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ABSTRACT: Understanding the entry of severe acute respiratory syndrome-
coronavirus-2 (SARS-CoV-2) into host cells is crucial in the battle against COVID-
19. Using atomic force microscopy (AFM), we probed the interaction between the
virus’s spike protein and heparan sulfate (HS) as a potential attachment factor. Our
AFM studies revealed a moderate-affinity interaction between the spike protein and
HS on both model surfaces and living cells, highlighting HS’s role in early viral
attachment. Remarkably, we observed an interplay between HS and the host cell
receptor angiotensin-converting enzyme 2 (ACE2), with HS engagement resulting in
enhanced ACE2 binding and subsequent viral entry. Our research furthers our
understanding of SARS-CoV-2 infection mechanisms and reveals potential
interventions targeting viral entry. These insights are valuable as we navigate the
evolving landscape of viral threats and seek effective strategies to combat emerging infectious diseases.
KEYWORDS: SARS-CoV-2, heparin, ACE2, viral entry, atomic force microscopy

These past few years have illustrated the major threat that
viruses pose to human health and societies in general.

Indeed, the severe acute respiratory syndrome-coronavirus-2
(SARS-CoV-2) pandemic caused significant socioeconomic
damage as well as more than 6.9 million deaths and 770
million cases1 reported worldwide in August 2023. Even today,
new immunity-evading variants of SARS-CoV-2 are emerging.2

In addition, SARS-CoV-2 is the third member of the (β-)CoV
family to cause an outbreak of infection in human populations
in recent years. More than 8000 people have been infected by
SARS-CoV since 2003, with a case-fatality rate of ∼10%,3,4

while Middle East respiratory syndrome (MERS)-CoV has
infected more than 1700 people, with a case-fatality rate of
∼36%, since 2012. Thus, with the current SARS-CoV-2
pandemic still ongoing and the possible emergence of new
CoV or SARS-CoV-2 variants in the future, it is critical to
understand the molecular details underlying viral infection to
be able to combat it.

The outcome of a successful viral infection in a target cell
largely depends on the ability of the virus to establish early
interactions with host cell surface components.5 When landing
on a cellular surface, a virus encounters a wide variety of cell
membrane components that are all potentially keen to interact
with its surface proteins. One can distinguish entry receptors
from attachment factors whose engagement is unspecific and
rather weak, mainly allowing the concentration of viral particles
at the cellular surface and determining the viral lateral diffusion
to specific entry receptors.6 Although a consensus has been
reached on the central role of the angiotensin-converting

enzyme 2 (ACE2) receptor in SARS-CoV-2 infection,7−9 it is
becoming increasingly clear that it is not alone in the game and
is supported by other surface components.10−12 The SARS-
CoV-2 spike glycoprotein (S), particularly its S1 domain, is
showing growing versatility, offering numerous opportunities
to interact with specific molecules on the cell surface, notably,
certain glycans. After cell membrane binding, SARS-CoV-2 can
be internalized following two different pathways:13,14 either the
spike undergoes proteolytic activation mediated by the
transmembrane protease serine 2 (TMPRSS2) leading to the
release of a fusion peptide and membrane fusion, or the virion
is endocytosed and escapes the endosome thanks to other
proteases, notably from the cathepsin family.

In this study, we focused on heparan sulfate (HS), a highly
negatively charged linear polysaccharide,15 to determine
whether it could serve as an attachment factor for SARS-
CoV-2, facilitating the infection process or not. HS is part of
the glycocalyx, a dense meshwork of glycans and glycoconju-
gates surrounding the cell, that participates in several functions
such as cell membrane integrity, adhesion, and mechanosens-
ing.16−18 Because of its high degree of exposure to the cell
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surface and its spatial arrangement, many viruses (such as
influenza,19 herpes,20,21 etc.) have used it as their first foothold.

Recent data indicate that SARS-CoV-2 can interact with HS
through its S protein. The receptor-binding domain (RBD)
binds heparin with an affinity in the micromolar range, whereas
the full-length S protein has an affinity in the nanomolar range,
suggesting the presence of multiple binding sites.22 Heparin
binding, shown to have a nanomolar affinity for the RBD alone
in another study, could also promote subsequent ACE2
binding,23 possibly through a conformational change within
the RBD toward an open conformation as suggested by circular
dichroism spectroscopy.24 However, the same study also
demonstrated that heparin could prevent SARS-CoV-2
infection, which seems contradictory to the enhancement of
ACE2 binding.

Therefore, to better understand the role of HS in the
infection process of SARS-CoV-2 and to clarify the conflicting
data, we used force−distance (FD) curve-based atomic force
microscopy (AFM)25,26 to investigate the role of heparin in
SARS-CoV-2 binding and infection. First, we characterized the
bond strength and its kinetic parameters at the single-molecule

level (Figure 1. We showed on both model surfaces and living
cells that SARS-CoV-2 S1 binds to heparin with a moderate
affinity and observed an allosteric role in the formation of the
RBD−ACE2 complex. Then, infectivity assays using prop-
agation-incompetent G-deleted vesicular stomatitis virus
(VSV) trans-complemented with the SARS-CoV-2 spike
protein (VSV-SARS-CoV-2) confirmed the physiological
relevance of our findings.

■ S1 SPECIFICALLY ENGAGES HEPARIN WITH A
MODERATE AFFINITY ON MODEL SURFACES

Our initial investigation focused on examining the binding
properties of SARS-CoV-2 with heparin, a polysaccharide
closely related in structure to HS, at the single-molecule level
using FD curve-based AFM. To achieve this, we employed an
AFM tip functionalized with the S1 protein via a heterobifunc-
tional linker.25,26 This modified AFM tip was systematically
approached and retracted from a gold-coated surface, where
heparin had been immobilized. This immobilization was
facilitated through a three-layer setup that harnessed the
strong interaction between biotin and streptavidin (for detailed

Figure 1. Exploring the SARS-CoV-2−heparin interaction dynamics on model surfaces. (A) The interaction of S1 protein with heparin is probed
using FD curve-based AFM on model surfaces. (B) Representative retraction parts of FD curves recorded while probing the S1−heparin interaction
at different pulling speeds. (C) Box plot showing the binding probability measured by AFM for the S1−heparin interaction, the S1−heparin
interaction when free heparin is injected in the medium, and the S1−heparin interaction when the AFM tip is functionalized with only a PEG linker
(from left to right, respectively). One data point corresponds to the binding probability (BP) from one map acquired at a retraction speed of 1 μm/
s. The square in the box indicates the mean; the colored box indicates the 25th and 75th percentiles, and the whiskers indicate the highest and
lowest values. The line in the box indicates the median. N = 9 maps examined over three independent experiments. p values were calculated using
GraphPad Prism. A Wilcoxon test was performed for the effect of heparin injection, whereas the PEG tips were compared to the S1 tips with a
Mann−Whitney test: **p < 0.01; ****p < 0.0001. (D) Dynamic force spectroscopy (DFS) plot describing the S1−heparin interaction. The
distribution of rupture forces measured as a function of the LR (gray dots, each one corresponding to a force−LR couple extracted from an FD
curve; N = 2539 from six independent experiments) is presented. The average rupture force of the single interaction (black dots) is determined for
six distinct LR ranges and fitted with the Bell−Evans fit (straight black line), leading to the extraction of the kinetic off-rate (koff) and distance to
the transient state (xu) values. The same procedure was applied for double (green) and triple (red) interactions that are compared to the Williams−
Evans predictions (dashed lines). See also Figure S1. (E) Plot of the BP as a function of contact time for the S1−heparin interaction. Each point
represents the mean of three independent maps acquired at a retraction speed of 1 μm/s for each contact time, and the data are fitted using a least-
squares fit of monoexponential growth (black line). Panel A and the insets of panel C were created with Biorender.
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information, see Material and Methods in the Supporting
Information and Figure 1A). The purpose of these experiments
was to record FD curves, pixel by pixel, across a predefined
area of the sample.

