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Introduction

Polydimethylsiloxane (PDMS) plays a ubiquitous role in soft
lithography® because of its ability to facilitate rapid and
consistent prototyping of arbitrarily shaped three-dimensional
(3D) microfluidic chambers in geometries that recapitulate
cellular microenvironments.?2 PDMS elastomeric structures
possess a unique combination of biochemical compatibility,
optical transparency and mechanical properties that makes it a

suitable material

microenvironment control of complex 3D cell culture and
imaging using high-resolution fluorescence microscopy.?
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Modified inverted selective plane illumination microscopy for
sub-micrometer imaging resolution in polydimethylsiloxane soft
lithography devices

Tienan Xu,? Yean Jin Lim,2 ® Yujie Zheng,® Moon Sun Jung,© Katharina Gaus,° Elizabeth E. Gardiner ®
and Woei Ming Lee 2 b.d

Moldable, transparent polydimethylsiloxane (PDMS) elastomer microdevices enable a broad range of complex studies of
three-dimensional cellular networks in their microenvironment in vitro. However, the uneven distribution of refractive index
change; external to PDMS devices and internally in the sample chamber, create significant optical path difference (OPD) that
distorts the light sheet beam and so restricts diffraction limited performance. We experimentally showed that an OPD of
120 pum results in the broadening of the lateral point spread function by over 4 folds. In this paper, we demonstrate steps to
adapt an commercial inverted Selective lllumination Plane Microscope (iSPIM) and remove OPD so as to achieve sub-
micrometer imaging ranging of 0.6+0.04 um to 0.91+0.03 um of fluoresence biological sample suspended in regular saline
(R1=1.34) enclosed in 1.2 to 2 mm thick micro-molded PDMS microdevices. We have proven that the removal of OPD from
external PDMS layer by refractive index (RI) matching with readily accessible, inexpensive sucrose solution is critical to
achieve a >3 fold imaging resolution improvement. To monitor the RI matching process, a single mode fiber (SMF) illuminator
was integrated into the iSPIM. To remove the OPD inside the PDMS channel, we used an electrically tunable lens (ETL) that
par-focus the light sheet beam with the detection objective lens and so minimised axial distortions to attain sub-micrometer
imaging resolution. We termed this new light sheet imaging protocol as modified inverted Selective Plane lllumination
Microscopy (m-iSPIM). Using the high spatial-temporal 3D imaging of m-iSPIM, we experimentally captured single platelet
(=2 um) recruitment to a platelet aggregate (22.5 pm x 22.5um x 6 pum) under flow at a 150 um depth within a microfludic
channel. m-iSPIM paves the way for the application of lightsheet imaging to a wide range of 3D biological models in
microfluidc devices which recapitulate features of the physiological microenvironment and eludicate sub-cellular responses.

Although the synergy between high speed volumetric
fluorescence microscopy imaging and transparent microfluidics
devices allows controlled four dimensional (space and time)
quantification of various complex biological models, point
scanning volumetric imaging performance is hindered by
phototoxicity and photobleaching due to high illumination
power.3 On the other hand, light sheet fluorescence microscopy
(LSFM) conducts rapid volumetric imaging with low
phototoxicity*® because the illumination power densities are at
least two orders of magnitude lower than conventional confocal
microscopes.’

Combining standard LSFM with conventional PDMS
microfabricated devices faces a major problem of optical
distortion.® Focused beams in LSFM can experience significant
optical path difference (OPD) across interfaces that reduces the

microfluidic devices to achieve

@ Research School of Electrical, Energy and Materials Engineering, College of
Engineering and Computer Science, The Australian National University, Canberra,
ACT 2601, Australia

b ACRF Department of Cancer Biology and Therapeutics, The John Curtin School of
Medical Research, The Australian National University, Canberra, ACT 2601,
Australia

¢ EMBL Australia Node in Single Molecule Science and ARC Centre of Excellence in
Advanced Molecular Imaging, The University of New South Wales, Sydney, NSW
2052, Australia

@ ARC Centre of Excellence in Advanced Molecular Imaging, The Australian National
University, Canberra, ACT 2601, Australia

