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Super-resolution optofluidic scanning microscopy

The work presents a super-resolution optofluidic microscope
that exploits multi-focal excitation and the fluidic motion of
the specimens for sub-diffraction-limit, live-cell imaging.
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Optofluidics enables visualizing diverse anatomical and functional
traits of single-cell specimens with new degrees of imaging
capabilities. However, the current optofluidic microscopy systems
suffer from either low resolution to reveal subcellular details or
incompatibility with general microfluidic devices or operations. Here,
we report optofluidic scanning microscopy (OSM) for super-
resolution, live-cell imaging. The system exploits multi-focal
excitation using the innate fluidic motion of the specimens, allowing
for minimal instrumental complexity and full compatibility with
various microfluidic configurations. The results present effective
resolution doubling, optical sectioning and contrast enhancement.
We anticipate the OSM system to offer a promising super-resolution
optofluidic paradigm for miniaturization and different levels of
integration at the chip scale.

Optofluidics synergistically merges optics and microfluidics,
allowing for optical investigation of biological specimens with
high-throughput and cost-effective functionalities integrated
on-chip."™ For optical microscopy, the rapid advancement of
optofluidic systems has transformed many conventional
schemes, offering unprecedented sample manipulation,
measurement automation, bio-compatibility, and imaging
throughput.*® Amongst these techniques, fluorescence
optofluidic methods have been exploited to investigate
biological systems with high sensitivity and molecular
specificity, spanning different levels of adaptation and
integration.”*> However, these methods can rarely resolve
sub-micrometer cellular and subcellular details, posing a
limitation for many single-cell studies in microfluidics.>®
Recently, precise localization of punctate flowing objects in a
microfluidic environment has been reported.'* However, this

Wallace H. Coulter Department of Biomedical Engineering, Georgia Institute of
Technology and Emory University, Atlanta, GA, USA. E-mail: shu.jia@gatech.edu

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
d01c00889c

This journal is © The Royal Society of Chemistry 2021

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online
View Journal | View Issue

Super-resolution optofluidic scanning
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localization-based approach requires a low emitter density to
recognize individual flowing objects, incapable of capturing
complex cellular structures. As a result, current strategies still
rely on conventional platforms to trap and acquire super-
resolution cell images,'*'® and are unable to preserve
throughput and less synergistic for many live-cell optofluidic
applications.

Here, we introduce optofluidic scanning microscopy
(OSM), an approach that allows for super-resolution imaging
of biological specimens in the microfluidic regime. The
principle of OSM is formulated on the basis of image
scanning microscopy (ISM),'®"” a confocal form of structured
illumination microscopy that offers effective optical
sectioning, uncompromised signal-to-noise ratio (SNR) and
enhanced resolution. However, the current implementations
of ISM remain impractical for optofluidic platforms due to
the complexity in the architectures for mechanical scanning
and parallelization of data acquisition.””>* In contrast, OSM
implements a steady optical configuration while taking
advantage of the inherent motion of the specimens. Hence,
the system enables super-resolution optofluidic microscopy
without the need for mechanical scanning that interrupts the
fluidic continuity as in conventional ISM, making OSM fully
compatible with widely-adopted microfluidic systems.
Furthermore, the simple imaging scheme provides
opportunity for miniaturization and different levels of
integration at the chip scale.

The OSM setup was constructed by insertion of a
microlens array (MLA) in the illumination path of an
epifluorescence microscope using a 100x, 1.45 NA objective
lens (Fig. 1a and S1f). The multi-focal excitation pattern
generated by the MLA is relayed to form a grid of diffraction-
limited foci (d = 1.6 um) inside the microfluidic channel. The
square pattern of the foci was tilted by 6§ = 4° with respect to
the flow direction, ensuring seamless scanning of the sample
in both lateral dimensions (Fig. 1a and b). This illumination
pattern corresponds to a flow distance of ~20 pm to cover
the entire field of the sample, while maintaining minimal
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Fig. 1 Optofluidic scanning microscopy. (a) Schematic diagram of the
experimental setup for OSM. A microlens array (MLA) generates multi-
focal excitation, which is relayed to the objective lens (OBJ). RL, relay
lenses; DM, dichroic mirror. (b) The objective lens produces an array of
diffraction-limited foci (period d = 1.6 um, tilt angle 6 = 4°) inside the
microfluidic channel, illuminating the flowing samples. (c) Key data
processing steps of a stabilized object (red-boxed in (b)), including
pinholing, pixel reassignment (scaling), summing and deconvolution, to
obtain the final OSM image.
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crosstalk between the neighboring illumination spots. The
sample was introduced at a steady speed controlled by a
pressure pump and a flow sensor. In this work, we utilized a
flow rate at 1.5x effective camera pixel size (65 nm) per frame
(ie. 97.5 + 1.4 nm per frame or ~19.5 um s at a 200 Hz
camera frame rate) to obtain optimal sampling and an ~1 Hz
super-resolution image acquisition rate (Fig. S2+t).

