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Abstract

Optical-based microfluidic cell sorting has become increasingly attractive for applications in life and environmental sci-
ences due to its ability of sophisticated cell handling in flow. The majority of these microfluidic cell sorting devices employ
two-dimensional fluid flow control strategies, which lack the ability to manipulate the position of cells arbitrarily for precise
optical detection, therefore resulting in reduced sorting accuracy and purity. Although three-dimensional (3D) hydrodynamic
devices have better flow-focusing characteristics, most lack the flexibility to arbitrarily position the sample flow in each
direction. Thus, there have been very few studies using 3D hydrodynamic flow focusing for sorting. Herein, we designed a
3D hydrodynamic focusing sorting platform based on independent sheath flow-focusing and pressure-actuated switching.
This design offers many advantages in terms of reliable acquisition of weak Raman signals due to the ability to precisely
control the speed and position of samples in 3D. With a proof-of-concept demonstration, we show this 3D hydrodynamic

focusing-based sorting device has the potential to reach a high degree of accuracy for Raman activated sorting.

Keywords 3D flow-focusing - Multilayer structures - Cell sorting - Microfluidics - Raman

1 Introduction

With the capability of high throughput screening in cell
sorting, traditional flow cytometer and fluorescence acti-
vated cell sorting (FACS) systems have become powerful
tools for routine clinical and laboratory use (Bonner et al.
1972; Nolan et al. 1988). However, these techniques usually
require target cells to be labelled and are thus not universally
applicable. This is particularly true when label-free methods
are desirable due to the time required to label the sample,
the difficult to label efficiency and specificity, or adverse
effects of the label on cell metabolism and viability. These
concerns have led to increasing interest in techniques requir-
ing no labeling, such as Raman spectroscopy (Kong et al.
2015), image analysis (Li et al. 2014; Yuan et al. 2017), or
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frequency dependent and cell-specific electrical impedance
profiles (B. Y. Chang and Park 2010).

Other well-known drawbacks of conventional FACS
instruments are associated with the complexity of the instru-
mentation, high capital and maintenance costs and the need
for relatively large sample volumes. Microfabricated micro-
fluidic flow cytometers and sorters are promising approaches
to address these limitations (Shen et al. 2019; Yin and Mar-
shall 2012). Here, advantage is taken of the typical dimen-
sions of the microfabricated channels being compatible with
those of biological cells and their fabrication being relatively
simple. A further advantage of microfabricated devices is
that they can be easily integrated with existing laboratory
instrumentation. This leads to platforms that enable sophis-
ticated cellular analyses and/or the isolation of target cells
for post-processing (Skommer et al. 2013; Wolff et al. 2003).

Among the microfluidic-based cell sorting devices,
sorting strategies include those that rely on inertial flow,
viscoelastic flow, shear-induced diffusion (Di Carlo 2009;
Zhou et al. 2019; Zhou et al. 2018a, b), and hydrodynamic
focusing. For the latter strategy, two classes of device have
been developed in attempts to precisely guide and position
cells within a fluid channel network. One class is based on
a substantially ‘2D’ design, in which two sheath flows are
placed either side of the sample stream containing the cells
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to laterally focus it down to a size of 10’s pm (Skommer
et al. 2013). This concept features in many applications
where detection of the ‘identification’ signal used for the
sorting process is easy due to its magnitude (e.g., strong
fluorescence signals). However, 2D hydrodynamic focusing
inherently lacks a high degree of control in the z-position of
cells when they are flowing through the detection chamber of
a device. This lack of z-positional control results in reduced
sorting accuracy and purity in cases where the magnitude
of the identification signal is close to the background signal
levels and/or very sensitive to a cell’s position, such as when
the cell passes through the optical focus of a laser beam.

Furthermore, as with many microfluidic platforms, these
2D devices still suffer from limitations such as those associ-
ated with channel clogging (as occurs when slowly moving
streams of adherent cells come into contact with the chan-
nel walls, for example), and a degradation in sorting perfor-
mance when the cells are poorly constrained in the focussed
flow due to their small size (Lu et al. 2014; Mao et al. 2007,
Xu et al. 2011).

A second type of focusing structure uses 3D hydrody-
namic control to constrain and position the cells. In general,
this is done by creating either a cylindrical sheath flow pro-
file (Lee et al. 2009; Nawaz et al. 2014) or using multiple
sheath flows (C. C. Chang et al. 2007; Simonnet and Grois-
man 2005) around a central sample stream. In comparison
to 2D focusing, the flow profiles of 3D focusing devices
lead to a more tightly confined focus, thus helping prevent
cells in the sample stream from coming close to the channel
walls (Xu et al. 2011) and more tightly confining the focus.

