A Fluorogenic Labeling of Live Viruses
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Abstract

Viruses are an important class of pathogens that can cause serious infectious diseases. The
ability to directly analyze viral particles in real time is essential to understand their pathological
functions. In this work, we developed a strategy for fluorogenic labeling of live viruses by using
an optimal tetrazolate-functionalized AlEgen (Aggregation-induced emission luminogen),
named PBET. Due to its AIE activities, this dye fluoresces weakly when dissolved in agueous
solution, thus providing a dark fluorescence background. The fluorescence turn-on labeling is
achieved by binding of PBET molecules into the outmost viral proteins (e.g., structural Capsid
protein VP1), which triggers protein-induced fluorescence enhancement (PIFE) of the PBET.
Probably due to this unique PIFE/AIE-based sensing strategy, these PBET-labeled viruses can
retain infectivity to a large extent, which is a great advantage for biologically friendly labeling.
Importantly, this approach can be accomplished by simply mixing the dye and virus samples
without any prior modification of the viral particles, and shows high efficiency and stability for
both enveloped and non-enveloped viruses. By using PBET-labeled viruses, their early viral
infection processes were visualized and monitored over a period of up to 36 hours, including
the attachment, entry, and intracellular transport of viruses in living cells. In vivo bioimaging
studies on animal models suggest that the fluorescence signal can be used as an indicator of the
accumulation of viral particles in organs. This fluorogenic labeling may find uses in imaging
studies to combat virus-associated infectious diseases, especially those associated with
previously unknown wild-type viruses.



Teaser

The work describes a versatile and bio-compatible strategy for fluorogenic labeling of live
viruses, which may find immediate imaging application for combating virus-associated
infectious diseases.
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Introduction

In recent years, infectious diseases caused by novel viruses such as avian influenza, Zika
virus disease, and Coronavirus disease 2019 (COVID-19) have posed a great threat to the
human society. To prevent and control the spread of viral diseases, it is essential to develop
tools to detect and monitor these small-sized viral particles (20~300 nm) (1). In this regard,
real-time tracking and analysis of viruses can provide a fundamental understanding of their life
cycle and help to unravel their pathogenesis (2-7). The process of virus infection into host cells
involves multiple stages, different pathways, and many subcellular structures, and is highly
complex and therefore challenging to track (8-10). In this context, fluorescence-based imaging
has emerged as a powerful spatiotemporal method for visualizing live viruses under
physiological conditions (11-13). Fluorescent tags are required to light up these mobile viral
particles, and genetic engineering or covalent bioconjugation are currently the main labeling
strategies (1, 14). For example, the expression of reporter genes for luciferase (15, 16),
fluorescent proteins (17-20) and fluorophore-attachable peptide tags (7, 21, 22), has been
established to monitor the biological events of viral invasion, replication, and dissemination.
However, genetic modification requires specialized techniques, such as recombinant gene
technology (23), is time-consuming, generally not well-established for wild-type virus strains,
and can also pose a significant safety risk to the operators (1, 14). Since viruses are densely
packed, the integration of external genes and/or proteins can further affect the genetic stability
and infectivity of the virus, resulting in a low level of effective labeling (24). Viruses labeling
with organic fluorophores (25-29) and fluorescent nanoparticles (30, 31) via covalent
bioconjugation is another straightforward approach, but there are still practical problems.
Specific conjugation strategies are essential for selective and stable labeling with small
fluorophores. In addition, unbound fluorophores must be washed off, otherwise, the spatio-
temporal resolution of the freely moving viral particles is compromised. The modification of
viruses such as covalent functionalization of proteins and irreversible intercalation to form
DNA/RNA-dye complexes, can dampen viral infectivity as well. Moreover, for long-term, real-
time tracking analysis of nano-sized viral particles, it is desirable that these fluorescent tags are

small-sized, site-specifically labeled, have high brightness and good photo-stability (1, 14).



