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ABSTRACT: The function of biological nanoparticles, such as membrane-enveloped
viral particles, is often enhanced when the particles form higher-order supramolecular
assemblies. While there is intense interest in developing biomimetic platforms that
recapitulate these collective properties, existing platforms are limited to mimicking
individual virus particles. Here, we present a micropatterning strategy to print linker
molecules selectively onto bioinert surfaces, thereby enabling controlled tethering of
biomimetic viral particle clusters across defined geometric patterns. By controlling the
linker concentration, it is possible to tune the density of tethered particles within
clusters while enhancing the signal intensity of encapsulated fluorescent markers.
Time-resolved tracking of pore formation and membrane lysis revealed that an
antiviral peptide can disturb clusters of the membrane-enclosed particles akin to the
targeting of individual viral particles. This platform is broadly useful for evaluating the
performance of membrane-active antiviral drug candidates, whereas the micro-
patterning strategy can be applied to a wide range of biological nanoparticles and other macromolecular entities.
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■ INTRODUCTION

The development of highly parallel, surface-based experimental
platforms to investigate nanoscopic liposomes and other
biological nanoparticles such as exosomes and viruses has
opened the door to understanding a wide range of membrane-
related chemical reactions,1,2 enzymatic processes,3 and
biophysical activities.4 One particularly useful measurement
platform involves the site-specific tethering of well-separated
liposomes for real-time monitoring of biomacromolecular
interaction processes via fluorescence5 or scattering6,7

microscopy techniques. These tethering strategies mimic
those used for selective molecular capture surfaces using
chemically functionalized surfaces.8−12 Likewise, the liposomes
are synthetic, spherical lipid bilayer nanoparticles that mimic
the architecture of complex biological nanoparticles such as
membrane-enveloped viruses while providing a well-controlled
platform to investigate dynamic membrane interactions.
Importantly, each individual liposome can be studied in
parallel, which overcomes challenges with ensemble averaging
and enables insights with high statistical significance.13,14

Using a two-fluorophore system to simultaneously track
membrane permeation and lysis, time-lapsed fluorescence
microscopy experiments revealed that membrane curvature
beyond a certain threshold triggers the formation of pores in
individual, enveloped virus-mimicking liposomes by an
amphipathic, α-helical (AH) peptide.15 Following similar
experimental approaches, it was later discovered that the
membrane curvature sensing exhibited by this AH peptide is
rather unique compared to that of other antiviral peptides16

and peptide engineering could further modulate the degree of
membrane curvature sensing.17 Furthermore, the AH peptide
has been shown to exhibit similar membrane-disruptive
behavior against zwitterionic, positively charged, and negatively
charged liposomes.18 Importantly, the biophysical findings
obtained with virus-mimicking model liposomes were trans-
lated into a novel therapeutic strategy called lipid envelope
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antiviral disruption (LEAD), whereby an engineered AH
peptide was demonstrated to inhibit viral particles in vivo.17

There is intense interest in understanding how biological
nanoparticles, such as viruses, form cooperative assemblies
with heightened functionalities.19 One of the most important
examples concerns cellular infection by viral particles.
Oftentimes, individual viral particles have relatively low
infection efficiencies, whereas clusters of viral particles can
display greater infectivity levels.20,21 Interestingly, this
cooperative activity has evolved independently across multiple
viral families.22 Cooperative assemblies (termed “clusters”
here) can consist of aggregates of viral particles alone23 or
enclosed within vesicular bodies.24,25 Other evidence also
points to the importance of viral particle clusters, such as the
observation that amyloid fibrils can enhance sexual trans-
mission of numerous viruses by inducing aggregation of viral
particles.26 Indeed, it has long been recognized that it is
difficult to neutralize clusters of viral particles27 and clusters
can also exhibit high environmental stability.28 Altogether,
these findings underscore the importance of developing
therapeutic strategies aimed at targeting clustered viral
particles.
To date, however, existing measurement platforms have

