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Graphical and textual abstract

A chip-based Raman activated cell sorting system is developed, which demonstrates
continuous and automated sorting of individual cells in a flow, based on their intrinsic
resonance Raman spectra. This platform allows the isolation of cells in their native fluid with

the ability to achieve high accuracy sorting of 96.3%.
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ABSTRACT

Single cell Raman spectroscopy measures a spectral fingerprint of the biochemistry of cells,
and provides a powerful method for label-free detection of living cells without the
involvement of a chemical labelling strategy. However, as the intrinsic Raman signals of cells
are inherently weak, there is a significant challenge in discriminating and isolating cells in a
flowing stream. Here we report an integrated Raman-microfluidic system for continuous
sorting of a stream of cyanobacteria, Synechocystis sp. PCC6803. These carotenoid-
containing microorganisms provide an elegant model system enabling us to determine the
sorting accuracy using the subtly different resonance Raman spectra of microorganism
cultured in a '*C or "*C carbon source. Central to the implementation of continuous flow
sorting is the use of “pressure dividers” that eliminate fluctuations in flow in the detection
region. This has enabled us to stabilise the flow profile sufficiently to allow automated
operation with synchronisation of Raman acquisition, real-time classification and sorting at
flow rates of ca. <100 um/s, without the need to “trap” the cells. We demonstrate the
flexibility of this approach in sorting mixed cell populations with the ability to achieve 96.3%
purity of the selected cells at a speed of 0.5 Hz.
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INTRODUCTION

Recently, the importance of individual heterogeneity in populations has become increasingly
recognised in understanding cell behaviour and signalling in both health and pathology. This
has led to the rapid development of single cell technologies ', including a range of methods
for cell separation and sorting. Despite fluorescence activated sorting dominating current
methods °, the desire to simplify analytical workflows and not to interfere with the “natural”
cell state makes label-free sorting strategies extremely attractive . To date, the majority of
label-free sorting methods have exploited differences in the physical properties of cells **.
Single cell Raman spectroscopy (SCRS) effectively measures the biochemical profile of all
Raman active components in an individual cell, enabling quantitative and multiplexed studies
of cellular functionality without extrinsic and external labelling processes °''. These
advantages have been illustrated in many applications, with examples including cell

phenotype identification (e.g. microbes and tumour cells *'*

15-17

), monitoring cell differentiation
and cell physiological states , evaluation of biomass stoichiometry of single cells '* and in
vivo interrogation of cellular composition " Furthermore, combining SCRS with stable
isotope probing, enables cell metabolic activity and functions to be correlated 12, 2022
allowing the enrichment of a cell population in a label-free and non-destructive manner, that
does not alter cell metabolism or state *°.

In a similar way as Fluorescence Activated Cell Sorting, Raman activated cell sorting
(RACS) can be implemented in single cell, chip based systems, although its implementation
in a continuous flow system is hampered by the long acquisition times required for inherently
weak Raman signals . Consequently the majority of techniques for acquiring single cell
Raman spectra involve immobilisation of cells, e.g. by trapping in solution ****. The problem
is illustrated by the recent approach of using surface enhanced Raman scattering (SERS)
probes *°, which although increasing the Raman intensity by around an order of magnitude,
itself involves the addition of extra manipulative steps in the workflow 2" 2*. Other recent
approaches including optimisation of optical modules * and the use of resonance Raman
(RR) of active cellular compositions ** have enabled the acquisition of reproducible, intrinsic

29 31

Raman spectra of cells in around 100 ms ~ or even at 1 ms

feasibility of flow based RACS in the future.

, greatly enhancing the

To date, all the reported RACS systems are based on “trap-and-release” methods *°.

Among reported RACS systems, and despite their weak trapping-forces and low throughput
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(only a few cells per minute **), optical tweezers have been the most commonly used method
to maintain the cell in position during measurement ** ****7. Furthermore, photo-damage is
highly possible when laser tweezers of visible wavelengths are used ***. Recently, work in
low conductivity, non-physiological buffers, has shown that the trapping capability of
dielectrophoresis in relatively high flow rates (4 mm/s) has led to an overall improvement of
the throughput of RACS 4 However, by use of these buffers, there can be concerns
surrounding cell viability 2> ** %

Here we demonstrate “trap-free” RACS in a flow that allows continuous and automated
sorting of individual microbial cells, based on their intrinsic single cell resonance Raman
spectra. Key to the development is the on-chip integration of novel microfluidic pressure
dividers to eliminate local pressure fluctuations to provide a stable flow field in the detection
region. As a result, a mechanical switching system can be used in low flow rates. A notable
feature of employing mechanical actuation is that it does not impose any additional
constraints on the physical properties of cells and medium, making it a generic platform for a
broad range of applications.