Electronic Supplementary Information (ESI) available. See DOI: 10.1039/x0xx00000x

imaging resolution.? OPD is defined by refractive index (RI)
difference (An) multiplied by light propagation distance (d). In
most PDMS microdevices, the propagation distance of light
through a layer of PDMS material is generally an order of
magnitude longer (103 um) than the internal sample space (10-
102 um).2° Hence, a thick PDMS layer is likely to constitute the
majority of the total OPD in microdevices. This is illustrated in
Fig. 1a i), where the excitation (blue) and emission (green)
beams are distorted by a thick PDMS layer before reaching the
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Fig. 1 a) Diagram of iSPIM imaging through a PDMS device with i) water or ii) RI-matched sucrose solution as the objective lens immersion medium. Refractive index

mismatch from external (red, Angyema) and/or internal (orange, Aniyemal) interfaces results in distorted beam paths through the PDMS and internal media with depth of dppys

and dpeqia, respectively. iii) Diagram of ideal iSPIM imaging without PDMS device where both objective lenses and samples are immersed in media. b) Optical path difference

(OPD) induced by RI-mismatch (An) and propagation depth (d) of the three imaging scenarios in a). For completeness, a slight portion of OPD incurred at the sample-media
interface is included for all three scenarios. c) lllustration of the m-iSPIM with an ETL module and a fiber illuminator.

sample of interest in an inverted Selective Plane Illumination
Microscopy (iSPIM) system.!! Here, the external water-PDMS
interface (Aneyxerma) and the internal PDMS-media interface
(Aninternal) both contribute to the total OPD (Fig. 1b). Fig. 1a ii)
shows that if Angyermal IS €liminated using a water-sucrose
solution, i.e. RI matched to PDMS, the overall OPD and hence,
optical distortion, is significantly reduced to match closer to the
ideal imaging scenario (e.g. without PDMS interfaces, Fig. 1a iii).
Fig. 1b) shows an estimate of the OPD for the three different
scenarios illustrated in Fig. 1a). Estimations for An and
propagation distance are based on a PDMS chip design, where
a single 100 um-deep microchannel (dmedia) is filled with RI=1.34
media (Nmedia) that is enclosed in PDMS layer 1000 pum in
thickness (dppms) and with a of RI=1.41. Thus, we calculated an
OPD of approximately 130 um when a water-PDMS external
interface is present, despite a small Angyermar Of 0.08. By
eliminating Aneyternal USINg a sucrose solution (Ngycrose =1.41), the
OPD can be reduced by approximately 8-fold. Remaining OPD
incurs minor axial focal shifts in both the excitation and
emission beams (i.e. longer parfocal distance) because
conventional LSFM objective lenses are corrected for water.1?
Existing LSFM microfluidic imaging solutions overcome the
OPD by involving (1) the use of specialized LSFM-compatible
PDMS microdevices and PDMS-like material, 221 (2) re-
engineering the excitation and detection paths with single-
objective LSFM?2-24 or (3) imaging from beneath the coverslip
instead of PDMS.2>2° Drawbacks of approach (1) include
extensive PDMS microfabrication procedures or use of
moldable materials with lower elasticity or permeability to
gases. The approach (2) requires extensive re-designing of the
scanning and imaging paths due to oblique angles. Such

2| J. Name., 2012, 00, 1-3

modification to the optical setup can reduce potential access to
other essential tools used in microfluidic studies such as optical
micromanipulation3® and widefield quantitative imaging.3!
Approach (3) leverages specialized immersion chambers with a
solid immersion meniscus lens as well as a clearing protocol that
is generally more accessible using lower numerical aperture
(NA) objective lenses (=0.7).

In order to test our OPD hypothesis (matching Aneyernal
only), adhering to existing soft lithography PDMS microdevices
as well as carrying out minimal modification to the existing
LSFM system, we propose a modified iSPIM (m-iSPIM) imaging
approach. The proposed m-iSPIM approach requires two
additional components: an electrically tunable lens (ETL)
module and a fiber illuminator incorporated into a standard
iSPIM system.! The ETL module compensates for the excitation
beam’s axial focal shift and a fiber illuminator provides an
additional light source to facilitate elimination of Aneyernal
These modest alterations can also be adaptable for a diSPIM,32
reflective diSPIM system33 and possibly lattice light sheet
microscopy (LLSM),3* which require objective lenses of 1.1 NA
and around 2 mm working distance. To prove that the m-iSPIM
can deliver sub-micrometer imaging performance through
PDMS microdevices with millimeter thickness, we performed a
series of validation experiments using sub-diffraction limited
(100 nm) beads, live L929 fibroblast cells, fixed spheroids and
flowing live human platelets using microfabricated PDMS
microdevices. Our solution aims to accommodate for the
growing needs of biological imaging users that will employ
PDMS microfluidic devices for studies using organs on a chip3>
biological fluidic imaging and 3D organoid cultures.3 36

