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Every individual cell is unique and can differ by size, state, protein. expression and can also

exhibit distinct genomic profiles, even within the same tissue. These dissimilarities are important,
especially in understanding rare diseases/cell events which are often masked out in population
average measurements. For instance, detecting circulating tumour celis (CTC) in blood
circulation is a potential non-invasive method for cancer prognosis. Beyond enumeration, which
is correlated to tumour load, CTC characterization is expected to guide therapeutic selection for
personalized care of patients. Single cell analyses can provide the critical piece of information
that helps identify these changes. Conventional methods of extraction by pipetting and
processing cells are tedious and error prone, especially when target cells are low in quantity
and/or purity. Automated fluorescence ceil sorters require millions of cells and introduce

significant cell losses, which makes.them unsuitable for this application.

Single cell analysis is gaining traction due to the potential benefits of addressing cellular
heterogeneity. Important variations present in a small number of cells can be masked when
analysis is performed on a cell population. Recovery and characterization of individual cells is
therefore an essential part of many current studies in oncology and regenerative medicine. As
medical practices gear towards personalized and targeted therapy, understanding the diversity
and genetic makeup of cell populations will aid practitioners to better make clinical judgments.
This will also speed up the drug design and screening processes, if we are able to identify the
key mutations associated with the diseases. The ability to accurately select, manipulate and
process single cells in a high throughput fashion is useful to obtain a sufficient sample size for

understanding cellular heterogeneity.

Conventional bench top methods of single cell sorting and preparation include serial dilution and
manual pipetting of cells under a microscope. To achieve single cell resolution using serial
dilution results in large errors which are random and difficult to spot. Manual pipetting of cells is
a fairly low throughput technique and operations are tedious, meaning that it will not be suitable
for processing the hundreds of cells required to generate sufficient data points to characterize
cellular subpopulation diversity patterns. Current semi-automated methods of isolation involving

micropipette selection and using micro-manipulators or laser capture dissection are also low
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Summary I n general terns the invention proposes a mcrofluidic device that
captures individual cells froma high flow channel, and individually ejects
themfor single cell analysis. This may allow high speed processing and/ or
optical /fluorescence interrogation. Recirculation my naximze cel

recovery which may specifically target rare cell events and | ow cell input
sanpl es where the quantity of the sanpl3e is a limting factor. The device
may provi de a conprehensive sanpl e preparation tool capable of delivering
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bi ol ogi @mrgglé) s in a biological fluid sanple; at |east one sheath flow
inlet for rece€iving a sheath fluid,; at | east one curvilinear channel
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second ponunogyodhemistmf i gured to provide a | ovver pressure relative to the
outer flow during a trapping node. For exanple, the |lower pressure is
anbi ent at nospheric Bressure The second port may be further configured to
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at least one sheath flow inlet for receiving a sheath fluid;

at least one curvilinear channel configured to provide the biological fluid sample

substantially in an outer flow and the sheath fluid in substantially an inner separated flow; and
a plurality of cell traps at the periphery of the curvilinear channel, each trap configured to

admit a single cell having a targeted size range from the outer flow.
The plurality of cell traps at the periphery are configured to be in fluid contact with the outer flow.

The device may further comprise an ejector configured to eject each singie cell having the

targeted size range from each trap during an ejection mode.

The cell traps may include a first port proximate the outer flow and configured to admit the
single cell having the targeted size range and a second port distal the outer flow. The second
port may be configured to provide a lower pressure relative to the outer flow during a trapping

mode. For example, the lower pressure is ambient atmospheric pressure.

The second port may be further configured to provide a high pressure during the ejection mode.

For example, the high pressure may be provided with a flow of sheath fluid.

The second port may be selected from the group consisting of a weir, a constricted channel, an

optically switched gate, and a dielectrically switched gate. For example, when the second port



4 is a weir, the weir has a narrowest dinension |less than 5 pm such as a
narrowest dinension of froml1 to 3pm The first port may be from 10pmto
30pm 15 pmto 25 pm 16 to 2lpmor 17 to 20pmin width. The device nmay
further conprise an optical system For exanple, the optical system may be
suitable for selecting a targeted cell type, optionally wherein the optical
systemis configured for use in brightfaield or fluorescence imaging. The
targeted cell type nay be a circulating tunmour cell. The at |east one
sanpl e iigheleirniy wee hasafragowed dirtersntiess| tharh pmobuntessanthrfowvest diatesiaf oft he
blologldal {kﬁid sanpl e and/or the at |east one sheath inlet is configured
to controt Rl ume and flow rate of the sheath fluid. For exanpl e, the
respective volume and flow rates of the b|olog|cal fluid sanpl e and sheat h
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channel ppl ng node e ejection nDde The
devi ce nay be nmoul ded from PDMS or a hard plastic bonded onto a gl ass
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channel The device may further conprise an outlet configured to provide
each eJé@led single target cell to a predeterm ned | ocati on.

