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In-line characterization and identification of

micro-droplets on-chip

Abstract

We present an integrated optofluidic sensor system for in-line
characterization of micro-droplets. The device provides in-
formation about the droplet generation frequency, the droplet
volume, and the content of the droplet. Due to its simplicity
this principle can easily be implemented with other microflu-
idic components on one and the same device. The sensor
is based on total internal reflection phenomena. Droplets are
pushed through a microfluidic channel which is hit by slightly
diverging monochromatic light. At the solid-liquid interface
parts of the rays experience total internal reflection while an-
other part is transmitted. The ratio of reflected to transmitted
light depends on the refractive index of the solution. Both sig-
nals are recorded simultaneously and provide a very stable
output signal for the droplet characterization.

With the proposed system passing droplets were counted up
to 320 droplets per second and droplets with different volumes
could be discriminated. In a final experiment droplets with dif-
ferent amounts of dissolved CaCl, were distinguished based
on their reflected and transmitted light pattern. This principle
can be applied for the detection of any molecules in micro-
droplets which significantly influence the refractive index of
the buffer solution.
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1. Introduction

In the last decades microfluidics has shown its capabil-
ity of manipulating liquids on the microscale for various
applications. Especially biological and medical analysis
systems benefit from its novel possibilities [1, 2]. One lim-
itation for applications in these disciplines often is the
available sample volume. Small amounts should be suffi-
cient for the analysis. As a new subfield of microfluidics,
micro-droplets enable the formation of encapsulated en-
vironments with volumes in the range of pico-liters [3, 4].
Two or more immiscible fluids [5] are brought into the same
channel and allow the controlled appearance of emulsions
on-chip. Recent works have demonstrated manipulation of
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micro-droplets through microfluidic channel systems [6-9].
Zagnoni et al. [10] have shown coalescence of distinct
droplets which facilitates fully controlled reactions on-
chip. Investigated applications of micro-droplets include
chemical and biochemical screening [11, 12], enzymatic
assays [13], and single cell encapsulation [14, 15].

The monitoring of micro-droplets is as important as their
generation and manipulation. Information about the vol-
ume and the content of the droplets allow one to accu-
rately observe and detect changes during the performed
experiments, such as cell growth or chemical reactions.
Therefore, reliable and fast in-line characterization meth-
ods are required. For the analysis of particles and cells
microflow cytometry is a promising approach for high-
Fattaccioli et al. [18]
utilized a benchtop flow cytometer which also allows

throughput screening [16, 17].

the analysis of micro-droplets. Nevertheless, for sys-

tems dealing with micro-droplets the monitoring is mostly
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performed using conventional light microscopes requir-
ing bulky and expensive equipment. Different approaches
have already been followed to realize integrated read-
out systems. One approach employs a capacity sensor
allowing on-chip detection and control of droplets [19].
Srisa-Art et al. [20] used an external optical setup for the
detection of single DNA molecules based on fluorescent
labeling. In other works, an optical interrogation point
has been directly integrated on-chip [21, 22]. In those
works, the optical path is arranged perpendicular to the
microfluidic channel. If droplets are passing this chan-
nel, the curvatures on both sides of the droplets result in
light deflections which are detected in the signal recorded
by an external avalanche photodiode. Droplets were an-
alyzed with a throughput of 25Hz. In that setup there
is no information gathered while the body of elongated
droplets is passing the interrogation point. The height of
the peaks in the signal is solely dependent on the radii of
the droplet curvatures which, on the other hand, is depen-
dent on the contact angles of the employed liquids and the
device material. Contact angles close to 90° could be crit-
ical for that principle. On the device presented by Shen
et al. [23] a collimated light beam is directed towards a
microfluidic channel. The reflected light signal is subse-
quently detected and used to derive information about the
droplet size and content. In other works changes in the
refractive index have been exploited for the realization of
on-chip light switches [24, 25].

In this work an optofluidic sensor device is presented
which exploits total internal reflection phenomena at the
solid-liquid interface to characterize droplets in a mi-
crochannel. A similar arrangement has recently been
used by Weber et al. to determine liquid concentrations
[26, 27]. Fig.1 illustrates the operation principle (adapted
from [28]). Light is coupled into the device from an exter-
nal light source. The center incident angle of the slightly
diverging light beam on-chip is set close to the critical
angle for total internal reflection. Due to the intention-
ally defined divergent incident light, some rays experience
total internal reflection, while others are transmitted. The
ratio of reflected to transmitted signals depends on the
refractive index of the solution in the channel. In case
of aqueous micro-droplets flowing through the device the
refractive index of the continuous phase is much higher
than the refractive index of the droplet itself. This differ-
ence can clearly be identified by monitoring the reflected
and the transmitted light signals. In contrast to the de-
vice presented by Shen et al. [23] the implementation of
a second signal allows for an improved signal stability.
Furthermore, the diverging laser beam enables a drasti-
cally increased working range of the sensor device. In
Fig.1a a droplet is placed right at the interrogation point
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Fig 1. Schematic of the sensing principle. a) At aqueous droplets
(low refractive index) the major part of the incident light expe-
riences total internal reflection and results in a high reflected
light signal. b) Between two droplets light passes through the
continuous phase (high refractive index) and results in a high
transmitted signal.

