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We demonstrate the integration of a droplet-based microfluidic

device with high performance liquid chromatography (HPLC)

in a monolithic format. Sequential operations of separation,

compartmentalisation and concentration counter were conducted

on a monolithic chip. This describes the use of droplet-based

microfluidics for the preservation of chromatographic separa-

tions, and its potential application as a high frequency fraction

collector.

Recent years have seen considerable interest in microfabri-

cated systems and their applications in chemical and biological

analysis.1–8 Inevitably this has led to a growing interest in

translating established chromatographic methods to planar

chip formats since these techniques play such a prominent

role in modern bioanalysis.9–11 However, the operation of

chromatography on the microscale has its own problems.

Dispersion of separated bands results from molecular diffu-

sion as well as the dead volume of the channel, detector and

collector after separation and can degrade the analytical

quality.12,13

Recently, the manipulation of multiphase (or segmented)

flows within microfluidic channels has been a focus of intense

interest.14–16 Flow segmentation allows compartmentalisation

of reagent volumes from fL to mL within a continuous and

immiscible fluid, the production of monodisperse droplets

at high frequencies, and the accurate control of droplet

contents.2,16

Integration of droplet-based microfluidics with HPLC has

the potential to dramatically reduce dispersion and minimise

dead volume effects by using droplets to collect fractions of

the column effluent. This preserves the chemical identity of

each fraction allowing further analysis downstream or offline.

Niu et al. have previously described the compartmentalisation

of the separated analytes in two-dimensional separations using

discrete components.17 Edgar et al. have compartmentalised

CE separated analytes using droplets.13 Whilst there have been

reports of droplet-based fraction collectors for HPLC,18,19

these investigators used commercially available HPLC columns

and discrete segmented flow modules. Integration of both

functions on a single planar device has not been reported

and represents a significant challenge due to the high pressures

used in chip-based HPLC.

Most microfluidic devices are made from polydimethyl-

siloxane (PDMS) because of its compatibility with simple

lab-scale fabrication procedures. Unfortunately, PDMS is

not suitable for HPLC due to the high operating pressure,

typically up to 15 MPa during routine separation,20 and this

has hindered hybrid device development.

As an alternative, we propose the use of thermoset polyester

(TPE) which overcomes such limitations whilst retaining the

advantages associated with rapid prototyping.21–23 This com-

munication describes the development of a multilayer TPE

microfluidic device which combines HPLC with downstream

droplet generation. Proof-of-principle separations of fluores-

cent dyes were used to characterise the effects of the interfacing

on dispersion.

Our device consists of two layers: an HPLC channel for

separation and a flow-focusing channel for droplet generation

(Fig. 1). Inset (b) shows an image of the 1 mm wide separation

channel packed with 5 mm C18 particles for HPLC in the first

layer, and the 250 mm wide droplet channel in the second layer

on top of the separation channel. The mobile phase and

solutions for analysis are introduced through the mobile phase

inlet into the separation channel. Following separation by

reverse phase HPLC, the analytes flow to the upper layer

through the inlet of the droplet channel where compartmen-

talisation occurs.

We have previously shown that, in comparison to PDMS,

TPE has excellent mechanical properties as a substrate material,

withstanding pressures up to 18 MPa.23

Burst pressure test demonstrated that the completed device

can withstand approximately 8 MPa (ESIz, Fig. S3). Although

lower than 15 MPa, it is sufficient for compartmentalisation
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after HPLC because the pressure at the HPLC outlet is lower

than 1 MPa. Moreover it is sufficient to generate droplets at

high frequency (over 1 kHz) which typically requires total

pressure in excess of 1 MPa.23

Fig. 2(a) shows the laser-induced fluorescence (LIF) detec-

tion locations before and after compartmentalisation into

droplets. When separated using the on-chip HPLC, AF 488

and FITC were eluted with retention times of 50 s and 335 s,

respectively, as shown in Fig. 2(b) with a resolution of 2.58.

Fig. 2(b) and (c) show the segmented analytes observed at

point (ii) and the continuous signal associated with the

analytes moving through the separation column at point (i).

To investigate diffusional band broadening, the chromato-

grams in (b) and (c) were quantitatively compared using the

maximum values of each droplet signature.

