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ABSTRACT: Cellular binding and entry of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) are mediated
by its spike glycoprotein (S protein), which binds with not only the
human angiotensin-converting enzyme 2 (ACE2) receptor but also
glycosaminoglycans such as heparin. Cell membrane-coated
nanoparticles (“cellular nanosponges”) mimic the host cells to
attract and neutralize SARS-CoV-2 through natural cellular
receptors, leading to a broad-spectrum antiviral strategy. Herein,
we show that increasing surface heparin density on the cellular
nanosponges can promote their inhibition against SARS-CoV-2.
Specifically, cellular nanosponges are made with azido-expressing
host cell membranes followed by conjugating heparin to the
nanosponge surfaces. Cellular nanosponges with a higher heparin
density have a larger binding capacity with viral S proteins and a significantly higher inhibition efficacy against SARS-CoV-2
infectivity. Overall, surface glycan engineering of host-mimicking cellular nanosponges is a facile method to enhance SARS-CoV-2
inhibition. This approach can be readily generalized to promote the inhibition of other glycan-dependent viruses.

■ INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is responsible for the current pandemic of coronavirus
disease 2019 (COVID-19), a crisis with an unprecedented
threat to global public health.1−3 So far, the antiviral drugs
such as remdesivir,4 monoclonal antibodies such as bamlani-
vimab and etesevimab,5 and vaccines manufactured by Pfizer-
BioNTech, Moderna, and Janssen6 have been approved as
emergency-use authorization in the United States for COVID-
19 treatment and prevention. However, SARS-CoV-2 can
undergo genetic mutations over time, resulting in the
unpredictable evolutions of new viral strains resistant to the
current therapeutics or vaccines.7−9 Therefore, innovative
strategies that can inhibit the infectivity of SARS-CoV-2 and its
potential mutated strains are highly demanded.
Nanomedicine platforms have shown high potential in the

diagnosis, treatment, and prevention of viral infections.10−13

Among them, cell-membrane-coated nanoparticles, namely,
“cellular nanosponges”, have attracted much attention. Cellular
nanosponges are made by cloaking plasma membranes of the
host cells onto synthetic cores. They inherit natural protein
and glycan receptors from the host cells, either known or
unknown, to bind with viral proteins and divert the viruses
away from the intended cellular targets.13,14 Such a working
mechanism shifts the focus from the causative viruses to the
hosts and thus overcomes virus diversity, limiting the

traditional antiviral approach. Cellular nanosponges effectively
capture and inactivate pathogenic viruses such as human
immunodeficiency virus (HIV),15 influenza virus,16 Zika
virus,17 and recently SARS-CoV-2,14,18,19 unlocking a broad-
spectrum antiviral strategy.
During the infection, SARS-CoV-2 viruses use their spike-

like proteins (S proteins) on the surface to attach to the
cellular angiotensin-converting enzyme 2 (ACE2) for entering
the host cells. Recent studies suggest that, before the ACE2
binding, the receptor-binding domain (RBD) of the viral S
protein first interacts with the glycocalyx components of the
membranes such as heparin or heparan sulfate (HS).20 Such
interactions lead to an open conformation of the S protein that
enhances its subsequent binding to the ACE2.21 This
observation is further supported by SARS-CoV-2 inhibition
in vitro using heparin or heparan sulfate.22,23 Therefore,
alteration of heparan sulfate on the host cell surface presents
potential therapeutic opportunities against SARS-CoV-2
infection. On the basis of this scientific premise, we
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hypothesize that a higher level of heparin on the cellular
nanosponges will lead to a higher binding ability with the viral
S protein and hence a higher inhibition efficacy against SARS-
CoV-2 for host protection.
To test this hypothesis, we synthesized heparin-function-

alized cellular nanosponges (denoted “HP-NS”) with different
heparin densities (Figure 1). To make such nanosponges, we
first introduced azido groups (N3) onto the host cell
membranes through glycol expression. Next, we derived their
membranes and coated them onto polymeric cores made of
poly(lactic-co-glycolic acid) (PLGA), making cellular nano-
sponges expressing azido groups (denoted “N3-NS”). We then
functionalized heparin with the dibenzocyclooctyne group
(DBCO-heparin) and conjugated it onto N3-NS through
copper-free click chemistry, forming HP-NS with the heparin
density controlled by heparin-nanosponge stoichiometry.
Lastly, we examined the capacity of HP-NS binding with
SARS-CoV-2 S proteins and the efficacy of inhibiting viral
infectivity. We demonstrated that HP-NS with a higher level of
heparin bound more SARS-CoV-2 S proteins. Furthermore,
when tested with SARS-CoV-2 pseudovirus, HP-NS with a
higher level of heparin showed higher inhibition of viral
infectivity. Overall, our results show that surface glycan

modification is a facile strategy to boost cellular nanosponges
against glycan-dependent viral threats such as SARS-CoV-2.