Carotenoids are one of the most structurally diverse pigments found in bacteria ** and have
strong, characteristic, resonance Raman signals 30 Present in nearly all photosynthetic cells,
they have been used as intrinsic biomarker to indicate cells’ physiological function *"**°. The
capability of sorting carotenoid-containing cells based on a specific function, such as CO,
fixation, will provide an invaluable tool for environmental science such as studies of ocean
acidification. Using the strain of photosynthetic bacterium, Synechocystis sp. PCC6803 as a
model, we demonstrated the capability of the pressure divider RACS system for the
automated isolation of individual bacterial cells based on small Raman shifts linked to CO,
fixation function (at a sorting frequency of ~0.5 Hz and an achieved purity of 96% target cells

in the collection fraction).

EXPERIMENTAL SECTION

Cell culture and preparation

BG-11 medium was prepared using BG-11 solution (Sigma-Aldrich, UK) diluted 50 times
with sterilised dionised (DI) water (0.2 um filtration). The pH of BG-11 medium was adjusted
to 7.1 by adding NaOH. Synechocystis sp. PCC6803 cells were cultured for 4 days in a light
incubator (30 °C temperature, 30 pmol m™ sec™ light intensity and 150 rpm shaking) in BG-
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11 media containing 5 mM of either 12C or "*C-labelled sodium bicarbonate (Sigma Aldrich,
UK) as the sole carbon source, giving rise to '“C or *C —containing cells. Cell growth was
monitored by measuring optical density (OD) at 730 nm in a microplate reader (Biotek
Synergy HT, Biotek, UK). Mixtures of different ratios of '*C to *C Synechocystis sp.
PCC6803 cultures were then prepared by mixing different volumes of '*C to "C
Synechocystis sp. PCC6803 taking into account different cell concentration obtained from the

OD73 readings.

Raman signal acquisition

Raman signals were obtained using a Horiba Jobin-Yvon HR800 UV Raman spectrometer
fitted with a Horiba Jobin-Yvon Synapse CCD. The system used a Quantum Laser Torus
532nm laser with an air corrected Leica 50x/0.55NA objective and 1 mm spectrometer
entrance pinhole. When measurements were made through a 1 mm thick quartz substrate, this
resulted in an effective size of the detection area of around 14 um diameter (determined by
mapping features of known sizes) and approximately 5 mW intensity at the sample. A 600
g/inch grating was used and centred around 1300 cm™. Labspec 5 software was used in all
cases to set up the Raman spectrometer. However, Raman signals were directly readout from
the CCD using a custom Labview VI (National Instruments Corp., UK) programme that was
developed to synchronise the operation of the CCD and the pressure control system (MFCS-
1000, Fluigent, Villejuif, France).

Microfluidic device manufacture

A mould for the devices was manufactured using standard lithography techniques with
Microchem SUS8-2005 resist. After treatment of the mould with trichloro(1H,1H,2H,2H-
perfluoro-octyl)silane in a desiccator under vacuum, Sylgard 184 PDMS mixed in a ratio of
5:1 elastomer to curing agent was poured onto it, then cured in an oven. The cured device was
peeled from the mould, connection holes punched, then bonded to a glass microscope slide

following treatment in oxygen plasma.

Device and flow characterization
FSO04F 1 pm diameter Envy Green fluorescent polystyrene beads (Bangs Laboratories, Inc.,
Indiana, USA) were used to characterise flow. Optical images and videos were acquired using

an inverted Olympus X71 microscope (Olympus, Hamburg, Germany) and Andor CCD
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(Andor Technology Ltd., Belfast, UK). Image J was used to process Optical images. To
measure the speed that beads were moving in the devices, videos were taken with a fixed
exposure time of 0.2 s for each frame. These were then converted into a series of individual
frames and the lengths of the bright light streaks, caused by the movement of the beads during

the exposure, were measured.

RESULTS AND DISCUSSIONS

The pressure divider concept

The capability to precisely manipulate cells in a continuous flow is central to any method for
effective and efficient cell sorting. At the microscale, a characteristic of pressure driven flow
is that there is often instability whether this be caused by pressure fluctuations, valve
actuations, or environmental vibrations. These effects become prominent in low flow rate
regimes, as is required for continuous RACS (e.g. <500 pm/s) (see Supplementary Fig. S1).
To address these challenges, we have developed a novel approach that integrates
“microfluidic pressure dividers” on chip to protect regional flow stability.

The concept of a pressure divider was inspired by the voltage control resistor networks
used in electronics (where ‘pressure’ is analogous to ‘voltage’ and ‘hydrodynamic resistance’
replaces ‘electrical resistance’). As illustrated in Fig. 1A, when a large resistance (e.g. R,q) is
in series with a small resistance (e.g. R;), any variation in the pressure applied across both
(e.g. ¢) is distributed across each individual resistance in proportion to its size. As a
consequence, pressure fluctuations in a region of interest (e.g. & for the detection region) are
minimised (i.e. & ~0 when R,s; >> Ry; in contrast, &, = € when R,5;= 0). In low flow rate
regimes the pressure drop across the detection region (AP,) is often close to or less than the
pressure fluctuations intrinsic to the commonly available pressure pumps (i.e. AP, <¢). By
making R,z >> Ry undisturbed delivery of samples to the detection point can be achieved
regardless of pressure variations elsewhere in the system such that pressure-switching

mechanism becomes feasible.

Microfluidic device and flow characterization
In addition to the pressure divider concept above, hydrodynamic focusing was used to focus

cells to the detection point, and subsequently for sorting. A schematic of a prototype, Fig. 1B
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shows three regions, namely sample and buffer channels, a detection channel, and two sorting
channels (leading to either waste or collection outlets). Within the detection channel, the
sample stream is focused on the x-y plane by the buffer flows. Since microfluidic channels are
of tens of hundreds of microns, laminar flow dominates (Reynolds number <<I). The
microfluidic system can be designed based upon an electronic circuit, Fig. 1C, in which, for a
rectangular channel with a height: width ratio of less than 0.7, the fluidic resistance R across it
can be described in Equation 1 (Table 1) **. Using Ohm’s Law and Kirchhoff’s Current Law
to describe flow balances *’, the pressure at each junction can be derived, allowing simulation
of operational conditions (Table 1).

Using these principles, the system was designed so that a Raman signal integration time of
100 ms could be employed® > ***°; this dictated that the velocity in the detection chamber
should be ~100 um/s for an effective detection area of around 14 um diameter (as detailed in
Experimental Section). In pressure-driven flow, the influence of the Poiseuille effect on
sample focusing and actual sample velocity has to be considered. By modelling the flow
profiles in the channel of a candidate design, the position of a sample cell in the flow stream
can be estimated (Supplementary information Fig. S2). These simulations show that for the
channels with the ratio of height:width < 0.7, the average velocity is close to 50% of the
maximum velocity in the centre of the channel. Based on these and similar simulations, a
series of devices were designed, an example of which has dimensions shown in Table 2.

Although low flow rates in the detection region are necessary for long Raman acquisition,
it is preferable for the flow in areas outside the detection region to be faster (e.g. to reduce
sample sedimentation). This can be achieved by simply varying the geometrical cross sections
of the channels. To evaluate the performance of devices in controlling sample position and to
measure the velocity in the detection region, 1 um sized fluorescence beads were used. In the
x-y plane, individual beads were well focused and confined to a 1~2 pum wide region in the
centre of the detection channel, as illustrated in supplementary Fig. S3A & S3B (indicated by
the arrow). In supplementary Fig. S3C the speeds of individual beads in the detection channel
are plotted for different inlet/outlet pressure differentials. Stable bead speeds below 300 um/s
were obtained when using a Fluigent pump which had pressure fluctuations (pressure ‘noise’)
of ~0.7 mbar. This shows the distinct advantages of employing an integrated pressure divider
network. Observations of particles flowing in the detection region showed that the average
velocities of beads were close to the theoretical maximum (Supplementary Fig. S2). Based on

the flow profile simulations (Supplementary Fig. S2), it was concluded that all the beads lie
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within 3 pm distance of the channel midline for a 7.2 um height channel, suggesting tight
focusing of cells in 3D.

Having established that a stable flow stream, we optimised the conditions for switching the
flow to either outlet through simulation. For any given volumetric flow rate O, in the
detection channel (e.g. 52 [1L/h for a velocity of 100 um/s), the output pressures (P,,, P.) can
be changed in such a way that P, was unchanged (Fig. 1B), and therefore the flow could be
switched to either output without disruption to the flow profile in the detection channel. The
expressions for the pressure at strategic points in the network for the situation where all of the
flow is directed to the waste output (i.e. P.=P,) are shown in Table 1. In practice, to ensure
that there was no flow from one outlet channel to another, a small proportion of the detection
channel flow was directed to the outlet that was not selected by the pressure switch. This
required the pressure difference between the outlets to be slightly less than that calculated
using Equations 1-5 in Table 1.

As shown in Fig. 2 and Supplementary Video 1, beads can be reliably directed to alternate
outlets every 0.5 seconds. The beads (labelled as 1 and 2) in the outlet channels continue to
move towards their selected outlet regardless of which outlet is currently selected, removing
the possibility of samples from the waste channel being moved into the collection channel
caused by the switching process. The images between times 1.92 s and 2.63 s in
Supplementary Video 1 demonstrate that the velocities of the beads in the detection channel
(labelled as 3, 4, and 5) were not affected by the pressure switching process. The excellent
agreement between the simulation and experimental results laid the foundation for automated

operation.

Real-time spectra analysis for accurate classification
Essential for reliable and fast Raman based cell sorting is the capability of fast and accurate
classification of cells in situ. However, differences in Raman spectra between target and non-
target cells are often subtle . This, in combination with the inherent weakness of Raman
signals and background interference, impose significant barriers to accurate on-the-fly
identification of cells. To overcome these, real time classification of cells was carried out via
programmed, multi-parameter analysis of Raman spectra. To reduce processing time, Raman
spectra were directly read out from the CCD chip and indexed by pixel number.

Using a carotenoid containing photosynthetic microorganism, Synechocystis sp. PCC6803

as a model system together with a stable isotope substrate (‘*C-bicarbonate) we can detect the
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red shifts in carotenoid bands that are indicative of active dissolved-CO,-fixing cells, denoted
as “C-cells (in contrast, cells grown in normal medium are denoted as '‘“C-cells) ',
Synechocystis sp. PCC6803 are 1 — 2 pm spherical cells and were found not to adhere to the
surface of the microfluidic device. Fig. 3A shows the single cell Raman spectra of dried *C-
and “C-cells and Fig. 3B similar cells moving at ~100 pum/s in the detection region.
Comparison of the spectra of dried cells (Figure 3A) shows that the slight shifts of the v,
(1155 ecm™) and v; (1516 cm™) bands are clearly discernable. For cells moving in the flow
stream, additional peaks are found in their spectra that arise from PDMS chip (indicated by
arrows in Fig. 3B). These can interfere with discriminating between cell types and had to be
taken into account when developing the on-the-fly signal processing routine outlined below.
Notwithstanding the strong Raman peaks from PDMS chip, we were able to use multiple
parameters derived from Raman spectra of cells (i.e. the v; and v, signatures, and the baseline
gradient due to the cell’s autofluorescence - indicated by the dotted line in Fig. 3A) in
conjunction with noise filtering methods to formulate a classification criteria. Statistical
analysis of spectra from cell populations (Figures 3C and 3D) allowed the thresholds of each
parameter to be set for the on-the-fly classification. For example, from Figure 3B, it is clear
that the baseline gradient in a cell spectrum is much higher than that in a spectrum from either
PDMS or BG11 medium (i.e. when the spectrum was acquired at a time when no cells were
passing though the detection zone). The values of this baseline gradient for a series of spectra
collected from different types of sample are presented in Fig. 3C. It is apparent that the
baseline gradients in cell spectra are generally greater than 0.04 counts/pixel. In addition,
processing these spectra showed that the v; and v, peak positions for the '“C and "*C cells fell
into two clusters whereas there was no correlation for PDMS or BG-11 spectra (Figure 3D).
Based on this analysis, in the on-the-fly classification, firstly a lower threshold of 0.0375 was
set on the gradient parameter to identify that the spectrum has come from a cell. Then, the cell
type was identified from the position of the v; and v, peaks using the criteria given in Table

3.

Integration for automated, programmable cell sorting
The outline of the whole sorting process is illustrated in Fig. 4. To achieve automated and
reliable operation, hardware/software integration was developed using Labview that gave

reliable synchronization of Raman acquisition, real-time signal processing and sorting. The
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workflow of the software and its interface are shown in Fig. 5 (I)&(II). The labels A-E
indicate each function and its corresponding interface in the sorting process. Apart from the
initial cell-loading step, the whole process was run automatically based on pre-defined
classification criteria and operational parameters (Fig. 5, A, B, C in II). It should be noted that
this program can be easily modified to accommodate any selection criteria required for other
applications. During the sorting, Raman spectra are continuously acquired. If a spectrum
meets the sorting criteria, the programme triggers the pump (i.e. the MFCS-1000 system) to
switch the output pressures to direct the flow to the collection channel. The collection channel
is then opened for a pre-programmed delay time (i.e. the switching time, Fig. 5) before the
flow is directed back to the waste outlet.

Direct processing of CCD indexed signals enhanced the speed of spectra analysis in real-
time, and consequently enhanced the throughput of sorting (it also provides for greater
flexibility in programming to classify the signals using any criteria, and thereby enhancing the
capability for the differentiation of complex samples on-line, which would otherwise require

off-line spectra analysis % **

). Notwithstanding this, there is a hardware based delay before
the switching actuation can occur. In our system, this actuation delay consists of ~ 120 ms for
the analogue to digital conversion (ADC) time on the CCD and the time taken for the physical
switching of pump to be effective (~200 ms) restricting the overall sorting rate to around 2
Hz. In future a more responsive switching system, implementation of faster ADC settings and
reduction in the mechanical compliance of the system will further improve this performance.

To evaluate the efficiency of sorting, isolation of C cells or '“C cells from mixtures
containing both cells at different ratios was carried out using a Raman acquisition time of 50
ms. To avoid cells being undetected during the “dead” ADC delay time (i.e 120 ms), the total
cell density was diluted (OD < 0.3) to give a sufficient gap between adjacent individual cells
in the focussed flow stream. As shown in Fig. 5 and Supplementary Video 2, cells were
focused tightly into a single line and passed the detection point in succession, with adjacent
cells spaced by more than 0.2 seconds.

When high sorting purity was required, a programmable delay of 1500 ms was set to allow
reliable physical switching (i.e. ~0.5Hz sorting speed). The fully automated cell sorting is
shown in Supplementary Video 3, where single cell Raman spectra and the total number of
collected target cells were updated in real-time on the user-friendly interface. To evaluate the
sorting accuracy, after sorting, Raman spectra of all the cells in the collection channel (Fig.

6A) were collected for cell type classification. To avoid ambiguity associated with manual
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inspection, correlation coefficients were calculated between the spectrum of each cell and
reference spectra for both '>C and C cell types. This provided a post-sorting means to
determine the numbers of each cell type in the collection channel and thus the efficiency and
accuracy of the sorting method (further details are provided in Supplementary information
section 4). Using this method it was found that isolation of °C cells from a mixture of 13%
BC cells and 87% '*C gave an average of 75.9% "°C cells in the collection channel, which is
around a six fold enrichment (Fig. 6B, total collected cell number = 79, supplementary table
S2, supplementary figure S4). Similarly, isolation of '>C cells from 12.5+3.5% ">C cells in
mixed populations (three independent experiments) gave an average of 82.24+4.1% '°C in the
collection (total collected cell number = 289).

Close observations of the sorting process suggested that the less than perfect enrichment
was mainly due to the occurrence of the majority cell type in the immediate vicinity of a
targeted cell at the point at which the sorting occurs. Statistically, the frequency of such
occurrence is in inverse relationship to the initial concentration of the targeted cells in a
population. Therefore, a simple way to achieve higher purity is to increase initial
concentration of the targeted cells. As expected, isolation of '*C from a mixture of 45% '*C
cells and 55% "°C cells gave a purity of 96.3% 12C cells in the collection (total collected cell
number = 109, Fig. 6C). Together, these results suggest that a two-stage enrichment can be an
effective way to obtain high purity of targeted cells that are initially of low abundance in a

population.
CONCLUSIONS

We have developed an automated RACS system, which demonstrates the capability of
continuous and “trap-free” cell sorting in flow based on intrinsic Raman signals. High
accuracy sorting of 96.3% was achieved, as a result of reliable synchronisation of Raman
signal acquisition, real-time identification and cell sorting. Currently, the sorting speed of 2
Hz is mainly due to the actuation delay of the external components used (pump and CCD),
providing scope for further improvement of throughput. Importantly, because this approach
utilises simple hydrodynamic focusing and a switch mechanism, it removes any dependence
on the physical properties of the cells or medium involved in a “trapping” method, and will
offer great advantages to isolate cells from a complex community and in their native

biological fluid.