and results in a high reflected light signal. In Fig.1b
the light rays are passing between two droplets and pro-
duce a high transmitted signal. Using two signals for the
read-out provides this sensing device with a high degree
of stability. Furthermore, the system does not depend on
contact angles and delivers information about the droplet
throughout the entire time the droplet is passing the inter-
rogation point. This principle does not only allow droplets
to be detected but also to be characterized based on their
refractive indices.

2. Materials

Dry film resist for device fabrication was purchased from
ElgaEurope, Italy (Ordyl SY330 and SY317, n of ap-
prox. 1.52). Ordyl developer was composed of xylene,
2-butoxyethylester, and ethylbenzene (56/30/14, v/v/v;
Sigma-Aldrich, USA). Mineral oil (n of 1.467, Sigma-
Aldrich, USA) was used as continuous phase. A surfac-
tant (1% v/v, Span80, n of 1.48; Sigma-Aldrich, USA)
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was added to increase the droplet stability [29]. For the
droplet identification experiment calcium chloride dihy-
drate (CaCl,2H,0) was purchased from Carl Roth (Ger-
many). A 531nm diode pumped solid state laser (Op-
totronics, USA) was used as an external light source.
Reduced cladding glass fibers (50pum core diameter,
70 um cladding diameter; Polymicro Technologies, USA)
and pre-amplified silicon photodetectors (Thorlabs, USA)
managed the peripheral setup. PC-controlled syringe
pumps (cetoni GmbH, Germany) were used for the sup-
ply of droplet and continuous phase.

3. Device fabrication and design

For device fabrication a polyester foil was used as sub-
strate. The microfluidic and optical elements were struc-
tured applying multiple layers of dry film resist. The total
thickness of the applied resist and with that the height of
the microfluidic and optical elements on-chip is 107 pm.
The fabrication process for the devices was published by
Weber et al. [28]. Similar fabrication protocols applying
dry resists can be found in [27, 30, 31]. A photograph
of the fabricated devices before cutting and bonding is
illustrated in Fig. 2.

After development of the dry resist the devices are cut
in size using conventional scissors. The independence
from dicing machines allows any perimeters of the de-
vices. Furthermore, the time for fabrication is kept at a
minimum. Fig.3a depicts a photograph of the final de-
vice bonded on a PMMA microscope slide. PTFE tubings
manage the fluidic connections to the chip. In Fig.3b and
Fig.3c scanning electron microscope images are given.
The achieved resolution and aspect ratio facilitates ap-
plication of this fabrication technology to microfluidic and
optofluidic systems.

The center incident angle of the light beam is set to
19° with respect to the microfluidic channel. Therefore,
the air micro-lens and the integrated wavegquide at the
light input region are rotated 19° clockwise from the hor-
izontal. The incident angle and the dimensions of the
micro-lenses were optimzed using ray-tracing simulations
(ZEMAX, USA). For the optical part an excellent match
of simulation and experimental data was obtained. The
distance from the lens to the channel defines the size of
the interrogation point and can be defined depending on
the requirements. The collecting lens for the transmit-
ted light signal is aligned in the same angle as the lens
at the light input region. The second collecting lens for
the reflected signal is rotated 19° counterclockwise from
the horizontal. Both collecting lenses are placed as close
to the microfluidic channel as possible to minimize light
losses. The numerical apertures of the lens at the light
input region and the two collecting lenses are 0.55 and

Fig 2. Photograph of fabricated devices before cutting and bonding.
The microfluidic and optical elements are structured in dry re-
sist. A polyester foil is used as substrate.
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Fig 3. a) Photograph of a final device bonded on a PMMA micro-
scope slide. The fluidic connections to the peripheral syringe
pumps are managed by PTFE tubings. A highly reflective ma-
terial (aluminum foil) is glued underneath the interrogation point
to achieve higher optical contrast in the microscope images.
Scanning electron microscope images of b) the optical interro-
gation point on-chip and c) a magnification of an integrated air
micro-lens.

0.59, respectively. The optical elements on-chip can also
be redesigned for other refractive indices. With that, the
device can be optimized for nearly any droplet-continuous
phase combination.