focused on tethering individual liposomes in nonclustered
formats, whereas the nonspecific adsorption of liposomes in
close-packed adlayers is limited to ensemble-averaged read-
outs. The development of a measurement platform that mimics
the architectural configuration of clustered viral particles, i.e.,
collections of nanoscopic, membrane-enclosed objects in
grouped arrays, enables cluster-by-cluster measurement anal-
ysis and would greatly facilitate mechanistic understanding of
how the LEAD strategy can be deployed against viral clusters
and other aggregates of biological nanoparticles (Figure 1).

■ MATERIALS AND METHODS
Reagents. Lipids were obtained from Avanti Polar Lipids

(Alabaster, AL), which were received in either chloroform solution

or powder form. Lipids included 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[biotinyl(polyethylene glycol)-2000] (ammonium salt) (DSPE-
PEG(2000)biotin), and 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (Rh-
PE). The Rh-PE lipid is a fluorescently labeled lipid, whereby the
lissamine rhodamine B sulfonyl probe is covalently conjugated to the
phosphoethanolamine headgroup. All reagents were mixed in
chloroform to the desired molar ratio as part of the liposome
preparation, as described below. An amphipathic, α-helical (AH)
peptide (SGSWLRDVWDWICTVLTDFKTWLQSKL-NH2) was
synthesized by and obtained from AnaSpec Corporation (Fremont,
CA). The lyophilized peptide was first solubilized in 4% dimethyl
sulfoxide (DMSO > 99.9%) and then diluted with deionized water to
prepare a stock solution (2 mg/mL). Molar concentrations were
measured by standard absorbance measurements at 280 nm.29 The
buffer used in all experiments was 10 mM Tris buffer with 150 mM
NaCl (pH 7.5). Buffers and solutions were prepared with Milli-Q-
treated water (MilliporeSigma, Burlington, MA).

Liposome Preparation. Small unilamellar liposomes were
prepared by an extrusion method, as previously described.30 The
lipid composition was 99.2 mol % DOPC, 0.7 mol %, Rh-PE, and
0.1 mol % DSPE-PEG(2000)biotin. Briefly, lipids dissolved in
chloroform were first dried under a gentle stream of nitrogen air at
room temperature and then stored under vacuum overnight to
remove residual chloroform. The dried lipids were hydrated in a
buffer solution containing 14.3 mM calcein, followed by seven cycles
of freeze−thaw treatment to increase the encapsulation efficiency and
unilamellarity. Then, the lipid suspension was passed through 50 nm
diameter pore, track-etched polycarbonate membranes a total of 21
times by a MiniExtruder (Avanti Polar Lipids). Liposome suspensions
were diluted immediately before experiment to 0.2 mg/mL, and free
calcein was removed by a Sephadex G-25 gel filtration column (GE
Healthcare Life Sciences, Pittsburgh, PA). After liposome preparation,
the size distribution of extruded liposomes was obtained by dynamic
light scattering with a ZetaPals particle size analyzer (Brookhaven
Instruments, Holtsville, NY).

PDMS Stamp Fabrication. A SiO2 film (500 nm) was thermally
grown on a Si(100) wafer. Conventional photography was performed
to generate a pattern of a 2D array of squares (2 μm in length and
3.5 μm pitch) on the photoresist coated on the SiO2/Si(100) wafer.
After that, the exposed SiO2 was selectively etched by reactive ion
etching (Oxford 80 Plus) using a gas mixture of CHF3 (25 sccm) and
Ar (25 sccm) at 35 mTorr. Next, the exposed Si(100) was
anisotropically etched in a mixture of 4:1 KOH (30%) and
isopropanol at 75 °C to generate a 2D array of recessed pyramidal
structures. After removing the remaining SiO2 and photoresists in a
25% HF solution for 5 min, Si masters with recessed pyramidal
structures were obtained. Next, the Sylgard 184 elastomer silicone
elastomer base and a curing agent (in a mass ratio of 10:1) were well
mixed, degassed, poured onto the Si masters, and cured at 65 °C
overnight. After curing, poly(dimethylsiloxane) stamps carrying a 2D
array of pyramidal structures were formed and then they were
carefully peeled off from the Si master.