This journal is © The Royal Society of Chemistry 20xx
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a) lllustration showing ETL axial focus tuning of the excitation beam. The axially shifted beam is shown in blue while the compensated beam is shown in red. b) Images

of the excitation beam and scanned light sheet revealed by fluorescent highlighter solution mixed in the objective immersion medium. Dashed lines indicate the selection for

the line profile in c). Scale bar: 50 um. c) (left) Normalized intensity profile of the excitation beam at the center of the imaging FOV and (right) of the light sheet at its edge. d)

Imaging of 100 nm beads i. fixed on a coverslip, ii. embedded in a PDMS microchannel or iii. embedded in a PDMS microchamber, where i) water (OPD=0 um) or ii) and iii) RI-
matched sucrose solution (OPD<2.5 or 20 pm) was used as the objective immersion medium. Orange lines in iii) are 5 pm OPD intervals (corresponds to 50 um depth intervals)

starting from the internal interface. Insets show magnified images of selected bead with dashed lines indicating lines for determining X (red) and Y (cyan) FWHM. Scale bar: 50

um and 10 pm (insets). e) Volumetric reconstruction of 100 nm beads embedded in PDMS microchannel with OPD=120 pum (top) or OPD<2.5 um (bottom). Scale bar: 30 um

(left), 10 um (right). f) Bar plot of the FWHM in X and Y direction quantified from d) and e).

This journal is © The Royal Society of Chemistry 20xx
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Method

To validate imaging performance of the m-iSPIM, four
different types of PDMS microdevices of varying thickness,
geometries and dimensions were fabricated using
micromolding (Supplementary Fig. 1 to 4). Briefly, a degassed
PDMS mixture (1:10, curing agent to base volumetric ratio, v/v,
Slygard 184, Dow Corning) is poured onto the designed mold
and cured at 80°C for 2 hours. The cured PDMS block is cut with
inlets/outlets made where necessary, then bonded to a
coverslip after surface plasma treatment. Sucrose solution is
prepared by dissolving solid sucrose powder (AJA530-500G,
Ajax Finechem) in water at a concentration of 50% (w/v). This
corresponds to a Rl of 1.420, as determined by a refractometer
(HI196800, Hanna Instruments) then was diluted to match PDMS,
which varies from Rl = 1.410 to 1.414.

Samples for static imaging were prepared by either fixation,
embedding or suspension in saline within the PDMS
microdevices. Quantitative assessments of imaging resolution
are performed using sub-diffraction limited (100 nm)
fluorescent beads (ex505/em515, F8803, Invitrogen)
embedded in agarose solution (RI=1.3358, 4% w/w agarose-
PBS) at a 1:50 (v/v) dilution. For live cell imaging, L929
fibroblasts were trypsinized, washed in PBS and stained with
Vybrant DiO dye (1:200 dilution (v/v), Invitrogen) for 15 minutes
prior to further washing and resuspension in PBS. Spheroids
were generated from a 5-day culture of the MCF-7 cancer cell
line stained with the membrane-specific dye DiO and seeded at
2500 cells/well in an ultra-low attachment, round bottom 96-
well plate (CLS7007, Corning Costar), then fixed with 4%
paraformaldehyde, prior to staining with phalloidin conjugated
to Alexa Fluor 568. After washing with PBS, bound fluorescence
revealed contours of the cell membrane as well as non-specific
binding of phalloidin to interstitial matrix between cells.