A digital maximum filter with a 40 point window size (Igor

Pro 6), slightly longer than the maximum interval between the

droplets, was applied. As shown in Fig. 2(d), the two chro-

matograms were strongly correlated, with a slope of 1.0025 �
0.000185 and a correlation coefficient of 0.98. Furthermore the

number of theoretical plates (N) for each peak in both the

chromatograms was compared using eqn (1),12,24

N ¼ 5:54
tr

w0:5

� �2

ð1Þ

where tr is the retention time and w0.5 is the peak width at half

height. The AF 488 and FITC peaks yield plate numbers of 19

and 63, respectively, for both the continuous and droplet flows

indicating that no significant dispersion occurs after separa-

tion and during compartmentalisation. Doubtless the separa-

tion could be further improved by changing the packing

method or reducing the particle size and size distribution of

the beads. Nonetheless the observed separations show similar

figures of merit to those observed for droplet flow fractiona-

tion from conventional columns.18,19

The slope of the correlation plot (Fig. 2) is close to 1

showing that the sensitivity of the LIF detection was similar

for the maximum intensity of the droplets and continuous

flow. The path length for both absorption and re-emission

at the maximum would be similar for both situations.

Fluorescence emission is isotropic with the photon flux scaling

with the mean chord length, 4V/S where V is the volume and

S is the surface area, provided the concentration is low.25

For a droplet of radius r, compared with a cube of side 2r

the mean chord length is essentially the same. The slope

of the correlation plot shows that there are no significant

lensing effects, at least for the solvents and oils used in these

experiments.

Fraction composition can be controlled straightforwardly

and easily by adjusting the oil flow rate. To demonstrate this,

three different oil flow rates (50, 75 and 100 ml min�1) were

used with a running buffer flow rate of 50 ml min�1 (approxi-

mately 1.6 MPa back pressure) (Fig. 3). Fig. 3 shows optical

images and fluorescent signals of the FITC containing droplets

generated by each oil flow rate. Fraction composition can be

controlled straightforwardly and easily by adjusting the oil

flow rate. To demonstrate this, three different oil flow rates

(50, 75 and 100 ml min�1) were used with a running buffer flow rate

of 50 ml min�1 (approximately 1.6 MPa back pressure) (Fig. 3).

Fig. 1 Schematic of the fabricated hybrid device, (a) an image of the

C18 packed 1 mm wide separation channel and (b) the 250 mm wide

droplet channel. Arrows show the direction of fluid flow.

Fig. 2 LIF detection of AF 488 and FITC, (a) schematic of the

movement of fluids in the channels and the two laser detection points,

(b) the chromatograms of the separated dyes from point (i),

(c) compartmentalised dyes from point (ii) and (d) linear best fit

between both chromatograms.
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Fig. 3 shows optical images and fluorescent signals of the

FITC containing droplets generated by each oil flow rate.

It can be seen that the droplet size decreases as the genera-

tion frequency increases with increasing oil flow rate. As a

result, the AF 488 peak could be segmented and stored within

1000–2000 droplets at rates up to 50 Hz. In the case of FITC,

approximately 10 000 to 20 000 microdroplets were generated

by the wider peak for about 370 s in this frequency range.

Furthermore as shown by the plate number N and the linear

fitting for the three different chromatograms, compartmenta-

lisation led to droplet compositions faithful to the continuous

flow chromatogram without additional band-broadening

(ESIz, Fig. S4, S5 and S6). In this way, separated analytes

can be successfully compartmentalised into droplets of a

defined volume. Moreover since concentrations in the sepa-

rated bands are Gaussian at the column outflow, variation in

concentration between droplets can be controlled at high

speed.26 This process can be observed in Fig. 4 which shows

segmented peaks taken at three different times (200 s, 300 s

and 335 s) for the separated FITC peak. The data show precise

and accurate droplet generation comprising different concen-

trations of FITC on each occasion.

Sequential operations of separation, compartmentalisation

and concentration counter have successfully been integrated

on a monolithic chip. This confirms the potential of droplet-

based microfluidics for preservation of chromatographic

separations and its ability to act as a high frequency fraction

collector in a single hybrid device.
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