In contrary to many conventional fluorophores, aggregation-induced emission luminogens
(AlEgens) are dark or weakly luminescent in the molecularly solvated or freely dispersed states,
but can emit strongly upon aggregation and/or by other effects resulting from restricted
intramolecular motions (RIMSs) (32). This unique AIE property has been developed as a reliable
fluorogenic strategy for chemical sensing, physical visualization and biological imaging (33-
35). Particularly in bio-imaging of microorganisms (36-38) and living cells, the use of AIEgens
can be expected for wash-free fluorogenic labeling, and many of these systems have been
approved for long-term fluorescent tracking with high brightness, low background, and good
photo-stability (39, 40). The exploration of these AlE-based strategies for virus labeling has
been relatively lagged off, probably due to the inherent resolution of fluorescent techniques for
viral particles and the limited accesses to virus research facilities.

On viewing of the COVID-19 outbreak, we began to screen a library of AIE material for
fluorogenic labeling of live viruses, by using non-enveloped Adenovirus serotype 5 (AD5) (41)
and Enterovirus D68 (EV-D68) (42), and enveloped Sendai virus (SEV) (43) as model targets
(Figure 1a). Surprisingly, we identified two tetrazolate-functionalized AlEgens (TPE-4TA and
PBET, Figure 1b) that can elicit a fluorescent turn-on labeling instantly after mixing with
viruses. This specific fluorogenic labeling is likely attributed to the protein-induced
fluorescence enhancement (PIFE) phenomenon (44-46) of these AlEgens, primarily achieved
by specific non-covalent interactions with virus proteins on the outer envelope and capsid.
Similar strategy was previously reported for fluorogenic labeling of Serum albumins by using
TPE-4TA (47). By using the optimal PBET (which shows greatly improved fluorogenic
performance over TPE-4TA) from a library of tetrazolate-functionalized AlEgens in this work,
we established a fast, reliable, and selective live virus labeling protocol, and further proof-of-
concept demonstrated this labeling method for real-time tracking analysis of viral infection
processes in suspected cellular hosts as well as in animal models. Importantly, this protein-
mediated, PIFE-based AIE labeling exhibits little influence on viral infectivity. This simple and
efficient strategy is compatible for labeling both enveloped and non-enveloped viruses, thus
providing a promising universal method for live virus-related studies, including previously

unknown, wild-type viruses.
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Figure 1. The proposed strategy of using AlEgens to label viruses. (a) Schematic illustration of the
principle in terms of screening AlEgens for fluorogenic viral labeling. PIFE: Protein-induced
Fluorescence Enhancement. RIMs: Restriction of Molecular Motions. (b) Chemical structures of the
TPE-4TA and PBET dyes. (c) Fluorescent images of the PBET solution and the mixtures with viruses of
different strains. (d) Corresponding fluorescence excitation spectrum and (e) emission spectrum of the
samples in (c). [PBET] = 5 uM; [Virus] = 107 TCIDso mL .

Results and discussion
Screening of AlEgens for viral labeling

The initial screening involved a library of diverse AlEgens developed in our laboratory,
especially those with good aqueous solubility. These AlEgens fluoresce only weakly or even
darkly in aqueous solution, thus providing a low fluorescence background. Both nonenveloped
(ADS5 and EV-D68) and enveloped (SEV) viruses were used as the model target. The screening
experiments were performed in culture medium, DMEM buffer, and deionized water solutions,
respectively. By simply following the fluorescence change before and after mixing with viruses
(Supplementary ~ Figure 1), we first discovered that tetrazolate-functonalized
tetraphenyletheylene TPE-4TA (Figure 1b) could slightly light up these virus solutions. But
these labelled viruses were not bright enough under fluorescence microscopy. Subsequently,
we expanded a library of tetrazolate-functionalized AIEgens (Supplementary Figure 2) through
combinatorial organic synthesis, i.e., by introducing tetrazolate groups into different types of

AlE-active cores in a modular way (48), and finally found out PBET as an optimal dye
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(Supplementary Figure 3 for synthesis; Supplementary Figures 4-5 for compound
characterization) which exhibited much enhanced fluorogenic response (Fluorescence turn-on

ratio at 510 nm > 10 times, excitation: 405 nm) towards viruses (Figures 1c-¢).

