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ABSTRACT The physical interaction between nanoscale objects
and liquid interfaces can create unique optical properties, enhancing e e
the signatures of the objects with subwavelength features. Here we

show that the evaporation on a wetting substrate of a polymer
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solution containing submicrometer or nanoscale particles creates
liquid microlenses that arise from the local deformations of the
continuous wetting film. These microlenses have properties similar to
axicon lenses that are known to create beams with a long depth of
focus. This enhanced depth of focus allows detection of single
nanoparticles using a low-magpnification microscope objective lens, achieving a relatively wide field-of-view, while also lifting the constraints on precise
focusing onto the object plane. Hence, by creating these liquid axicon lenses through spatial deformations of a continuous thin wetting film, we transfer
the challenge of imaging individual nanoparticles to detecting the light focused by these lenses. As a proof of concept, we demonstrate the detection
and sizing of single nanoparticles (100 and 200 nm), CpGV granuloviruses, as well as Staphylococcus epidermidis bacteria over a wide field-of-view of
5.10 x 3.75 mm? using a 5 objective lens with a numerical aperture of 0.15. In addition to conventional lens-based microscopy, this continuous wetting-
film-based approach is also applicable to lens-free computational on-chip imaging, which can be used to detect single nanoparticles over a large field-
of-view of >20—30 mm?. These results could be especially useful for high-throughput field analysis of nanoscale objects using compact and cost-effective
microscope designs.
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maging and microscopy have been ex-

periencing a renaissance over the past

decade, where a significant portion of
these advances provides new nanoimaging
capabilities. In particular, new label-free mi-
croscopy techniques are providing exciting
paths to detect single nanoparticles down
to 10 nm and viruses smaller than 100 nm in
diameter.~'* These new optical tools can
serve various applications in nanotechnol-
ogy, including imaging of self-assembly
processes at the nanoscale and the charac-
terization of nanoparticle synthesis in terms
of concentration, size, and aggregation.
However, all these approaches are relatively
low-throughput since they provide a limited
imaging field-of-view (FOV), which is typi-
cally smaller than 0.1—0.2 mm?Z. To improve
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this limited FOV of lens-based imaging sys-
tems, here we present a thin wetting-film-
based approach where a nanoparticle em-
bedded in a continuous wetting film creates
a microscopic axicon lens that is able to
condense light along its optical axis over
distances up to 3 orders of magnitude
greater than the size of the particle itself.
We characterize the optical properties of
these axicon lenses and show that the
shape and the condensing power of such
liquid lenses can be fine-tuned to enable
the detection of nanoparticles down to
~100 nm using a low-magnification micro-
scope objective, achieving a large FOV
of several square millimeters. Note that
these microscopic axicon lenses should
not be confused with self-assembled
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Figure 1. (a) Schematic of a liquid axicon lens consisting of a continuous liquid film wetting a microparticle (not to scale). The
liquid lenses are formed by the evaporation of the water from aqueous suspensions containing dissolved polymer. This can be
realized by simple drop evaporation on glass coverslips. The liquid lenses focus light primarily along the optical axis. (b)
Microscopic image of the light cone produced by the liquid lens formed with a 5 um diameter particle and reconstructed from
microscopic image stacks. The image dimension is 15 #um x 500 um, and the dashed line indicates the position of the particle.
(c) Same as in (b), but without the wetting film.

Figure 2. (a) Schematic representation of a particle in the polymer film spread on a flat substrate. R is the radius, hy is the
thickness of the film far away from the particle, z. is the height of the spherical cap not covered by the liquid film, &(r) is the
height of the liquid meniscus, such that lim,_...;(r) = 0. (b) Schematic of how the liquid axicon lens refracts a normal-incidence

light ray (red).

isolated nanolenses that have been recently demon-
strated for coherent detection of nanoparticles on a
chip.’® Here the physical origin is a local spatial defor-
mations of a “continuous” wetting film rather than
formation of “isolated” liquid refractive structures
around each particle as in the case of nanolenses.
Besides detection of nanoparticles using incoherent
illumination and lens-based microscopy, we also
demonstrate the simultaneous detection of single
CpGV granuloviruses and Staphylococcus epidermidis
bacteria over a wide field-of-view of 5.10 x 3.75 mm?
using a 5 x objective lens that has a numerical aperture
of 0.15. These microscale axicon lenses also enable the
detection of single 100 nm nanoparticles using com-
putational lens-free imaging,’® 2 achieving an imag-
ing FOV of >20—30 mm?Z,