Monitoring of platelet aggregation was used to validate the
spatial-temporal imaging capability of the m-iSPIM within PDMS
microdevices.3” Washed platelets were prepared from
anticoagulated venous whole blood collected from healthy
donors after provision of informed consent (project approval
granted by the Australian National University Human Research
Ethics Committee, 2016/317). Blood was collected into acid-
citrate-dextrose solution (1.25 g trisodium citrate, 1.0 g glucose,
0.75 g citric acid, per 50 mL distilled water) and centrifuged at
110 g for 20 minutes with no brake. The upper phase containing
platelets were then isolated by centrifugation (1271 g for 15
minutes with high brake). The platelet pellet was resuspended
three times in citrate-glucose-saline buffer (1.44 g NaCl, 1.2 g
glucose, 0.76 g trisodium citrate, per 200 mL distilled water, pH
7.0) and centrifuged (1271 g for 15 minutes) then finally
resuspended in Tyrode’s buffer (4 g NaCl, 1 g NaHCO3, 1 g
glucose, 0.2 g KCl, 0.2 g CaCl,, 0.1 g MgCl,, 0.05 g NaH,POy,, per
500 mL distilled water, pH 7.4) to reach a final platelet count of
1x108 platelets/mL. All centrifugations were conducted at room
temperature. Platelets were incubated with 10 mM DiOCg
intracellular lipophilic dye (in DMSO stock, Invitrogen D273) for
30 minutes. To generate flow, a PDMS microdevice outlet was
connected to a syringe housed within a syringe pump

4| J. Name., 2012, 00, 1-3

(PHD2000, Harvard Apparatus) in suction mogde A Hsing, @
customized infusion connection (Suppl&feHtaPyoMELA057Re
device channel was filled with collagen (Type-l, 100 pg/mL,
Takeda, Austria) and incubated at 4°C for 18 hours. Prior to the
experiment, the channel was flushed with Tyrode’s buffer at
200 pL/min for 2 minutes. For the experiment, the suspension
of washed platelets was placed in a reservoir and drawn into the
PDMS channel under negative pressure, at a volume rate of 10
puL/min which is equivalent to a wall shear rate of 7.86 s™.

Results
Construction of the m-iSPIM

The basic iSPIM setup generates a light sheet from a laser
beam (488 nm, 06-MLD, Cobolt) scanned by a MEMS-mirror
scanner (MM-SCAN_1M, ASI) and relayed to the excitation
objective lens fixed on a manual rotating mount 45° above the
sample space. The detection objective lens is mounted on the
same rotating mount and a piezoelectric Z-translation mount
(150 um, PZMAG-RAO-M25, ASI). Depth (Z) scanning through
the sample is achieved by co-alignment and synchronizing the
scanning light sheet with the axial position of detection
objective lens image plane through the sample.'! Each Z-slice is
recorded by a scientific complementary metal-oxide-
semiconductor (sCMOS) camera (pco.edge 4.2, PCO). Hardware
and software control of the iSPIM system is managed by Micro-
Manager.38

The modification of iSPIM to create the m-iSPIM is shown in
Fig. 1c. Firstly, an optical fiber is mounted between the pair of
orthogonally mounted iSPIM objective lenses (40X, 0.8 NA, 3.5
mm WD, N40X-NIR, Nikon) to create an independent
illumination that is projected into the sample space. The width
of the single mode fiber (SMF, 125 um dia.) fits within the tight
gap (=700 um width) between the two objective lenses of the
iSPIM and its NA (=0.13) allows transmitted light to be collected
by an objective lens (10X, 0.3 NA, 10 mm WD, RMS10X-PF,
Olympus). In the m-iSPIM, the transmitted light is relayed and
combined with the reference light from the other fiber through
a tilted 50:50 beam splitter (CCM1-BS013, Thorlabs), to form an
interference pattern at a charge coupled device (CCD) camera
(pco.pixelfly USB, PCO). The interference pattern allows us to
measure the OPD within the sample i.e. off-axis quantitative
phase microscopy (QPM).3° Alternatively, one can also use in-
line defocusing-based methods to conduct quantitative phase
measurements albeit with additional computing steps.*°

Secondly, an ETL module,** a convex tunable lens (EL-10-30-
C-VIS-LD, Optotune) paired with a plano-concave offset lens (f=-
48 mm, #45-018, Edmund Optics), is mounted to the back of the
iSPIM’s excitation objective lens. The module replaces the
manual rotating mount and is shown in detail in Fig. 2a. This
assembly is then fixed on the iSPIM frame using commercially
available optomechanical parts (Thorlabs Inc). A USB driver
(Lens Driver 4, Optotune) digitally controls the current delivered
to the ETL for fine-tuning the axial focus without physically
shifting the objective lens. As with any light sheet imaging, it is
necessary to manually center the light sheet to the iSPIM