The at least one sample inlet may be configured to control the volume and fiow rate of the
biological fluid sample and/or the at least one sheath inlet is configured to control the volume ..
and flow rate of the sheath fluid. For example, the respective volume and flow rates of the
biological fluid sample and sheath fluid are configured to achieve an outer flow width of 15-25

pm.
The channel may be flushed between the trapping mode and the ejection mode.
The device may be moulded from PDMS or a hard plastic bonded onto a glass slide.

The device may further comprise an optical detector configured to determine the presence of a

cell within each trap and/or the type or identity of the cell within each trap.

The device may further comprise a recycling port configured to recirculate the fluid sample

through the channel.

‘The device may further comprise an outlet configured to provide each ejected single target cell

to a predetermined location.

In a second aspect of the invention, the fluid delivery system comprises:

an inlet configure to receive biological fluid;

a microfluidic device according to claim 23, wherein the at least one sample iniet of the
microfluidic device is coupled to the biological fluid sample inlet of the system and the at least
one sheath flow inlet of the microfluidic device is coupled to the sheath fluid inlet of the system,

a diagnostic or analysis module configured to process each ejected single cell having

the targeted size range from the output of the microfluidic device for diagnosis or analysis, and
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Brief Description of the Figures
The invention will now be described in further detail below, with the aid of the foliowing figures.
Figure 1A is a schematic diagram of a system architecture for cell isolation and recovery.
Figure 1B is an image depicting a view of the exit channel of a device, wherein a coloured dye
has been used to differentiate between the biological sample fluid flow and the sheath fluid flow.
Figure 2 (A) is a Computer aided design (CAD) layout of the microfluidic device, (B) is a
schematic of the cell capture region showing the position of the flow streams and the cell
chambers and (C) is a schematic of forces acting on the cell as it approaches the cell chamber.
Figure 3 (A) is an image of a prototype device fabricated using PDMS bonded onto a glass slide,
and (B) is an image of the device in operation using colour dye visualization.
Figure 4 (A) (i) and (ii) are images of the cell flow line, and (B) is a graph of the correlation
between flow ratio and width of cell flow line.
Figure 5 (A) is a schematic diagram of the mechanism for cell isolation and recovery, (B) is an
image of cell isolation within the cell chamber taken using an optical microscope, and (C) is an
image of cell recovery and verification via optical imaging.
Figure 6 is an image of efficiency of cell capture within all 10 chambers taken using an optical
microscope.
Figure 7 is a schematic diagram showing an alternative mechanism for cell isolation and

recovery.

Detailed Description

A system for sorting and isolating single cells is illustrated in Fig. 1. A microfiuidic device (100)
that has the capability for low cell input and controlled cell dispensing onto a substrate (106),
this can optionally be an automated stage (110) that allows precise positioning of the cell
recovery, and an optical setup (120) for imaging and feedback (e.g. including a camera (121)
and an objective (122)). The device may further comprise a computer interface (130), a sample
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The design of a microfluidic device 100 is depicted in Figs. 2A and 2B. This device may contain
a single cell isolation portion (210), a recycling port (220), a recovery port or outlet (230), a cell
flow inlet (240) and a sheath flow inlet (250). The single cell isolation portion (210) includes a
hydrodynamic focusing region 261 and a series of cell holding chambers or ceil traps 260,
spaced around the periphery of the hydrodynamic focusing region 261. The device also

_ includes a cell ejection control portion 270.

Such devices may be moulded from PDMS via soft lithography, hot embossing methods or

injection moulding.



A potential downstream application that wll greatly benefit fromthe

si ngle cell sanple preparation systemis next generati.on sequencing (NGS).
NGS is a growing and inportant application that has brought about a

paradi gm shift in the bionedical sciences, with a profound inpact on the
under st andi ng of genetic variations, and i nproved clinical assessnents. By
choosing a suitable recovery substrate,7z such as a 96/ 384 well PCR pl ate,
this will be directly conpatible with existing platforns to performthe
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cells have a size of 15 pm the targeted width of the cell flowis in the
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The sel ection of the recovery port is controlled through calibration of the
device so that the recovery port is selected when the ejection fluid is
applied through the ejection port for the correct period of time and at the
correct pressure (e.g. the application of 1pL in 3 seconds in the pressure
range of 1-5 Psi). Optionally, before the cells are released fromtheir
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It wi,ll be appreciated that the user has the option to di spense each cell
i ndi vidually or any other possible conbination, up to and including all of
the cells trapped in the cell holding chambers. It will be further
appreciated that the ejection of the cell can be varied according to the
desires of the operator and may be changed for each ejection run. This

fl exi bl e di spensation systemallows for titration experinments to be
conducted in certain studies. Another inportant feature of the device is
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allows for tltratlon experiments to be conducted in certain studies.