Various architectures have been reported for hydrody-
namic 3D focusing (Daniele et al. 2015) devices: a simple
contraction—expansion array that only uses one sheath flow
inlet (Lee et al. 2009; Nawaz et al. 2014) with the focusing
occurring through the creation of secondary Dean flow; a
groove-based relief pattern on one of the channel faces to
transform a sheath flow from 2D to 3D and so realize con-
finement (Howell et al. 2008); and two sheath flows used in
combination with chevron-grooves—here the performance
is remarkably improved (Golden et al. 2009). A further type
of 3D design uses a structure in which the streams from
two side sheath channels merge with the sample channel at
different heights, showing a limited constraining effect in
the transverse directions (Chiu et al. 2013). To improve on
this, a third sheath flow has been added into some designs
either beneath (Xu et al. 2011) or beside (Mao et al. 2012a,
b; Nawaz et al. 2014) the sample stream.

All the above designs have inherent strengths and weak-
nesses, most commonly they (i) generally lack the flexibility
to arbitrarily position the focussed sample flow in x—y and
z directions; (ii) require both the sample and sheath flow
rates to be relatively high to achieve tight focusing, and (iii)
lead to significant dilution of the sample with sheath flow
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solution downstream of the focus point. Factors (i) and (ii)
are problematic in that they compromise the ability to col-
lect signals from samples which would require long acquisi-
tion times due to their weakness (e.g., 100’s milliseconds for
Raman signals) or where fine re-positioning of the micro-
fluidic device is not possible after it has been inserted into
a measurement apparatus. With factor (iii), excessive dilu-
tion of the sample makes recovery and post processing of
collected target cells significantly more challenging when
small numbers of cells are involved. Taken together, these
difficulties may account for there being relatively few studies
that use 3D hydrodynamic flow focusing for sorting. Those
that have been reported are based on large fluorescence or
colour absorption signals (Chen et al. 2013; Meineke et al.
2016), or, in the case of our recent work using a 3D printed
flow-focusing device (Lyu et al. 2020), the first report of
Raman-based sorting (using the ‘Raman window’ concept
to maximise the signal).

As indicated above, Raman spectroscopy is a label-free
and non-destructive technology. Raman spectra of single
cells consist of rich Raman “fingerprints” formed from the
sum of the spectroscopic features characteristic of each
compounds within a single cell. This fingerprint can thus
be used to characterise both cell phenotype and physiologi-
cal functions (Wang et al. 2020). However, since spontane-
ous Raman signals are inherently weak, there are significant
challenges when carrying out flow-based sorting and often
spectra are instead acquired when the cells are momentar-
ily held in a stationary position (Song et al. 2016). Poten-
tially, the stop-and-measure strategy limits the throughput
of a platform and consequently in the first study in this area,
we demonstrated the principle of “trap-free” Raman acti-
vated cell sorting (Mcllvenna et al. 2016) using a 2D hydro-
dynamic focusing method. However, during the course of
that study we noted that the Raman signal from a bacterial
cell could fall by over 50% with only ~5 pm change in the
z-focus position of a high magnification objective (Fig. S1).
This observation prompted the development of a 3D flow
focusing strategy with precise control of the sample stream
z-position to achieve high throughput and robust cell sorting.

In formulating a new 3D flow focusing strategy we sought
to address the limitations (i)-(iii) outlined above. The aim
was to develop a novel hydrodynamic 3D flow-focusing
microfluidic method that could be used for either continuous
fluorescence- or Raman-activated cell sorting. To do this,
our scheme employed a straightforward design that included
four independently controlled sheath flow inlet streams sur-
rounding the sample stream, and four independently con-
trolled sheath flow outlet streams that surrounded the sample
outlet stream and were downstream of the flow focus point.
These inlets and outlets provided both the degree of flow
focusing and spatial positioning (in x—y and z) required. In
addition, the downstream outlet channels served to convey
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a substantial fraction of the sheath flow fluid away from
the sample stream, before it enters a channel network that
performs the cell sorting actuation. Although constructed
with fluorescence or Raman detection in mind, these devices
should result in systems with great flexibility in controlling
flows in 3D for a variety of applications or platforms.

The basic design envisaged could be realised using either
3D printing or photolithographic techniques as best suited
to particular scenarios. For example, when sorting relatively
large cells from samples that are likely to clog the detection
device, it might be appropriate to use a 3D printed structure
that has a large volume detection chamber and which can be
readily cleaned and re-used. However, when sorting rela-
tively small cells (e.g., <5 pm) from ‘clean’ (or debris free)
solutions, a higher throughput fabrication technique such as
photolithography, is more appropriate.