This journal is © The Royal Society of Chemistry 20xx
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detection objective lens field of view (FOV). Visualization of m-
iSPIM images is performed in Fiji.*> We conducted post-
processing steps to improve image contrast and remove out of
focus fluorescence light depending on the sparsity of the
biological samples using Fiji and LsDeconv*3. Both background
subtraction and deconvolution were performed for densely
packed spheroid images, while deconvolution was applied for
sparsely distributed platelet and fibroblast cell images. All in all,
the m-iSPIM requires minimal changes to existing iSPIM
operation and can support an Rl of up to =1.42 (sucrose solution
=50% concentration), which is adequate to match the Rl of
conventional PDMS microdevices.**

Measuring beam waist of m-iSPIM’s light sheet

Since different batches of PDMS can exhibit slight variations
in RI, and hence OPD, we developed a method to monitor
changes of OPD over time. For this, we employed QPM to
measure the difference between the phase of light transmitted
through the PDMS and sucrose solution, which is associated
With Aneyternal (Supplementary Fig. 5). The monitoring of Aneyternal
and live adjustments of the sucrose concentration ensures that
there is minimal OPD, i.e. Angyeral iS close to zero. We then
record the Rl of the sucrose solution using a refractometer. The
Rl measurement is accurate for all PDMS devices of the same
batch. Subsequent OPD measurement is only required at the
start of each experiment to ensure RIl-matched condition
between PDMS and sucrose solution.

a)i OPD = 120 ym

OPD < 2.5 um

L:ab on-a Chip

The width of the light sheet beam is a direct mgasure ofthe
optical sectioning ability in light sheet PRaginE®/HEHcR)518is
necessary to quantify the intensity profile of the light sheet
beam using a fluorescence dye. Fig. 2b) shows that the use of
sucrose solution matched to the Rl of PDMS (=1.41) and paired
with an objective lens corrected for the Rl of water (1.33)
induces significant axial focal shift of =300 um in the excitation
beam and sheet. By setting the ETL current to 180 mA, the light
sheet is focused back to the center of the FOV of the detection
objective lens. Additional adjustment of axial focal shift in the
detection path can be achieved with manual adjustments to the
objective lens mount. The excitation light beam and sheet
without any optical distortion is shown alongside for
comparison. The improvement of the intensity profile becomes
more evident by comparing the intensity plot of the beam waist
and the intensity gradient at the edge of light sheet as shown in
Fig. 2c). By engaging the ETL, the excitation beam is sharpened
considerably and results in approximately 8.12-fold reduction of
the full width half maximum (FWHM) from 30.45 um to 3.75
um. The improvement is also observed in the intensity gradient
=40 um from edge of the light sheet (Fig. 2c), which indicates an
increase in intensity gradient (Alnormalized) from 0.005 pum? to
0.01 um.

Quantifying sub-micrometer imaging resolution in PDMS devices

To further validate our method, we investigated the imaging
resolution achievable in PDMS microdevices of different

Fig. 3 a) Volumetric reconstructions of live, DiO-stained fibroblast cells in a microchamber device and imaged with an OPD of i) =120 um or ii) 2.5 um. Scale bar: 30 um.

Insets show zoomed-in views of selected cells. Scale bar: 20 um. b) i) Reconstructed brightfield images obtained by inverted QPM showing fixed L929 spheroids stained with

Vybrant DiO and Alexa Fluor 568-Phalloidin, lined up in a microchamber device and imaged with Aneyerma=0 (OPD<120 pum). Scale bar: 50 um. ii) Volumetric reconstructions of

m-iSPIM imaging of corresponding spheroid regions highlighted in i (color-coded). Scale bar: 50 um. iii) XY slice of the spheroid. Scale bar: 50 pm. All volumetric reconstructions

were generated using Fiji Volume Viewer with maximum intensity projections and trilinear interpolation. List of RI: water — 1.332; gelatin — 1.340; PBS — 1.340; microchannel —
1.4120; chamber — 1.4117; microchamber — 1.4134. Sucrose solution matches the Rl of PDMS device used.