10
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FIGURE CAPTIONS

Figure 1. (A) The concept of a pressure divider. (B) The outline of a prototype device and an
optical image of the microfluidic channels in the vicinity of the detection chamber. The red
circle in the detection channel indicates the location of the focussed laser spot. (C) The
schematic of the resistor model used to design the microfluidic device.

Figure 2. Time-lapse images of switching fluorescent beads between the output channels.
Switching frequency was at 2 Hz.

Figure 3. Criteria for cell classification. (A) Single cell Raman spectra of *C- and "C-
containing Synechocystis PCC6803 cells dried on a glass side (100ms integration, single
spectrum). The dotted line is indicative of the sloping baseline due to cell autofluorescence.
(B) Representative Raman spectra of single 12C and "C-cells moving at 100 pum/s on chip
(green and blue traces), the PDMS chip alone (black trace), and the PDMS chip with BG11
medium (red trace). For clarity, each spectrum represents an average of five spectra collected
using a 50 ms acquisition time and a low pass filter. (C) Histograms showing how the value of
the baseline gradient indicated in (A) differs for the four groups of spectra shown in (B) (for
clarity, gradients below 0.04 are plotted using the left hand Y-axis and gradients above 0.04
use the right hand Y-axis). (D) v; and v, peak positions of the four groups, showing
characteristic, tight clustering of '*C- and "*C- cells and the lack of correlation between v and
v, peaks in PDMS or BG-11 spectra. The v; and v, peak positions were determined by
finding the pixel with the maximum intensity within a specified range.

Figure 4. Schematic drawing of the experimental design. A stream of cells were
hydrodynamically focused in the detection channel for continuous Raman acquisition; on-the-
fly classification was carried out to identify target cells and was immediately followed by
alternating the pressures applied to the waste and collection channels, to direct the target cells
to the collection chamber. Integrated software was developed to synchronize and automate all
the operations.

Figure 5. (I) A flow chart of the integration software. (II) A screenshot of the software
running panel. Letters A to E correlate the functions of each step in (I) with settings shown in
panel (IT). The panel shows the detection of a target '>C cell and the resulting changing of the

software to change the pressure to the collecting setting, to redirect the target cell to the
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collection channel.

Figure 6. Time-lapse images showing continuous delivery of individual cells to the detection
point. The gap between cells 1 and 2 is approximately 0.4 seconds.

Figure 7. Sorting efficiency. (A) Optical image of sorted cells in the collection channel.
Arrow indicated cells. (B) Raman spectra of 79 cells in the collection channel sorted from an
initial 13% '*C-cells in the mixture. The purity of the selected *C-cells is 75.9%. (C) Raman
spectra of 109 cells in the collection channel sorted from an initial 45% '*C-cells in the

mixture. The purity of the selected '*C-cells was 96.3%.
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Table 1. Expressions used for chip design and simulation

Parameters * Expression Equations
Rb) RdyRsy Rw * R = E = IZ;IL 1
. Qs [1 _ 6(25)h
(Resistance of each channel) =1
P, P.=P, 2

(Pressure at junction O)

P, P.=Py—Q4R4 3
Pressure at collection outlet

P, Py =P, — Q4R 4
Pressure at waste outlet

P, P, = RyR4P; + R4R;Py — QaR,R:Ry 5
¢ R4R: + RyR,

Pressure at the start of detection

channel

* Subscripts indicate the channels as illustrated in Figure 1B: d — detection channel; s —
sample channel; b — buffer channel, where R, = (Ry;+Rp)/2; ¢ — channel between junction
point O and the collection outlet; w — channel between the junction point O and the waster
outlet.

+ Where w, h and L in Equation 1 are the width, height and length of the channel
respectively, AP is the pressure drop across the channel length, @ is the volumetric flow rate

(volume/time) and u is the fluid density.

Table 2. Dimensions of a prototype device

Channels Length (mm) Width (Um) Height ((Jm)
Sample channel 37.5 15 7.2
Buffer channel 11 90 7.2
Detection channel 0.2 20 7.2
Output channel 73 15 7.2
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Table 3. Criteria for the on-the-fly classification *

Type  v; Peak Position v; Peak Position Gradient 1
(CCD pixel) v2,(CCD pixel)  (counts/pixel)

C Cells  644< 1,<659 414< v,<430 G>0.0375
PCecells  600<v,<643 400< 0,450 G>0.0375

*: positions on the CCD, all values are denoted as CCD pixel.
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Figure 2
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