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Raman activated cell sorting has emerged as a label-free technology that can link phenotypic function with
genotypic properties of cells. However, its broad implementation is limited by challenges associated with
throughput and the complexity of biological systems.
hydrodynamic focusing microfluidic system for a fully automated, continuous Raman activated cell sorting
(3D-RACS). The system consists of a 3D printed detection chamber (1 mm?®) that is integrated with a PDMS
based sorting unit, optical sensors and an in-line collection module. It has the ability to precisely position
cells in the detection chamber for Raman measurements, effectively eliminating spectroscopic interference
from the device materials. This enables the sorting of a range of cell sizes (from 1 um bacteria to 10's um
mammalian cells) with stable operation over >8 hours and high throughput. As a proof-of-concept
demonstration, Raman-activated sorting of mixtures of Chlorella vulgaris and E. coli has demonstrated a
purity level of 92.0% at a throughput of 310 cells per min. The platform employed in this demonstration
features a simple “Raman window” detection system, enabling it to be built on a standard, inverted
microscope. Together with its facile and robust operation, it provides a versatile tool for function-based
flow cytometry and sorting applications in the fields of microbiology, biotechnology, life science and

Here, we describe a three-dimensional
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Introduction

Cell sorting is a key requirement for many applications in life
science and clinical diagnosis; however, high throughput
isolation of functional cells from a complex community still
represents a critical challenge." In recent years, Raman-
activated cell sorting (RACS) based on single cell Raman
spectra (SCRS) has been explored as a label-free tool for
functional-based isolation of cells.”™* The Raman spectrum of
a single cell provides information about its intrinsic
biochemical profile®> which, in turn, can be used to
characterise its phenotype,® metabolic activity and function.””®
Notably, the capability of sorting a microbial community
based on SCRS has offered great potential for the discovery of
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new functional species and genes from the vast array of
untapped natural resources.” %'’

RACS in flow can be both non-invasive and have higher
throughput than methods that rely on measuring spectra of
cells that are (momentarily or permanently) stationary,
followed by cell picking. Since spontaneous Raman spectra
are often inherently weak, to date, most of the methods that
have used cells in microfluidic systems have used a “trap-
and-release” approach, employing methods such as optical
tweezing®''™® or dielectrophoresis."®'”  Although “cell
trapping” can meet the need for long signal acquisition,
ultimately the trapping mechanism limits throughput, and
the efficiency of the trap is often dependent on cell size,
medium conductivity, refractive index and/or flow rate.'®"’
To overcome this, recently, we developed a trapping-free
RACS system capable of both continuous and automated
sorting of individual cells based on SCRS** and 2D
hydrodynamic  focusing.  Significantly, = hydrodynamic
focussing is independent of the physical properties of cells
and medium, and thus universally applicable to a wide
variety of biological systems.

As with the majority of microfluidic cell sorting
platforms,*"** microfluidic devices used for most of the RACS
systems to date have employed polymer materials (e.g. PDMS,
SU-8) to define the microchannels (in general of
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10's um height and 100's um width). A consequence of this is,
that the Raman signals from the device materials often
overlap with those of the cells, making on-the-fly spectral
classification of weak signals difficult.*'***** Furthermore,
problems associated with cell adhesion to channel walls and
channel blockages regularly occur with prolonged usage. This
can be a significant inhibitor in the uptake of these
technologies. Although enlarging the channel dimensions
could alleviate these problems, this approach would require
the capability to accurately control the position of cells in
3D, at the focus point.

Here, we present the development of a novel three-
dimensional (3D) hydrodynamic-focusing Raman activated
cell sorting platform that can precisely position cells in 3D,
has long term stable operation and achieves significantly
higher throughput than before through the inclusion of
additional sensors within the platform. Although 3D
hydrodynamic flow focusing has been widely used in flow
cytometry for optical detection of cells,* reports on 3D
hydrodynamic flow focusing in microfluidic systems with
active sorting mechanisms are very few and limited to
traditional wholly soft lithography fabricated devices.>**®
However, as the development reported below shows recent
advances in 3D printing technology have allowed us to realise
a modular high-fidelity 3D microfluidic system that interface
a 3D printed, 3D hydrodynamic focusing chamber for sample
detection with a soft lithography-based pressure-driven
sorting module.