This journal is © The Royal Society of Chemistry 20xx
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thickness. For this we imaged sub-diffraction limited
fluorescent beads fixed on a coverslip i.e. dpppms=0 pm or flowed
into PDMS microdevices of different thickness dppys=1200 um
and 2000 um (Fig. 2 d-f). Fig. 2d i) indicates that without any
PDMS, i.e., OPD=0 um, the ETL-refocused light sheet in the m-
iSPIM retrieves a lateral resolution of 0.48+0.04 um (FWHM X)
and 0.52+0.11 um (FWHM Y) that is comparable with diffraction
limited results from iSPIM.1? The lateral resolution becomes to
X=0.79%0.05 pm and Y=0.62+0.02 um in a 1200 um-thick PDMS
chamber at a sample depth (dyegia) Of 25 um, where OPD is less
than 2.5 um (Fig. 2d, ii). For a PDMS chamber with a thickness
of 2000 um (Fig. 2d, iii), the lateral imaging resolution varies
from X=0.89+0.06 um, Y=0.72+0.02 um at dyegia Of 50 pm to
X=1.06+0.06 pm, Y=0.91+£0.03 pm at dyeqis Of 200 um, covering
OPD ranging from 0 to 20 pum. In contrast, beads in PDMS
chamber imaged without eliminating Angermar Showed
significant optical aberration (Fig. 2e) that degraded the
achievable lateral resolution to X=2.01 um and Y=1.26 pum. Fig.
2f) summarizes the point spread function (PSF) measurements
from Fig. 2d and 2e, which clearly demonstrates the greater
impact of changing Angyternar from 0 (sucrose-PDMS) to 0.08
(water-PDMS) on lateral resolution against increasing dedia- We
note that the consistent asymmetry of the PSF in the X- and Y-
direction (=21+7%) is likely a result of laser polarization. These
results validate our hypothesis that the m-iSPIM approach
removes the majority of the OPD from PDMS microdevices to
achieve sub-micrometer resolution ideal for cellular imaging.

L L L L L L e LT

XZ '
- * 1

A: 688.57 um/s
B: 802.29 ym/s

A: 502.23 um/s
B: 218.15 pm/s

A: 488.41 um/s
B: O um/s

Thus, we next moved to verify the m-iSPIM fqr,imaging
biological samples within PDMS devices.DOl: 10.1039/D0LC0O0598C

Imaging biological samples

LSFM has been implemented for studies at the microscopic
(e.g. single cell and intracellular) and macroscopic (e.g. spheroid
and embryo) level” and as such, we aimed to demonstrate that
the m-iSPIM can encompass both scales of imaging. For this we
imaged L1929 fibroblast cells and fixed tumor spheroids
suspended in saline (Nmeqia=1.34) within PDMS chambers (Fig.
3). Fig. 3a) presents 3D volumetric images of L929 fibroblast
cells stained with Vybrant DiO dye in a PDMS microdevice using
either standard iSPIM or the m-iSPIM. Our results clearly show
that the removal of Angyternal and the refocusing by the ETL in the
m-iSPIM achieves finer intracellular details as apparent in the
visualization of internalized vesicles that cannot be resolved in
standard iSPIM (Fig. 3a). We next applied the m-iSPIM to fixed
spheroids (=500 um) stained with Vybrant DiO and Alexa Fluor
568-Phalloidin, then loaded in a PDMS microchamber that
supports imaging of multiple spheroids. Fig. 3b i) shows stitched
brightfield images obtained using the SMF illuminator with
three spheroids positioned next to each other within the
microchamber. m-iSPIM imaging was then conducted across
the highlighted regions as shown in the volumetric
reconstruction and 2D cross section in Fig. 3b ii) and iii),
respectively. Thus, using the m-iSPIM we can visualize individual
cells stained by Vybrant DiO as well as the interstitial space
i)
T2-T1

A: 425.96 pm/s
B: 48.78 um/s

B: 163.61 uym/s

Fig. 4 a) i) Orthogonal views of a DiOCq-labeled platelet aggregate from volumetric scans at two timepoints, T; and T, with a 15-second interval. Dashed lines indicate a

single platelet being recruited into the aggregate. Scale bar: 5 um. ii) Intensity difference between red box show at time points T; and T, shown in i) in the red box region