Characterization of the fluorogenic labeling

We next characterized the fluorogenic labeling of these viruses using PBET. When an
aliquot of wild-type natural viruses was added into a 5 uM PBET solution, a strong green
fluorescence could be detected from the mixture under 365 nm excitation. The fluorescence
turn-on effect was clearly shown under the imaging system (Figure 1d), and the response
reached a steady state instantaneously after mixing (<1 min). The green fluorescence emission
of the mixture was peaked at around 510 nm for the three different virus strains (Figure 1e).
Comparably, the dye solution without viruses emitted at 510 nm but faintly. The enhancement
of fluorescence intensity at 510 nm exceeds 8 times. Their maximum long-wavelengths for
excitation were peaked at about 405 nm, which was red-shifted from 375 nm of the pure PBET
solution (Figure 1f). The fluorescence titration studies revealed that when either the titers of
viruses or the concentration of PBET was increased, the corresponding fluorescence intensity
increased in a quasi-linear way (Figure 2, and also see Supplementary Figure 6: ADS5;
Supplementary Figure 7: EV-D68; Supplementary Figure 8: SEV). For example, the increased
titers of ADS5 viruses enhanced the fluorescence signal of mixture with 5 uM PBET (Figures
2a-b); the peak intensity at 510 nm showed a good linearity (R? = 0.995) towards the titers of
viruses in the range of 10°-107 TCIDs, mL™" (Figure 2c), indicating that this labeling strategy
can be used for quantitative analysis of viruses. A similar fluorogenic labeling was also
achieved for non-enveloped EV-D68 viruses (Figure 2e-g), and enveloped SEV viruses
(Figures 2i-k). We then characterized the viral particles in solutions before/after the labeling
using dynamic light scattering. The size distributions of these three AlIE-labeled virus samples
displayed a pattern comparable to that of the corresponding non-labeled virus samples with a
slight increase in averaged peak sizes (Figure 2d for AD5; Figure 2h for EV-D68; Figure 2I for
SEV), indicating a freely dispersed state of these AIE-labeled viruses in solutions. These also
correlated well with the TEM (Transmission electron microscopy) characterization which

showed viral particles with characteristic morphology after labeling (Figures 2m-n); aggregates
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of AIEgens were moreover not observed. Under the typical labeling condition, the surface zeta
potentials (&) of viral particles all slightly decreased after treating with the dye but retained to
be negatively charged (Figure 20): from -755 mV to -255 mV for AD5, from -484 mV to -287
mV for EV-D68, and from -776 mV to -472 mV from SEV. These results show that PBET can
directly illuminate viruses without prior chemical modification of viral cells, or cumbersome
labeling strategies such as the use of antibodies, providing an attractive strategy for later

tracking studies of viral infections.
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Figure 2. Characterization of the fluorogenic labeling for nonenveloped and enveloped viruses. (a-b)
Fluorescent titration of non-enveloped ADS viruses into a 5 uM PBET solution and (c) corresponding
fluorescence intensity against titers of the viral particles. (e-f) Fluorescent titration of non-enveloped EV-
D68 viruses into a 5 uM PBET solution and (g) corresponding fluorescence intensity against titers of the
viral particles. (i-j) Fluorescent titration of enveloped SEV viruses into a 5 uM PBET solution and (k)
corresponding fluorescence intensity against titers of the viral particles. (d/h/1) Size changes before/after
labeling with PBET, measured by DLS. (m/n) TEM characterization of EV-D68 (m) and AD 5 (n) after
labeling with BPET. (o) Surface zeta potentials (&) of viral particles before/after labeling with PBET,
measured by DLS. [BPET] = 2.5 uM. FL: fluorescence.