FD curves were collected and then sorted on the basis of the
presence of a specific adhesion peak (i.e., following the worm-
like chain model27 for protein extension) in the retraction part
(Figure 1B), and we calculated the binding probability (BP) as
the ratio of specific adhesion events to the total number of
curves. A BP of ∼8% was measured between S1 and heparin,
suggesting that the two partners effectively bind. To confirm
the specificity of the interaction, we performed two
independent controls. We observed a significant reduction in
binding propensity, evidenced by a notable decrease in the
measured BP, under two distinct conditions: (1) when the S1
protein was probed in the presence of free heparin (25 μg/
mL) in the medium, a situation in which free heparin
molecules competed for binding sites with the S1 protein, and
(2) when a tip functionalized solely with the PEG linker was
employed (Figure 1C).

Next, we explored the free-energy landscape of the
interaction by extracting its kinetic off-rate (koff), distance to
the transient state (xu), and kinetic on-rate (kon). In the first
step, we performed dynamic force spectroscopy (DFS)
experiments to investigate the bond’s dissociation properties.

The Bell−Evans model28−30 states that the energy barrier is
dependent on the loading rate (LR), i.e., on how fast we pull
on the bond. We, therefore, collected rupture forces over a
wide range of LRs (by varying the retraction speed of the tip)
and plotted them in a so-called DFS plot (Figure 1D). Analysis
of the rupture force distribution for different LR ranges
allowed us to identify the different existing force populations
(Figure S1).31,32 The data corresponding to the single S1−
heparin binding (black dots in Figure 1D) were fitted with the
Bell−Evans model, leading to the extraction of a koff of 1.72 ±
1.13 s−1 and an xu of 0.40 ± 0.05 nm. On the basis of these
results, we drew the Williams−Evans prediction for uncorre-
lated bonds loaded in parallel and compared it with our
multivalent force populations. This analysis highlights that up
to three bonds are occurring simultaneously.

Next, we studied the rate of association of the S1−heparin
complex.31,33 In other words, we measured the binding
probability as a function of the contact time between the tip
and the sample (Figure 1E). The data were fitted with a
monoexponential fit to extract the interaction time, assuming
pseudo-first-order kinetics. Approximating that the interaction
can take place in a volume corresponding to a half-sphere
whose radius encompasses the PEG linker, the S1 protein, and
heparin, we calculated a kon of (2.09 ± 0.2) × 105 M−1 s−1.
Finally, putting these results together, we calculated an affinity

Figure 2. Probing S1−HS interaction on living cells. (A) The interaction of S1 protein with heparin is probed using FD curve-based AFM on a co-
culture of HS-expressing (CHO-K1) and non-HS-expressing (CHO-A745) living cells. (B) Overlay of GFP and DIC images of a co-culture of
CHO-A745 and fluorescently labeled CHO-K1 cells. The inset shows the area imaged. (C) Height and (D) corresponding adhesion images were
recorded using FD curve-based AFM. (E) Box plot showing the binding probability measured by AFM for the S1−CHO-K1 interaction (N= 8),
the S1−CHO-A745 interaction (N = 8), the S1−CHO-K1 interaction when free heparin is injected into the medium (N = 6), and the S1−CHO-
A745 interaction when free heparin is injected into the medium (N = 6) (from left to right, respectively). One data point belongs to the BP from
one map. Three independent experiments were performed. The square in the box indicates the mean; the colored box indicates the 25th and 75th
percentiles, and the whiskers indicate the highest and lowest values. The line in the box indicates the median. p values were calculated using
GraphPad Prism. An unpaired t test was performed to compare the CHO-K1 cells to CHO-A745 cells. Paired t tests were performed to evaluate the
effect of heparin addition: ns = nonsignificant; ***p < 0.001; ****p < 0.0001. (F) Representative retraction parts of force−distance curves
recorded while probing the living cells. (G) DFS plot showing the distribution of the rupture forces measured between the S1 subunit and heparin
on model surfaces (black dots, extracted from Figure 1D) and between the S1 subunit and HS-expressing CHO-K1 cells (green dots) (N = 242).
The error bar indicates the standard deviation of the mean value. (H) Histograms of force distribution corresponding to the data presented in panel
G. Panel A was created with BioRender.
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constant KD of 8.23 ± 6.2 μM by calculating the ratio of the
kinetic constants.

■ THE INTERACTION IS PHYSIOLOGICALLY
RELEVANT

Our initial findings were subsequently corroborated through
experiments conducted on living cells, which offer a more
physiologically relevant context by presenting a diverse array of
surface molecules to which SARS-CoV-2 can bind. The study
involved a co-culture system comprising CHO-K1 (WT) and
CHO-A745 (HS non-expressing mutant, utilized as a direct
internal control) cell lines (Figure 2A). These cells were
maintained alive under physiological conditions (37 °C,
humidified air complemented with 5% CO2) during the
whole experiment. Using fluorescence signals, CHO-K1 cells
expressing the green fluorescence protein (GFP) were
distinctly identified as green. An imaging approach was
adopted to capture an area encompassing both cell lines,
facilitating a direct comparison of their respective binding
properties (Figure 2B−D and Figure S2), probed using a S1-
functionalized tip.

The results obtained from our experiments reveal a
significantly higher binding affinity for WT cells than for
mutant cells (Figure 2E). Intriguingly, we observed that the
binding level on WT cells could be significantly reduced to a
degree comparable to that observed for the mutant cells by
introducing free heparin (0.5 mg/mL) into the medium, as
depicted in Figure 2E. Conversely, no discernible effect on the
mutant cell line was observed under the same conditions.

In addition, we performed a full analysis of the FD curves
(Figure 2F−H). This examination revealed a remarkable
alignment on the DFS plot between the force recorded on the
CHO-K1 cells (green circles) and the data previously acquired
on the model surfaces (gray circles). This agreement is further
validated by the force histogram (Figure 2H), which highlights
the presence of local maxima that correspond closely to the
distribution observed on model surfaces. The remarkable
agreement between these two data sets underscores the specific
nature of the heparin−SARS-CoV-2 interaction during the
probing of CHO-K1 cells. Moreover, it implies that the
kinetics governing this interaction on model surfaces closely
mimic those observed in a cellular context. Together, these
findings substantiate our assertion that our investigations
indeed target a specific heparin−SARS-CoV-2 interaction on
WT cells and this interaction on model surfaces faithfully
reproduces the dynamic behavior witnessed within a cellular
environment.

■ HEPARIN PROMOTES ACE2 BINDING
With the establishment and characterization of the S1−heparin
interaction, an intriguing question arises concerning its
potential role in the infection process. Existing reports23,24

have indicated that ACE2 binding by the RBD is facilitated
when it adopts an open conformation. It is plausible that
heparin could act as a promoter, inducing the transition from
the closed to the open conformation and thus influencing the
infection dynamics.

We systematically investigated this phenomenon by utilizing
our FD curve-based AFM approach. To examine the influence

Figure 3. Monitoring the effect of heparin on the S−ACE2 interaction. (A) Effect of heparin on the S−ACE2 interaction probed using FD curve-
based AFM. (B) Representative retraction parts of FD curves recorded at a pulling speed of 1 μm/s while probing the S−ACE2 interaction before
and after heparin injection. (C) Overlay of the force distribution histograms before (light orange) and after (light blue) heparin injection for a
single retraction speed (N = 279 and 219 before and after heparin injection, respectively, from four different independent experiments). See also
Figure S3. Force distribution histograms (D) before and (E) after heparin injection. The curves represent Gaussian fits that enable the
identification of different force populations. The hatched areas correspond to multivalent forces. (F) Box plot showing the occurrence of
monovalent and multivalent interactions before and after the injection of heparin. One data point represents the relative area measured at one
pulling speed. Three independent experiments were performed for each of the seven speeds. The square in the box indicates the mean; the colored
box indicates the 25th and 75th percentiles, and the whiskers indicate the highest and lowest values. The line in the box indicates the median. p
values were calculated using paired t tests on GraphPad Prism: **p < 0.01. Panel A was created with Biorender.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c03550
Nano Lett. 2023, 23, 11678−11684

11681

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03550/suppl_file/nl3c03550_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03550?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03550?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03550?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03550/suppl_file/nl3c03550_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03550?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c03550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of heparin, we employed an ACE2 model surface and probed it
by using an S trimer-functionalized AFM tip. These experi-
ments were conducted both before and after the introduction
of 0.5 mg/mL free heparin into the medium (Figure 3A).
Utilizing the full S trimer allowed us to better evaluate the
potential multivalency of the interaction and enabled us to
observe conformational transitions within the S trimer.
Notably, both scenarios (before and after heparin injection)
exhibited similar FD curve profiles (Figure 3B).

Subsequently, we plotted the force distributions for various
pulling speeds and observed an increase in higher force values
following heparin injection (depicted in blue with an example
for one pulling speed presented in Figure 3C; full data available
in Figure S3). By employing Gaussian analysis of the
histograms (Figure 3D,E), we noted that different force
populations clustered around similar force values. However,
heparin injection promoted multivalent interactions, as
indicated by the hatched areas in the histograms (Figure
3E). The triple bond interactions were exclusively detectable
post-injection (Figure 3E). We quantified this shift for all
pulling speeds by calculating the respective peak areas and
deduced a significant reduction in the number of monovalent
interactions in favor of multivalent interactions, as presented in
Figure 3F.

■ HEPARIN INCREASES INFECTIVITY
Following the observation that heparin induces a stronger
multivalent interaction with the ACE2 host receptors (Figure
3F), we sought to explore the implications of these enhanced
binding properties for the infectivity of SARS-CoV-2. To
investigate this, we conducted infectivity assays under
controlled biosafety conditions, involving A549 lung carcinoma
cells expressing ACE2 and TMPRSS2 (A549 ACE2
TMPRSS2). These cells were incubated with VSV-SARS-
CoV-2, which encodes a GFP reporter protein. First, we
confirmed the involvement of heparin in SARS-CoV-2
infection by subjecting cells to heparinase treatment, resulting
in the removal of HS from the cell surface. This treatment
correlated with a significant reduction of 26.4 ± 11.4% (N = 3)
in infectivity when compared to that of the positive control
(CT+), which did not undergo heparinase treatment (Figure
4). Next, we explored the impact of heparin on ACE2 binding
by preincubating VSV-SARS-CoV-2 with varying concentra-
tions of free heparin, ranging from 0.075 to 1 mg/mL. This
concentration range encompassed 0.5 mg/mL used in our
AFM experiments. Subsequently, we injected the mixture onto
A549 ACE2 TMPRSS2 cells. Our findings, as illustrated in
Figure 4, indicate a dose-dependent effect of heparin on
infection efficiency. The highest concentration (1 mg/mL)
significantly increased VSV-SARS-CoV-2 infectivity by 31.6 ±
16.7% (N = 3). In contrast, the lowest concentration (0.075
mg/mL) of heparin resulted in a slight decrease in infectivity
efficiency, with a 25.3 ± 16.1% (N = 3) reduction. Taken
together, these results support the hypothesis that heparin, by
enhancing binding to ACE2, plays a role in cell infectivity.

HS has been shown in the past to be used by many other
viruses17,34 (including herpes simplex virus35 and dengue
virus36) as an attachment factor for viral infection, meaning
that its engagement usually serves as a first (relatively)
nonspecific point of anchorage without actively triggering
infection.37 This presupposed role of an attachment factor is
usually associated with a moderate-affinity interaction, as the
virus must be able to move on the cellular surface to search for

its specific entry receptor (ACE2 in the case of SARS-CoV-2).
Here, our single-molecule approach yielded a micromolar
affinity, thus in line with the previous statement, but in
contradiction to other ensemble studies.22,23 However, the
latter tend to underestimate the kinetic off-rate due to
rebinding and multivalence,38,39 which could explain the
discrepancy observed in the results, especially as complete
viruses and large polymeric molecules like heparin favor
multiplicity.

We subsequently delved into the potential interaction
between HS and ACE2 binding, as prior research established
that SARS-CoV-2 engagement with HS triggers a conforma-
tional change in the RBD, shifting it toward an open
conformation that promotes subsequent ACE2 binding.23,24

Our study unveiled a significant enhancement in ACE2
binding when HS is present, as evidenced by the observation
of larger binding forces. In terms of mechanisms, our
investigation revealed that this enhancement correlates with
an increase in the frequency of multivalent interactions, which
collectively reinforce the overall binding strength.

This intricate interplay, suggesting a pivotal role at the
intersection of a specific receptor (ACE2) and an attachment
factor (HS), is a phenomenon that has not been extensively
documented in previous research. A notable parallel can be
drawn to the sialic acid−junctional adhesion molecule-A
(JAM-A) interaction observed in reovirus,40,41 further
emphasizing the significance of such multifaceted interactions
in viral infection dynamics

Remarkably, we discovered a positive correlation between
stronger binding and infectivity, as the presence of heparin

Figure 4. Infectivity assay with heparinase or heparin injection. On
the left of the bar chart is shown the effect of heparinase incubation
with A549 ACE2 TMPRSS2 cells before VSV-SARS-CoV-2 infection.
On the right is shown the effect of incubation of VSV-SARS-CoV-2
and depleting concentrations (1, 0.5, 0.25, 0.125, and 0.075 mg/mL)
of free heparin on the subsequent infection of A549 ACE2 TMPRSS2
cells. Positive control cells served as the 100% reference for both
assays. The values presented are the result of three biological
replicates. Each condition usually had six technical replicates, and the
positive controls had 12 technical replicates. Outliers were treated
with the Grubbs method. A single data point corresponds to one
technical replicate, i.e., the fluorescent signal of one well. Overall data
point numbers per condition range from 12 to 34. p values were
calculated using GraphPad Prism. An unpaired t test was performed to
assess the impact of heparinase. A one-way analysis of variance and
Dunnett’s multiple-comparison test were performed to evaluate the
effect of heparin addition: ns = nonsignificant; *p < 0.05; **p < 0.01.
Errors bars represent the standard error of the mean.
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(>0.5 mg/mL) significantly boosts the infectivity of VSV-
SARS-CoV-2. These findings stand in contrast to previous
research,23,24,42 which suggests that despite its physiological
function, heparin can inhibit SARS-CoV-2 infection. A notable
distinction we observed is that the majority of these studies
utilized cell lines lacking the expression of TMPRSS2, namely,
Vero E6,13 H1299,43 and A54913 cell lines. It is worth recalling
that TMPRSS2, positioned on the cell membrane, plays a
fundamental role in determining the entry pathway of SARS-
CoV-2. When TMPRSS2 is present, it cleaves the spike protein
after ACE2 binding, thereby exposing the hydrophobic fusion
peptide responsible for initiating direct membrane fusion. If
not, SARS-CoV-2 virions remain anchored to the cell
membrane until endocytosis takes place, and they eventually
escape the endosome thanks to the activity of other
intracellular proteases, notably cathepsin L.13,14 Therefore,
the role of HS in the infectivity of SARS-CoV-2 could depend
on the presence and activity of TMPRSS2. It could also
depend on the SARS-CoV-2 variants, as it has been shown that
the latest omicron variant tends to use multiple entry routes
compared to the WT virus.43,44

In light of heparin’s interaction with ACE2 causing a
potential increase in infectivity, a crucial question about its
therapeutic potential as a blocking agent remains. It should be
noted that heparin possesses valuable anticoagulant properties,
making it an optimal candidate for improving the circulatory
system and reducing the incidence of venous thromboembo-
lism in critically ill patients with COVID-19. Endogenous
plasma heparin levels in humans range from 1 to 2.4 mg/L,45

and doses of ≤2 mg/kg46 were administered to COVID-19
patients. These levels remain within the range of the low
concentration that we tested, for which we did not observe an
increase in infectivity. However, at the cell surface of our
epithelial cells, the local concentration of heparan sulfate could
be significantly higher, potentially playing a pivotal role in
initiating virus activation during the initial binding stages.47−49

Overall, our findings highlight the need for a broader
understanding of attachment factors in the viral invasion
dynamics. While we illuminate how the role of a single
attachment factor can substantially affect infection, information
about how multiple attachment factors collectively impact the
latter is still lacking. Larger studies are needed to fully decipher
the intricacies of viral ingress.
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