As the OSM system continuously records the flowing
objects, the data processing comprises three main steps: (i)
image stabilization, (ii) pinholing and pixel reassignment,
and (iii) summing and deconvolution. In brief, as shown in
Fig. 1c and S3,i we first tracked the motion of the individual
samples between consecutive camera frames and stabilized
the image sequence of a multi-focal excited object based on
centroid and cross-correlation analysis. Next, we applied a
pre-calibrated array of Gaussian pinholes (¢ = 97.5 nm, iLe.
1.5 camera pixels, Fig. S47) centered on each spot to reject
out-of-focus light and computationally reassigned pixels by
locally contracting the images of each illumination spot by a
factor of two (i.e. scaled pixel size = 32.5 nm)."®'? Lastly, the
processed images were summed to produce an intermediate
image with a resolution improvement by a factor of /2,
which was then deconvolved to recover the full 2x resolution
enhancement over the diffraction limit.

To characterize the performance of OSM, we first used 4
pum dark-red fluorescent beads and recorded their
propagations in the microfluidic channel (Fig. 2a-f). As the
microfluidic flow is characterized by a low Reynolds number,
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Fig. 2 System characterization of OSM. (a-c) Images of a 4 um
fluorescent bead flowing in the microfluidic channel. (d-f) Respective
stabilized images of (a-c) based on the motion tracking of the bead, as
marked by the red lines in (b and c). The red dots represent the
position of the illumination spots as seen in the object-stabilized
coordinate system. (g and h) Profiles of the bead in horizontal (g) and
vertical (h) dimensions in the first frame (blue), the last frame (red) and
the averaged image sequence (dashed black), showing no residual
movement after stabilization. (i-k) Wide-field (WF) (i), pinholed and
pixel-reassigned intermediate (INT) (j) and super-resolution (SR) (k)
images of a 100 nm dark-red fluorescent bead (peak emission
wavelength: 680 nm). (l-n) Corresponding 2D Gaussian fitting of the
images in (i-k), respectively, exhibiting an improvement of the FWHM
value (316 nm) in (i and 1) by v/2x (216 nm) in (j and m) and 2x (154 nm)
in (k and n). (o and p) Wide-field (o) and super-resolution (p) images of
100 nm green fluorescent beads (peak emission wavelength: 515 nm).
(g) Corresponding cross-sectional profiles (gray and green) along the
red lines as marked in (o and p), respectively, resolving two beads
separated by 114 nm. Scale bars: 2 um (c and d), 500 nm (i and o).

it contributes to our processing by reducing the sample drift
within the microfluidic channel. This yields a high frame-by-
frame correlation that results in viable image stabilization of
the specimens (Fig. 2g and h). We then estimated the
resolution improvement of the system by translating sub-
diffraction-limit 100 nm fluorescent beads and measured the
intensity profiles of the reconstructed images (Fig. 2i-q). The
measurement exhibited a two-fold improvement in the full-
width at half-maximum (FWHM) of the emitters using the
OSM scheme compared with that using wide-field microscopy
(Fig. 2i-n). Furthermore, emitters separated as close as 114
nm can be well resolved, showing a 2x resolution
enhancement over the diffraction limit (Fig. 20—-q and S5+). It
should be mentioned that we verified these measurements
using two spectra, both in good agreement with the values
reported in conventional ISM*® (Table S1%).

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Super-resolution imaging of microtubules in a fixed BPAE cell by a sample-scanning approach. (a) Wide-field and super-resolution images
of microtubules immuno-stained with BODIPY in a bovine pulmonary artery endothelial (BPAE) cell. The super-resolution image was obtained by
scanning the sample. (b and c) Zoomed-in wide-field (b) and super-resolution (c) images of the solid red-boxed region in (a). (d) Cross-sectional
profiles (gray and green) along the red lines as marked in (b) and (c), respectively, resolving the microtubule filaments separated as close as 114
nm, a two-fold improvement over the diffraction limit. (e and f) Zoomed-in wide-field (e) and super-resolution (f) images of the dashed red-boxed
region in (a). (g) Transverse cross-sectional profiles (gray and green) of the red-boxed microtubule segment in (e) and (f), respectively, exhibiting a
FWHM of 129 nm in the super-resolution image, an ~2x enhancement over the value measured by wide-field microscopy. Scale bars: 5 um (a), 1

um (b).

We next demonstrated imaging of biological samples
using the OSM scheme. We first imaged immuno-stained
microtubules in bovine pulmonary artery endothelial (BPAE)
cells by scanning the sample (Fig. 3). We translated the cells
at a constant speed to simulate the in-flow conditions and
recorded the multi-focal excited images (see the ESIY).
Remarkably, the reconstructed image not only exhibited a
substantially improved resolution than the wide-field image,
but also provided optical sectioning (thus higher SNR) that
was not available in the conventional image (Fig. 3a). As
observed, densely packed microtubule filaments separated by
114 nm were well resolved in the reconstructed image (-
Fig. 3b-d), representing a two-fold resolution improvement
over the diffraction limit, consistent with the caliber
measurements in Fig. 2. Furthermore, the cross-sectional
profiles of the microtubule filaments showed consistent
widths of 120-130 nm (in contrast to >250 nm for wide-field
images) (Fig. 3e-g), which is in agreement with the
convolution of the known ~60 nm diameter of antibody-
labeled microtubules®® and the imaging resolution of ~114
nm.

Finally, we performed live-cell imaging of fibroblast-like
(COS-7) cells flowing through the microfluidic channel using
OSM (Fig. 4). Using a 488 nm laser, we first imaged
mitochondria stained with MitoTracker Green. OSM
continuously recorded multi-focal excited cells circulating at
a steady speed of 19.5 um s™* with a camera frame rate of

This journal is © The Royal Society of Chemistry 2021

200 Hz. The confocal excitation (including digital pinholing)
and computational deconvolution reject out-of-focus light,
permitting effective image sectioning of densely packed
organelles that are poorly detected by wide-field microscopy (-
Fig. 4a-f). Notably, the mitochondrial structures and
networks as close as ~130 nm can be well-resolved using
OSM, implying a two-fold resolution improvement over the
diffraction limit (Fig. 4g-i). Next, using a 647 nm laser, we
imaged the plasma membrane stained with CellMask Deep
Red. As seen, the flowing cells exhibit a native, sphere-like
morphology that contributes to stronger background
fluorescence, thus prohibiting visualization using wide-field
microscopy (Fig. 4j-m). In contrast, the sectioning capability
of OSM allows for the observation and quantification of the
plasma membrane profiles outlining the cells (Fig. 4n-s).
Remarkably, the improved contrast and resolution of OSM
allowed us to observe the endocytosed vesicles or aggregates
inside the cells and characterize those fine structures with a
resolution enhanced by >100 nm over wide-field microscopy
(Fig. 4t and u), consistent with the measurements using the
caliber and other cellular structures (Fig. 4t-w and S6 and
S71).

In summary, we have developed OSM for super-resolution,
live-cell optofluidic imaging with resolution doubling,
effective optical sectioning and image contrast enhancement.
Compared with existing implementations, the system exploits
an inherent fluidic scanning scheme, demonstrating minimal
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Fig. 4 OSM imaging of living cells in flow. (a-f) Wide-field (a-c) and OSM (d-f) images of mitochondria stained with MitoTracker Green in COS-7 cells
flowing through the microfluidic channel. (g and h) Zoomed-in images of the green-boxed regions in (c) and (f), respectively. (i) Corresponding cross-
sectional profiles (gray and green) along the dashed green lines as marked in (g) and (h), respectively, exhibiting the mitochondrial structures of ~130
nm resolved by OSM. (j-q) Wide-field (j-m) and OSM (n-q) images of the plasma membrane stained with CellMask Deep Red in COS-7 cells flowing
through the microfluidic channel. (r and s) Cross-sectional profiles (gray and orange) along the solid (r) and dashed (s) red lines in (m) and (q),
respectively, exhibiting substantially enhanced image sectioning and contrast using OSM. (t-w) Zoomed-in images ((t and u) and (v and w)) of the
internalized vesicles and aggregates of the boxed regions in (m and q) and (k and o), respectively. The results show an enhancement of the OSM image
resolution by >100 nm over wide-field microscopy. Scale bars: 5 um (a and j), 300 nm (g), 500 nm (u), 400 nm (w).

instrumental complexity and thus making it fully compatible
with microfluidic devices and readily adaptable to various on-
chip configurations.>® Notably, the demonstrations were
performed at an ~1 Hz super-resolution image acquisition
rate for a throughput of 1-10 samples per s, comparable to
other novel diffraction-limited optofluidic systems.”2*>®
Such a super-resolution image acquisition rate (or the
effective throughput) of OSM is determined by the flow
distance and the flow speed at an effective camera sampling
rate, which can be further enhanced through several
strategies. First, optimizing the current sparse illumination
grid using a denser MLA or a computer-generated
illumination pattern is expected to improve the acquisition
efficiency. Second, the throughput can be improved by
increasing the flow speed and, accordingly, using a faster
camera or by reducing the region of the sCMOS sensor in
acquisition to enhance the frame rate. The latter is well
feasible considering the geometry of the microfluidic
channel. Finally, the improvement can also be obtained by
faster scanning mechanisms such as analog optical image
reconstruction.?®  Furthermore, future implementations
include the use of three-dimensional hydrodynamic focusing
for the fine control of the cell position inside the channel,*
the with  image-based  cell  sorting
functionality, and the creation of spatially distributed
scanning patterns to achieve 3D imaging capability. We

integration
30-32
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anticipate the OSM system to offer a promising paradigm
for a variety of super-resolution optofluidic

biology, pharmacology

imaging

applications in and medical

diagnostics.
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