PBET binds to proteins of viral particles and turn on the fluorescence

To reveal which components of the virus interacts with PBET to induce the fluorescence
emission, we used purified components from the virus lysate to mix with the dye independently,
including the Capsid protein VP1 from EV-D68, the RNA component obtained by reverse
transcription of the EV-D68 plasmid, and the DNA component from the AD5 viral backbone
plasmid. As shown in Figure 3a, while there was no fluorescence change for the corresponding
RNA and DNA components, a similar fluorogenic AIE phenomenon was observed when using
purified Capsid protein VP1 in solutions. Fluorescence titration studies clearly showed that the
fluorescence became stronger with increasing VP1 concentration (Figure 3d-e), showing a good
linear relationship with R? = 0.944 (Figure 3f). These fluorescence-based properties of PBET-
VP1 complexes are essentially similar to those of PBET complexes with viral particles (Figure
2), which is direct evidence that PBET may also bind specifically to the outermost proteins of
the virus and then light up the viral particles. This kind of protein-induced fluorescence
enhancement (PIFE) phenomenon was also observed for TPE-4TA, which binds specifically to
albumin proteins through tetrazole-mediated hydrogen-binding interactions with the basic
amino groups in the protein pockets (47). We then conducted a molecular docking study to
predict and elucidate the interaction between the PBET dye and the VVP1 protein (PDB code:
4WM7, from Human Enterovirus D6) (49). As shown in Figure 3b/c, the small PBET molecule
entered protein (Figure 3b), and three out of four tetrazole groups were observed to form ionic
and hydrogen-bonding molecular interactions with Thr97, Alal69, and Met187 in the active
site region of VVP1 protein (Figure 3c). Multiple tetrazole groups help restrict the free motions
of the AIE-cored fluorogen, which suppresses the excited-state energy-dissipating pathway to
elicit a fluorescence turn-on sensing. Since among the >10 tetrazolate-functionalized AlEgens
(Supplementary Figure 2), only PBET showed a good fluorescence turn-on response to viruses
in this case, we suspect that PBET may enter and binds to the pockets of certain viral proteins
in a specific manner. Besides the Capsid protein VP1 from EV-D68, we do not have other
purified viral proteins currently, especially those from SEV or AD5, to further evaluate the

generality of the fluorogenic labeling for both enveloped and non-enveloped viruses.
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Figure 3. Investigation of the fluorogenic labeling mechanism. (a) Fluorescence spectra of PBET
mixed with purified viral components, including Capsid protein VP1 (structural protein from EV-
D68), DNA and RNA. (b-c) Molecular docking analysis showing the Putative binding mode of PBET,
based on the crystal structure of VP1 protein (PDB code: 4WM7). These figures were generated using
PyMol software (http://www.pymol.org/). (d-f) Fluorescence titration study of PBET (2.5 uM) with
different VP1 concentrations: (d) fluorescence spectrum, (e) corresponding fluorescence image, and

(f) the fluorescence peak intensity at 510 nm against the concentration of VP1.

Influence of PBET labeling on viral infectivity

Does this labeling have a negative influence on viral infectivity? To evaluate this
possibility, titers were calculated to compare batches of labeled and wild-type viruses regarding
viral infectivity. Wild-type viruses with a titer of 10" TCIDso mL™* were selected and tested for
viral titers after labeling with PBET. Both were able to detect the virus at 107. This indicates

that the use of PBET labeling has little effect on the infectivity of the virus.

Real-time tracking of virus infection into cells

Next, we used these fluorescently labelled viruses as a model to visualize the process of
viral infection into susceptible cells. Cells were first incubated with labeled viruses for 30 min.
Afterwards, they were washed with fresh DMEM and then observed under a fluorescence
microscope. In these cases, a number of emissive viral particles (arrow highlighted) can be
identified, shown as close to the membrane of 293A cells (Red, stained by Dil) (Figure 4a). In

other tests, fluorescent EV-D68 and SEV viral particles could also be observed similarly

9



(Supplementary Figures 9-10). These results imply that the labeling strategy will not affect the
virus binding to host cells. By contrast, when PBET was directly added to the cell culture

medium in a control experiment, no blue-emissive particles could be identified.
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Figure 4. Fluorescent tracking analysis of PBET-labeled ADS viral particles into living 293 A cells.
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(a) Confocal fluorescence images of cell after incubation with labeled ADS viruses. Red: Dil-labeled
cell membrane, blue: PBET-labeled ADS viral particles. Scalebar: 25 um. (b) Video snapshots of the
entry of a PBET-labeled virus via confocal fluorescence images, Scalebar: 5 pm. (¢) Kymograph of
the binding site of the virus, including fluorescence intensity curve (Middle) of the site of virus.
Scalebar: 1 um. The distance between two neighboring pixels is about 12.5 nm. (d) Trajectory of
viral diffusion from sequential images in the b) section. (e¢) Time-dependent fluorescence intensity
change of BPET-labeled AD5 virus in the (f) section. (f) Long-term fluorescent tracking of PBET-
labeled ADS viruses with living 293 A cells; the control group used the PBET dye solution without

viruses. Scalebar: 25 um.