We have recently reported the method of implementation
of the 3D focusing strategy using 3D printed devices (Lyu
et al. 2020). Here, we report a route to create the 3D focus-
ing devices that employs both positive and negative photore-
sists to build a suitable multiple-layer structure through a
repetitive photolithography process (Yasukawa et al. 2005).
Although not discussed here, this photolithographic route
could also include additional fabrication steps to incorpo-
rate features used in other cell characterisation modalities,
such as dielectrophoresis electrodes, on-chip PCR heaters,
integrated optoelectronic elements, etc. Here, instead, to
demonstrate the efficacy of the 3D hydrodynamic focusing-
based cell sorting concept, we used a standard Raman micro-
spectrometer to create a simple sorting platform based on
identification of small features in a Raman spectrum rather
than the Raman window approach used earlier.

2 Material and methods
2.1 Design of 3D flow-focusing device

A computational fluid dynamics (CFD) simulation using
COMSOL software version 5.2a was carried out to verify
the functionality of the conceptual 3D hydrodynamic focus-
ing device described above. To avoid excessive computation,
the simulation concentrated on the heart of the device com-
prising two pairs of inlet sheath flows used to confine the
position of a central sample stream in both the lateral (i.e., y
direction) and vertical (i.e., z direction) directions as it enters
a detection chamber (i.e., the detection region) in the x direc-
tion (Fig. 1). As indicated above, the outlet sheath flow out-
let channels enable excess sheath flow fluid to be removed
before the sample stream enters a downstream microfluidic
network, where target cells are sorted and then further pro-
cessed or extracted for off-chip studies. The COMSOL mod-
ules used to perform the simulation were the inbuilt Laminar

Flow and Transport of Diluted Species ones. Fluid flows in
the simulations were controlled by applying uniform pres-
sures to the faces of the inlet and outlet channels.

The channel dimensions used in the basic design simu-
lation were based on the feature dimensions that could be
fabricated reliably using conventional photolithography as
well as cell sizes (here, 2 pm was considered). Typically
these were 100 pm X 15 pm (width x height) for the top and
bottom sheath flow channels and 100 pm X 100 pm for the
side flow channels. The middle (sample flow) inlet and outlet
channels had entrance/exit dimensions of 100 pm X 10 pm,
narrowing down to 20 pm X 10 pm where these channels
meet the detection chamber (see below).

Using the basic design of Fig. 1, a range of sheath and
sample flow rates were explored to discover the conditions
and channel sizes that could achieve a 3D flow focused sam-
ple stream that was ~ 10 pm wide, ~ 1-2 pm thick with the
linear speed of cells in the middle of the detection cham-
ber being ~ 1 mm/s. This is appropriate to a detection time
of ~ 10 ms using a laser focus spot size of ~ 10 pm. Optimi-
zation of certain features in the design involved looking at
how the streamline routes of the sample flow varied with
different outline profiles of the SU-8 layer structure. Here,
the overall aim was to create sample streamline profiles that
focused rapidly to a small region at the centre of the cham-
ber, with minimal expansion of the profile into the detection
chamber. The tightest profiles realizable with the photolitho-
graphic procedures used, were obtained when the features
in the SU-8 pattern that defined the sample channel walls at
the detection chamber inlet was tapered from 100 pm wide
down to 20 pm.

The simulation of Fig. 1 shows the flow profiles resulting
when the pressures applied to the side sheath flow inlet and
outlet channel entrances/exits are 85 Pa and 75 Pa, respec-
tively, ~600 Pa is applied to the top and bottom sheath flow
inlets with the corresponding outlets being held at close to
zero pressure. When ~ 100 Pa is applied to the sample inlet
the sample flow rate into the chip is~0.1 nl/s and the linear
flow rate at the centre of the focused flow is~1 mm/s (The
flow rates in the side and top/bottom sheath flow channels
are 0.1 pl/s and 0.015 pl/s, respectively.)

2.2 Fabrication of the 3D focusing device

The 3D microfluidic device was constructed on a glass
slide using layer-by-layer photolithographic patterning of
the positive photoresist AZ4562 (MicroChemicals GmbH,
Germany) and the negative photoresist SU8-3025 (Micro-
Chemicals GmbH), alternately (Fig. 2). This assembly is
then coated with a photo-patternable silicone elastomer
layer (see below). In this scheme, the patterned AZ resist
layers are sacrificial ones which, after being eluted, define
the sheath and sample flow channels of the final device
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Fig.1 a Schematic diagram of 3D hydrodynamic focusing device.
The blue coloured planes indicate the flow velocity in the side chan-
nels and detection chamber, with the sample stream being shown
through superposition of a high density of streamlines originat-
ing from the middle, sample, channel inlet (indicated red). b Cross-
section along the mid-line of the device showing the simulated flow

(Yasukawa et al. 2005). The AZ layer thickness for the top
and bottom (sheath flow) channels was~ 16 pm and for the
middle (sample flow) channel ~26 pm. The SUS8 layers that
serve as spacers between channels and define the channel
structure in the final device were all ~22 pm thick (Fig. 2a).
Other relevant dimensions of the main channel, side chan-
nels and detection region can be found in Supplementary
Fig. S2.