4. Experimental setup

The experimental setup, consisting of an external light
source, reduced cladding glass fibers, two pre-amplified
silicon photodetectors, a digital storage oscilloscope, a
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syringe pump, the continuous phase, the droplet phase,
a fluidic waste box, and the optofluidic chip, is given in
Fig. 4.

High-speed
CMOS camera

Diode pumped
solid state laser

Light
531 nm e

microscope

Silicon
photodetectors

Optofluidic chip
on PMMA slide

Syringe pumps
for supply of continuous
and droplet phase

*

Oscilloscope

Fig 4. Experimental setup consisting of a light microscope, a high
speed CMOS camera, an external light source, three reduced
cladding glass fibers (blue lines), two pre-amplified silicon pho-
todetectors, a digital storage oscilloscope, a syringe pump, the
continuous phase, the droplet phase, a fluidic outlet, and the
optofluidic chip.

One side of the glass fibers is equipped with an SMA
connector for direct connection to the light source and
the photodetectors. The bare, other end is clamped onto
the optofluidic chip using integrated fiber-grooves. The
signals of the two photodetectors are recorded simul-
taneously using a digital storage oscilloscope. A PC-
controlled syringe pump is used for the supply of con-
tinuous and droplet phase. Micro-droplets are generated
using a T-junction on chip. For visual inspection of the
micro-droplets the optofluidic chip is placed under a light
microscope having a high-speed CMOS camera (up to
10,000 frames per second) attached.

5. Results and discussion

Because of the hydrophobicity of the device material the
continuous phase, coating the channel walls, was mineral
oil. The droplet phase was either DI water or an aqueous
CaCl; solution. Applying other materials would allow the
formation of oil in water droplets as well.

14

E. Weber et al.

0.25 -
:'é‘
> 0204
e .
S,
©
c
Ry
® 0154
=
o
el
2
8 0104
&=
[0}
14
5 droplets per second
0.05 . . . , . . .
20.0 20.2 20.4 206 20.8 21.0
Time [s]
0.02 A
.‘é’
=}
g
&S, 0.00
©
[ =
()]
»
£ -0.02
2
o
Qo
8
D -0.04-
[0}
14
20 droplets per second
-0.06 . . . . . . . .
20.0 20.2 20.4 20.6 20.8 21.0
Time [s]

Fig 5. Signals recorded at the reflected output for two different droplet
generation frequencies. Each peak in the signals represents a
single droplet passing the interrogation point.

5.1. Detection of micro-droplets

Droplets passing the interrogation point result in changes
in both the reflected and the transmitted light signals.
Due to the low refractive index of the droplet the reflected
light signal increases while the transmitted decreases si-
multaneously. Applying a peak-detection algorithm at
either of those two signals allows the detection of sin-
gle droplets. This peak-detection can be used to count
droplets. In Fig.5 signals recorded at the reflected output

for two different droplet generation frequencies are shown.

Applying this procedure, droplets were successfully
counted up to 320 droplets per second (Fig.6). With in-
creasing frequency the stability of the droplet genera-
tion decreases which explains the increased standard de-
viation in the diagram. Above a droplet generation fre-
quency of 320 droplets per second the T-junction does
At
higher frequencies two streams of liquid, DI-water next

not allow a stable formation of droplets anymore.

to oil, are achieved rather than a break-up into individual
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droplets. Implementation of other droplet generation units
(e.g. cross-junction) would solve this issue. The proposed
analysis principle itself is not limited here and can be
applied for higher droplet generation frequencies as well.
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Fig 6. Droplet counting up to 320 droplets per second. A nearly lin-
ear relation between total flow rate and droplet frequency is
obtained.

5.2. Sizing of micro-droplets

Droplets of different volume generate different peaks in
the reflected and the transmitted signals. In Fig.7 elon-
gated droplets, squeezed inside the channel as well as
small spherical droplets are depicted. The droplet volume
was defined by alternating the flow velocities of droplet
and continuous phase. The total flow rate was kept at
6 uL/min. For a univocal determination of the droplet vol-
ume the total flow rate has to be known. The implemen-
tation of a second optical sensor on the device would pro-
vide this information even for systems with fluctuating flow
rates.

Both signals were examined separately. Each individ-
ual peak generated in the reflected signal by a passing
droplet was integrated. The obtained values for all inves-
tigated droplet volumes are given in Fig.8. For elongated
droplets (1, II, and Ill) the reflected signal can be used for
sizing. The obtained values are clearly separated. With
decreasing droplet size the peaks in the reflected signal
decrease proportionally. Once the droplet shape changes
from elongated to spherical a univocal discrimination of
the droplets cannot be provided anymore. The obtained
values clearly overlap (IV and V).

