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Abstract: Optofluidics is a field with important applications in areas such as biotechnology, chemical synthesis
and analytical chemistry. Optofluidic devices combine optical elements into microfluidic devices in ways that increase portability and sensitivity of analysis for diagnostic
or screening purposes .In fact in these devices fluids give
fine adaptability, mobility and accessibility to nanoscale
photonic devices which otherwise could not be realized
using conventional devices. This review describes several
cases in which optical or microfluidic approaches are used
to trap single cells in proximity of integrated optical sensor
for being analysed.

1 Introduction
Microfluidics has made it possible to integrate multiple
fluidic tasks on a chip, and bring different advantages:
easy handling of samples, reagent consumpition, automation, portability, velocity and resolution of analysis, costs.
Fluids have unique properties that cannot be found in
solid equivalents, and these properties can be used to design novel devices. On the other hand, optical components, such as the light source, sensors, lenses, tapers
and waveguides, allow uniques manipulation and analysis of biochemical samples. The synergistic action between microfluidics and optics in optofluidic devices allow exploiting of different properties creating several ad-
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vantages over the two fields applied separately. Examples
of such properties include: the ability to change the optical property of the fluid medium within a device by simply
replacing one fluid with another [1], the optically smooth
interface between two immiscible fluids [2] and the ability of flowing streams of miscible fluids to create gradients in optical properties by diffusion [3]. Optofluidics is a
field with important applications in areas such as biotechnology, chemical synthesis and analytical chemistry. In
optofluidic systems, fluids give fine adaptability, mobility
and accessibility to nanoscale photonic devices which otherwise could not be realized using conventional devices.
Examples of optofluidic devices could be optofluidic light
sources that employ fluids as the gain medium [4], optical devices that use fluids to tune or configure optical responses [5], fluidic sensors that employ integrated photonic structures [6]. In this work we focus our attention
on optofluidic devices allowing to handle and manipulate
single cells. In particular we describe integrated optical
tweezers in microfluidic channels to perform optical analysis on living cells. Alternatively, we show the use microfluidic traps to drive cells in correspondence of integrated optical sensors. These devices can be used for screening purposes. Single-cell analysis allows to study drug stimulation and to distinguish the diversity of the individual cell
activities, and potentially to investigate new biomarkers. It
becomes then important for scientific research and clinical
diagnostic applications, a sequential handling and manipulation of cells and cell suspensions.

2 Optical tweezers integrated in
microfluidic devices
Many laboratories around the world use optical tweezers
(OT) for contactless stable trapping and manipulation of
live cells in several research fields [7–9]. So that, the combination of OT in microfluidic systems attracted a growing interest, as it gives born to devices for biological analysis with enhanced sensitivity [10, 11] and additionally
new measurement techniques for cell biology8. This gives
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an important impact in biotechnological research in the
direction of the realization of microfluidic flow cytometers [12, 13] and cell sorters [11, 14]. In fact, the sensitivity of measurements requiring long integration times,
as when collecting Raman scattering [15] or cell fluorescence with a very low expression of the stained molecules
will be enhanced by stabilizing the sample position. Optical traps can be implemented inside a microfluidic device
through “standard” OT generatef by tightly focused freespace laser beams or by OT based on counter-propagating
beams. This approach is motivated by a full geometrical
and hydrodynamic compatibility between optical tweezers
and microfluidics. The forces produced by optical tweezers (tens of picoNewton) are in the same order of magnitude of hydrodynamic forces in a laminar flow [16]. However, the use of OT inside a lab-on-chip apparatus presents
some issues, and it is mainly implemented with bulky
microscope s6,7,10 or by counter-propagating beams [18–
20]. In microscope-based OT, the tight focusing of a laser
through a high numerical aperture (NA) objective allow
achieving optical trapping. These systems require critical
alignment and large apparatus and, as a consequence,
are not commonly used in biological laboratories. In addition, thermal damage can be induced by the use of tightly
focused beams affecting the viability of specimen under
test17. Finally, the high NA objectives provide a limited
field of view, which is a strong limitation in case there is
the need to analyse a biological sample within the size
scale usually provided by a microfluidic circuit.Several
groups proposed solutions in which the traps were realized by counter propagating beams delivered by optical
fibres or waveguides. These traps had working distances
in the order of tens of microns, compatible with length
scale of microfluidic channels. On the other hand, such
optical traps give rise to systems with a limited versatility. In fact, fibres need to be carefully mounted on planar
substrates or grooves in order to guarantee a good alignment [18] and the set-up is often not reproducible with
good accuracy. An alternative solution consists in integrating vertical-cavity surface-emitting lasers (VCSEL) or
GaAl/AlGaAs heterostructures that are able to trap and
move microspheres and biological samples in microfluidic
systems [19], however the complexity to fabricate these
devices and low tenability of power limit their use. Recently counter propagating beams, properly faced on microfluidic channels through integrated waveguides fabricated on a glass substrate, were reported [14, 20]. This
approach was used also to realize fluorescence-activated
optical-sorting of cells. A drawback of such a configuration is due to the counter propagating beams, which do
not allow creation of two or more simultaneous trapping
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points close to each other, and the displacement of the
trapping point, i.e. handling of the trapped specimen, is
restricted to be along the direction of the laser-beam axis
only. In addition, the integration of optical waveguides
can limit the microfluidic layout, materials used and the
fabrication technologies. Alternatively, