culture of H1N1 Virus
Acquisition: SIV (QD-2018 strain) was a H1N1 strain that isolated from the diseased pigs in Shandong province of 
China, which can be used as one of representative strains for the analysis of variant strains. The virus was continuously 
passaged in MDCK cells, and its titer was as high as 10–4.48 TCID50/mL. Culture: MDCK cells were maintained with 
10% FBS DMEM medium at 37°C under 5% CO2. After seeding MDCK cells into a 24-well plate and culturing them to 
form a monolayer, the liquid in the plate was removed, and the cells were washed twice with PBS. Then, incubation with 
the H1N1 virus for 2 h, and the medium was replaced with 2% maintenance medium for 24 h. RNA or protein was 
collected according to the instructions for subsequent experiments.

Intracellular Prophylactic Test
MDCK cells were cultured in the 24-well plates containing DMEM (10% FBS) at 37°C with 5% CO2. Meantime, 
the cells were incubated with sterilized T705@DATA-COF-Pro or DMEM at 37°C for 2 h. Next, 25 µL of H1N1 
virus (100 TCID50/mL) and 175 µL of DMEM were added to MDCK cells at 37°C, and removed after 1 h of 
infection. The monolayer cells were cultured separately with 500 µL of T705@DATA-COF-Pro (0, 25, 50, and 75 
µg in 2% DMEM, respectively) or T705 (6.9 µg in DMEM, as positive control) at 37°C for 3, 6, 12, 18 and 24 h, 
respectively. Washed three times with PBS, the cells were collected and repeated freeze-thaw three times to gather 
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the RNA of H1N1 (Cell DNA Isolation Mini Kit). After reverse transcription, the virus content of samples was 
evaluated via qRT-PCR for intracellular therapeutic effects.

Western Blot
MDCK cells were cultured to 60–80% confluence and exposed to H1N1 virus (100 TCID50/mL) for 1 h in the 6-well plates, 
and then the cells were incubated with T705@DATA-COF-Pro (0, 50, 100, 150 µg/mL) or 13.9 µg/mL of T705 for 24 h in 2% 
DMEM, respectively. To intuitively examine the cytopathic effects of virus-infected cells, 250 μL of lysis buffer was added to 
the cultured cells of each group. After centrifuging at 4°C for 20 min, the supernatant was analyzed by Western blot. Finally, 
the expression of the H1N1 NP (Abcam, Cat.#ab104870, 1:3000 diluted) protein was determined, and the amount of GADPH 
(Abcam, Cat.#ab181602, 1:5000 diluted) protein represented a housekeeping protein for control.

RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)
Total RNA was extracted from virus-infected cells, and cDNA was carried out by reverse transcription following the kit 
instructions (Vazyme, Cat.#RC311-01). The antiviral activities of T705@DATA-COF-Pro were analyzed by qRT-PCR 
(SYBR Green Pro Taq HS, AG). The primers used were as follows: H1N1 forward (5′-ACAGAAGTTATAAGAATGA-3′), 
H1N1 reverse (5′-ACGGCCAGGTCATCACTATTG-3′); β-actin forward (5′-CCGTATCGGACGCCTGGTTA-3′), β-actin 
reverse (5′-AGGGGCCGGACTCATCGTA-3′). Fold change in gene expression level was calculated using the 2−ΔΔct method, 
and all PCR reactions were performed in triplicate.

Hemagglutination Assay
The assay was performed to detect the H1N1 virus by the hemagglutination assay. The process of cells incubated with the 
H1N1 virus was the same as Western blot. Then, 50 μL of the virus sample supernatant solution was serially diluted 
(2-fold dilution) and dispensed into each well of a 96-well microtiter plate. The chicken red blood cells (50 μL of 1.0% 
volume fraction) were added to each well and gently mixed. The maximum agglutination titer was recorded and captured 
by a camera after standing for 30 min under normal conditions.

Indirect Immunofluorescence Assay
The process of intracellular fluorescence imaging was the same as the intracellular therapy curve. In brief, MDCK cells were 
cultured to 60–80% confluence and exposed to the H1N1 virus (25 µL, 100 TCID50/mL) for 1 h in a 48-well plate, and then 
the free viruses were discarded through extensive washing. The mentioned cells were incubated with T705@DATA-COF- 
Pro (0, 50, 100, 150 µg/mL) or 13.9 µg/mL of T705 for 24 h in 2% DMEM, respectively. Subsequently, the cells were fixed 
with cold 4% paraformaldehyde, and the permeabilization was performed with 0.1% Triton under the ambient condition. 
Finally, the cells were incubated with H1N1 NP antibody (Abcam, Cat.#ab104870, 1:3000 diluted) for 1 h at 37°C, and the 
secondary antibody (HRP-conjugated goat anti-rabbit secondary antibody, Abways, Cat.#ab0141) for 30 min at 37°C. Then, 
the nucleus was stained with 4’, 6-diamidino-2-phenylindole (DAPI) and washed thrice with PBS. The fluorescence images 
were measured and analyzed by an Olympus IX73 microscope.

Hemolytic Test
Mice blood cells were collected and exposed to various concentrations of DATA-COF, T705@DATA-COF, and 
T705@DATA-COF-Pro (ranging from 0 to 800 μg/mL) for 4 h. Negative and positive controls were set using PBS 
and pure water, respectively. After incubation, the samples were centrifuged at 4000 rpm for 5 min, and the supernatant 
isolated was measured for absorbance using a Microplate reader.

Animal Infection and Treatment
All the animal experiments were approved by the Shandong Academy of Agricultural Sciences Animal Ethics Committees 
and conducted strictly in alignment with the “Laboratory Animal – Guidelines for Ethical Review of Animal Welfare” (GB/T 
35892–2018) promulgated by the State Ministry of Science and Technology, as well as the ethical standards endorsed by the 
Ethics Committee of the Shandong Academy of Agricultural Sciences (Ethical Approval Number: IASVM-2023-004). The 
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performance of T705@DATA-COF-Pro on the H1N1 diagnosis and healing process was evaluated by mice models infected 
with H1N1. Forty-two healthy female BALB/c nude mice (aged 5–6 weeks, Jinan Pengyue Laboratory Animal Breeding CO., 
Ltd., Shandong, China) were divided into seven groups randomly. The operation was as follows: seven groups were 
anesthetized via intraperitoneal injection. One of the seven groups was treated with normal saline by nasal dripping as 
a negative control group, while the other six groups were treated with 50 µL H1N1 virus (100 TCID50/mL) as experimental 
groups. After 24 h, the experimental groups were anesthetized and treated with 100 µL of T705@DATA-COF-Pro (0, 0.5, 1.0, 
and 2.0 mg/mL), DATA-COF (2.0 mg/mL), or T705@DATA-COF (2.0 mg/mL) via tail vein injection. The cumulative dose 
per unit of body mouse weight was calculated as 0, 3.13, 6.36, 13.03, 12.26, and 12.82 mg/kg, respectively. The clinical signs 
of every group were recorded daily, for instance, survival rate and weight change. All groups were sacrificed by cervical 
dislocation after chloral hydrate anesthesia on the 3, 7 and 14th days. The samples of lungs were taken, washed with normal 
saline, and ground to measure the content of H1N1-RNA via qRT-PCR. The remaining lung tissue was fixed with 4% 
paraformaldehyde for subsequent analysis.

To further assess the impact of the most active COF system on the lung of mice, six healthy female BALB/c nude 
mice (aged 5–6 weeks) were chosen as the independent control group. Following intraperitoneal anesthetization, the mice 
received 100 μL of T705@DATA-COF-Pro (2.0 mg/mL, cumulative dose of 12.41 mg/kg per unit body weight) via vein 
injection. Daily observations were made to document signs such as survival rate and weight changes. On the 3rd, 7th, and 
14th day, the mice were euthanized via cervical dislocation post-anesthetization. The lung specimens were washed with 
normal saline and fixed in 4% paraformaldehyde for subsequent analysis and comparison.

Imaging Assay in vivo
After anesthetizing with 2% isoflurane, the tail vein injected 100 µL of T705@DATA-COF-Pro (2.0 mg/mL). To test the 
specific imaging of the COF platforms, 100 µL of normal saline, DATA-COF (2.0 mg/mL) and T705@DATA-COF 
(2.0 mg/mL) groups were added. The mice were randomly set with three mice in each group and observed by a live body 
imaging system within the specified time.

Histology and Immunohistochemistry
The five samples of the lungs on the 3, 7, and 14th days were fixed in paraformaldehyde, dehydrated, and embedded in 
paraffin. The tissue sections were cut into 5 µm thick slices for histological and immunohistochemical studies. For 
hematoxylin and eosin (H&E) staining, histopathological changes of the lungs in each group were observed. The nucleus 
was stained bright blue, and the cytoplasm exhibits pink to peach red, and the eosinophilic particles in the cytoplasm are 
strongly bright red. For immunohistochemistry, the tissue sections of the lungs on the 7th day were dewaxed with 
dimethylbenzene and rehydrated with alcohol. Before incubating with primary antibody (H1N1 NP) overnight at 4°C, the 
sections were quenched with 3% H2O2 and blocked. The washed sections were incubated with secondary antibody (HRP- 
labeled Goat Anti-Rabbit lgG) and dehydrated. All microscope images were taken under a Leica digital microscope.

Statistical Analysis
All the experiment results were exhibited as the mean ± standard deviation (SD). One-way analysis of variance 
(ANOVA) along with Tukey’s multiple comparisons test was applied to evaluate the statistical significance (*P< 0.05, 
**P< 0.01, ***P< 0.001).

Results and Discussion
Synthesis and Characterization of COF
As depicted in Figure 1a, 1,3,5-triformylphloroglucinol (TFP) and 2,5-diaminoterephthalic acid (DATA) were polymer-
ized with the acetic acid (6 M) under solvothermal conditions (mesitylene/1,4-dioxane, 2.0 mL, 3/1, v/v) 120°C for 72 h, 
the brownish red crystalline solid (named DATA-COF) was synthesized in 88.7% yield. The DATA-COF was collected 
after washing three times with THF and ethanol and drying under a vacuum at 120°C overnight. The FT-IR spectra 
showed the characteristic stretching peak at 1646 cm−1 for C=O in TFP disappeared, similar to the stretching mode at 
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3461 and 3345 cm−1 for N-H in DATA (Figure S3). Concurrently, the stretching vibrations at 1705 cm−1 associated with 
C=O species in a carboxylic group of DATA-COF were observed. Additionally, the stretching mode at 1596 and 
1225 cm−1 were attributed to C=C and N-H species were found, which indicated the existence of β-ketoenamine in 
DATA-COF. Solid-state 13C CP-MAS NMR (Figure S4) also proved the successful formation of DATA-COF. The 
existence of resonance peaks at 184.1, 145.6, and 108.3 corresponded to the ketone and enamine carbon species in 
DATA-COF, respectively.50

The measured powder X-ray diffraction (PXRD) pattern of DATA-COF indicated that a good crystalline material was 
obtained (Figure 1b). The structural model of the PXRD pattern was simulated by the Material Studio (version 2018), 
which revealed DATA-COF was a 2D eclipsed AA-type stacking structure preferentially. The information of unit cell 
suggested DATA-COF was assigned to the P6 space group with the lattice parameters of a = b = 22.83 Å, c = 3.81 Å, α = 
β = 90.0, γ = 120.0, Rwp=10.14% and Rp = 7.75% (Figure S5 and Table S2). Based on structure analysis, the series of 
strong peaks in DATA-COF at 4.68, 9.38, 12.11, and 26.28 are associated with (100), (200), (210), and (001) planes, 
respectively. Moreover, the interlayer distance of DATA-COF was 3.8 Å based on the 2D layered simulated structure, 
which was proved by high-resolution transmission electron microscope (HRTEM) image (Figure 1c). The transmission 
electron microscope (TEM) and scanning electron microscopy (SEM) images demonstrated DATA-COF was a nanorod 
material with the average size of about 460 nm (Figure S6). Furthermore, the N2 adsorption curve of DATA-COF at 77 
K was determined to be 230.3 cm3/g, and the Brunauer–Emmett–Teller (BET) specific surface area was 122.2 m2/g 

Figure 1 Synthesis and characterization of DATA-COF. (a) Synthesis of DATA-COF and chemical structure. (b) The PXRD patterns of DATA-COF: the experimental (red 
line), Pawley-refined profile (black dots), the simulated pattern for eclipsed (AA) stacking mode (green line), and the refinement difference (blue line). The structural model is 
shown as the inset. (c) HRTEM images of DATA-COF. (d) N2 adsorption isotherms of DATA-COF, T705@DATA-COF, and T705@DATA-COF-Pro at 77 K.
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(Figure 1d). Based on Barrett–Joyner–Halenda analysis, the pore diameter of DATA-COF was concentrated distribution 
at 1.40 nm, which was in agreement with the simulated structure at 1.43 nm (Figure S7).

The T705@DATA-COF was prepared by solution impregnation (methanol solution of T705, RT, 24 h), whose loading 
amount of T705 was 9.27 wt% via the standard curves based on UV–Vis spectroscopy (Figure S8). Subsequently, after 
washing three times and Cy3-labeled ssDNA modification, T705@DATA-COF-Pro was fabricated successfully as 
a black-red crystalline solid (Scheme S2). The fluorescence standard curve estimated the DNA coverage as 25.3 nmol/ 
mg (Figure S9). The FT-IR spectra indicated the amide bond formation at 1650 cm−1, which fully verified that Cy3- 
labeled ssDNA was successfully modified on the T705@DATA-COF (Figure S10). Moreover, in the XPS spectrum, the 
peak at 135.0 eV corresponding to P2p further evidenced the formation of T705@DATA-COF-Pro (Figure S11). Due to 
the loading of T705 and the modification of Cy3-labeled ssDNA, the N2 uptake amount and BET-specific surface area of 
T705@DATA-COF and T705@DATA-COF-Pro were reduced (141.1 cm3/g, 89.2 m2/g and 78.3 cm3/g, 42.7 m2/g), 
respectively (Figure 1d), and the apertures decreased correspondingly to 1.26 and 1.17 nm according to the Barrett– 
Joyner–Halenda analysis (Figure S7). As shown in Figure 2a and b, the SEM images and Dynamic light scattering (DLS) 
data declared that the morphology and size of T705@DATA-COF-Pro remained nanorods. The PXRD patterns of 
T705@DATA-COF and T705@DATA-COF-Pro were similar to the previous DATA-COF, indicating that the structural 
crystallinity of DATA-COF was well maintained during subsequent treatment (Figure 2c). Besides, SEM-EDX mapping 
displayed the homogeneous distribution of C, N, O, and F elements in T705@DATA-COF, and C, N, O, F, and 
P elements were also uniformly distributed in T705@DATA-COF-Pro, which further confirmed the successful prepara-
tion of uniform structure (Figure 2d). In addition, thermal gravimetric analysis (TGA) suggested that they all had good 
thermal stability, which was intact up to 200°C (Figure S12). Furthermore, the water contact angles of DATA-COF, 
T705@DATA-COF and T705@DATA-COF-Pro were found to be 0°±2° respectively, implying that they were hydro-
philic materials (Figure S13).

Figure 2 Characterization of the T705@DATA-COF-Pro nanoparticles. (a) SEM images of T705@DATA-COF-Pro. (b) DLS size profile and (c) The PXRD patterns of 
DATA-COF, T705@DATA-COF and T705@DATA-COF-Pro. (d) SEM-EDX mapping of T705@DATA-COF and T705@DATA-COF-Pro.
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Fluorescence Response and Drug Release Properties
The response-ability of T705@DATA-COF-Pro was explored as a fluorescent platform for detecting the target ssDNA (T). 
When the T (50 nM) was added into the system of T705@DATA-COF-Pro, it interacted with the Cy3-labeled ssDNA on 
T705@DATA-COF-Pro to form double-stranded DNA by base complementary pairing. Subsequently, the obtained double- 
stranded DNA is gradually stretched and removed from COF materials.51,52 Consequently, the quenched fluorescence was 
recovered rapidly and reached equilibrium after 30 min (Figure 3a). As shown in Figure 3b, the Cy3-labeled ssDNA probe 
exhibited strong fluorescence at 567 nm. Fluorescence emission of T705@DATA-COF-Pro was also maintained significantly 
in the presence of T (concentration of 50 nM). However, T705@DATA-COF-Pro could not be detected fluorescence basically, 
which implied its massive fluorescence quenching capability through fluorescence resonance energy transfer.40 Under the 
optimal conditions, the linear relationship between recovered fluorescence intensity (∆F) and concentration of T (C, nM) was 
tested from 10 to 100 nM (Figure 3c). The calibration function was calculated as ∆F=6.69 [C]+235.1 with the correlation 
coefficient (R2) of 0.976, and the detection limit of T was 2 nM, demonstrating intracellular mRNA can be visualized at the 
nanomolar level.53–55 To further investigate the selectivity of the biosensor, the same concentration of T, partially mismatched 
ssDNA (T1), and completely mismatched ssDNA (T2 and T3) were introduced into the solution of T705@DATA-COF-Pro 
separately (Figure 3d). With the increase of the mismatched base pairs, the intensity of the recovered fluorescence decreased 
sharply, purporting that the fluorescence intensity was closely related to the matching level of target base pair. The above proof 
indicated that the COF-based sensing platform had high selectivity for target mRNA, demonstrating a potential mRNA assay 
potential in biological samples.

To further investigate the controllable drug release of T705@DATA-COF-Pro in vitro, it was immersed in PBS solution at 
25°C (Figure 3e). In the presence of T, the released rate of T705 in the COF platforms was observed at about 80% after 10 h via 
UV–Vis spectrum. The release efficiency was consistent with the T705@DATA-COF (10 h, about 86%), demonstrating that 
the modification of Cy3-labeled ssDNA did not affect drug release. On the contrary, with the disappearance of T, the released 
efficiency of T705 was less than 10% as wrapped Cy3-labeled ssDNA prevented drug leakage. The results indicated that the 
COF-based theranostic platforms were a stable drug delivery system with good control behaviors in drug release. In addition, 

Figure 3 Fluorescence response, drug release and biosafety of T705@DATA-COF-Pro nanoparticles. (a) Time courses for the fluorescence recovery. (b) Fluorescence 
spectra of T705@DATA-COF-Pro under different conditions: ssDNA-probe, T705@DATA-COF-Pro and T705@DATA-COF-Pro with target ssDNA (T). (c) Plot of the 
fluorescence intensity against the T concentration. Inset: the dependence of fluorescence on the different concentrations of T (10, 20, 40, 60, 80 and 100 nM). (d) Selectivity of 
the ssDNA assay. (e) The drug release curves in different solutions. (f) Cytotoxicity of T705@DATA-COF-Pro. The results were displayed as the mean ± SD, n = 3. *P< 0.05, 
***P< 0.001.
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biosafety for MDCK cells was evaluated by the CCK-8 kit. After incubation with different concentrations (40–240 µg/mL) of 
DATA-COF, T705@DATA-COF, and T705@TATA-COF-Pro for 24 h, the MDCK cells remained highly viable in compar-
ison with the blank control, which indicated the developed COF systems did not exhibit significant cytotoxicity (Figure 3f and 
Figure S14). These results provided the base property for subsequent diagnosis and restriction of H1N1 virus infection.

Intracellular Antiviral and Locational Effect
With the above results in hand, the antiviral effect of T705@DATA-COF-Pro on the H1N1 virus in vitro was evaluated 
primarily. MDCK cells were infected with the H1N1 virus and subsequently treated for 24 h with different concentrations 
of T705@DATA-COF-Pro. To determine the survival rate of the H1N1 virus in MDCK cells, the gene expression levels 
of H1N1 were conducted and quantified based on RNA extraction and qRT-PCR. As shown in Figure 4a, the antiviral 
activities of T705@DATA-COF-Pro against H1N1 (25 μL, 100 TCID50/mL) were concentration-dependent, and the 
survival rates of H1N1 decreased proportionally with increasing dosage (50, 100, 150 μg/mL). The infected MDCK cells 
were treated with T705@DATA-COF-Pro at 150 μg/mL, and the H1N1 virus was inactivated to ca. 90%, which was 
basically consistent with the 13.9 μg/mL of the T705 group. Additionally, the antiviral effect of T705@DATA-COF-Pro 
was evaluated by standard hemagglutination assay (HA). The obtained agglutination patterns decreased with the increase 
of T705@DATA-COF-Pro content, which quite agreed with the results of gene expression (Figure 4b). Moreover, this 
argument was also approved by indirect immunofluorescence staining and Western blot. In comparison with positive 
groups, no green fluorescence was observed in the 150 μg/mL treated group, and it kept pace with the results of the T705 
group (Figure 4c). The protein expression of H1N1 declined as well with the increase of T705@DATA-COF-Pro 
(Figure 4d and e). These results directly displayed that T705@DATA-COF-Pro had sound antiviral properties.

After demonstrating the T705@DATA-COF-Pro as an efficient platform for drug-specific delivery and treatment for 
H1N1 infection, we applied the theranostic platforms for H1N1 infected-cell imaging. While MDCK cells were incubated 
with 150 µg/mL of T705@DATA-COF-Pro, the fluorescence signals initially appeared in the cytoplasm, and gradually 
increased until it reached maximum fluorescence intensity at nearly 60 min (Figure 5). Next, the cellular uptake of 
T705@DATA-COF-Pro and sequence-specific sensing of target RNA were studied using fluorescence microscopy and 
flow cytometry. The H1N1 infected MDCK cells were cultured in a 12-well plate and treated with T705@DATA-COF-Pro 
(150 µg/mL) for 1 h, and observed by fluorescence microscopy and flow cytometry (Figure S15). Cell images showed 
strong Cy3-corresponding red fluorescence in the perinuclear region of infected cells treated with T705@DATA-COF-Pro. 
However, almost no Cy3 fluorescence was observed in uninfected cells treated with T705@DATA-COF-Pro, indicating that 
the ssDNA probe in T705@DATA-COF-Pro could restore fluorescence after hybridization with target H1N1 mRNA. 
Collectively, the data suggested that T705@DATA-COF-Pro could readily enter cells through the cell membrane without 
the assistance of transfection reagents, and the recognition of endogenous H1N1 mRNA by ssDNA probe and subsequent 
fluorescence recovery was sequence-specific.56 In addition, the hemolytic test was carried out to prove the reliability of the 
DATA-COF, T705@DATA-COF, and T705@DATA-COF-Pro material. Basically, no obvious hemolytic phenomenon was 
detected even at a high 800 μg/mL concentration, signifying their good biocompatibility (Figure S16).

Fluorescence Imaging and Treatment in vivo
To evaluate the anti-H1N1 virus effect of T705@DATA-COF-Pro in vivo, BALB/c mice were inoculated with the H1N1 
virus (50 μL, 100 TCID50/mL) through a nasal drip and treated with physiological saline, T705@DATA-COF-Pro, 
DATA-COF, or T705@DATA-COF. Mice of each group were observed the clinical symptoms and weight changes in the 
next 14 days (Figure 6a). In addition to the control group, all the virus-infected mice showed clinical symptoms on 
the second day, including loss of appetite, inactivity, weight loss and lethargy, and a majority even appeared obvious 
signs, such as severe dyspnea and skin folds. After showing severe symptoms, the unmedicated (0 mg/mL) and DATA- 
COF group (2.0 mg/mL) all died at 8 and 9 days after infection (Figure 6b). Compared with the above two groups, the 
clinical symptoms of T705@DATA-COF-Pro group were significantly improved in the observation period. Due to less 
dosage, the administration of 0.5 mg/mL group for the H1N1-infected mice only delayed the progression of the disease 
and failed to save the mice at 13 days. The 1.0 mg/mL group gave similar results, and partial death occurred in the mice 
for the reason of dosage.
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Figure 4 Antiviral effect of T705@DATA-COF-Pro platforms. (a) The H1N1 gene expression in MDCK cells infected under different conditions (the concentration of T705 
was 13.8 µg/mL, the same as 150 µg/mL of T705@DATA-COF-Pro). (b) Hemagglutination assay (HA) of COF-treated groups. (c) Indirect immunofluorescence staining of 
different experimental groups for 24 h, the green represents H1N1, whereas the blue shows the nucleus of cells, scale bar: 200 μm. (d) Western blot of H1N1 NP in MDCK 
cells. (e) The area of the H1N1 NP and GADPH peak, concerning the standard curve, was determined using ImageJ software. The results were displayed as the mean ± SD, 
n = 3. *P< 0.05, **P< 0.01, ***P< 0.001.
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In contrast, the infected mice in the 2.0 mg/mL group displayed milder symptoms except for weight loss at 2–7 days, and 
all mice survived (Figure 6b and c), which was confirmed with the group of T705@DATA-COF (2.0 mg/mL). The levels of 
H1N1-mRNA in lungs were conducted based on RNA extraction and qRT-PCR on 3 and 7 days (Figure 6d). In contrast with 
the unmedicated (0 mg/mL) and DATA-COF groups (2.0 mg/mL), the expression of H1N1 in the T705@DATA-COF-Pro 
treatment group was significantly less and had concentration-dependent, and the levels of H1N1-mRNA in lungs decreased 
proportionally with increasing dosage (0.5, 1.0, 2.0 mg/mL). Interestingly, the H1N1-level of lungs in the T705@DATA- 
COF-Pro group was lower than T705@DATA-COF group, demonstrating that the ssDNA not only performed an imaging 
function but also had a synergistic therapeutic effect with the T705 via a control behavior in drug release. This point was 
confirmed by the amount of T705 in infected mice’s blood using HRMS, and the results showed that the T705@DATA- 
COF-Pro group had a higher level than the T705@DATA-COF group on 3rd day (Figure S17). It might be the reason that 
the infected mice treated with T705@DATA-COF-Pro showed milder symptoms and survived the lethal challenge of H1N1 
virus infection. These results demonstrated the effectiveness of T705@DATA-COF-Pro in combating the virus infection 
in vivo.

Figure 5 Targeted cellular uptake of T705@DATA-COF-Pro theranostic platforms. Fluorescence imaging of infected MDCK cells was incubated with T705@DATA-COF- 
Pro for 60 min. The blue fluorescence signal was detected for the nucleus, and the red fluorescence signal for T705@DATA-COF-Pro, scale bar: 100 μm.
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To investigate deeply impact of the COF system on the lung of mice, a distinct control group was established, consisting 
solely of mice injected with T705@DATA-COF-Pro. The outcomes showed that the body weight of mice in the group 
increased normally, and all of them survived, which was consistent with the results observed in the negative control group that 
received only PBS injection. Subsequently, the lung tissue sections were stained with H&E and observed under a fluorescence 
microscope. No signs of damage or pathological abnormalities were detected. These observations concurred with the results of 
the hemolysis experiment, confirming the excellent biocompatibility of T705@DATA-COF-Pro and highlighting its potential 
as a promising platform for viral treatment (Figure S18).

Figure 6 In vivo antiviral performance in H1N1 infected mouse model. (a) Mice infected with H1N1 virus were treated with different substances including physiological 
saline (control), T705@DATA-COF-Pro (0–2.0 mg/mL), DATA-COF (2.0 mg/mL), or T705@DATA-COF (2.0 mg/mL). (b) Survival rates of each group. (c) Body weights of 
mice in different groups for 14 days. (d) H1N1-mRNA levels of each group in the lungs were determined by qPCR. (e) Fluorescence images in vivo of treated with 
T705@DATA-COF-Pro (2.0 mg/mL) group via tail vein injection (right: Ex vivo imaging of the lungs organs after 70 min post-injection). The results were displayed as the 
mean ± SD. **P < 0.01, ***P < 0.001.
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H&E staining and immunohistochemical test were executed to examine the pathological indices of lung tissue 
sections closely. As revealed in Figure 7, the positive-infected group was observed severe lung injury with diffuse 
swelling, bronchial edema, alveolar cavity collapse, and infiltration of inflammatory cells at 7 days, indicating that H1N1 
infection destroyed the spongy structure and the lungs architecture.57 The DATA-COF treatment group had almost no 
therapeutic effect compared to the positive-infected group. In contrast, the symptoms of the T705@DATA-COF-Pro and 
T705@DATA-COF groups were lessened substantially. Critically, T705@DATA-COF-Pro displayed more significantly 
attenuated histopathological manifestations on alleviating cell infiltration and thrombosis. The results were consistent 
with the expression level of H1N1 in the lungs, further confirming that the targeted release of COF-based theranostic 
platforms had a facilitative therapeutic effect (Figure 6d). The pathological features of T705@DATA-COF-Pro group got 
obviously mitigation with time (Figure S19), suggesting that T705@DATA-COF-Pro had a better protective impact on 
acute lung injury caused by H1N1 virus infection.

Moreover, the diagnostic potential of T705@DATA-COF-Pro in vivo was explored with the H1N1-infected nude 
mice as models. The infected mice of each group were treated with 2.0 mg/mL of T705@DATA-COF-Pro, 
T705@DATA-COF and DATA-COF via tail vein injection, respectively, and observed by a live body imaging system 
within the specified time. The results indicated fluorescence signals mainly concentrated in mice’s lungs, trachea, and 
kidneys (Figure S20). Importantly, in vivo fluorescence imaging analysis of T705@DATA-COF-Pro showed high lung 
accumulation, purporting the potential of T705@DATA-COF-Pro for H1N1-mRNA imaging in vivo (Figure S21). 
Besides, no fluorescence signals were found in DATA-COF and T705@DATA-COF groups, indicating that the imaging 
derived from Cy3-labeled ssDNA modified on the COF. As Figure 6e shows, the fluorescence signal gradually increased 
with the prolongation of treatment time, which coincided with the fluorescence signal intensity in the lungs. These results 
revealed that T705@DATA-COF-Pro delivered to lung cells specifically and showed a rapid fluorescence response to 
H1N1-mRNA in vivo.

It is significant to establish an ideal diagnostic and therapeutic platform against H1N1 pathogens. Based on the above 
experiments, we presumed the working mechanism of T705@DATA-COF-Pro to explain its potential action in imaging 
and treatment. Figure S22 shows the preparation procedure of T705@DATA-COF-Pro. The pores of DATA-COF were 
first filled with T705, and then the surface was modified by Cy3-ssDNA. Due to the COF material could excellently form 
π-π interaction with single-stranded DNA, the post-modified Cy3-ssDNA was adsorbed on the surface of DATA-COF, 

Figure 7 Pathological examination of lungs determined by H&E staining and immunohistochemistry (The red arrow refers to H1N1 NP protein, scale bar: 50 μm).
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and the Cy3-fluorophore exhibited fluorescence quenching behavior through energy transfer. Besides, the tightly wrapped 
Cy3-ssDNA protects T705 leakage in DATA-COF. According to the literature,58–61 in the presence of the target H1N1- 
RNA in infected cells, T705@DATA-COF-Pro could selectively bind to the nucleic acid of the virus. Primarily, the Cy3- 
ssDNA adsorbed on the surface of the DATA-COF would form stable double-stranded with the H1N1-RNA by base 
complementary pairing. Due to the double-stranded DNA having poor π–π interactions with COF, Cy3-ssDNA begins to 
stretch, gradually detach from the COF, and the fluorescence of Cy3 recovers.52 Subsequently, the T705 loaded in the 
pores of T705@DATA-COF-Pro also releases normally.

Conclusion
In summary, we successfully synthesized a carboxyl-enriched COF (DATA-COF) and established smart integrated 
theranostic platforms (T705@DATA-COF-Pro) via solution impregnation and sequential post-synthetic modification. 
Cy3-labeled ssDNA, wrapped tightly on the surface of T705@DATA-COF-Pro, could selectively identify the target 
ssDNA and prevent loaded drug leakage. When target ssDNA was present, T705@DATA-COF-Pro released the drug 
almost 80% and emitted strong fluorescence following complementary base pairing. Furthermore, T705@DATA-COF- 
Pro demonstrated dramatic specific imaging and therapeutic effects on H1N1 virus infection, which provided intelligent 
theranostic platforms for addressing the issue of H1N1 virus infection facilely.
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