The development and characterisation of this system were
pursued by first using fluorescent samples (various sized
beads, fluorescently labelled mammalian cells) and then the
more challenging Raman sorting of untagged mixtures of
different types of microbes (Chlorella vulgaris and E. coli). It
is worth noting the significant achievement of tight 3D flow
focusing of the small E. coli (~1 pum) in the large 1 mm?®
detection chamber in order to address some of the issues
above, since focusing such small cells in microfluidic
channels of 100's um width and height remains a significant
challenge.'>>2¢

Compared to existing RACS systems, the 3D-RACS system
has achieved 1) Raman measurements without background
signals of the device materials; 2) the ability to sort a large
range of cell sizes and mixtures of them without blockage,
and 3) long-term stable operation (>8 h) with high
throughputs (e.g. >310 cells per min for sorting of cells based
on their intrinsic Resonance Raman signal).

Finally, as part of the platform development, a simple
“single-band” Raman acquisition system was used for the
Raman-activated sorting of the microbes to demonstrate the
deployment of a relatively simple detection method. However,
it should be noted that the system could also be readily
interfaced with an optical fibre based spectrometer, or
implemented on commercial Raman spectrometer when
more complex Raman identification is required. Thus,
together with its ability of fully automated operation and in-
line collection, this system could become a universally
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applicable, high-throughput flow cytometry and sorting
platform for cells that can be distinguished by their Raman
spectra or other weak optical signals.

Experimental section
3D hydrodynamic focusing and device design

The 3D-RACS device comprises two juxtaposed subunits: a 3D
hydrodynamic focusing detection chamber and a pressure-
driven cell sorting module (Fig. 1A). The device is a hybrid
construction of the 3D printed detection chamber with a
PDMS-based sorting unit (ESIt S1, device design, fabrication
and assembly, ESIT Fig. S1 and S2).

The 3D flowing focusing is realised by surrounding the
sample stream with multiple sheath streams, as shown in
Fig. 1B. By tuning the velocity of the sample and sheath
streams, we can control the tightness and shape of the
sample stream in 3D. In comparison to the previous 3D
hydrodynamic focusing devices,”**” a unique feature of our
design is to remove the sheath flows via the mirrored outlets
on the opposite side of the detection chamber (Fig. 1B). This
not only allows flexible steering of the focused sample stream
but also the separation of sheath flow and sample flow after
detection. Consequently, significant dilution of the sorted
cells and fluid disturbance at the optical interrogation area
resulting from the instantaneous pressure changes during
sorting is avoided.

Additional important elements of the device include two
sets of optical fibre sensors (105 pum core diameter,
multimode, Thorlabs) that are used to synchronise a
detection event with subsequent pressure-driven sorting
actuation (Fig. 1B). The first fibre is inserted into a hole in
the detection chamber, with the end of the fibre pointing to
the position of the focused laser spot. When a cell passes
through the focused laser spot, it generates a large Rayleigh
scattering signal. This scattered light is collected by the fibre
and converted to an electronic timing signal using a
photodiode.

The second pair of fibres are located in the most upstream
point of the sorting module (Fig. 1B) and configured in the
form of a simple beam-break sensor that provides a timing
mark related to when a cell enters the sorting module. Here,
405 nm light from a laser diode (Thorlabs) traverses the
channel and is collected by an opposing fibre, with the signal
being converted into a second electronic signal using a
photodiode. The transient fluctuations in this signal when a
cell passes through the pencil beam crossing the channel are
detected and amplified using an offsetting amplifier (SRS
instruments).

Automated, continuous sorting process

The 3D-RACS sorting process is illustrated in Fig. 2, including
1) 3D flow focusing to deliver cells precisely to the detection
point, 2) detection (fluorescence or single window Raman
and scattered light); 3) on-the-fly classification; 4-5)
synchronisation between the time when the cell is detected

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (A) Left: 2D view of the microfluidic device. Right: 3D view of the 3D printed unit. (B) Illustration of 3D hydrodynamic focusing. The sheath

flows confine the sample flow in the Centre of the detection chamber and leave from the opposite side of the chamber. The sample flow (a) is
hydrodynamically focussed so as to pass through the laser focus (b), before being directed into the sorting unit (c). OS1 and OS2 correspond to
the optical fibre based sensors to detect when cells pass through particular points in the detection chamber or sorting module.
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Fig. 2 Flow chart of the steps of the sorting process. ® 3D flow focusing to deliver cells to the detection point; @ fluorescence or single-band
Raman detection, ® on-the-fly classification; @ & ®synchronization (the 1st optical sensor indicates the arrival of a cell at the detection point, and
the 2nd optical sensor indicates the arrival of a cell at the sorting channel junction) ® sorting actuation. Red sphere indicates a cell. OS1 and OS2:

optical sensors. P1-P4: different outlet pressures.

and when it enters the sorting module; 6) sorting actuation
to divert a target cell into the collection channel and in-line
collection.