■ RESULTS AND DISCUSSION

In the study, metabolic labeling of an azido group (N3) onto
THP-1 cells, a human macrophage (MΦ) cell line, was
achieved by incubating the cells with N-azidoacetylmannos-
amine-tetraacylated (Ac4ManNAz). In this process,
Ac4ManNAz was metabolized into N-azidoacetyl neuraminic
acid and then incorporated into glycans for expression.24 To
confirm the expression, we measured the N3 level on the cells
before and after the incubation by tagging the N3 group with
dibenzocyclooctyne-cyanine 3 (DBCO-Cy3) via copper-free
click chemistry. The cell surface N3 level increased significantly
when the cells were incubated with Ac4ManNAz (Figure 2A).
However, despite a high level of N3 expression, the cell viability
showed no detectable change (Figure 2B).
After the N3 expression, we first derived the membranes of

N3-expressing THP-1 cells and purified them using mechanical
disruption and differential centrifugation.25 Meanwhile, PLGA
cores were made with a nanoprecipitation procedure by adding
the polymer in an organic solvent to an aqueous phase
followed by evaporation.26 Then, cell membranes were coated

Figure 1. Schematic illustration of engineering surface glycans onto cellular nanosponges to promote SARS-CoV-2 inhibition. In the scheme, the
host cells are first incubated with N-azidoacetylmannosamine-tetraacylated (Ac4ManNAz) to express azido groups. Their membranes are collected
and coated onto polymeric nanoparticle cores made of poly(lactic-co-glycolic acid) (PLGA) to form cellular nanosponges expressing azido groups
(denoted “N3-NS”). Then heparin functionalized with the dibenzocyclooctyne groups (DBCO-heparin) is conjugated to azido-NS through copper-
free click chemistry, forming heparin-modified cellular nanosponges (denoted “HP-NS”). The HP-NS are then examined for binding ability with
SARS-CoV-2 S proteins and inhibition efficacy against the viral infectivity.
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onto PLGA cores with bath sonication, forming azido-
expressing cellular nanosponges (denoted “N3-NS”). Cellular
nanosponges were also made with unmodified THP-1 cells
(denoted “NS”) as a control.
Following the formulation, dynamic light scattering (DLS)

measurements revealed that NS and N3-NS had similar
hydrodynamic diameters of 95.8 ± 3.6 and 99.7 ± 3.4 nm,
respectively. These values are higher than that of the uncoated
PLGA cores (82.7 ± 2.2 nm), suggesting the addition of a
bilayered cell membrane onto the polymeric cores (Figure

2C). Meanwhile, the surface zeta-potential of the N3-NS
(−30.4 ± 1.9 mV) was less negative than that of the PLGA
cores (−50.5 ± 1.4 mV) but comparable to that of the NS
(−32.4 ± 2.2 mV) (Figure 2D), likely due to the charge
screening by the membrane coating. To examine the
membrane sidedness, we stained the N3-expressing THP-1
source cells and N3-NS containing equal amounts of
membrane content by using DBCO-Cy3 dye for the surface
N3 levels. After removal of the free dye, the two samples
showed comparable N3 levels (Figure 2E). This result

Figure 2. Formulation and characterization of azido-modified cellular nanosponges (N3-NS). (A) Surface N3 levels of the THP-1 cells cultured
with or without Ac4ManNAz. (B) Cell viability of THP-1 cells cultured with or without Ac4ManNAz. (C, D) Hydrodynamic size (C, diameter) and
surface zeta potential (D, mV) of the PLGA core, cellular nanosponges made with unmodified THP-1 membranes (“NS”), and N3-NS. (E)
Comparison of the N3 levels on N3-NS (100 μL, 1 mg/mL of membrane proteins) and source cells (100 μL, approximately 1 × 107 cells)
containing equal amounts of membrane content. The N3 levels were measured by staining the samples with DBCO-Cy3 (10 μM). (F)
Hydrodynamic sizes of NS and N3-NS in H2O, 1× PBS, and 50% serum over 72 h. Data presented as mean + s.d. (n = 3); n.s.: not significant; ***p
< 0.001; statistical analysis by paired t-test.

Figure 3. Fabrication and characterization of heparin-modified cellular nanosponges (HP-NS). (A) 1H NMR spectrum (500 MHz) of heparin
(top) and DBCO-heparin (bottom). The broad signal at 7−8 ppm corresponds to the DBCO moiety. (B, C) UV absorbance spectrum (B) and
HPLC analysis (C) of heparin, DBCO-NH2, and DBCO-heparin. (D) Relationship between DBCO-heparin initial input and heparin density on
NS surfaces. Three HP-NS formulations with low, middle, and high heparin densities (denoted “HP-NS/L”, “HP-NS/M”, and “HP-NS/H”) were
chosen for the subsequent studies. (E) DLS measurements of hydrodynamic size (diameter) and zeta potential (ζ) for N3-NS, HP-NS/L, HP-NS/
M, and HP-NS/H. (F) Hydrodynamic size of HP-NS/L, HP-NS/M, and HP-NS/H in H2O, 1× PBS, and 50% serum over 72 h. Data presented as
mean + s.d. (n = 3); n.s.: not significant; ***p < 0.001; statistical analysis by one-way ANOVA.
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indicated that the N3-NS adopted a right-side-out membrane
orientation because an inside-out membrane coating would
have reduced the levels of N3-labeled glycans.15 When
suspended in water, phosphate-buffered saline (PBS, 1×),
and 50% serum, the sizes of NS and N3-NS remained
unchanged over 72 h, suggesting their good colloidal stability
(Figure 2F). Together, these results demonstrated the
successful preparation of N3-NS.
To fabricate HP-NS, we first functionalized heparin with