Microcontact Printing (μCP). Glass microscope coverslips and
poly(dimethylsiloxane) (PDMS) stamps were cleaned by 1 wt %
sodium dodecyl sulfate (SDS), deionized water, and ethanol in
sequence, followed by 30 s of oxygen plasma treatment (Harrick
Plasma, Ithaca, NY) to render the surface hydrophilic and remove
residual organic contaminants. Then, the glass substrate was coated
with poly(L-lysine)-grafted poly(ethylene glycol)-biotin (PLL-g-PEG-
biotin 50%, SuSoS AG, Dübendorf, Switzerland, 41.7 μg/mL diluted
in buffer solution). The stamp was immersed with a few drops (15−
20 μL) of stamping solution (ink containing defined neutravidin
protein concentrations) for 5 min. Then, the stamp was dried by inert
nitrogen gas and placed in contact with the coverslip for a few seconds
to transfer neutravidin onto the biotinylated glass surface. Of note, the
time interval between drying the ink on the stamp and ink printing
was kept as short as possible because the transfer success decreases
significantly after 1 min of drying.31 Then, a sticky-slide VI0.4 (ibidi

Figure 1. Schematic illustration of the experimental strategy.
Micropatterned viral membrane clusters mimic the architecture of
viral particle clusters, which often display heightened functionality
compared to that of individual particles. The clusters consist of
enveloped virus-mimicking liposomes akin to viral particle aggregates.
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GmbH, Martinsried, Germany) was attached onto the stamped
coverslip to form a microfluidic chamber. Then, each chamber was
washed with more than 2 mL of buffer prior to 5 min incubation with
0.025 μg/mL biotinylated liposomes. As for the control experiments
with nonpatterned samples, all procedures were the same, except
neutravidin was incubated directly in the microfluidic chamber for
20 min.
Epifluorescence Microscopy. Imaging experiments were con-

ducted using a Nikon Eclipse Ti-E inverted microscope with a 60×
oil-immersion objective (NA 1.49). The excitation source was a
C-HGFIE Intensilight mercury fiber illuminator (Nikon, Tokyo,
Japan), and the light was passed through an alternating dichroic filter
block (Ex 480/40, Em 535/50) or (Ex 545/30, Em 605/70) for
imaging in the FITC and TRITC channels, respectively. An Andor
iXon3 897 EMCCD camera was used to obtain the images at the rate
of 1 frame per 24 s in four neighboring spots, respectively, to
minimize thermal drift and loss of focus. The experimental substrate
was enclosed within a microfluidic chamber, and the liquid sample
was introduced at a flow rate of 100 μL/min, as controlled by a
peristaltic pump (model no. ISM833C, Ismatec, Wertheim,
Germany).

■ RESULTS AND DISCUSSION

We begin by reconfiguring the tethered liposome platform to
accommodate clusters of virus-mimetic liposomes in organized
arrangements. Conventionally, tethered liposomes contain a
small fraction of biotinylated lipid and are attached to biotin
moieties on a PLL-g-PEG/PLL-g-PEG-biotin-functionalized32

glass surface via neutravidin coupling (Figure 2A). In this case,
a bulk solution of neutravidin is first incubated with the

functionalized surface, and neutravidin molecules bind
universally across the surface to biotin moieties, and then the
biotinylated liposomes are added for subsequent coupling in a
sandwich configuration. Individual liposomes can be identified
by epifluorescence microscopy, whereby water-soluble calcein
molecules (green fluorescence) are encapsulated within the
liposomal interior and rhodamine-labeled phospholipids (red
fluorescence) form part of the liposomal bilayer (Figure 2B).
Hence, drops in the calcein and rhodamine signals can indicate
membrane permeation and lysis, respectively.
We extend these basic sensing principles to develop a