RESULTS AND DISCUSSION

Liquid Axicon Lenses. When a small amount of buffer
solution is deposited on a wetting surface, it spreads to
form a flat drop that quickly evaporates, leaving
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nonvolatile solutes on the substrate. With a polymer
or concentrated surfactant solution, the evaporation of
a microliter drop will leave a nearly flat film at the
center of the drop bounded eventually with a thicker
edge near the initial contact line.?® Additionally, if
particles are dispersed in the solution, they will be left
as inclusions in the film, creating local spatial deforma-
tions of the interface provided their size is larger than
the local film thickness. While the bulk of the film is
totally transparent, these local deformations act as
liquid axicon lenses that strongly condense light, pro-
viding a powerful means for detecting small particles.

First, the effect of the polymer film is demonstrated
with relatively large 5 um particles. For this, we evapo-
rate droplets of 1 uL on a glass coverslip from two
suspensions of beads with and without the dissolved
polymer. We use conventional bright-field microscopy
to make image stacks, focusing at successive depths
in order to image the light cone produced by the
beads (see Figure 1). The condensing power of the
liquid lens formed by the bead under the polymer
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Figure 3. (a) Bright-field microscopic image of an evaporated drop with polymer (0.4% v/v PEG) and 200 nm particles taken at
~100 um above the drop (5x objective, NA = 0.15, 1.76 x effective magnification, FOV of 19.1 mm?). Because of the liquid
lenses formed by the polymer on top of the particles, the latter can be seen as white spots in the center of the drop despite the
low magnification and large field-of-view (5.10 mm x3.75 mm). (b) Close-up of the area indicated in (a). (c) Same area is shown
under fluorescence microscopy. (d) Evaporated drop with polymer (0.2% v/v PEG) and 100 nm diameter particles
(5xobjective, NA = 0.15, 2.5x effective magnification, FOV of 9.4 mm?). The white square has a side length of 0.66 mm, a
close-up of which is shown in (e) in bright-field conditions and (f) in fluorescence.

film is evident: most of the light is focused on the
optical axis, forming an almost nondiffracting beam,
characteristic of an axicon lens (see Figure 1b). The
direct consequence of this is that a significant contrast
between the center of the interference pattern (local
intensity maximum) and the image background per-
sists up to distances of millimeters behind the lig-
uid axicon lens. In contrast, a single bead without a
polymer film focuses incoming light to a point at
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relatively short distances (see Figure 1c). Beyond the
focal point, the light cone rapidly expands while the
on-axis intensity drops quickly to background level.
We can model and better understand these ob-
servations by computing the shape of the film
with a spherical inclusion according to refs 27—29
(see Figure 2). Assuming complete wetting of a par-
ticle of diameter D by a film of thickness hy, the local
height &(r) above hg of the liquid meniscus around
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Figure 4. Optical characterization of the axicon liquid lenses that are formed by 200 nm particles in continuous PEG films. (a)
Transverse intensity modulations at various focus depths. The curves are obtained by radially averaging the intensity from
the center of the particle; see top-left quadrant in the upper-left inset, which shows the interference pattern produced 30 um
above a 200 nm particle. The image width is 26 um. The central spot spreads linearly with the distance from the particle
(upper-right inset). (b) On-axis intensity profiles for liquid lenses obtained by evaporating suspensions of varying PEG
concentrations. The image shows the light cone reconstructed from 2D images of the liquid lens in (a). Image dimensions are

26 um x 2000 um.

the particle is a solution of the Young—Laplace equa-
tion (see Supporting Information):

()
) = —LtanW, (1)

I
“(7)
where L is the characteristic transverse length over
which this liquid interface is distorted,® W, is the
meniscus slope angle, r is the radial coordinate, r is
the contact ring radius, and K; is the j-th modified
Bessel function of the second kind. For micrometer-
thick films, L = (y/pg)"? is the capillary length of the
liquid which sets the size of the lens where y is the
film—air surface tension, p is the film density, and g is
the gravitational acceleration. L is typically in the mil-

limeter range for our experimental conditions. Near the
particle (i.e., for r <L), eq 1 can be approximated by?°

r
) = —2z [In (ﬂ) + e

where z. is the height of the spherical cap not covered
by the liquid film and vy, is the Euler—Mascheroni
constant. The shape of the lens described in eq 2 is
that of an axicon with a concave curved slanting side as
discussed in ref 30. When illuminated with coherent
light, an axicon lens forms an almost nonspreading
beam, focusing the light into a line along the optical
axis over an extended distance*° 32 On the other
hand, in our lens-based experiments with incoherent
light, the central spot is primarily formed through light
concentration and refraction instead of coherent inter-
ference. From simple geometrical considerations, the
maximal focal length z, is determined by the conver-
gence of the optical rays that start at the outer edges
of the axicon lens (see Figure 2b):