Scalebar: 2 um. b) Tracking of two platelets, indicated as A and B reveal their lateral flow trajectories and velocity near a platelet aggregate. Images are consecutive Z-slices
captured during one volumetric scan. Intensity in Fig. 4b) is increased by a factor of two for visualisation purposes. Scale bar: 5 um. Arrows indicate the flow direction.
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between cells marked by the non-specific binding of phalloidin,
with an imaging depth penetration of =150 pum into the
spheroid, owing to the absence of sample optical clearing.*® The
curved microchamber surface visible in Fig. 3b ii) originates
from excitation of residual fluorescence dye that is attached to
the inner PDMS surface as observed in other studies*” due to
PDMS’s hydrophobic property and indicates a dmegia Of =50 um
between the microchamber wall and spheroid. These results
together demonstrate application of the m-iSPIM in a broad
range of biological samples confined within PDMS
microdevices.

Next, we carried out a microfluidic platelet aggregate
imaging experiment commonly used to evaluate thrombus
formation®® to capture single platelet recruitment into a
platelet aggregate using m-iSPIM 3D spatial-temporal imaging
capability. Studies of thrombus formation in flowing blood have
generally been achieved using confocal microscopy, which is
prone to photobleaching.*®:>° We used the generic intracellular
dye DIOCq to uniformly label washed platelets and then flowed
labeled platelets through a 600 um PDMS circular collage-
coated channel at a volume rate of 10 uL/min. In Fig. 4a i), under
these modest flow conditions, we observed a platelet aggregate
along the margins of the channel outlet at an imaging depth of
approximately 150 um where the lateral imaging resolution is
X=0.96+0.04 pm, Y=0.85%+0.03 pum. The m-iSPIM collected
continuous multiple Z-stack volumes on the platelet aggregate
for a total of 5 minutes without signs of photobleaching. From
two volumetric scans (15-second interval), we identified a single
platelet being recruited into the aggregate indicated by the
dashed lines. Since there was minimal movement within the
platelet aggregate, we were able to simply subtract the two
acquired volumes to identify the spatial location of the
recruitment site as shown in Fig. 4a ii). We also attempted to
visualize platelet dynamics under flow by conducting image-
based tracking. Fig. 4b) shows the trajectories of two platelets
flowing pass a platelet aggregate, captured during a single
volumetric scan. Here, we calculated platelets’ lateral
displacements by locating their centroids across multiple Z-
slices using intensity thresholding in MATLAB. Platelet velocities
were then measured from the spatial-temporal relationship
derived from the system’s volumetric scan rate.

Discussion

In the current study we have demonstrated the application
of tailored PDMS microfluidics for iSPIM, which can be
translated to other light sheet microscopy variants such as
LLSM,3* which shares similarities in sample plane geometry.>!
Imaging of living cells/organism in LLSM is compounded by
restricted degrees of freedom when loading biological samples
and hence, the use of tailored PDMS microfluidics with LLSM or
high-NA iSPIM enables controlled sample delivery and in doing
so pave the way for high throughput light sheet imaging.>?

While there are existing specialized multi-immersion
objective lenses designed for light sheet imaging of cleared
tissues, they have fixed working distances, lower NA (<0.7) and
a magnification of around 20X. The implementation of an ETL

This journal is © The Royal Society of Chemistry 20xx
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module to achieve axial focus tuning by controllingothe
divergence of the excitation beam is appfhcable® 1M Right
sheet objective lenses of different numerical apertures.
Moreover, the ETL approach controls the beam divergence
precisely without inducing any mechanical movement in the
confined sample space, in contrast to piezo-driven methods. An
ETL module can also be placed in the detection path>3 >4 to re-
focus the imaging plane of the detection objective lenses as
required. Hence, the ETL method proposed here would be
widely applicable to existing iSPIM or diSPIM setups. However,
for a system with high NA detection objective lenses, an
additional phase mask may be required to compensate for
spherical aberration induced by the ETL module.

Refractive adaptive optics element can also be utilized in the
system’s excitation and emission paths to conduct wavefront
optimization for aberration correction.>> 56 Unlike light sheet
systems customized with reflective AO elements,”” 58
integrating the transmissive, lens-like AO element requires only
simple modification to the system. For detecting wavefront
distortions, a wavefront sensorless measurement algorithm can
be adopted without modifying the system.>® We anticipate that
this AO implementation not only can compensate for the
beam’s axial focal shift (a defocus mode) described in our work,
but also improve on the current m-iSPIM’s limited imaging
depth and resolution in densely packed biological samples.