To maximise the throughput, one computer controlled the
acquisition and processing of the Raman (or fluorescence)
signal while another computer controlled the optical sensor
interrogation and the sorting actuation. Timestamped trigger
signals to synchronise the sorting actuation were sent from
the first computer to the 2nd one via an RS232 connection.
This parallel operation greatly improves the speed of the
process flow and therefore throughput. The whole process
was controlled and automated using a customised LabVIEW
program (ESIt Fig. S3).

Device fabrication and assembly of the platform

The device was modelled using COMSOL 3.5 (ESIf Fig. S1)
and designed using Solidworks or L-Edit (ESI{ Fig. S2). The

This journal is © The Royal Society of Chemistry 2020

detection chamber is 3D printed using (Object30 Prime
printer) whereas the cell sorting module is fabricated using
standard lithography (Fig. 3A and B and ESI{ S1). The fluid
connection between the two units was made by a short length
(~1 cm) of 50 um internal diameter fused silica tubing (ESI}
Fig. S2). The two modules were then assembled in a
customised holder suitable for placing on a standard x-y
stage of an inverted microscope (Fig. 3C).

The system setup

The overall 3D-RACS system operates on an inverted
fluorescence microscope platform (Zeiss AxioObserver D1)
(ESIT Fig. S4A). The Raman (or fluorescence) stimulation is
provided by the laser source focused through an objective
lens. Detection of the Raman (or fluorescence) signal also
occurs via this objective, using a standard epi-configuration.
In order to characterise the accuracy of the cell sorting

Lab Chip, 2020, 20, 4235-4245 | 4237
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Fig. 3 Optical images of (A) 3D-printed detection chamber and sort module holder, (B) combined detection and sorting subunits, and (C) the
device and holder. Key components are denoted as (a) detection window, (b) sorting observation window, (c) sheath flow holders, (d) the
integrated device, and (e) outlet sheath flow and sorting flow holders. i: Receiving fibre for the detection of the scattered signal at the detection
point; ii: balancing fibre in the detection chamber (not used); iii: emitting fibre of beam-break sensor; iv: receiving fibre of beam-break sensor.

actuation process in situ, an overhead microscope is
positioned above the switching junction of the sorting
module. This too worked in an epi-configuration, equipped
with high speed camera for imaging fluorescently labelled
cells or beads as they pass through the sorting module.
However, to evaluate the Raman sorting performance when
using non-labelled cells (such as the microbes here), an in-
line collection module and post collection analyses were used
instead.

The detailed setup for sorting (excluding the overhead
microscope) is shown in ESIt Fig. S4B. The Raman (or
fluorescence) signals were collected using a 20x/0.4 NA
objective lens and an Andor Neo sCMOS camera.
Ilumination was provided by either a fibre coupled 150 mW
Oxxius 532 nm laser or a 100 W HBO lamp connected to the
rear illumination port of the microscope. Rhodamine and
FITC filters (Omega Optical) were used for fluorescence
measurements. For Raman measurements, a 532 nm notch
filter was placed in front of the camera (to remove Rayleigh
scattered 532 nm excitation light) and narrow-band filters
selected so as to detect a single Raman band of interest on
the sCMOS camera (see later for details). It should be noted
that simple replacement of the camera with a fibre coupled
spectrometer would enable acquisition of full Raman spectra.

The inlet and outlet sheath flow pressured were controlled
by Fluigent pumps (MFCS-EZ), with sorting actuation being
controlled via pressure switching using an Elveflow pump

4238 | Lab Chip, 2020, 20, 4235-4245

(OB1 MK3+). The optical images and videos from the overhead
microscope were acquired using an Andor DU 885 CCD and
Andor Solis software. Image J was used to process optical images.

Cell culture and preparation

Cells and culture medium were bought from ATCC unless
otherwise indicated. K562 cells from human bone marrow
(~10-15 um) were cultured at 37 °C, 5% CO,, with passaging
every 2 to 3 days and using IMDM (Iscove's Modified
Dulbecco’s Medium), supplemented with 10% (v/v) FBS (Fetal
Bovine Serum) and 5% (v/v) penicillin-streptomycin. For
characterisation of the sorting system, living cells were
stained with either Calcein AM (green fluorescence) or
CellTrace Yellow (red fluorescence, ThermoFisher) and mixed
in different ratios in PBS buffer.

As a proof-of-concept, Raman activated cell sorting of the
system was characterised using samples containing both
Chlorella vulgaris (4-6 um) and E. coli (~1 pm). Chiorella
vulgaris 211/110 (Culture Collection of Algae and Protozoa,
CCAP, UK) was cultured under continuous halogen light
illumination (60-80 umol photons m™ s™, 120 W) at 25 °C
on a shaking table and in 3N-BBM+V medium (CCAP, UK).
GFP expressing E. coli (MC1061 pBAD HheC WT) was a gift
from Professor Lixia Tang and cultured in LB broth. Mixed
population samples were prepared by combining these types
of cells at different ratios in PBS buffer.

This journal is © The Royal Society of Chemistry 2020
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Raman spectra acquisition

Raman spectra of Chlorella vulgaris and E. coli were
acquired using a LabRAM HR800 (Horiba Ltd) equipped
with a 532 nm laser, a 600 grating and a Synapse charge-
coupled-device (CCD) camera. Cells were washed with
deionised water three times and deposited onto an Al-
coated slide and air-dried prior to Raman analysis. A 63x/
0.7 NA objective lens was used for spectra collection from
randomly selected individual cells. The laser power at the
sample was adjusted to 2 mW using an optical density
filter. The acquisition time of Chlorella vulgaris and E. coli
are 1 second and 50 seconds respectively.

Raman activated cell sorting and recovery

Chlorella vulgaris contains carotenoids which have a
characteristic Resonance Raman spectra.”® Its peak at 1516
em™" is widely used to characterise carotenoids containing
2930 o detect Raman signals using an
ordinary epi-configured microscope, we adopted a simple
method of creating a narrow band spectral ‘Raman
Window’ using bandpass filters.>®> The Raman band with
the central peak of ~1521 cm™ (90 ecm™" width, from 1496
em™ to 1585 cm™') was used to detect Chlorella vulgaris.
When a 532 nm excitation laser is used, this corresponded

to the wavelength range from 578 nm to 581 nm, based on
eqn (1).

cells or tissues.

1
1 Raman shift [em™|

ey

Anm] =

Jex [NM] - 107

Fig. 4
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Here, 4 is the wavelength being measured in nm, . is the
excitation laser wavelength, and the Raman shift is obtained
from measurements on a standard Raman spectrometer.

A simple ‘Raman window’ for this peak can be created by
overlapping two narrow band filters (571-581 nm from
Semrock and 578-640 nm from Omega) to give a band pass
of 578-581 nm (note: if desired, a narrower bandpass filter
can be created by tilting one or other the filter pair to move
their cut-on/cut-off wavelengths). The sorted cells were
collected using a ~0.45 pm nanopore membrane integrated
in-line with the collection and waste channels. Cells captured
on the membrane were then identified and counted using
standard microscopy.

Results and discussion
Characterisation of 3D hydrodynamic focusing and sorting

To facilitate the observation of the sample flow and 3D flow
focusing, the sample stream was loaded with 5 um diameter
green fluorescent polystyrene beads, with or without the
addition of ~1 puM of fluorescein or rhodamine in DI water.
As shown in Fig. 1B, the sample flow is connected to the
central inlet in the leftmost face of the detection chamber,
with the inlet sheath flows being connected to the four
surrounding inlets. Thus, by adjusting the flow rate in the
inlet sheath flows, the sample flow can be confined in 3D so
that the region occupied by the cells at the flow focus is
sufficiently tight that all of the cells pass through the optical
focus of the Raman stimulating laser (Fig. 4A). The flow focus
can be easily adjusted to be as small as 3 um in this 1 mm?®
detection chamber (ESIt Fig. S5 and Video S1), enabling

C 24, Experimental results
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(A) Time-lapse images showing precise delivery of a K562 cell to the laser point. Cells are stained with CellTrace yellow and generate the

fluorescence signal at T = 0.04 s. (B) Flexible tuned 3D hydrodynamic focusing using sheath flows. The bright-line is an image of a 5 um diameter
red fluorescent bead in flow. (C) Relationship between flow velocity at the optical interrogation area and pressure drop between inlets and outlets

of the 3D hydrodynamic focusing chamber.
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reliable and consistent detection of each cell. Independent
control of the outlet sheath-flow channel flow-rates provides
additional flexibility and control of this focusing method. As
illustrated in Fig. 4B, the inlet sample stream can be directed
to any of the sheath flow outlets or the designated central
sample outlet and onwards to the sorting module, as desired.
This feature can be used to avoid contamination of the
sample collection stream in the sorting unit when the system
is being initially set-up or being cleaned part way through a
long-term sorting process.

By varying the pressure difference between the inlet and
outlet sheath flow channels, cell velocity at the 3D focus position
can be easily controlled. Examination of velocities that range
from 0.2 mm s ' to 2.2 mm s ' at the flow focus, showed
excellent stability and a close to a linear relationship between
the velocity and the pressure difference between the inlet and
outlet sheath flows (Fig. 4C). This ability to control the velocity
allows us to extend the acquisition time for cells with weak
Raman signals if necessary. For example, if the laser spot was
defocused so as to be 20 um in diameter, these flow rates would
correspond to effective acquisition times of ~10 ms to ~100 ms,
which are sufficient to collect signals from the weakest of the
test samples used here. If, however, slower flow rates are
required (e.g. to achieve longer Raman signal acquisition times),
3D printed detection chambers which are both longer and wider
can be used. These changes in the dimension of the detection
chamber enable the cell velocity to be reduced, whilst
maintaining the degree of flow focusing control required to
consistently position every cell in the focus of the laser.

As shown in Fig. 2, once cells entered the sorting module
(location 5), they are diverted to either the collection or waste
channels by adjusting the pressures applied to these
channels. To collect or discard the cells, several different pre-
programmed pressure settings are used. These pressures are
set in such a way that the pressures of P1 and P4 are always
slightly greater than those of P2 and P3 respectively to
prevent backflow of cells. The short sequence of video frames
in ESIt Fig. S6 (Video S2t) illustrates the operation of this
switching protocol to send a non-target cell into the waste
stream, and then a target cell into the collection channel,
before switching the flow back to the waste stream. A series
of switching times were tested and 75 ms was used for the
sorting experiments below in which the channel segment
from the T-junction of the sorting network to the collection
or waste stream branch was 400 pm long. This distance was
chosen to facilitate the characterisation of the high speed
sorting process using video acquisition, rather than to
optimise the throughput of cells. It should be noted that a
faster switching could be achieved by using a shorter
T-junction to collection branch distance, or by using other
methods, such as piezoelectric actuator-driven pumps.*

Synchronising and automation

To achieve automated and reliable operation for extended
operation, hardware/software integration was developed to
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allow reliable synchronisation of Raman acquisition, real-
time signal processing and sorting. To maximise the
throughput, the software that detected signals from the target
cells on the sCMOS camera ran independently of that which
controlled the pressure driven switching in the sorting unit,
as shown in ESIf Fig. S3.

Thus, to reliably synchronise the two operations, it is
necessary to predict the transit time from the detection point
to the beam-break sensor in the sorting channel network so
as not to miss the arrival of the target cell. This is readily
achieved with the two optical sensors (Fig. 1c, OS1&0S2), as
shown in Fig. 5A. Optical sensor 1 collects the Rayleigh
scattered light from a cell as it passes through the focussed
laser spot and generates an electrical signal (red trace,
Fig. 5A). Optical sensor 2 generates a second electrical signal
when that cell passes the beam-break sensor (black trace,
Fig. 5A). The time interval between the two signals
corresponds to the transit time between the two modules.
The average and standard deviation of these transit times
were then calculated using a signal processing routine
implemented in the LabVIEW program. As shown in Fig. 5B,
these times form a close to a normal distribution with a
standard deviation that is close to the square root of the
mean. These parameters are used to control the time that the
sorting computer waits after having received a trigger from
the Raman detection computer, before starting to monitor
optical sensor 2 (see ESI{ Fig. S3). When the target cell has
reached the beam-break sensor, the pressure actuation
sequence in the sorting channel network is started. The
accuracy of sorting actuation as a function of the transit time
and its standard deviation has been simulated based on
Poisson statistics for the passage and temporal distribution
of target and non-target cells through the detection chamber
(ESIT Fig. S7A) and shows that the accuracy of sorting could
be improved effectively by improving the prediction of the
transit time or reducing the spread in transit times.

Characterising sorting performance

Three characteristic parameters of the sorting system were
evaluated, namely 1) accuracy of sorting - the percentage of
detected target cells that are directed into the collection
channel; 2) sorting throughput - the number of cells
analysed per second; 3) purity - the percentage of cells that
are diverted into the collection channel that are actually
target cells.

After initial characterisation experiments involving
fluorescent polymer beads, in the first instance to facilitate
real-time imaging of the sorting performance when using
cells, the platform was evaluated using mixtures of
living K562 cells stained with either Calcein AM (green
fluorescence) or Cell Trace Yellow (red fluorescence). A variety
of target cell percentages (10.8%, 21.2%, and 43.5%) and
different total cell concentrations (2 x 10°, 5 x 10°, and 1 x
10° cells per ml) were tested. A selection of these results is
shown in Fig. 6, where it can be seen that for all cell

This journal is © The Royal Society of Chemistry 2020
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(A) Electrical signals from two optical sensors. The transit time is shown as the gap between signals generated by one cell from both

optical sensors. The dotted circle represents the signals generated by two cells close to each other. These situations occur randomly. (B)
Histogram distribution of the transit time between two optical sensors. The mean value (198 ms) and standard deviation (11.5 ms) were
automatically calculated and transmitted to the part of the program that controls the pressure driven switching.

concentrations, the accuracy of sorting is ~90% (i.e. ~10% of
the target cells that are detected are not collected) (Fig. 6A).
This loss is a consequence of the slight skewness in the
distribution of transit times (Fig. 5B), and the known
probability that the beam-break sensor triggers on a non-
target cell that enters the sorting module in front of the
target cell. Nevertheless, this is close to the theoretical
prediction based on Poisson statistics (ESIT Fig. S7B) and
further optimisation of the parameters can improve the
sorting accuracy to ~98% as detailed in ESI{ S2.

As with many in flow cell sorting systems, the interrelation
of sample throughput and purity of the sorted cells is
determined in large part by time taken to perform the
switching, detecting when a target cell arrives in the sorting
network, factors associated with the acquisition of signals,
and Poisson statistics. Fig. 6 shows the influence of total cell
concentration and throughput on purity as a consequence of
the time taken to perform the sorting actuation. At a fixed
initial target percentage of 21.2%, the increase of the total
cell concentrations leads to an increase in throughput (i.e.
0.2, 0.5 and 1 x 10° cells per ml corresponding to 60, 156 and
310 cells per min respectively).

Similarly, as the throughput increases, the purity falls
since it is more likely that there will be a non-target cell close
to the target one during the switching actuation (Fig. 6B).
Statistically, the purity could be predicted based on the
throughput (ESIf 2 and Fig. S7B). Under the conditions of
Fig. 6B (i.e. the switching time is 75 ms) and the throughput
is 310 cells per min, the predicted purity based on Poisson
statistics is 80.6% (ESIf Fig. S7B), which is not far from the
experimentally determined value of 75.5% (Fig. 6B). Similarly,
when increasing the throughput to ~540 cells per min, the
sorting accuracy reduces slightly to 79.0% and the purity to
70.5%. However, these experimental data are close to the
predicted theoretical values (i.e. accuracy of 79.5% and purity
of 70.9%) (ESIt Fig. S7B), illustrating excellent performance
of the system.

The robustness of this automated system was further
demonstrated in long-period sorting experiments (>8 h) by
an hourly sampling of the accuracy of sorting and purity

This journal is © The Royal Society of Chemistry 2020

(ESIt Table S1). When using a sample that contains 10% of
target beads, 90% non-target beads and throughput rate of
~260 beads per min, the purity was ~76.6%, ie ~7.5 fold
refinement, and the standard deviation of the hourly
measurements was only 1.6% of its average value. Similarly,
the accuracy was 84.4% with a variation of ~4.3%. It is worth
noting that in this long duration test demonstration, the
switching parameters were selected to allow the observation
of the movement of individual beads in the sorting module,
and each of the purity and accuracy metrics can be improved
on by decreasing the switching time and using shorter
channel lengths for segments of the sorting module (ESIt
S2).

Sorting microbes based on their Raman signals

An immediate benefit of using a 1 mm® sized detection
chamber is the elimination of background Raman scattering
from the chamber walls and windows. As shown in Fig. 7, the
Raman spectrum of water acquired at a central height, the
middle of the detection chamber is relatively featureless in
the fingerprint and C-H region (although the bands due to
water can be seen, depending on the NA of the objective
used). In contrast, that acquired using a typical 2D PDMS
channel (of 25 pum height) show strong Raman peaks
corresponding to PDMS and the glass substrate. Such a low
background is key to being able to make the single “Raman
window” measurements as well as being able to improve
sample signal/background measurements when using a
spectrometer-based system (Fig. 7).

A further advantage of the large detection chamber is that it
is not prone to blockage in the way that 2D microfluidic systems
can be. However, in the absence of 3D flow focusing, such a
large chamber could encounter difficulties when detecting small
cells (such as 1 um bacteria). Therefore, to illustrate how this
design can be successfully used to perform Raman activated cell
sorting, this 3D-RACS system was evaluated using mixtures of
Chlorella vulgaris algae and E. coli. (~1 pm) as described below.

Chlorella vulgaris contains carotenoids, which have strong
characteristic Resonance Raman bands around (1002 c¢cm™,
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1152 cm ™ and ~1521 ecm™),”*° whilst Raman signals of E.
coli are very weak under the same acquisition condition using
a conventional Raman spectrometer (Fig. 8A). During the 3D-
RACS sorting, when Chlorella passes through the laser spot, a
bright Raman image (~1521 cm™) is obtained through the
single “Raman window”, whereas that corresponding to E.
coli is very weak (Fig. 8B). The signal-to-background ratio of
Chlorella (102.6 + 78.5) is ~10 times higher than that of E.
coli (9.9 + 6.2) (Fig. 8C), leading to a high degree of
confidence in classifying the target cells.

To collect the cells for off-line processes, we placed a
membrane filter in line with the target collection and waste
channels (ESIT Fig. S8A). Here, the advantage of the removal
of the sheath flows after the detection chamber can be seen
by minimising the dilution of the sorted target bacteria. A
second advantage is the low volumetric flow rate passing into
the collection channel. This means that the pressure drop
across the membrane is small; and so reduces any potential
damage to the cells as well as enabling them to be collected
within a small volume, facilitating harvesting for subsequent
processing.

The sorting performance of the device based on the
Raman signals was evaluated with a series of experiments

25000
—— 2D PDMS channel (63x/0.7) &
——— 3D-printed chamber (20x/0.4) =3
—— 3D-printed chamber (63x/0.7) N
20000 -
E
< 15000 1
z 2
g 10000 -
= b
-~ (=2
©oR °
i -
0 T T - -
400 1200 2000 2800 3600

Raman shift (cm'1)

Fig. 7 Raman spectra of water taken in the middle of the 3D-printed
detection chamber (1 mm?®) and a 2D PDMS microchannel (of 25 pm
height) with two objective lenses (63x/0.7 NA and 20x/0.4 NA).
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were performed with different E. coli and Chlorella vulgaris
ratios. The operations were performed in the same manner
as with the mammalian cells above. To evaluate its potential
for sorting a large heterogeneous population, the throughput
of 310 cells per min was used for all the conditions.

Here, for identification purposes, advantage was taken of
Chlorella vulgaris and E. coli exhibiting distinct red and green
fluorescence intensity respectively when illuminated by 488
nm light (ESIt Fig. S8B and C). Hence the bacteria collected
on the filter paper could be readily identified and quantified
(using Image J). Quantitative assessment of the purity of the
collected target cells is shown in Fig. 8D and has achieved a
purity level of 92.0% at this throughput (i.e. 310 cells per
min). Although this drops to ~60% (which is nevertheless a
7-fold refinement) when the initial target cell concentration
is still relatively low (8.6%), this can be compensated for
either by repeated sorting or further optimising the sorting
conditions as discussed above (ESI} 2).

Finally, it is noted that several benefits could be gained
from the use of this narrow band “Raman window”
configuration, including an imaging mode (due to the use of
an sCMOS or CCD detector) and potentially enhanced signal
collection through the elimination of losses that arise due to
the entrance slit and grating present in most Raman
spectrometers. These in conjunction with the simplicity of
constructing the narrow “Raman window” system on an
ordinary optical microscope, could facilitate wider adoption
of Raman signals for label-free cell analysis and sorting. The
demonstration here of sorted cells is based on the presence
of carotenoids, which widely exist in algae, plants and nearly
all photosynthetic cells.**?** Sorting carotenoid-containing
cells from those without carotenoids could help discover
novel unculturable phototrophic bacteria in untapped natural
resources,” as well as in screening culture conditions that
can promote carotenoid-production in  engineered
microorganisms.*® Other narrow-band windows for Raman
bands such as 750 cm ™' for Cytochrome c¢ to detect
apoptosis,® 2850-2930 cm™' for C-H to detect lipids or
carbohydrate,*® or 2040-2300 cm™ for C-D band in the Raman

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (A) Single-cell Raman spectra of Chlorella vulgaris and E. coli using 532 nm laser. The enlarged view of E. coli spectrum is shown at the top
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Signal-to-background ratio of Chlorella vulgaris and E. coli detected by single Raman channel filter. n = 30. ****: p < 0.0001. (D). Purity of
Chlorella vulgaris cells in the sorted collection versus different percentages of Chlorella vulgaris in the initial samples at throughput of 310 cells
per min (three independent measurements). *: p < 0.05; **: p < 0.01; ***: p < 0.001.

silent region to detect generic metabolic activity,"® can be easily
implemented by appropriate selection of filter sets.

However, it is also worth highlighting the trade-off
between simplicity/cost and the rich information of full
spectra. Traditional Raman spectroscopy and various
enhanced Raman techniques (e.g. coherent anti-Stokes
Raman scattering,’” stimulated Raman Scattering®®) are still
needed for the applications requiring multiplexing detection
and high Raman resolution®” and these can be accessed here
by use of a fibre coupled spectrometer in place of the filter
and sCMOS camera.

Conclusions

The important roles of individual heterogeneity in disease
development®® and the function of microbial communities**
have become widely recognised, which has stimulated rapid
developments single-cell technologies.*” Raman activated cell
sorting has demonstrated its unique strength in function-
based isolation, label-free approaches of individual cells, and
the ability to establish a direct link between the phenotypic
functions and the genomics of members in a community.*’
These promises could provide a solution to many long-
standing challenges, for example, in the search for rare but
key functional subset from complex environmental microbial

This journal is © The Royal Society of Chemistry 2020

communities. However, the speed and robust operation
required to sort large, complex populations are yet to be met
by the current RACS technologies.**

In this context, the fully automated 3D-RACS system
presented here provides a label-free, quantitative, and highly
effective method to sort a heterogeneous population based
on specific function at the single-cell level. With its novel 3D
hydrodynamic focusing method and large detection chamber
(1 mm?®), it has successfully overcome blockage problems that
is commonplace when using 2D microfluidic sorting devices
over extended periods.*® This robustness is also accompanied
by long-period of stable sorting performance (<5% variation
in purity and accuracy over 8 hours).

As a trapping free system, it holds great potential for
being high throughput. Without extensive optimisation, it
has achieved 540 cells per min with a sorting accuracy of
79%, close to that theoretically predicted for this throughput.
The proof-of-concept demonstration of Raman activated
sorting of Chlorella vulgaris and E. coli illustrated a high
throughput of 310 cells per min with 92% purity which is
higher than the existing continuous platforms.*'”?° Most
importantly, the universal applicability of hydrodynamic
focusing through its independence on the physical properties
of cells (size and shape, etc.) and media, provides a unique
advantage in dealing with real-world complex samples.

Lab Chip, 2020, 20, 4235-4245 | 4243
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Finally, the use of a simple “Raman window” microscope
allows easy integration Raman with other common optical
imaging techniques (e.g. fluorescence, phase-contrast), which
will in the future expand the scope of cell functions that can be
probed. This, coupled with the rapid development in 3D
printing technologies promises fully 3D printed 3D-RACS
devices in the near future. As it stands, however, this platform
could be adapted to be used as a robust and flexible platform
for flow cytometry and activated cell sorting based on optical
signals that could be either Raman, fluorescence, or
bioluminescence. Consequently, this will expand the list of
high throughput cell and particle sorting tools readily available
to researchers in a broad range of fields.
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