DBCO by conjugating DBCO-NH2 to the carboxylic groups of
the heparin, followed by purification with dialysis. In 1H NMR
analysis, the product spectrum showed additional peaks around
approximately 7.5 ppm, consistent with DBCO (Figure 3A).27

When analyzed with UV absorption spectroscopy, the product
showed DBCO absorption at about 290−310 nm (Figure
3B).28 Moreover, in the analysis with high-performance liquid
chromatography (HPLC), the elution time of the DBCO
signal (at 290 nm) from the product shifted when compared
with that of DBCO-NH2, suggesting the conjugation to the
heparin polymer chain (Figure 3C). Together, these results
confirm the successful synthesis of DBCO-heparin. The
DBCO density (the weight percentage of DBCO in the
DBCO-functionalized heparin product) was determined to be
2.3 ± 0.1 wt % based on the UV absorption spectroscopy
(Supporting Information Figure S1).
Next, we formulated HP-NS by conjugating DBCO-heparin

onto N3-NS through a copper-free click chemistry reaction.
When DBCO-heparin input was increased from 0 to 15 mg/
mL, the heparin density on HP-NS increased but reached a
plateau at an input of 10 mg/mL (Figure 3D). Based on this
study, we selected three HP-NS formulations with low, middle,
and high heparin densities (denoted “HP-NS/L”, “HP-NS/M”,
and “HP-NS/H”, respectively). The heparin density of the
three formulations (the weight percentage of the conjugated
heparin compared to the total membrane protein weight) was
0.6, 3.8, and 6.8 wt %, respectively. Heparin conjugation had
little effect on the HP-NS hydrodynamic sizes (Figure 3E).
However, as the heparin content increased, the zeta potential
of the nanoparticles became less negative, likely due to the
increased contribution of the negative charge from the heparin
backbone. In addition, all three HP-NS formulations showed
excellent colloidal stability in water, 1× PBS, and 50% serum,
respectively (Figure 3F).
After formulating HP-NS, we then evaluated their binding

capability with SARS-CoV-2 S proteins. In the study, serial
dilutions of HP-NS were mixed with the S proteins
(recombinant S1 subunit). After the incubation, HP-NS were
removed with ultracentrifugation, and the unbound S protein
concentration in the supernatant was quantified. As shown in
Figure 4A, when the amounts of HP-NS increased, the
concentration of the unbound S protein decreased, suggesting
a dose-dependent S protein neutralization of all three HP-NS
formulations. At each HP-NS concentration, the amount of S
proteins removed correlated with the heparin density on the
HP-NS surfaces: the higher the heparin density was, the more
S proteins were bound and removed. Based on these
experimental results, we calculated the nanosponge concen-
trations needed to remove 50% of S proteins (denoted “IC50”)
under our experimental conditions (Figure 4B). We found that
the IC50 values of N3-NS, HP-NS/L, HP-NS/M, and HP-NS/
H were 2.69 ± 0.18, 1.60 ± 0.15, 0.80 ± 0.06, and 0.50 ± 0.02
mg/mL, respectively.

To verify that the enhanced S protein binding was indeed
due to the surface-conjugated heparin, we treated HP-NS
formulations (2 mg/mL) with heparinase that selectively
cleaved the heparin (Figure 4C). After the enzyme digestion,
the HP-NS were washed and collected by centrifugation. In the
binding test, the HP-NS without the enzyme treatment showed
S protein removal in correlation with their heparin density. In
contrast, for all HP-NS formulations with heparinase treat-
ment, S protein concentrations remained high and comparable
to the baseline. This experiment confirms the specific role
played by the conjugated heparin in binding and removing S
proteins. Cellular nanosponges made with THP-1 membranes
inhibited SARS-CoV-2 infection by neutralizing multiple
factors. For example, nanosponges absorb S proteins through
binding receptors such as ACE2 on the membrane.29 Other
receptors such as C type lectin domain family 10 (CLEC 10)
and CD147 on the cell membrane may also bind with S
proteins for removal.30 Meanwhile, the membrane also
contains various cytokine receptors such as CD120 for TNF-
α.18,31,32 To confirm that heparin conjugation will not impact
the binding capability of other cell membrane receptors on the
nanosponge surface, we tested nanosponge binding with
fluorescently labeled antibodies against proinflammatory
cytokine receptors. In the study, phycoerythrin (PE)-labeled
anti-CD130 (IL-6 receptor), anti-CD120a (TNF-α receptor),
and anti-CD119 (IFN-γ receptor) were incubated with HP-NS
or N3-NS. After the incubation, the nanosponges were
removed. Supernatants from all HP-NS formulations showed
fluorescence intensities comparable with that of N3-NS (Figure
4D and Supporting Information Figure S2). The results

Figure 4. Enhanced binding of SARS-CoV-2 S protein by HP-NS.
(A) Dose-dependent binding of various HP-NS formulations with
SARS-CoV-2 S proteins. The initial S protein concentration is 10 ng/
mL. (B) Corresponding binding IC50 values calculated from (A). (C)
S protein binding capacity of HP-NS with or without heparinase
treatment. The initial S protein concentration was 10 ng/mL. (D)
Comparison of cellular nanosponge binding with antibodies against
cell membrane surface receptors of three proinflammatory cytokines
(IL-6, TNF-α, and IFN-γ). Data presented as mean + s.d. (n = 3); n.s.:
not significant; ***p < 0.001; statistical analysis by one-way ANOVA.
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confirm that the heparin modification on the cellular
nanosponges had a negligible impact on their inherent
cytokine binding capabilities.
We next investigated the capability of HP-NS to inhibit

SARS-CoV-2 pseudovirus infectivity. In the study, human lung
epithelial cells were seeded in 96-well plates the day before the
experiment. Serial dilutions of N3-NS or HP-NS and
pseudotyped SARS-CoV-2 were added to the cell monolayers.
After 24 h of incubation, the virus-infected cells were
determined by the expression of genetically encoded green-
fluorescent reporters inside the host cells. As shown in Figure
5A, control cells without adding the viruses or the nano-

sponges showed no fluorescence. In contrast, cells added with
viruses but not nanosponges showed a strong green
fluorescence, confirming the viral entry and infection in the
epithelial cells. The fluorescence decreased obviously with the
addition of N3-NS or HP-NS, suggesting the inhibition of viral
infectivity by the cellular nanosponges. To quantify the
inhibition of the infectivity, we varied the concentration of
the nanosponges added to the cell culture and measured the
fluorescence intensity (Figure 5B). As the amounts of HP-NS
increased, the fluorescence intensity from the host cells
decreased, indicating a concentration-dependent inhibition
effect. The percent of SARS-CoV-2 infectivity was correlated
to the amounts of heparin on the HP-NS surfaces at all
concentrations: the higher the heparin density, the less the
SARS-CoV-2 infectivity. Based on these results, a half-maximal
inhibitory concentration (IC50) of HP-NS to inhibit SARS-
CoV-2 infectivity under our experimental conditions was

calculated (Figure 5C). The IC50 values of N3-NS, HP-NS/L,
HP-NS/M, and HP-NS/H were 193 ± 60, 43 ± 24, 17 ± 8,
and 6 ± 3 mg/mL, respectively.
Finally, we evaluated the effects of heparin modification on

nanosponge neutralization against live SARS-CoV-2 virus.
Herein, we selected HP-NS/H (HP-NS lead formulation) and
N3-NS (control group) to perform a plaque reduction
neutralization assay.18 In the study, we first amplified a low-
passage sample of SARS-CoV-2 in Vero E6 cells to make a
working stock of the virus. Then the Vero E6 cells were seeded
at 8 × 105 cells per well in six-well plates the day before the
experiment. In the experiment, serial half-log dilutions of the
nanosponges starting from 5 mg/mL were mixed with 200
plaque-forming units (PFU) of SARS-CoV-2. The mixture was
incubated at 37 °C for 1 h and then added to the cell
monolayers followed by another 1 h of incubation. Mock-
infected and diluent-only infected wells served as negative and
positive controls, respectively. Monolayers were overlaid and
incubated for 2 days followed by viral plaque enumeration.
Following the incubation, cultures without adding nanosponge
samples showed a viral count comparable to that in the
negative control, confirming viral entry and infection of the
host cells. As shown in Figure 6A, inhibition of the infectivity

increased as the concentration of N3-NS increased, suggesting
a dose-dependent neutralization of the live virus. Based on the
results, a half-maximal inhibitory concentration (IC50) value of
170 μg/mL for N3-NS was obtained. In parallel, a similar dose-
dependent inhibition of the viral infectivity was observed with
HP-NS/H (Figure 6B). In this case, an IC50 value of 0.0254
μg/mL was obtained. A significantly lower IC50 value of HP-
NS/H indicates a much higher potency than N3-NS,
confirming the effect of heparin modification on enhancing
SARS-CoV-2 inhibition.

■ CONCLUSIONS
In summary, we showed that increasing the surface heparin
density of cellular nanosponges promotes their binding
capability with SARS-CoV-2 S proteins and enhances the
potency of inhibiting viral infectivity. In our previous work,
both wild-type THP-1 cell nanosponges and lung epithelial cell
nanosponges inhibited SARS-CoV-2 infectivity with compara-
ble potency. In the current study, we opted for THP-1 cells
because their membranes were also able to neutralize various

Figure 5. Neutralization of SARS-CoV-2 pseudovirus infectivity by
HP-NS. (A) Representative fluorescence images of NL-20 cells
without or with HP-NS (25 μg/mL) under the infection of SARS-
CoV-2 pseudovirus (5 × 107 viral genes per well) for 24 h. Green
represents the fluorescent proteins in the nuclei (scale bars: 100 μm).
(B) Dose-dependent inhibition of SARS-CoV-2 infectivity by N3-NS,
HP-NS/L, HP-NS/M, and HP-NS/H. The cells with SARS-CoV-2
infection but without any treatment served as a control of 100%
infectivity. (C) Corresponding inhibition IC50 values calculated from
(B). Data presented as mean + s.d. (n = 3); n.s.: not significant; ***p
< 0.001; statistical analysis by one-way ANOVA.

Figure 6. Neutralization of live SARS-CoV-2 infectivity by HP-NS.
The neutralization against live SARS-CoV-2 infection by N3-NS (A)
and HP-NS/H (B) was tested on Vero E6 cells. The IC50 values for
N3-NS and HP-NS/H were determined to be 170 and 0.0254 μg/mL
(membrane protein concentration), respectively. In all data sets, n =
3. Data are presented as mean + standard deviation. Horizontal
dashed lines mark the zero levels. IC50 values were derived from the
variable slope model using Graphpad Prism 8.
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types of inflammatory cytokines, which would help suppress
immune disorders in viral infections.31,33 Heparin has been
shown to enhance S protein binding to ACE2, likely by
stabilizing ACE2 during the virus−cell interactions, increasing
the proportion of S proteins bound to ACE2, and increasing
the occupancy of individual S proteins.20 Surface modification
of cellular nanosponges brought heparin to the proximity of
ACE2, allowing the two moieties to cooperate and enhance
binding to the viruses. The effect is remarkable, as reflected by
over 3 orders of magnitude decrease of the IC50 value in live
SARS-CoV-2 virus studies.
Besides SARS-CoV-2, other viruses such as dengue-2 virus,34

Ebola virus,35 and Zika virus36 also bind with heparin or
heparin sulfate to initiate cell entry. The same glycoengineering
approach is also applicable to other glycans such as terminal-
linked sialic acid, known as the cellular receptors of viruses
such as influenza virus,37 Middle East respiratory syndrome
coronavirus (MERS-CoV),38 reovirus,39 and rotavirus.40

Therefore, increasing the density of these glycans is also
anticipated to enhance viral inhibition by the cellular
nanosponges. Previous studies using synthetic glycan nano-
particles showed that nanoparticle size and shape affect
interligand spacing and thus affect nanoparticle−virus binding
affinity.37 Nanosponges are expected to have similar properties.
Therefore, optimizing nanosponge size and shape can be a way
to modulate virus binding affinity toward neutralizing different
viruses. Specific for lung delivery, some other factors to
consider include the margination effect and lung deposition
efficiency of the nanosponges. Previous studies also showed the
in vivo capability of macrophage nanosponges (made with
mouse J774 macrophages) to target multiple organs, including
the lungs after intravenous or intraperitoneal injections.33

Membrane vesicles made from THP-1 macrophages were also
tested for inhalation to inhibit SARS-CoV-2 infection.31 Based
on these prior studies, we expect that different nanosponge
formulations can be developed for various administration
routes, including intravenous injection to neutralize plasma
virus and inhalation to target damaged organs such as the
lungs. Overall, combining the surface glycan engineering
technology with the cellular nanosponges antiviral technology
can create new opportunities for developing potent and broad-
spectrum antiviral therapeutics.
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Supporting Information

Experimental Section

Metabolic labeling of azido groups (N3) on macrophages (MΦ). THP-1 cells, a 

human monocytic leukemia cell line, were obtained from American Type Culture Collection 

(ATCC, TIB-202), and cultured in RPMI 1640 medium supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin-streptomycin (all from Thermo Fisher Scientific). The cells 

were maintained at 37°C with 5% CO2 in a humidity-controlled incubator. For metabolic 

labeling, the cells were seeded in T175 suspension flasks (Olympus Plastics) at a density of 

2×105 cells/mL, added with N-azidoacetylmannosamine-tetraacylated (Ac4ManNAz, 

Millipore-Sigma, final concentration 50 μM), and cultured for 72 h. After the culture, the 

cells were harvested by centrifugation at 800 ×g and washed three times with 1X PBS (pH = 

7.4). To determine the N3 level on the membrane, cells were incubated with 10 µM 

dibenzocyclooctyne-cyanine 3 (DBCO-Cy3, Millipore-Sigma, excitation = 540 nm, emission 

= 570 nm) for 1 h at 37oC. After the incubation, the cells were washed with 1X PBS three 
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times (centrifugation at 800 ×g) to remove the unreacted DBCO-Cy3. The cells were 

resuspended in 1X PBS at a concentration of 5×105 cells/mL. The fluorescence intensity of 

cell suspension was measured with a plate reader (TeCan Infinite M200). The average N3 

amount on each cell was calculated by comparing the fluorescence intensity of cell 

suspension with DBCO-Cy3 solutions with known concentrations. The cell viability was 

determined by using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium (MTS) assay (BioVision) following the manufacturer’s 

instruction. Cells without Ac4ManNAz treatment were used as the control group with 100% 

viability. Cells were stored at -80oC for subsequent use.

Cell membrane derivation. The MΦ membrane was harvested by following a 

previously published protocol.1 Briefly, frozen cells were thawed and washed with 1X PBS 

three times (centrifugation at 800 ×g). The cell pellet was resuspended in a hypotonic lysing 

buffer containing 30 mM Tris-HCl (pH = 7.5), 225 mM D-mannitol, 75 mM sucrose, 0.2 mM 

ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), and a protease 

and phosphatase inhibitor cocktail (all reagents from Millipore-Sigma). Cells were then 

disrupted using a Kinematica Polytron PT 10/35 probe homogenizer (at 70% power and 20 

passes). The homogenized solution was centrifuged at 20k ×g for 25 min at 4°C. The pellet 

was discarded, and the supernatant was centrifuged again at 100k ×g for 35 min at 4°C. The 

cell membranes were finally collected as the pellet and washed twice with 0.2 mM 

ethylenediaminetetraacetic acid (EDTA) in water. Membrane protein content was quantified 

by bicinchoninic acid (BCA) protein assay kit (Pierce, Thermo Fisher Scientific) and bovine 

serum albumin (BSA) as a standard reference. Approximately 1×108 THP-1 cells were able to 

yield 1 mg of membrane material (protein weight). The membrane was suspended in 0.2 mM 

EDTA at 4 mg/mL (protein concentration) and stored at -80°C for subsequent studies.

Preparation and characterization of azido-modified cellular nanodecoys (N3-NS). 

The cell membranes were coated onto polymeric cores by using a sonication method.1-2 

Briefly, to synthesize the polymeric cores, 1 mL poly(DL-lactic-co-glycolic acid) (50:50 

PLGA, 0.67 dl/g; Lactel Absorbable Polymers) in acetone (10 mg/mL) was added 

immediately into 2 mL water. The solution was placed below a vacuum aspirator until the 
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acetone evaporated completely. For coating, unmodified or N3-labeled THP-1 membranes 

were mixed with PLGA cores at a polymer-to-membrane protein weight ratio of 1:1. The 

mixture was then sonicated in a bath sonicator (Thermo Fisher Scientific) for 2 minutes, 

resulting in NS and N3-NS, respectively. To determine the membrane sidedness, N3-NS was 

incubated with 10 µM DBCO-Cy3 (excitation/emission = 540/570 nm) for 1 h at 37oC 

followed by centrifugation (20k ×g and 10 min) to pellet the nanoparticles. The pellet was 

washed with 1X PBS three times (centrifugation at 20k ×g) to remove the unreacted DBCO-

Cy3, and further resuspended in 1X PBS (1 mg/mL) to measure the fluorescence intensity by 

a plate reader (TeCan Infinite M200). The fluorescence generated from N3-NS was compared 

to that from equivalent number of azido-labeled cells. The hydrodynamic diameter and the 

surface zeta potential were measured with dynamic light scattering (DLS, Malvern ZEN 3600 

Zetasizer). To study the long-term colloidal stability, nanoparticle suspensions were adjusted 

to 1X PBS or 50% serum at a final protein concentration of 0.5 mg/mL. Samples were stored 

at 37°C, and the hydrodynamic diameter was measured daily for three days.

Synthesis of DBCO-modified heparin (DBCO-heparin). Heparin was conjugated 

with DBCO by following a previously published method.3 Briefly, 60 mg heparin sodium salt 

(Millipore-Sigma H3149, from porcine intestinal mucosa, average MW = 18 kDa) was 

dissolved in 1 mL 4-morpholineethanesulfonic acid (MES) buffer (50 mM, pH = 4.0), and the 

carboxylic acid groups were activated by adding 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC, 65 mg) and N-hydroxysuccinimide (NHS, 38.5 mg) for 30 

min. Then 0.55 mL DBCO-NH2 in dimethylsulfoxide (DMSO, 10 mg/mL, all reagents from 

Millipore-Sigma) were added dropwise into the solution with stirring. After 24 h of the 

reaction, DBCO-heparin product was purified with dialysis in Slide-A-Lyzer MINI dialysis 

cups (with a 10 kDa molecular weight cut-off, Thermo Fisher Scientific) against 4 L DI water 

(3 days, replace the water once every 12 h). After the dialysis, the solution was lyophilized, 

and DBCO-heparin was obtained as white powders (38 mg, 63 wt% of yield, defined as the 

percentage of DBCO-heparin to the initial heparin input). Conjugation of DBCO to heparin 

was confirmed by 1H NMR (Varian INOVA-500M, Varian Inc., Palo Alto, USA) with 

deuterium oxide (D2O, Millipore-Sigma) as the solvent. The amount of DBCO in the 
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conjugates was determined by comparing the absorbance of DBCO-heparin at 290 nm with a 

standard curve consisting of various DBCO-NH2 solutions with known concentrations. The 

conjugation and the purity of heparin-DBCO were also analyzed with a high-performance 

liquid chromatography (HPLC) system (Agilent 1220 Infinity II LC) using a C18 analytical 

column (Brownlee) and a mobile phase of acetonitrile in water starting at 5%(v/v) and 

ramping up to 40%(v/v) over 20 min. The flow rate was kept at 0.3 mL/min.

Preparation and characterization of heparin-modified cellular nanosponges (HP-

NS). The HP-NS were prepared by conjugating DBCO-heparin onto the N3-NS through a 

copper-free click chemistry reaction.3 Briefly, N3-NS suspensions (0.1 mL, 5 mg/mL in 1X 

PBS) were mixed with 0.1 mL of DBCO-heparin solutions in 1X PBS. The mixtures had a N3-

NS concentration of 2.5 mg/mL and DBCO-heparin concentrations of 0, 0.625, 1.25, 2.5, 5, 10, 

15 mg/mL. The mixtures were placed on a shaker. After 2 h of reaction, nanoparticles were 

collected by centrifugation (20k ×g, 10 min at 4°C). The heparin concentration in the 

supernatant was quantified by a toluidine blue O (TBO) assay. Briefly, 50 μL of the 

supernatant was pipetted into a 96-well plate, followed by adding 50 μL of freshly TBO 

solution (Thermo Fisher Scientific, 100 μg/mL in 1X PBS). The absorbance at 630 nm was 

measured within one minute. The HP concentration was determined by comparing the 

absorbance with a standard curve made from various HP solutions of known concentrations. 

The amount of heparin conjugated onto HP-NS was calculated by subtracting the heparin in the 

supernatant from the initial heparin input. The value was used to calculate the heparin density.

Quantification of HP-NS binding with SARS-CoV-2 spike proteins (S proteins). To 

study binding ability, recombinant SARS-CoV-2 spike protein S1 subunit (Sino Biological, 10 

ng/mL) with a polyhistidine (His) tag at the C-terminus was mixed with HP-NS. The 

nanoparticle concentrations in the mixture ranged from 0 to 8 mg/mL. The mixtures were 

incubated for 2 h at 37°C and then centrifuged at 20k ×g for 10 min to pellet the nanoparticles. 

The S protein concentration in the supernatant was quantified by detecting the His-tag of the 

protein with an enzyme-linked immunosorbent assay (ELISA, GenScript Biotech). To verify 

the binding specificity, 10 units of heparinase I (New England Biolabs) were mixed with 

nanoparticles (2 mg/mL) in a reaction buffer containing 50 mM NaCl, 1 mM dithiothreitol, 1 
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mM CaCl2, and 10 mM phosphate-citrate (pH = 6, all reagents from Millipore-Sigma). After 4 

h of digestion, the nanoparticles were tested for binding with the S proteins using the same 

procedure as described above. To investigate the effect of heparin on membrane receptor 

binding, cellular nanosponges were suspended in 1X PBS containing 1% BSA and added with 

phycoerythrin (PE)-labeled anti-CD119, anti-CD120a, or anti-CD130 (Biolegend). The 

volume of the mixture was 100 μL. The final concentration of the nanosponges was kept at 5 

mg/mL, and the concentration of the antibodies was 200 ng/mL. The mixtures were incubated 

for 30 min at 37°C. After the incubation, the nanosponges were spun down by using 

centrifugation (20k ×g, 10 min). The fluorescence of the remaining PE-labeled antibodies in 

the supernatant was measured (excitation/emission = 550/575 nm). Their concentrations and 

bound antibodies were determined based on standard curves of the free antibodies. 

Inhibition of SARS-CoV-2 pseudovirus infectivity. Human lung epithelial cells (NL-

20) were obtained from ATCC (CRL-2503) and cultured in Ham’s F-12 Medium (Invitrogen) 

supplemented with 4% FBS, 1% penicillin-streptomycin 0.1 mM nonessential amino acids, 

1.5 g/L sodium bicarbonate, 2.7 g/L glucose, 5 μg/mL insulin, 10 ng/mL human epidermal 

growth factor, 10 μg/mL human transferrin, and 0.5 μg/mL hydrocortisone (all reagents from 

Millipore-Sigma). For pseudovirus inhibition studies, the NL-20 cells were seeded in a 96-

well plate (Corning) at a density of 1.5×104 cells/well and maintained at 37°C with 5% CO2 

in a humidity-controlled incubator. After 24 h incubation, the culture media were replaced by 

100 μL free media with serial dilutions of HP-NS ranged from 0 to 200 μg/mL. Then 50 μL 

free media containing 2.5 μL 2×1010 viral genes (VG)/mL SARS-CoV-2 pseudovirus 

(Montana Molecular) and 0.6 μL sodium butyrate (500 mM, Millipore-Sigma) were added to 

each well of the NL-20 cells. The plate was rocked gently 5-10 times to ensure uniform 

transduction across each well. After an additional 24 h incubation, the intensity of genetically 

encoded mNeonGreen fluorescent protein in the nucleus was determined by a microplate 

reader (excitation/emission = 485/515 nm), and the live-cell imaging was performed using an 

EVOS inverted fluorescence microscope (Thermo Fisher Scientific). The percent inhibition 

of viral infectivity was calculated by comparing the fluorescence intensity of virus-only 

control wells with nanoparticles-treated wells at known concentrations. 
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Plaque reduction neutralization assay. Vero E6 cells (BEI resources, NIAID, NIH: 

VERO C1008 (E6), African green monkey kidney, Working Bank #NR-596) were 

maintained in humidified incubators at 37°C and 5% CO2 in Dulbecco’s modified Eagle 

medium (DMEM) with GlutaMAX and sodium pyruvate (Gibco) and 10% certified US-

origin heat-inactivated fetal bovine serum (HI-FBS; Gibco). Cells were seeded on the day 

before the experiment at a density of 8 × 105 cells per well in 6-well plates. SARS-CoV-2 