Another important feature of the device is the ability to recycle (lost samples) that failed to enter
the cell chambers on the first (or subsequent) passes. As the system is targeted at applications
where the quantity of the desired celiular samples is limiting or rare, it is vital to ensure
maximum recovery of the input cellular materials. This is accomplished by routing the focused
cell stream from the recycling port (220) back into the cell flow inlet (240) where the cells will get
a further chance of being accepted into the cell holding chambers. The cycle of cell isolation



Proof of concept experinments have been pursued with devices fabricated
using PDMS via soft lithography (e.g. see the nethods described in Qn, D.,
Xia, Y. & Witesides, GM Soft l|ithography for mcro- and nanoscal e
patterning. Nature protocols 5, 491-502 (2010) and in Whitesides, G M,
Gstuni, E., Takayama, S., Jiang, X & Ingber, D.E. Soft |ithography in

bi ol ogy and bi ochem stry Annual review®f bionedi cal engineering 3, 335-373
(2001) incorporated herein by reference). Proof of Concept Fig. 3A shows a
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system has already been used to prove the concept of cell isolation and recovery with the

microfluidic design, as described below.

The system is a significant advance over current research endeavours on circulating tumour cell
(CTC) isolation and detection that further bridges the gap between research establishments and
clinical settings. With the depicted system’s ability to prepare samples for downstream analysis,
it enables a more sensitive measure to detect mutations and variations which are currently
masked by the presence of significant amounts of white blood cells. For instance, the gold
standard of mutational analysis using conventional PCR and Sanger sequencing has a limit of
detection at 1% which is usually not attainable with samples with iow CTC counts. The depicted

system can ensure that there is sufficient sample purity before performing downstream analysis.
Experimental Section

Manufacture of Device




paraneters on the punp each tine. It also helped to synchronize the start
of the punps to mnimze transient responses of the system This software
currently controls 2 syringe punps. These syringe punps may be repl aced

wi th sol enoid valves for pressure control. A total of up to 24

val ves/ syringe punps may be inplenented using such software. Flow rates
bet ween 100 - 500 pUmin with a sheath 1o cell flow fluid viscosity ratio of
approximately 3:1 were investigated. This ratio of fluid viscosities was
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the focuse ceI low width to be controlled within the desired di nensions.
FromFig. 4B, it is observed that above a flow rate of 400 pL/mn, the
sheat h fFlnawotfgbaéépy dom nates the flow in the channel resulting in an
uneven pulsating cell flow stream Therefore, the maxi mum processing limt
of the systemis designated as being 400 pL/mn. Gven this, for a typical
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14 Cdains 1. A mcrofluidic device conprising: at |east one sanple inlet
for receiving biological cells in a biological fluid sanple; at |east one
Sheath flowinlet for receiving a sheath fluid, at | east one
curvilinear channel configured to provide the biological fluid sanple
substantially in a stable outer |ayer flow and the sheath fluid in
substantially a stable inner |ayer separated flow, a plurality of
cell traps at the periphery of the curvilinear channel, each trap

conf i gurRehrder8bn mqeepu&ipn@édﬁ ted. |It b@aiha@ea tb By BBk SHikeSihg estdra B el fLdmpst toe
outer layer flow . 2. The i
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admt the av n e tar range and a second port
distal the outer layer flow 4. The device in.claim3 wherein the second
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pr essur ePPEXiaiehe dt’ ‘&Qrﬁﬂﬁ’ﬁﬁt@af@ ﬂ'ﬂ\@srgm gf fluid viscosities was selected after numerous

tests. The cell flow was simulated using deionised (DI) water while the sheath flow used a food
colour dye that was significantly more viscous. The coloured dye is diluted with DI water until it
is approximately three times more viscous than DI water alone. The viscosities were measured

using a rheometer.

Fig. 4A shows a typical characterization experiment performed at 100 pL/min and using either a
1:1 (Fig. 4A(i)) or a 1:5 (Fig. 4A(ii)) cell (410) to sheath flow (420) rate ratio. As can be seen in
Fig. 4A, simply changing the rate of flow enabled the focused cell flow width to be controlled

within the desired dimensions.