For the transmitted signal the same procedure was ap-
plied. Each individual peak generated by a single droplet
was integrated and plotted in Fig.9. The behavior is the
contrary compared to the analysis of the reflected sig-
nal. For elongated droplets (I, I, and Ill) no separation

Fig 7. Micrographs of five droplet with different volumes. Elongated
(I+11+111), as well as spherical droplets (IV+V) are shown. De-
pending on the droplet volume different peaks in the signals
are obtained. The width of the microfluidic channel is 100 um.

is possible. With decreasing droplet size the peaks in
the transmitted signal increase. For spherical droplets
(IV and V) a well-defined separation based on the droplet
size is achieved. Exploiting the information obtained from
both signals droplets can be sized over a huge range of
dimensions. Elongated as well as spherical droplets can
be examined on one and the same device.

5.3. Identification of micro-droplets

The height of the reflected and the transmitted signals
depends on the refractive index of the droplet phase. This
circumstance can be exploited for the identification of the
droplet content. To investigate this capability of the device
CaCl; solutions at different concentrations were sequen-
tially used as droplet phase. For each concentration the
peaks in the reflected and transmitted signals were again
integrated individually. The corresponding values of re-
flected and transmitted peak integration were then sub-
tracted for each droplet. The obtained results are given in
Fig.10. In this experiment the total flow rate was set to
1.5 pL/min (continuous phase: 0.5pL/min; droplet phase:
1 pL/min). The resulting droplet generation frequency was
approx. 4.5 droplets per second. For each CaCl, concen-
tration about 100 micro-droplets were analyzed.

15
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Fig 8. Peak integration applied on the reflected light signal for dif-
ferent droplet volumes. Elongated droplets (I, I, and Ill) can
be discriminated. Spherical droplets not or hardly touching the
channel walls result in a poor separation based on the reflected
light signal (IV and V).
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Fig 9. Peak integration applied on the transmitted light signal for dif-
ferent droplet volumes. Elongated droplets (I, Il, and Ill) cannot
be discriminated. Spherical droplets not or hardly touching the
channel walls result in an excellent separation based on the
transmitted light signal (IV and V).

With increasing CaCl, concentration the refractive index
of the droplet increases [32]. At higher refractive indices
the amount of transmitted light increases while the re-
flected signal decreases simultaneously. The results indi-
cate highest sensitivity of the device at a CaCl, concentra-
tion of 5M. In that region changes in the concentration of
approx. 70mM can be detected. The range of sensitivity
can be optimized for other refractive indices by redesign-
ing the optical elements. In that way, devices can be
designed for various analytes as long as they influence

the refractive index of the buffer solution. This sensor

CacCl, concentration [mol/L]

Fig 10. Difference in peak area of reflected and transmitted light sig-
nal for different CaCl, content in the droplets. The difference
decreases with increasing refractive index meaning increas-
ing CaCl, concentration. At approx. 5M the device shows
highest sensitivity. This range of sensitivity can be shifted by
re-dimensioning of the optical elements on-chip.

principle can be applied to quantitatively detect changes
in the amount of one certain molecule such as, for exam-
ple, CaCl,, either between two distinct droplets or in the
same droplet at different time points. As those sensors
are applied to known systems external physical parame-
ters, such as absorbance, fluorescence, or light scattering
Fur-
thermore, the temperature stability of the entire system

effects, have only marginal impact on the results.

(changes of £1°C are not detectable in the signals) al-
lows a robust application of the sensor device.

6. Conclusions

The proposed device proves suitable for an in-line char-
acterization of micro-droplets. Having the interrogation
point implemented on-chip the device can be operated in
a plug-and-play mode. The light alignment is irreversibly
defined on the device by the geometry. The sensor allows
detection and counting of individual droplets. The limit of
320 droplets per second has arisen from the droplet gen-
eration principle. The actual limit of the analysis principle
has not been reached so far. Furthermore, information on
the droplet volume and size can be gathered in a flow-
through manner. Taking the information of reflected and
transmitted light signals elongated as well as spherical
droplets can be sized on one and the same device.

Another novel feature of this device is its capability of
identifying droplets based on their contents. Discrimina-
tion of droplets containing different amounts of dissolved
CaCl, has been demonstrated. The range of sensitivity
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can be optimized for the given requirements. In that sense,
the sensor can be applied for a range of applications. Ex-
amples are the monitoring of the glucose level and the
ethanol content for biological experiments, the detection of
phosphates in water studies, and the analysis of the DNA
content in micro-droplets. Any molecules which have a
significant impact on the refractive index can be detected
applying this principle. Especially, the simplicity of the
design allows integration with other microfluidic compo-
nents on one and the same device to develop sophisticated
lab-on-a-chip devices.
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