)
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For our liquid axicon lenses, z, can be nearly up to 3
orders of magnitude greater than the height of the
microlens. In comparison, a single particle without
the polymer film can only focus light at a distance
approximately equal to its size, that is, on the order of
micrometers>? (see Figure 1c).

We now consider the case of nanoparticle detec-
tion. Here, thinner films are required to make a visible
inclusion in the wetting film due to presence of
nanoparticles. We note that for thinner wetting films,
the main contribution to the capillary length L is now
given by the disjoining pressure II(h) in the film such
that L = (y/(pg — I1'))'"?, where IT' = (dI1/dh),.*’ (see
Supporting Information). We assume that the disjoin-
ing pressure is determined by the van der Waals forces
between the two interfaces of the film, IT(h) = A/67h®,
with A being the Hamaker constant.>* We find that, for
a typical liquid polymer film on glass, L decreases
sharply from millimeters to tens of micrometers for
submicrometer film thicknesses. Therefore, despite
the scaling down of its dimensions, local film deforma-
tions produced by nanoparticles should still focus light
over relatively large distances, up to a few millime-
ters eventually. We managed to obtain thinner wet-
ting films by lowering the polymer concentration,
enabling the detection of single nanoparticles, that
is, 200 and 100 nm diameter beads, while still using
a low-magnification objective lens (see Figure 3, 5x
objective with NA = 0.15).
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Figure 5. Microscope images (5x objective lens) focused at ~200 um above (A) or below (B) the 200 nm particle
plane for various PEG polymer concentrations. The signal-to-noise ratio is calculated as SNR = (/,ax — )/0, where I, is
the local intensity maximum, and 4 and o are the mean intensity and standard deviation of the intensity in a
background noise region. The SNR almost doubles by subtracting the images focused above and below the particle

plane, i.e., (A,B).

In order to better characterize the liquid lenses, we
also performed image stacks of the light intensity
above and below the lens with higher magnification
objectives (see Figure 4b, 50x objective, NA = 0.8).
These characterization experiments once again con-
firmed that the light forms a slowly diverging cone with
its shadow extending below the object plane. Figure 4
shows the influence of the polymer concentration on
the optical properties of the liquid lenses. Surprisingly,
for polymer concentrations greater than or equal
to 0.2%, the on-axis intensity has a very consistent
profile (see Figure 4b): it decreases almost linearly
with the distance from the object. We note that
these profiles are again similar to that of axicon-like
lenses.3' Remarkably, measured values of z, are in the
range of 1.3—2 mm. For instance, for D = 200 nm

HENNEQUIN ET AL.

particles (see Figure 3a) and a polymer concentration
of 0.2% v/v, we estimate z, = 1.4 mm from the spread of
the central spot. To detect even smaller particles, such
as 50 nm particles, the film thickness would need to be
reduced further; however, at low polymer concentra-
tions required for such thin films, dewetting poses a
significant challenge. As such, we cannot yet observe
isolated 50 nm particles. At polymer concentrations of
0.1% v/v and lower, the depth of focus of the axicon
lens reduces dramatically, even for larger particles (see
Figure 4b). This suggests a transition to a different
lens shape; in fact, the on-axis intensity profile now
resembles that of a microdroplet (Figure 1c). This might
be due to the partial dewetting of the film because
nanometer-thin polymer films formed at low polymer
concentrations become unstable.
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Figure 6. (a) Details of a 19.1 mm? FOV bright-field microscopic image (5x objective, NA = 0.15) of an evaporated drop with
continuous polymer thin film and 200 nm, 500 nm, and 1 um beads. For comparison purposes, the fluorescence microscopy
image (5x objective, NA = 0.15) is shown in (b) with a color coding the different type of beads: 1 xm in green, 500 nm in red,
and 200 nm in blue. (c) Bright-field microscopic image (5x objective, NA = 0.15) of an evaporated drop with continuous
polymer thin film and 200 nm, 500 nm, and 1 um beads. Scale bar is 1000 xzm (100 xm for the inset). (d) Local maxima intensity
distribution measured on the image (c). The red curves show the Gaussian fits of the intensity peaks of the different particle
patterns at 200 nm, 500 nm, and 1 «m beads. The inner graph shows the plot of the local maxima intensity as a function of the
particle diameters at 200 nm, 500 nm, and 1 zm. The error bars represent the standard deviation of the local maxima intensity.
(e) Bright-field microscopic image (5x objective, NA = 0.15) of an evaporated drop with continuous polymer thin film and
CpGV, ~1 um Staphylococcus epidermidis bacteria and 500 nm beads. Scale bar is 1000 xm (100 xm for the inset). (f) Local
maxima intensity distribution measured on the image (e). The inner plot in (d) serves as the calibration curve to plot the
maxima distribution as a function of the particle size.