From Fig. 4B, it is observed that above a flow rate of 400 pyL/min, the sheath flow totally
dominates the flow in the channel resulting in an uneven pulsating cell flow stream. Therefore,
the maximum processing limit of the system is designated as being 400 pL/min. Given this, for
a typical input sample of 1000-2000 pL, the first pass processing time is in the range of 5 to 10
minutes, assuming a 1:1 cell to sheath flow ratio. In the process of running such samples, a 1-2
mL sheath flow waste is generated as compared to a 10 to 20 mL if we were to use fluids of the

same viscosity in the cell and sheath flows.

Isolation Efficiency and Sample Recovery

Using 15 pym polystyrene beads to simulate cells, the effects of particle concentration introduced
into the system at various inlet flow rates was investigated. This allowed the processing time
required for samples of varying initial conditions to be gauged. and to determine if pre-
preparation of the sample (dilution or sample concentration) is required prior to loading onto the
device. An op'timal input concentration range will allow regular passage of single cells within
tolerable time intervals. Conversely, if the concentration is too high, this may result in large
losses of input cells because there is a small lag time before the cell flow can be stopped when
all the cell chambers are occupied. However, a low concentration will result in a long waiting

time before the chambers are completely filled and this will lengthen the processing time.



6. The device in any one of clains 3 to 5 wherein the second port is
further configured to provide a high pressure during the ejection node. 7.
The device in claim6 wherein the high pressure is provided with a flow of
fluid. 8. The device in any one of clains 3 to 7 wherein the second port
is selected fromthe group consisting of a weir, a constricted channel, an
optically switched gate, and a dielectizcally switched gate. 9. The device
in claim8 wherein the weir has a narrowest dinension less than 5 pm 10.
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step. Fig. 7 illustrates an alternative arrangement, wherein the weir structure (510) in Fig. 5A is
replaced by a constricted channel (570) in the cell holding chamber. In the depicted examples,
the constricted channel and the weir structure provide a gap of 2um, though any size disclosed

herein may be used.

In the currently depicted device, flow conditions of 1:5 for cell to sheath flow rates were used
with varied total flow rates of from 100 to 400 uL/min. The time taken to occupy all 10 of the cell
chambers were noted and averaged based upon five independent runs. The faster it takes to fill
the chambers will enhance the throughput of the system. Fig. 5B shows successful bead
isolation in the chambers in a typical test run. In the current example, the input bead
concentration was varied from 2000 beads per mL of DI water to 20 million beads per mL. Fig. 6
summarizes the different operating conditions investigated. At 0.2 million beads per mL and
beyond, the bead isolation is almost instantaneous at all different flow rates tested. At the lower
concentration of 2000 beads per mL, the time taken to fill all 10 cell traps was 53 seconds when
the flow rate was set at 100 puL/min. Increasing the sample flow rate reduced the capture time
to 13 seconds. That is, changing the flow rate to 400 uL/min resulted in in @ 75% improvement
in the time taken to fill the cell traps. Thus the system is well positioned to handle input samples
with concentration 0.2 million cells per mL and above and it is possible adjust the system to run

at higher flow rates for lower concentration samples to maximize throughput.

Fig. 5C shows the successful recovery of a bead (550) at the recovery outlet of the device (560).
To enable visualization of the ejection process from the cell chamber, a large diameter biopsy
punch (5mm) was used to create a collection well at the recovery fluidic port. The ejected bead
was removed by manual pipetting and the next bead chamber was then activated to dislodge
and recover the next bead. This was done until all of the beads had been recovered
sequentially. in 100 different trials, the system was successful removing and recovering all 100

beads individually.



15. The device in claim 14 wherein the viscosity, respective volunme and/or
flowrates are configured to achieve an outer layer flow width of 15-25 pm
16. The device in any of claims 2 to 15 which is configured to flush the
channel between the trapping node and the ejection node. 17. The device in
any of clains 2 to 16 wherein the device is noulded from PDVS or a hard

pl astic bonded onto a glass slide. 1814 The device in any of clains 2 to 17
further conprising an optical detector configured to determ ne the presence
of a celglaimd hin each trap and/or the type or identity of the cell within
each trap. 19. The device in claim 18, wherein the optical detector is
suitable for selecting a targeted cell type. . 20. The device in claim19
wher ei n 1t he tAanigefieidicaelice typerisirg: a ci rcul ati ng tunour cell and/or the
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a plurality of cell traps at the periphery of the curvilinear channel, each trap configured to

admit a single cell having a targeted size range from the outer layer flow.