hierarchically assembled cluster platform by employing micro-
contact printing (μCP).31,33 The strategy is based on
fabricating a poly(dimethylsiloxane) (PDMS) stamp with
precisely fabricated relief structures that define a printing
pattern (Figure 2C). The PDMS stamp was rendered
hydrophilic by oxygen plasma treatment and coated with a
neutravidin “ink” that can be printed onto target surfaces in
patterns defined by the relief features on the stamp. Atomic
force microscopy measurements indicate that the PDMS stamp
consists of equidistantly spaced, pyramidal tips with heights
and widths of 0.9 and 2 μm, respectively, and a separation
distance of 1.5 μm between nearest-neighbor edges, as defined
lithographically into the master from which the stamp was
produced (Figure 2D,E). These geometrical dimensions are
suitable for robust printing, as demonstrated by the controlled
printing of fluorescently labeled neutravidin on a bare glass
surface (Figure 2F).

Figure 2. Design of the viral membrane cluster platform. (A) Schematic illustration of tethering individual liposomes. (B) Fluorescence microscope
images of individually tethered liposomes (∼100 nm diameter), as indicated by calcein and rhodamine signals. (C) Schematic illustration
describing microcontact printing (μCP) for location-specific patterning of neutravidin protein molecules. (D) Atomic force microscope (AFM)
image of a poly(dimethylsiloxane) (PDMS) stamp with a pyramidal stamp pattern. (E) Height profile from the AFM scan corresponding to the
PDMS stamp shown in (D). (F) Fluorescence microscope images of FITC-labeled neutravidin on a bare glass substrate. (G) Schematic illustration
describing the μCP strategy to form micropatterned viral membrane clusters. (H) Fluorescence microscope images of patterned liposomes on a
PLL-g-PEG/PLL-g-PEG-biotin functionalized glass surface, as indicated by calcein and rhodamine signals. All scale bars are 10 μm.
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Using unlabeled neutravidin (10 μg/mL), the μCP strategy
was next applied to a PLL-g-PEG/PLL-g-PEG-biotin-function-
alized glass surface (Figure 2G). The functionalized glass
surface was treated with the neutravidin-coated PDMS stamp
to immobilize neutravidin molecules selectively, in the target
regions only. Each contacting substrate was well hydrated to
ensure effective transfer of neutravidin molecules from a
nonspecific adsorbed state on the PDMS stamp to being
captured by biotin moieties on the functionalized glass surface.
Whereas μCP methods typically involve physical deposition or
prefunctionalization,34 the selective transfer of neutravidin in
our case is more elaborate because the protein molecules are
being transferred to a nominally bioinert surface and the
specific attachment is mediated by biotin moieties, with the
latter functionalization occuring after deposition. This
distinction is important because our approach enables the
subsequent attachment of high densities of fluorescently
labeled liposomes in neutravidin-printed regions, whereas
other surrounding regions are devoid of liposomes, as
confirmed by epifluorescence microscopy (Figure 2H). Both
the rhodamine and calcein signals indicate that the tethered
liposomes faithfully mimic the chemical pattern, pointing to
the successful formation of a measurement platform compris-
ing clusters of virus-mimetic liposomes. Compared with the
nonpatterned platform, the μCP strategy also overcomes the
incubation time and reagent concentration requirements of
diffusion-limited attachment schemes, thereby enabling
efficient transfer with minimal reagents in a small volume.
We next systematically investigated how varying the amount