To preserve film stability at these low polymer the SNR. The signal-to-noise ratio can be calculated
concentrations, additional surface effects may need as SNR = ((lmax — #)/0), where o« is the local intensity
to be accounted for and the film stability can be better maximum, and u# and o are the mean intensity and
controlled by improving sample preparation steps, standard deviation of the intensity in a background
which will be a point of focus for future work. We noise region. Figure 5 shows the influence of the
should emphasize that the stability of the thin wetting polymer concentration on the measured SNR with
film is important to enhance the signal-to-noise ratio 200 nm beads (5x objective lens). At higher polymer

(SNR) when detecting particularly small single nano- concentrations (e.g., 0.8%), the film is too thick and the
particles. Although the absolute intensity may be condensing ability of the microlens is low. A coarse
greater at lower polymer concentrations (0.1—0.2%), optimum is found at a PEG concentration of 0.4%,

the background noise is also larger, thus limiting where the measured SNR is 22 + 5 (calculated for

e
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N = 25 individual 200 nm particles). The SNR can be
almost doubled to 37 by subtracting the image
focused above and below the microlens, taking ad-
vantage of the asymmetric shadow cone observed in
Figure 4b. Comparing the detection results from
bright-field snapshots with those from fluorescence
images, we find high detection efficiencies reaching
~90%, with sample sizes on the order of 10° particles
over a wide FOV of 9.1 mm?,

Particle Sizing Results. Because the on-axis intensity
depends on the film thickness relative to the par-
ticle diameter, the brightness of the central spot is
consequently an indicator of the particle size. Measure-
ments performed on mixed samples containing
particle sizes of 0.2, 0.5, and 1 um show a linear
relationship between intensity and particle size (see
Figure 6). This method forms a simple way of sizing
and evaluating different populations of objects within
the same sample. As an example (see Figure 6f,g), we
have probed a heterogeneous sample containing bac-
teria (Staphylococcus epidermidis) and viruses (CpGV
granulovirus). On the basis of the size calibration
curve (see Figure 6d inner graph), we can measure
the granulovirus diameter to be 330 + 50 nm and
the Staphylococcus epidermidis to be between 0.7 and
1.3 um. Indeed, the nominal size/diameter of Staphy-
lococcus epidermidis is approximately 0.5—1.0 um.>*
Although the actual sizes of the granulovirus sam-
ples were not verified by SEM, the measured dimen-
sion are consistent with the literature values, that is,
200—450 nm in length3® These proof of concept
experiments shows that it is possible to trap and
detect different sizes of nanoparticles within the
same polymer layer. However, when particles of
different dimensions are too close to one another
(distance <10 um), the beads' signatures overlap due
to the poor spatial resolution of the low NA objective
lens, preventing the detection of the smallest bead.
When the close particles are of equal dimensions, it is
possible to resolve beads that are only 3.5 um apart
(see white arrow in Figure 6a,b).

Note that all the experiments conducted in this
work have been performed with spherical particles. In
the case of nonspherical objects, such as various
bacteria, we believe that similar contrast and depth
of field related improvement factors as reported

METHODS

Sample Preparation. Samples are prepared by mixing aqueous
stock solutions, polymer (PEG 600, Sigma-Aldrich), surfactant
(Tween 20 or Pluronic F68 with C; ~ 1 CMC, Sigma-Aldrich), and
particles (fluorescent carboxyl-modified latex beads, Sigma-
Aldrich). Deionized water is always filtered through disposable
syringe filters with a pore size of 0.2 um. The proportions
of stock solutions are adjusted to reach the critical micelle
concentration of the surfactant and a number of particles
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in our article should be observed since the cross
sections of various rod-shaped bacteria will still
be circular and will possess similar refractive proper-
ties, at least for several diffraction planes. The 3D
morphological differences due to nonspherical geo-
metries of various objects would surely create mod-
ifications in the overall refractive behavior of the
continuous wetting films, and these optical differ-
ences would be the subject of future analysis and
experiments.