To seal the top of the device with a simple PDMS cover-
ing, a layer of WL-5150 photo-patternable silicone (Dow
Corning Corp., MI) was used as an effective PDMS com-
patible ‘glue’ (PDMS does not adhere well to SU-8). The
WL-5150 was spin-coated on to the photo-patterned but
undeveloped topmost SU8 layer (SUS8-3, Fig. 2b). It was
then photo-patterned itself before being developed in EC
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Detection region

distribution, again with the sample flow (red) being shown through
superposition of a large number of streamlines. The white space in
between the blue and red coloured layers of the sheath flow and sam-
ple channels correspond to the solid parts of the 3D device (i.e., the
SU-8 resist layers). See text for parameters used in simulation

solvent together with the SU8-3 layer (MicroChemicals
GmbH). Subsequently, the whole device was soaked in
acetone for ~30 min to remove the sacrificial AZ layers, so
forming a clear microfluidic channel network.

Finally, the soft PDMS covering that provided the ‘lid’
of the device was made from a 20:1 mixture of PDMS pre-
polymer and curing agent (Sylgard 184; Dow-Corning) to
facilitate bond to the underlying WL-5150 silicone layer
and cured at 80 °C for 20 min. Before bonding to the SU-8
channel structure, a biopsy punch was used to create 0.7 mm
diameter inlet and outlet holes in the PDMS lid. Both the
PDMS lid and the WL-5150 coated SU-8 device were oxy-
gen plasma treated (100 W, 30 s) prior to bonding together
to make the enclosed microfluidic 3D focusing and sorting
platform (Fig. 2b).
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Fig.2 a Scheme for fabrication of 3D microfluidic platform by patterning both AZ4562 and SU8-3025 photoresists, and (b) scheme for bonding
the 3D platform to a PDMS slab after removal of the AZ photoresist through elution in acetone

2.3 Evaluation of 3D focusing performance

An inverted laser scanning confocal microscope (LSM 510,
Carl Zeiss Inc., Germany) was used to evaluate flow focus-
ing effect of the 3D focusing device. Water and rhodamine
B (1 mM solution) served as the sheath and sample flows,
respectively. For the purposes of evaluating 3D focusing
performance, these were delivered into the top and bottom
channels and the middle one using syringe pumps (NE-
1000, New Era Pump Systems Inc.) with the side sheath
flow channels being fed using a hydrostatic-based pressure
system. The reason for using hydrostatic control for the side
channels was so that the relatively small pressure difference
required to generate the desired flow rates could be both
maintained in a stable fashion and small changes could be
made by simply adjusting the difference in height of the lig-
uid levels in the reservoirs connected to the inlet and outlet
side sheath flow channels. However, it should also be noted
that in normal operation either high quality syringe pumps,
good quality microfluidic pressure control units (e.g., Fluig-
ent systems) could be used in place of hydrostatic control
if desired.

For confocal measurements, the laser beam (A =543 nm)
was initially focused on the rhodamine B stream in the detec-
tion chamber and then scanned to record three-dimensional
images through a 20x/0.45 NA objective lens, with z-slices
acquired 1 pm intervals.

2.4 Raman-activated sorting

Raman-activated sorting was performed on a Horiba
Jobin—Yvon HR800 Raman microspectrometer fitted with
a Horiba Jobin—Yvon Synapse CCD camera and a Quan-
tum Laser Torus 532 nm laser. Spectra were acquired with
either a 50x/0.55 NA or 63x/0.7 NA objective, a pinhole of
300 pm and a 600 groove/mm grating. The grating posi-
tion was adjusted so that the Raman spectra collected were
centred around 1300 cm™'. To control sorting and spectra
acquisition, a custom Labview programme was developed.
This enabled synchronisation of Raman detection, on-the-fly
spectral classification and pressure control (MFCS, FLUIG-
ENT GmbH, Germany) as required for automated Raman-
activated sorting (previously described in (MclIlvenna et al.
2016)). Here, pressure-driven actuation was used to perform
the sorting actuation since it is simple and widely applicable
to many applications.

To provide a model system to demonstrate the sorting
capabilities of the microfluidic device, solutions 0.001%
6.5 pm diameter Flash Red or Dragon Green fluorescent pol-
ystyrene spheres (Bangs Laboratories, Inc., IN) in deionized
water were sorted based on their Raman spectrum. The flow
rates used for this demonstration varied from 1 to 0.2 mm/s,
corresponding to maximum transit times through the laser
spot of ~0.01 s and~0.1 s, respectively. Although these
beads are fluorescent, they also have a Raman signature
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and could thus be observed at the switching junction and
recorded in real time using a fluorescence imaging micro-
scope positioned above the device.

3 Results and discussion

3.1 Simulations with COMSOL

A series of simulations were performed by varying the fluid
pressure at the inlet or outlet of the individual channels and
it was noted that Pouseille flow profiles developed rapidly
before the corresponding fluid stream entered the detection
chamber, as expected. These simulations showed that inde-
pendent control of the flow rates of each of the top, bot-
tom and side sheath flow streams could be used to provide
focusing and positioning control in both the vertical and
horizontal directions. In comparison to angled sheath flow
structures used in other devices to achieve vertical focusing
(Chiu et al. 2013; Daniele et al. 2015), which affects the
horizontal focus position and shape in an independent and
arbitrary fashion, this design provides unique flexibility in
being able to simply adjust the z-position and shape of the
focus as desired.

As an example of the simulations performed, Fig. 3 shows
the sensitivity of this positioning to pressure differences in
the various sheath flow channels. These show that posi-
tion of the focus could be moved by distances of up to 10’s
microns by adjusting the sheath flows using pressures that
are all comfortably within those that can be stably generated

60

50 -

40 A

30 4

20 A

Displacement / um

0.5 1.0 1.5 2.0 25

Pressure difference / Pa

Fig.3 Left: Displacement of flow focus in the lateral (y-axis) direc-
tion as a consequence of imposing different pressures on the side
sheath flow channel inlets. Zero lateral displacement corresponds to
a side sheath flow inlet pressure of 85 Pa and side flow outlet pres-
sure of 75 Pa; a pressure difference of 2 Pa corresponds to adjusting
one side sheath flow inlet pressure to 86 Pa and the other to 84 Pa,
with the corresponding outlet sheath flow pressures being adjusted
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by simple hydrostatic pressure, good quality microfluidic
pressure systems, or good quality syringe pumps.

Additional insights gained from the modelling included
an examination of the sheath flow streamlines (not shown
in Fig. 1) that showed that after passing through the detec-
tion chamber, each of the sheath flow streams is directed to
corresponding outlets with the focused sample flow being
directed into the central outlet for cell sorting (the sorting
network is not shown in Fig. 1, see Fig. 4 later) and that
scaling the inlet and outlet pressures is all that is required
to get flow focused cross sections of the order of 10 pm or
less with low linear sample flow rates of ~0.01 mm/s in the
detection chamber.

The feature of stripping away of a substantial fraction of
the sheath flow focusing solution via the corresponding out-
let channels achieves the goal of reducing excessive sample
dilution that would otherwise occur between the detection
point and the downstream cell switching module. For exam-
ple, with the configuration above, simulations show that the
concentration of entities in the sample inlet are diluted by
a factor of ~ 12 when entering the sample outlet channel,
if instead a device is modelled in which a 25 pm diameter
sample stream is surrounded by 100 pm thick sheath flow
channels on all four sides, and the flow rates are adjusted to
give a 10 pm focused flow, the sample is diluted by a factor
of over 400 downstream of the flow focus point.

When comparing the flow rates used in other hydrodynamic
focusing systems with the system here, whilst those indicated
in the simulations above might appear low (0.1 nl/s for the
sample flow in the above simulation), this is commensurate
with that which would be expected for any system in which the
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to~74 Pa and~76 Pa to ensure the sample continues to flow into the
collection channel. Right: displacement of flow focus in the vertical
(z-axis) direction as a consequence of imposing different pressures on
the top and bottom sheath flow channel inlets. Zero displacement cor-
responds to a position 25 pm above the base of the detection chamber
and a positive pressure difference corresponds to the top sheath flow
pressure being greater than the bottom sheath flow pressure
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Fig.4 Photographs of the whole 3D-focusing microfluidic structure
before (a) and after (b) removing the AZ photoresist. The different
yellow-orange-red colours of the AZ resist defined channels reflect
the degree to which they have been exposed to UV light in succes-
sive steps of the scheme in Fig. 2a. The labels 1, 2 and 3 correspond
to inlets of the top (sheath), middle (sample) and bottom (sheath)
channels, and 1’, 2’ and 3’ their outlets. S-1 and S-2 represent the

linear flow of the sample at the detection point was restricted
to 1 mm/s (i.e., a 10 pm cross section fluid stream travelling at
1 mm/s corresponds to a volumetric flow rate of 0.078 nl/s).
However, this flow rate is considerably lower than those
reported in 3D flow focusing systems such as the 0.5 pl/s in the
work of Mao et al. (Xiaole Mao et al. 2012a, b) or 1.5 pl/s in
the work of Lee, M.G et al. (Lee et al. 2009). Thus for both of
those reported flow rates, either the focused spot size or speed
of the solution going through the focus point would need to be
several orders of magnitude larger than those used here, neither
of which are compatible with the Raman-based applications
envisaged here. Similarly, in reported Dean flow-based cell
sorting devices such as that of Zhou et al. (Yinning Zhou et al.
2018a, b), the sample flow rates are ~ 1-3 pl/s, which would
again lead to much larger cell velocities.

B
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D Detection region !
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»

To
8 Middle

two side (sheath flow) channels and label 4 designates the location
of the detection chamber. ¢ Magnified structure of collection and
waste channels used for sorting. d Micrograph of detection chamber
after elution of the AZ resist. Red arrows show the ends of the top
(sheath), middle (sample) and bottom (sheath) channels in the vicin-
ity of the detection zone. The red dot indicates the optimal detection
position created by the sheath flow focusing

3.2 Particular design features in the 3D device

The overview of the 3D focusing device before and after
removing the sacrificial AZ layers is shown in Fig. 4a, b.
Near to each of the inlets (1-3), there is a microfabricated
pillar-based filter to prevent large sized debris from enter-
ing the microchannel network of the device. Fig. 4c shows
the pressure-controlled sorting feature incorporated into
the sample channel outlet arm. In the magnified detection
region (Fig. 4d), the bottom, middle and top channels are
all 100 pm wide and are well aligned in the x—y plane, with
accurate vertical stacking in the z-direction. The use of such
terracing in the design avoids misalignment during micro-
fabrication, which could lead to leakage, cross-flow between
the embedded channels or sealed/blocked ends to either the
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sample or top and bottom sheath flow channels. This terrac-
ing strategy made the fabrication method very robust and
reliable.

Two other notable aspects of the design are (i) the middle
inlet channel has a progressively narrowing end designed to
aid the focusing of the sample flow in the detection chamber
(referred to in the simulation details above) and (ii) the side
sheath flow channels were constructed so that their heights
were equal to the combined thickness of the SU-8 layers
(i.e.,~ 150 pm). This latter feature is because slightly greater
focussing in the x—y plane compared to the z-direction is
needed for applications in Raman microspectroscopy and

A Lateral flow focusing

SF pressure = 117 Pa

5F pressure = 245 Pa

the larger side channels facilitate the flow of a larger volume
through without significantly increasing the internal stress
between the patterned SU-8 layers.

3.3 Experimental control of the size, shape
and position of the focussed sample flow

To demonstrate flow focusing indicated by the simulations
above, experiments were performed to control the focus
in both the lateral and horizontal directions independently
(Fig. 5). Firstly, for control in the lateral direction, the sheath
flow in the top and bottom channels was stopped. The flow

B Vertical flow focusing

.

sy anamanserens:

T=B=0 pl/min

T=B=1 pul/min

T=B=2 ul/min

T=2 pl/min;B=4 pl/min

Fig.5 a Lateral flow focusing control: (i) Bright field image of the
detection region (the dotted red box). (ii) to (v) Fluorescence images
viewed from above of a rhodamine B sample flow confined solely by
side sheath flows (SF), at gradually increasing hydrostatic pressures,
shown inset in each image (see text for details). Scale bar is 200 pm.
b Vertical flow focusing control: (i) Bright field image of the detec-
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tion region. (ii) to (vi) Confocal images of the rhodamine B sample
flow in the x—y and y-z planes. The y—z profile at the cross-section
indicated by the dotted red line in B(i) is shown adjacent to each
image. T denotes top sheath flow rate; B denotes bottom sheath flow
rate. Scale bar is 100 pm
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rate of the sample stream containing the thodamine B solu-
tion was fixed at 0.05 pl/min using a syringe pump and the
side sheath flow pressures were controlled hydrostatically.
As expected, no flow-focusing occurred until the side sheath
flow pressure increased above a certain level, Fig. 5a. On
increasing the side sheath flow rate the sample stream gradu-
ally focusses in the horizontal direction generating the nar-
row sample flow pattern observed in the sequence of images
in Fig. 5a. Here, the width of the focused sample flow stream
reduces from 72 pm to 51, 36 and 27 pm, respectively as the
hydrostatic pressure difference between the inlet and outlet
of the side sheath flow channels rises from 98 Pa to 117, 245,
and 422 Pa (Fig. 5a ii—v). (Note, these pressure differences
are larger than those shown in the simulations of Figs. 1 and
3 due to the pressure drop along the tubing leading from the
fluid reservoirs to the device inlets.)