2. The device in claim 1 further comprising an ejector configured to eject each single cell

having the targeted size range from each trap during an ejection mode.
3. The device in claim 2 wherein the cell traps include a first port proximate the outer flow
and configured to admit the single cell having the targeted size range and a second port distal

the outer layer flow.

4, The device in claim 3 wherein the second port is configured to provide a lower pressure

relative to the outer layer flow during a trapping mode.
5. The device in claim 4 wherein the lower pressure is ambient atmospheric pressure.

6. The device in any one of claims 3 to 5 wherein the second port is further configured to

provide a high pressure during the ejection mode.

7. The device in claim 6 wherein the high pressure is provided with a flow of fluid.

8. The device in any one of claims 3 to 7 wherein the second port is selected from the
group consisting of a weir, a constricted channel, an optically switched gate, and a dielectrically
switched gate.

9. The device in claim 8 wherein the weir has a narrowest dimension less than 5 pm.

10. The device in claim 9 wherein the weir has a narrowest dimension of from 1 to 3um.



24. A fluid dellvery system conprising: an inlet configured to receive

bi ol ogi cal fl uid; a mcrofluidic device according to any one of
claims 1 to 23, wherein the at |east one sanple inlet of the mcrofluidic
device is coupled to the biological fluid sanple inlet of the system and
the at | east one sheath flowinlet of'the mcrofluidic device is coupled to

the sheath fluid inlet of the system a di agnostic an
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anal ysi s, and a controller configured to send control signals during

the trapping node to the at | east one inlet until all of the traps are
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25. The systemof claim24 further conprising an output array configured to

be translatable relative to the output of the mcrofluidic device, wherein
each ej ets.ed Tierdghiee getthimh & funthert Weer¢iathre bleldastione Shaa’ig@|¢tri$)mftﬁlgefeéd@ put i's

provi ded 46 Ans SRS bW AL bRk Webihindial he array. 26. The system of
claim 25 v@ner el n the diagnostic or analysis nodul e configured to extract

each ejected single cell having the targeted size range fromthe out put
array f O SI nl%l ee\(/:lge! njn c%nr%l1¥§}h§rem a wscosﬂy of the sheath fluid is between 2 to 10 times,

between 2 to 4 times, or approximately 3 times that of the biological fluid sample.

15.  The device in claim 14 wherein the viscosity, respective volume and/or flow rates are

. configured to achieve an outer layer flow width of 15-25 pm.

16.  The device in any of claims 2 to 15 which is configured to flush the channel between the

“trapping mode and the ejection mode.

17. The device in any of claims 2 to 16 wherein the device is moulded from PDMS or a hard

plastic bonded onto a glass slide.

18.  The device in any of claims 2 to 17 further comprising an optical detector configured to

determine the presence of a cell within each trap and/or the type or identity of the cell within

each trap.

19. The device in claim 18, wherein the optical detector is suitable for selecting a targeted

cell type.

"20. - The device in claim 19 wherein the targeted cell type is a circulating tumour cell and/or

the targeted size range is 10um to 30pm.

21, The device in any one of claims 18 to 20, wherein the optical detector is configured for

brightfield or fluorescence imaging.

22.  The device in any of claims 2 to 21 further comprising a recycling port configured to

recirculate the fluid sample through the channel.
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23. The device in any one of claims 2 to 22 further comprising an outlet configured to

provide each ejected single cell to a predetermined location.

24, A fluid delivery system comprising:

an inlet configured to receive biological fluid;

a microfiuidic device according to any one of claims 1 to 23, wherein the at least one
sample inlet of the microfiuidic device is coupled to the biological fluid sample inlet of the
system and the at least one sheath flow inlet of the microfluidic device is coupled to the sheath
fluid inlet of the system,'

a diagnostic or analysis module configured to process each ejected single cell having
the targeted size range from the output of the microfluidic device for diagnosis or analysis, and

a controller configured to send contro! signals during the trapping mode to the at least
one inlet until all of the traps are full, and to send control signals to the ejector during ejection

mode to sequentially eject the cell having the targeted size range from each trap.

25. The system of claim 24 further comprising an output array configured to be translatable
relative to the output of the microfluidic device, wherein each ejected single cell having the

targeted size range from the output is provided to a separation location within the array.

26. The system of claim 25 wherein the diagnostic or analysis module configured to extract
each ejected single cell having the targeted size range from the output array for single cell

analysis.