Lens-Free On-Chip Imaging. The collimation effect
of the axicon liquid lenses can also be seen when
focusing hundreds of micrometers away from the
sample plane because the intensity decreases slowly
with distance. Therefore, at the optimal polymer
concentration (0.4%), we were also able to detect
nanoparticles in a lens-free on-chip imaging setup
(see Supporting Information)."®"'® In this setup,
the imaging detector is a bare CMOS sensor (active
area = 6.12 x 4.59 mm? without using imaging
lenses. The distance between the coverslip and the
sensor surface is on the order of 500 um. Without
magnification, this lens-free imaging setup is able
to detect single 100 nm particles across a very large
field-of-view of ~28 mm? (see Figure S3). For each
particle, the partially coherent diffraction pattern that
is sampled at the detector plane has a fwhm of 20 um
with an SNR of ~5.

CONCLUSIONS

In summary we have described a simple, yet
effective way of detecting nanoscale objects (e.g.,
~100—200 nm) over a large field-of-view. Creating
spatial deformations on a continuous thin wetting film
that behave as individual axicon lenses, nanoscale
objects are detected using lens-based wide-field imag-
ing configurations. The liquid axicon lenses have a high
condensing ability along their optical axis, providing an
opportunity for multiplexed detection of nanoscale
particles and the estimation of their population levels
within a liquid sample. This wetting-film-enabled de-
tection of nano-objects across a wide field-of-view
creates new opportunities, especially for opto-fluidic
systems and may lead to new device concepts toward
bringing nanoimaging capabilities to field settings and
remote locations.

of ~5 x 10® particles/uL. Microliter drops are simply placed
on the cover glasses and left to evaporate at room temperature
(20 °Q). In order to form the wetting film, a microliter drop is
deposited on a glass coverslip that was previously cleaned and
rendered hydrophilic such that the contact angle of the drop is
typically below 5°. Formation of the film proceeds by evapora-
tion of the water: the contact line is first pinned after which an
apparent contact line recedes while leaving a film of surfactant
and polymer with the particles as inclusions.
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Substrate. For the glass substrate, we use standard cover
glasses (Corning) which are sonicated for approximately 10 min
in a soap solution, then rinsed with deionized water, acetone,
and isopropyl alcohol and dried with nitrogen. The cover
glasses are subsequently placed for 30 s into oxygen plasma.
This results in clean hydrophilic glass. Contact angles for water
and polymer solutions are too low to be measured precisely but
are below 5° (Kruss DSA100).

Microscopy and Lens-Free on-Chip Imaging. We observe the dried
drops with bright-field and fluorescence microscopy (Olympus
Provis AX70) with low-magnification objectives (5x, NA =
0.15 and 10x, NA = 0.3). To confirm that the revealed spots
indeed correspond to the nanoparticles of interest, we used
fluorescence microscopy to verify the locations of the parti-
cles against possible false positives from residual dust. In order
to image the light cone, we make image stacks at high
magnification (Zeiss AxioPlan, 50x, NA = 0.8). For lens-less
imaging, we place the cover glass on a bare CMOS sensor
(a 10MPixel 1/2.3 in. Aptina sensor) at a distance of 500 um.
The drop is illuminated with a red laser diode (650 nm, 3 mW)
placed approximately 20 cm above the sensor. Intensity
profiles are extracted using image analysis software (ImageJ,
MatLAB). The on-axis intensity profile for each polymer
concentration is computed by averaging the profiles of at least
10 microlenses.
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Contrast enhancement with a continuous wetting film and
corresponding figures. Lens-free imaging of 100 nm particles
with continuous thin wetting film and corresponding figures.
Movie 1 shows in real-time the evaporation of a droplet with
200 nm particles as seen in a mixed bright-field and fluores-
cence microscopy (10x, NA = 0.3). Movie 2 shows in real-time
a close-up on the moving evaporative front of a droplet
with 200 nm particles as seen in bright-field microscopy.
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