Real-time tracking analysis was carried out to visualize the attachment, entry, and intracellular
transport of BPET-labeled viruses in living cells (Figure 4 for AD5; Supplementary Figure 9
for EV-D68; Supplementary Figure 10 for SEV). The infection process of individual virus was
monitored at 12-s intervals (Figure 4b). We could catch up a representative snapshot to show
exactly that a viral particle was sitting on the cell membrane (Figure 4c). The middle image in

Figure 4c showed the fluorescence intensity curve of the site of virus, which further confirmed
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that the fluorescent dot was a virus. The trajectory of this single virus for the whole process was
extracted from the video, showing the movements of a virus around/on the cell membrane
before the internalization (Figure 4d).

PBET-labeled viruses were followed up to 36 h after incubation to monitor the entire early
post-infection process. After incubating with 293A cells at 37°C for 0.5 h, fluorescently labeled
ADS5 viruses were observed on the cell membrane, and accumulated more and more over time
to reach maximum in ~2 h, as reflected by the corresponding fluorescence intensity (Figure 4f).
Thereafter, the fluorescence from viruses on the cell membrane became weaker and weaker,
lasting for about 8-12 h. However, starting from the first hour, these PBET-labeled viral
particles were detected in the cytoplasm, indicating that they had been internalized into the cells
to form endosomes. After that, the intracellular fluorescence began to decrease (Figure 4¢). The
loss of virus-associated fluorescence is mainly attributed to the disassembly of these PBET-
labeled viruses. During this phase, viruses can remove their envelope and/or capsid in the
endosome, release their DNA or RNA, and enter the hidden infection phase. Along with the
uncoating of capsid or/and envelop, the PBET dye detached from the virus protein (Especially
when the protein is digested and/or degraded by the cell) and be solubilized, resulting in
decreased fluorescence. We observed a similar phenomenon with PBET-labeled EV-D68 and
SEV viruses when infecting RD cells (Supplementary Figures 9-10). As above revealed, these
viruses bind to the receptors on the cell membrane within 1 h after incubating with the cells,
and are subsequently endocytosed in another 1 h and form endosomes in the cytoplasm. After
8-12 h of infection, the viral envelope is largely un-coated, and the virus begins to enter the
hidden period of replication. The infection process of these labeled viruses is broadly similar

to those in references (1-7).

In vivo bioimaging of viruses in experimental animals

Finally, we evaluated these PBET-labeled viruses in the in vivo bioimaging study using
mice models. All these PBET-labeled viruses gave significantly intensive signals under the in
vivo luminescence imaging system compared with the control groups (Figure 5a). In vivo
imaging showed intense fluorescence at the subcutaneous injection sites of mice for the three

groups using PBET-labeled viruses, but not the group using a pure PBET solution (Figure 5b).
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In another group of animal experiments, these labelled virus samples were firstly injected into
the BALB/C nude mice by caudal vein. At 12 h after tail vein injection, the major internal organs
of the mice were taken out after euthanasia treatment, and studied under the in vivo imaging
instrument. Fluorescence signals were detected in all liver organs. Compared with the control
PBET group, the liver organs from the three kinds of different PBET+virus groups exhibit
strong luminescence signals, with the PBET+EV-D68 group being the most intense (Figure 5c).
The group using PBET+EV-D68 exhibited a relatively more dispersed distribution of
fluorescence. In the mice injected with PBET+EV-D68 virus, notable fluorescence signals were
also detected in the heart and kidney organs. Subsequently, we performed quantitative real-time
PCR (g-PCR) measurements on these organ samples to quantify virus accumulation and
confirmed that the virus accumulation pattern (Figure 5d) correlated well with that from the
bioimaging result (Figure 5¢), which further validated the reliability of this fluorogenic labeling
method. Based on this observation principle, we can conclude that the three different virus
strains show quite different infection patterns in terms of virus accumulation. For example,
ADS viruses didn’t infect organs other than the liver, while SEV viruses could enter the lungs

in large numbers within 12 hours.
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Figure 5. Fluorescence bioimaging of virus infection in the animal model. (a) Fluorescent images

of samples by the in vivo imaging system. (b) Fluorescence bioimaging of mice after subcutaneous
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injection of different PBET+virus samples. (c) Fluorescence images of excised organs obtained at
12 h after tail vein injection of different PBET+virus samples. (d) Relative intensity of viral content
in excised organs obtained at 12 h after tail vein injection of PBET-labeled EV-D68, measured by
g-PCR. ¥*P<0.05; **P<0.01.

Conclusion

In this work, we report an AlE-based fluorogenic labeling strategy for single virus analysis
that that is simple to operate, efficient, reproducible, minimally interferes with viral infectivity,
does not require any prior modification of viral particles, and can be widely adapted to
enveloped and non-enveloped virus strains. The fluorescence turn-on labeling can be
accomplished by simple mixing of PBET dye solutions with viral samples, and moreover,
enables washing-free imaging in subsequent experiments. Experimental and computational
investigations suggest that this unique labeling is likely to be achieved by specific binding of
PBET molecules to the outmost proteins on the viral Capsid or envelop, resulting in protein-
induced fluorescence enhancement (PIFE) of multiple tetrazolate-functionalized AlE-active
PBET via the RIMs mechanism. Particle characterization showed that PBET-labeled viruses
could largely retain their morphology, surface charge, and physical aggregate state. We
performed proof-of-principle studies using PBET-labeled viruses to visualize the viral infection
process in real-time into susceptible living cells over a period of >36 hours. In addition, PBET-
labeled viruses are compatible with live animal models for in vivo bioimaging studies, showing
the potential to visualize the accumulation process of viruses in different organs. As
demonstrated, this strategy not only confers a highly valuable traceability on viruses, but also
maximally preserves the fluorogenic properties of the AIE sensor and the infectivity of viruses,
which is essential for advanced imaging analysis of viral particles at different cellular, organ,
and animal levels. Importantly, and interestingly, this strategy appears to be a general yet
specific molecular tool for labeling both enveloped and non-enveloped viruses, especially wild-
type strains. Thus, this tool may find immediate application in studies to combat virus-

associated infectious diseases.
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Materials and Methods

Virus. Adenovirus serotype 5 (AD5) strain is a kind gift from Prof. Zhuozhuang Lu’s group at
Chinese Center for Disease Control and Prevention. The Sendai virus (SEV) BBL1 strain a kind
gift from Dr. Lishu Zheng’s group at Chinese Center for Disease Control and Prevention. The
Enterovirus D68 strain (EV-D68; GenBank accession number KU844179.1) is a kind gift from

Prof. Xiaofang Yu’s group at Johns Hopkins University.

AlEgen. These AlEgens used are either developed in our lab, or kindly donated from AlEgen
Co.. Many tetrazole-functionalized AlEgens are newly designed and prepared by organic

synthesis. Please see Supplementary Figure 3 for the preparation of the PBET AlEgen.

Cells and animals. Human Embryonic Kidney 293A (293A) cells and Rhabdomyosarcoma
(RD) cells were cultured in high-glucose Dulbecco modified Eagle’s medium (DMEM;
Invitrogen), supplemented with 10% fetal bovine serum (FBS; Ausbian), 1%
penicillin/streptomycin (Invitrogen) at 37 <C and 5% CO,. Healthy female BALB/C nude mice

were purchased from HFK Technology Co., Ltd. (Beijing).

Characterization. The {-Potential and size distributions of viruses were determined by a zeta-
sizer nanoseries (Malvern instrument). The shape and morphology of virus samples were
determined via transmission electron microscopy (TEM, Hitachi HT7700). The fluorescence
spectrum of virus samples was investigated on an EnSpire Multilabel Reader. In vitro
fluorescence imaging was conducted by putting these PBET-labeled viruses into glass bottom
culture Dishes. The luminescent signal was recorded by IVIS Spectrum In Vivo Imaging

System (IVIS®Spectrum BL, PerkinElmer).

Preparation of virus for labeling. EV-D68 was prepared in RD cell culture, as previously
reported (50). AD5 was prepared in 293A cell culture by incubation with the viral suspension,
as previously reported (51). Once cells displayed 80% cytopathic effect, cell culture medium
were exposed to three freeze-thaw cycles, followed by centrifuging at 2000 x g for 15 min at

4 °C to remove cellular debris. The culture supernatants containing viruses were carefully
14



harvested by ultracentrifugation through SDGC at 110, 000 g for 2h in an SW41 rotor
(Beckman Coulter Inc., Germany). After removing sucrose, viruses were sub-packaged and
stored at -80<C. SEV viruses were propagated in 10-day-old embryonated eggs for 48 h at 37<C,
as previously reported (52).Subsequently, viruses in allantoic fluid were harvested and purified

by SDGC at 110 000 g in an SW 41 rotor for 2 h at 4<C.

Virus labeling. The PBET powders were firstly dissolved in fresh medium to have a
concentration of 10° M. The purified viruses were dispersed in another fresh medium or
DMEM to have certain concentrations. In a typical labeling, the PBET solution was then added

into the virus solution in equal volume (20 uL).

Molecular docking. Molecular docking of PBET into the crystal structure of Human
Enterovirus D68 in complex with Pleconaril was carried out using SYBYL-X version 2.1.1
software suite (Tripos, Inc., St. Louis, MO). The X-ray structure of Human Enterovirus D68
was downloaded from the Protein Data Bank (PDB code: 4WM7) and was modified by adding
hydrogen atoms and removing water as well as co-crystallized substrate (Pleconaril). The active
site was defined as all the amino acid residues confined within a 5 A radius sphere centered
about Pleconaril, and the composite structure without original ligand was utilized as the in-
silico model for docking studies. Default parameters and values within the minimization
dialogue were used except where otherwise mentioned. The docked conformations of ligands
were evaluated and ranked using Surflex-Dock and four scoring functions implemented in the
CSCORE software module within the SYBYL-X environment. The CSCORE module allowed
consensus scoring that integrated multiple well-known scoring functions such as ChemScore,

D-Score, G-Score and PMF-Score to evaluate docked ligand conformations.

Evaluation of viral infectivity. The infectivity of TPE-labeled viruses was quantified by 50%
tissue culture infective dose (TCIDsg). In the TCIDs assay, cells (RD, 293A and MDCK) were
cultured in 96-well plates in culture medium until the cells reached 80-90% confluence. Labeled
and non-labeled viruses were 10-fold diluted ranging from 10 to 10 in infection culture

media.
15



Fluorescence in vivo bioimaging. Animal experiments were performed in accordance with
the statutory requirements of People’s Republic of China (GB14925-2010). A solution (100 L)
of correspondingly labeled viruses were injected into each mouse by subcutaneous injection

and tail vein.

g-PCR detection of viral content.

Total RNA was extracted using Trizol (Qiagen). RNAs were reverse transcribed to cDNA using
the TransScript First-Strand cDNA Synthesis SuperMix Kit in accordance with the
manufacturer’s instructions. Quantitative real-time PCR (g-PCR) was performed using
TransStart Top Green g-PCR SuperMix (TransGen, China) in a 20 L reaction volume (10 i
TransStart Top Green g-PCR SuperMix, 200 mM forward and reverse primers, 2 L cDNA
template). The following cycling conditions: 94 <C for 30 s and 40 cycles of 94<C for 5 s and
60 <C for 30 s. The reaction was run on a LightCycler 96 Real-Time PCR machine (Roche), and

levels of gene mRNAs were normalized to GAPDH mRNA.

Image analysis. Imaging data from virus solutions, cultured cells, and animals were processed
using ImageJ 1.52p software (NIH). The trajectories of virus and time courses of fluorescence
intensity were reconstructed from raw images by aligning the coordinates and intensity of spots
representing virus and corresponding cellular endocytic structures in each frame with Imaging-
Pro-Plus software (Media Cybernetics). Only the integral trajectories within the focal plane
were processed in quantitative single-virus tracking analysis. The statistical analyses were
performed using GraphPad Prism 7 and OriginPro 9.1. Two-tailed Student’s t-test, two-way
analysis of variance (ANOVA) with Bonferroni’s multiple comparisons test and one-way
ANOVA with Tukey’s multiple comparisons test were performed. *P<0.05 and **P<0.01

(Figure 5). The graphs were generated using OriginPro 9.1 (OriginLab).
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