USA-WA1/2020 was propagated on Vero E6 cells in DMEM supplemented with GlutaMAX, 

sodium pyruvate, non-essential amino acids, Antibiotic-Antimycotic (Gibco), and 2% HI-

FBS. The supernatant was harvested at 62 h and clarified by centrifugation, then the 

concentration of HI-FBS was brought up to 10% final concentration prior to cryopreservation 

at -80°C. The final passage was VERO+3, Vero E6+2. All experiments with infectious 

SARS-CoV-2 virus were performed under biosafety level-4 (BSL-4) conditions at the 

National Emerging Infectious Diseases Laboratories (NEIDL).

On the day of assay initiation, nanosponges were vortexed for 10 seconds to resuspend 

and serially diluted by half-log in Dulbecco’s PBS (Gibco) in a Nunc DeepWell polypropylene 

plate (Thermo Scientific) and covered with a sterile, breathable sealing film (CELLTREAT 

Scientific Products) for transport to biocontainment. SARS-CoV-2 was diluted in DMEM with 

GlutaMAX and sodium pyruvate supplemented with Antibiotic-Antimycotic and 2% HI-FBS 

to target 100 plaque-forming units (PFU) per well, and an equal volume added to the diluted 

test articles in the DeepWell plate. Samples were gently mixed and incubated for 1 h at 37°C 

before plating on 6-well plates (200 μL in triplicate). Following 1 h incubation at 37°C with 

periodic rocking, a semi-solid overlay was added composed of a 1:1 mixture of 2× modified 

Eagle medium (Temin’s modification; Gibco) supplemented with 10% HI-FBS, 2× 

GlutaMAX, and 2× Antibiotic-Antimycotic mixed with 2.5% Avicel RC-591 (kindly provided 

by DuPont Nutrition & Health) prepared in distilled water (Gibco). Plates were incubated for 

two days at 37°C and 5% CO2 and fixed with 10% neutral buffered formalin (Richard-Allan 

Scientific) for removal from biocontainment, where they were stained with a solution of 0.2% 

Gentian Violet (Ricca Chemical Company) and 10% neutral buffered formalin, rinsed, and 

then plaques were enumerated. Percent neutralization was calculated from virus-only control 
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wells using the means of the triplicate wells. From these, the half-maximal inhibitory 

concentration values (IC50) were calculated in GraphPad Prism v.8.4.2 using a nonlinear 

regression from the log10 transformed concentrations. For these curves, the bottom was 

constrained to “constant equal to 0” and the top as “must be less than 100.”

Supplementary Figures

Figure S1. DBCO density on heparin backbone.

The DBCO density of the DBCO-heparin was determined by measuring the UV 

absorbance of DBCO-heparin and then calculated based on the standard curve of DBCO-

NH2. Briefly, the UV absorption spectroscopy of DBCO-NH2 at different concentrations (0-

125 μg/mL in 1X PBS) was first measured (Figure S1A). Then, the absorbance values at 290 

nm of these spectrums were used to make the standard curve of the DBCO group (Figure 

S1B). As a result, DBCO density (the weight percentage of DBCO in the DBCO-

functionalized heparin product) under our experimental conditions was determined as 2.3 ± 

0.1 wt% by comparing the absorbance of DBCO-heparin (3.4 mg/mL) with that of the 

DBCO-NH2 of known concentrations.

Figure S1. Determination of DBCO density of the DBCO-functionalized heparin products. 

(A) UV absorbance spectrums of DBCO-NH2 at different concentrations. (B) Detection of 

DBCO-NH2 density on the synthesized DBCO-heparin (3.4 mg/mL) based on the standard 

curve. Data presented as mean  s.d. (n = 3).
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Figure S2. Cellular nanosponge binding with cytokine receptor antibodies.

We investigated the binding of N3-NS or HP-NS with antibodies against membrane 

receptors. In the study, N3-NS or HP-NS nanoparticles (100 μL, 5 mg/mL) were incubated 

with phycoerythrin (PE)-labeled anti-CD130, anti-CD120a, or anti-CD119 (200 ng/mL, 

against IL-6, TNF-α, and IFN-γ, respectively) for 30 min at 37°C in 1X PBS containing 1% 

BSA. After the incubation, nanosponges were removed by centrifugation (20k ×g, 10 min). 

The fluorescence of remaining antibodies in the supernatant was measured (excitation = 550 

nm and emission = 575 nm). The antibody concentrations were calculated based on their 

standard curves. 

Figure S2. Cellular nanosponge binding with cytokine receptor antibodies. (A-C) The 

fluorescence spectra of PE-labeled anti-CD130 (A), anti-CD120a (B), and anti-CD119 (C) at 

different concentrations. (D-F) Antibody standard curves derived from their respective 

fluorescence spectra. The standard curves were used to derive antibody concentrations in the 

supernatant. In all studies, cellular nanosponge concentrations were kept at 5 mg/mL. 

Antibody initial concentration was 200 ng/mL. Data presented as mean ± s.d. (n = 3).
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