of bound neutravidin can influence the formation of virus-
mimetic clusters, as presented in Figure 3. The experiments
were conducted in comparative fashion across the micro-
patterned cluster and conventional, nonpatterned platforms;
liposomes of ∼62 nm diameter were detected by the calcein
and rhodamine signals (Figure S1). The reported neutravidin
concentrations correspond to the bulk protein concentration
that was used during the appropriate platform fabrication step.
In the absence of neutravidin, there was negligible liposome
immobilization on either platform, consistent with the
nonfouling characteristics of the PLL-g-PEG/PLL-g-PEG-
biotin layer.
With 0.1 μg/mL neutravidin, trace liposomes were

immobilized on the nonpatterned platform, whereas some
clusters were formed on the micropatterned platform. Notably,
the clusters exhibited wide variances in fluorescence intensities
and were irregularly distributed across the surface. With 1 μg/
mL neutravidin, there were greater densities of immobilized
liposomes on the nonpatterned platform, although appreciably
more liposomes were detected within the same field of view by
the rhodamine signal than the calcein signal. We attribute this
difference to the small liposome size and the resulting low
amount of encapsulated calcein molecules.35 Likewise, clusters
on the micropatterned platform began to assume more
uniform characteristics, as indicated by the correlation of the
cluster location with the designed chemical pattern. However,
there were still high variances in the fluorescence intensities
per cluster, especially for the calcein signal.
For the nonpatterned platform, similar trends were observed

with 10 μg/mL neutravidin and there were high densities of
immobilized liposomes, albeit the number of liposomes
detected by the rhodamine signal was appreciably higher
than the number detected by the calcein signal. In contrast,
cluster formation on the patterned platform exhibited high

degrees of uniformity, as indicated by cluster locations as well
as more similar numbers of clusters being detected by the
calcein and rhodamine signals (Figures S2 and S3). The
intensity values were also higher than those obtained with
lower neutravidin concentrations, indicating that greater
densities of liposomes were immobilized per cluster. On the
other hand, with 100 μg/mL neutravidin, nearly complete
saturation of the surface was observed with the nonpatterned
platform. Whereas a granular appearance in the fluorescence
microscopy images suggests the presence of immobilized
liposomes, the high density of immobilized liposomes
obfuscates intensity quantification. In marked contrast, the
patterned platform had nearly uniform clusters across the
entire surface and each cluster could be discerned individually.
In general, the fluorescence intensity within the printed spots
on the patterned platform was higher than the fluorescence
intensity of individual liposomes on the nonpatterned
platform. The increased fluorescence intensity is likely related
to a higher surface density of tethered liposomes within the
spots and consistent with the high neutravidin densities that
can be achieved using the quick and efficient μCP process,36 as
compared to the conventional diffusion-limited attachment of
neutravidin molecules across the entire substrate. In other
works, we have shown the advantages of building spatially
encoded internal controls into such measurements.37,38

Figure 3. Fluorescent microscope images comparing immobilization
of tethered liposomes in single-liposomes and clustered liposome
arrangements. The calcein and rhodamine signals are presented for
each experimental set. During fabrication, the bulk neutravidin
concentration was varied from 0 to 100 μg/mL to control the density
of tethered liposomes. The number of tethered liposomes or clusters
identified by the calcein or rhodamine signals is reported in the upper
right image and is based on imaging in 10 different fields of view. For
the nonpatterned platform, it was not possible to quantify the number
of individual liposomes for the 100 μg/mL neutravidin case. All scale
bars are 20 μm.
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We next investigated the interaction of 100 nM AH peptide
with micropatterned virus-mimetic clusters prepared using
different neutravidin concentrations, hence varying liposome
densities within individual clusters. Peptide-induced pore
formation was investigated by tracking changes in the calcein
signal. Representative time-lapsed micrographs for the 10 μg/
mL neutravidin case are presented in Figure 4A, and the time-
dependent drop in the calcein signal per cluster indicates that
the AH peptide is capable of causing membrane permeabiliza-
tion in clustered liposomes. Indeed, the AH peptide-induced
complete release of encapsulated calcein across all tested
cluster densities (Figure 4B). With the increasing neutravidin
concentration, the time scale of complete calcein release was
slower, supporting that the AH peptide likely takes a longer
time to penetrate the entire cluster of liposomes due to
hindered diffusion of peptide molecules through and around
the barrier-like liposomes, as compared to diffusion through
the bulk solution.39,40 The AH peptide selectively forms pores