One limitation of the m-iSPIM lies in the imaging setup,
which uses an open-top petri dish that is susceptible to
evaporation and convection resulting in a non-uniform Rl
variation across the sucrose solution, albeit at a very slow rate
of An/sec>5x10°. To avoid this, we have devised a fluidic
feedback system (Supplementary Fig. 6) that can maintain a
stable sucrose concentration over time. Alternatively, a non-
aqueous solution such as silicone oil can circumvent the issue of
evaporation but would be less economical than sucrose.

The incorporation of an optical fiber as a light source
between the m-iSPIM objective lenses expands the
functionality beyond exclusively light sheet fluorescence
imaging. While the fiber-based QPM is implemented for
Anesernal quantification, it can be used to perform label-free
brightfield or phase imaging on samples.3® For instance,
brightfield imaging (QPM) together with fluorescence imaging
in microfluidic-based imaging flow cytometry are important to
determine intracellular localization of fluorescent markers.?: €0-
62 For potential adaptive optics implementation, the QPM can
serve as a wavefront distortion detection tool based on phase
profile directly measured at sample level.®3 However, detection
accuracy greatly relies on the knowledge of the refractive index
distribution across the sample, which can be difficult to obtain
from samples with complex internal geometries. It will also be
interesting to determine how photomanipulation techniques
including optical tweezers,%* optogenetics®> and
photoactivation for super resolution microscopy® can take
advantage of the optical fiber light source, where spatial control
is not critical.

Recent development in 3D printing of PDMS device enables
direct formation of 3D microchannel structures without
micromolding.67-%% This also provides direct fabrication control
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over the device’s outer dimension thus ensures good
compatibility with the m-iSPIM. However, due to the nature of
additive manufacturing, surface roughness as a result of
grooves formed between neighboring filaments or layers can
lead to undesired scattering and refraction at the internal
interface with Anjnernal.’® Treating the inner PDMS surface with
solvent or extra PDMS coating can smoothen the roughness, but
with a cost of additional processing.®® Nevertheless, we believe
that PDMS 3D printing approaches will build on top of the
conventional soft lithography technique addressed in this work,
to serve as a specialized tool for microfluidic application using
m-iSPIM.

In addition, PDMS chambers can act as isolated sample
holder to image solvent-based clearing agents that are
necessary for tissue optical clearing but potentially corrosive to
objective lenses’73 as well as expansion microscopy where
sample can be kept in isolation to ensure tissue hydration.”* The
entire PDMS chamber can then be RI-matched with sucrose
solution for cleared tissue imaging.

Finally, this combination of the m-iSPIM and PDMS
microdevices can be a powerful multi-modality tool for long-
term volumetric imaging in established biological experimental
systems in vitro and ex vivo. The ability to perform light sheet
imaging on spheroids in microfluidic channels allows wide-
ranging imaging of other 3D cellular models under conditions
that can recapitulate the physiological environment, and yield
cellular responses vastly different from 2D cultures.”>77
Likewise, containment of biological samples in a PDMS chamber
allows for easy manipulation of the cellular microenvironment
that is otherwise difficult to achieve in iSPIM and LLSM. More
importantly, we demonstrated m-iSPIM’s spatial-temporal
imaging capability for single platelet dynamic event within a
fluidic microenvironment. This will support the application of
lightsheet imaging to hemostasis/thrombosis research, that
have so far been applied only to fixed sample.”®

Conclusion

In this work, we demonstrate the feasibility of a light sheet
modality called the m-iSPIM that is fully compatible with
conventional soft lithography fabricated PDMS microdevice and
delivers high-resolution imaging of live cells and fixed
spheroids. We proved that the majority of the OPD arises from
the RI-mismatch at the external interface of the PDMS
microdevice and that this can be easily eliminated by non-
hazardous, widely available sucrose solution. The ETL module in
the m-iSPIM corrects for any subsequent axial focal shift and so
achieves sub-micrometer imaging resolution up to a 200 um
depth within the PDMS microchannel. We anticipate that the
m-iSPIM will be a key enabler for a wide range of dynamic high-
resolution light sheet microscopy applications for imaging of
biological samples that are required to be isolated or delivered
in a controlled environment.
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