Secondly, vertical focusing performance was evaluated
via adjusting the top and bottom sheath flow rates, using a
sample flow rate of 0.05 pl/min and side sheath flow pressure
difference of 422 Pa. For these conditions the fluorescence
profiles along the flow axis (x—y) and perpendicular to the
flow axis (y—z) are shown in Fig. 5b. Fig. 5b-ii shows that
when there was no flow in the top and bottom sheath flows,
the flow profile generated by the side sheath flow streams
nevertheless generated some degree of focusing of the rho-
damine B stream in the z direction, (the z-y view to the
right of the main image, shows that the fluorescent stream
is slightly constrained in the vertical direction). However,
as the top and bottom sheath flows are increased to 0.5 pl/
min or 1 pl/min, the sample stream becomes well confined
in the vertical direction and, as a result, the y—z profile of the
rhodamine B stream appears properly focused in the centre
of the detection chamber (Fig. 5b iii—iv). Further increases
in the top and/or bottom sheath flow rates thereafter squeeze
the sample stream into a thinner strip, at the expense of an
increase in its lateral width (Fig. 5b v—vi). Thus, the vertical
and lateral focusing forces can be easily balanced to achieve
either a close to circular cross section for the sample flow or
other shaped profile, as desired.

Thirdly, an illustration of how the focused sample stream
can be steered away from the midline of the device using
different pressures (or flow rates) applied to the side sheath
flow streams (corresponding to the simulations of Fig. 3) is
provided in Fig. S3).

Finally, since the sample stream flow rate is significantly
slower than that of the sheath flows, the cross section of the
focus can be reduced or increased in size by simple adjust-
ment of the sample flow rate without the need for significant
adjustment of the sheath flow rates. It was also found that by
appropriate adjustment of the sheath and sample flow rates
or pressures, the linear speed of the cells in the detection
chamber can be adjusted from values as low as 0.01's mm/s
up to~ 10's mm/s whilst maintaining a well-focussed flow

profile, offering utility in both fast detection of strong signals
(e.g., fluorescence) or slow detection for weak signals that
require a long period of signal acquisition (e.g., Raman).

3.4 Integration 3D hydrodynamic detection
and downstream sorting

Besides focusing, this multi-layered device possesses the
ability to control the trajectory of the focused stream by tun-
ing the sheath flow rates individually to steer the sample
stream into any downstream outlet channel as desired, e.g.,
following a trigger signal from cell detection software indi-
cating a target cell has passed through the detection zone.
This kind of flexibility in controlling the flow stream is illus-
trated in Fig. 6, where the sample stream can be directed to

Outlet channels

' Top channel

Detection region

Bottom channel

Fig.6 Fluorescence images of a flow focused rhodamine B stream in
the detection region (left), and after being directed to flow into differ-
ent outlet channels (right) via independent control of the top (7) and
bottom (B) sheath flow rates. Top and bottom sheath flow rates are
(i) T=0 pl/min, B=5 pl/min; (ii) 7=1.2 pl/min, B=0.7 pl/min; (iii)
T=8.5 pl/min, B=0 pl/min. Flow rate of rhodamine B is 0.1 pl/min
and the scale bar is 200 pm
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either the middle collection channel, or one of the top and
bottom sheath flow outlet channels. An advantage of this
feature can be seen in the practicalities encountered in long
duration experiments where, for example, it is to temporarily
interrupt the sorting process to replenish sample or sheath
flow solutions (or make other instrumental adjustments). In
these cases, the pressures of the sheath flow streams can be
altered to divert the sample stream into one of the sheath
flow outlet channels, and so avoid potentially contaminating
portions of a sample that have already been sorted.
However, during the routine course of sorting cells (or
other entities), it is important switch cells into either col-
lection or waste channels in such a manner as to not disturb
the position of the focus flow in the detection chamber. The
ease of such sorting actuation at a more downstream loca-
tion (see Fig. 4c¢) is illustrated in Fig. 7 and Supplementary
videos 1 and 3). Rhodamine B is used here as an easy means
to visualise the trajectory of a target cell being diverted into
one or other of two downstream outlets, as dictated by either
the waste or collection outlet channel pressures, triggered by
the sorting software. Such changes in the outlet pressures
of the waste and target cells channels are shown in Fig. 7b,
c to direct the sample flow to one or other destination. The
lack of perturbation of the focused flow in the detection
chamber during these switching events can be visualised
by observing the rhodamine B flow profile there and is
graphically illustrated in Supplementary Video 1. (In this
video, the automated pressure switching is simulated using a

Fig.7 a Fluorescence images of
the stable sample flow of rhoda-
mine B at the detection region
during downstream switching to
different outlets by changing the
outlet pressure (B and C). The
scale bar is 200 pm

0.125s

Fig. 8 Representative images of a bead (in the circle shown in the O s
and 0.25 s frames) passing through the detection point where the laser
spot was located. When the bead was close to (or in) the centre of
laser spot (indicated by red arrow) at 0.125 s it was not visible due to

@ Springer

repetitive, oscillatory movement of the head height of reser-
voirs connected to the two sorting channel channels.). Thus,
the 3D hydrodynamic focusing function integrates well with
a downstream sorting mechanism, in a single device without
either disturbing the other’s function.

3.5 Raman-activated sorting

To demonstrate the utility of this device in the field of
Raman sorting, a proof-of-concept experiment was carried
out using microspheres. As discussed above, precise and
consistent delivery of cells to a tightly focussed laser spot
at detection point is crucial to obtain Raman signals of suf-
ficient magnitude to be detected. For easy in situ monitoring
of the positional stability of a focussed sample stream in the
absence of a fluorescent dye (which would interfere with any
Raman measurements), green fluorescent beads of 6.5 pm in
diameter were used. As shown in Fig. 8 and Supplementary
Video 2, individual beads in the focused stream pass through
the interrogation point of the focused laser beam with good
consistency.

Raman-activated sorting was then conducted with the
same beads after mixing with a solution of non-fluorescent
beads of a similar size. For this mixture, a resonance Raman
signal is generated when the fluorophore in the ‘green’ beads
is stimulated by the 532 nm laser, with a series of Raman
bands being observed in the region from 1000 to 1600 cm™".
Figure 9 shows a Raman-activated cell sorting control

the brightness of the laser. Flow rate of the bead is ~300 pm/s and the
images show the x—y plane of the device, with the slight angle in the
bead’s trajectory being due to the orientation of the overhead camera
used to collect the video sequence. (Supplementary Video 2)



Microfluidics and Nanofluidics (2021) 25:23

Page110f13 23

sh@n
— e G M S B ~ —tie
: & - -
s -
oars
e ) i T S /
—= - -
-
—H
® o
G— - —— -
- - 4
-
-
-
-
-
-
|
-
-
-
P
-
- -
- W o owe e W e W e e
- ame - —
2 — o~
ouws
e o B See 8 -~ -
— S,
B B e
- - =]
— P -
Coumtng - -

]

._
Rt

T

IR — -

(@
11
i
It

i

IRt

D .
o [—

Fig.9 Representative images to show the continuous Raman-acti-
vated sorting process. In each image, the Raman spectrum in the left
panel is associated with the video frame in the right panel through
synchronization of Raman acquisition and optical recordings. The red
arrow in (a) shows where the Raman selection criteria are set in the
software, and the black arrows in (a)-(c) show the status of sorting
process in real time, i.e., the red button show in (a) and (b) means
“sorting off” and the green button in (c¢) means “sorting on” (due to

program, through which the sample stream containing a
bead is directed to the waste channel if the bead’s Raman
spectrum does not meet the selection criteria (as in Fig. 9a,
b). In contrast, if designated features in the Raman spec-
trum are detected when a bead passes through the laser spot

the identification of a target bead, shown in the adjacent video frame).
In the video frames of (b) and (c) the blue and white circles show
the beads moving to either the waste (non-target) or collection (target)
channels, respectively, as also indicated by the sorting status shown
in the corresponding panel on the left. Videos were recorded using an
overhead microscope equipped with an Andor 885 CCD and bright
field reflected light imaging (Supplementary Video 3)

(Fig. 9c¢), the pressure actuated sorting process is triggered
leading to the bead being directed to the collection channel.

To evaluate the reliability of the sorting process both
Raman acquisition at the detection point and the channel into
which the beads flow at the sorting junction were monitored
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synchronously. From the short video of the software win-
dow in Video 3, eight beads met the criteria for collection
(this corresponds to the “Number of cells collected” in the
Labview front panel increasing from 188 to 196, and eight
“cell-TRIGGER” commands being displayed). In the cor-
responding video sequence on the right side of the frames in
Video 3, eight beads can be observed being directed to the
collection channel immediately after each “cell- TRIGGER”
command, with fifteen non-target beads going to the waste
channel because their Raman spectra did not meet the sort-
ing criteria (i.e., Raman peaks at a certain position and of
a certain magnitude). This clearly indicates that the sorting
platform has high accuracy for the collection of targeted
entities in sample that meet the selection criteria. Note, that
as with other cell sorting systems, the sorting accuracy will
be dependent on many criteria. These include the magnitude
of the Raman spectrum, the speed or time taken for target
cells to travel from, the response time of the pressure switch
used to divert the sample stream, and the likelihood of a
target and non-target cell being sufficiently close together
within the sample stream that they are switched together.

4 Conclusions

We successfully designed and fabricated a 3D flow-focus-
ing microfluidic sorting device, which allows independent
adjustment of sample and sheath flows in both flow rate and
flow direction. It enables the precise delivery of a sample
flow that is spatially and temporally stable, as is essential
for acquisition of weak signals (e.g., Raman signals). The
design also avoids significant dilution of the sample stream
after it is collected downstream of the detection zone, and
prevents any downstream pressure fluctuations as a conse-
quence of sorting processes from disturbing the sample flow
profile in the detection chamber. In addition, a high sorting
accuracy was achieved in a proof-of-concept demonstration.
All these unique advantages demonstrate the potential of
this 3D flow-focusing design for accurate and robust cell
sorting utility.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10404-021-02425-y.
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