in small (high-curvature) liposomes,41,42 reinforcing that the
∼62 nm diameter liposomes maintain their individual
architectures within the collective assembly. Of note, the
onset of calcein release was only weakly dependent on the
neutravidin concentration, consistent with the outer liposomes
being permeabilized more quickly than liposomes within the
cluster (Figure 4C).
In addition to tracking pore formation, membrane lysis by

the AH peptide was further interrogated by monitoring the
rhodamine signal. Representative time-lapsed micrographs for
the 10 μg/mL neutravidin case are presented in Figure 4D.
The progressive decrease in the fluorescence intensity of
individual clusters indicates that the AH peptide causes
complete membrane lysis. Across the range of tested
neutravidin concentrations, the AH peptide-induced drops in
the rhodamine signal (Figure 4E). Up to 10 μg/mL
neutravidin, the AH peptide caused complete membrane
lysis of the clusters, whereas incomplete lysis occurred at

Figure 4. Time-resolved tracking of AH peptide interaction with micropatterned viral membrane clusters. (A) Time-lapse fluorescent microscope
images show the change in calcein signal when 100 nM AH peptide was added to clusters at t = 0 min. During fabrication, the bulk neutravidin
concentration was 10 μg/mL. (B) Changes in the normalized calcein signal intensity of a representative, individual cluster for platforms fabricated
using different neutravidin concentrations with the time-resolved release of the calcein marker. (C) Box plot graph reporting trend in calcein release
times. Data correspond to experiments presented in (B). Each dot represents one cluster, and mean values are reported from Gaussian fitting. (D−
F) Corresponding data are presented for the rhodamine signal in the same experimental series. All scale bars are 20 μm. Control indicates the
nonpatterned platform that was fabricated using a 10 μg/mL neutravidin concentration.
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100 μg/mL neutravidin-generated patterns. The latter finding
supports that the AH peptide is effective at disrupting clusters
up to a certain liposome density, but the rupture efficiency
becomes lower at higher liposome densities. With the
increasing neutravidin concentration, the time scale of
liposome rupture also becomes longer (Figure 4F). This
trend presumably relates to the greater number of tethered
liposomes along with the higher density of liposomes within
each individual cluster.

■ CONCLUSIONS

In summary, we have demonstrated that virus-mimetic clusters
of tethered liposomes can be assembled using microcontact
printing. This platform has significant advantages over
conventional single-liposome arrays in terms of material
requirements, fabrication speed, and control over platform
architecture. Following this approach, one can track the time-
resolved interactions between individual clusters and a
membrane-disrupting antiviral peptide, revealing how viral
particle clusters are susceptible to peptide treatment. This
cluster platform is particularly representative of viral particle
aggregates, while other types of clusters exist, including one in
which a giant vesicle cloaks aggregated viral particles. Since it is
known that the AH peptide can translocate the lipid bilayer of
giant unilamellar vesicles,43 it will be interesting to extend
these studies to in vitro experimental settings to determine
how the results obtained with this engineering platform
correlate with a drug’s inhibitory activity against viral particle
aggregates and/or giant vesicle-cloaked viral particle assem-
blies. Such insights complement the insights obtained using
conventional single-liposome arrays and open the door to
understanding the biochemical and biophysical interactions
involving clusters of biological nanoparticles such as viruses. In
a future work, these measurement capabilities will also be
useful for further exploring how membrane factors such as lipid
composition influence the activity profile of antiviral drug
candidates targeting viral particle clusters.
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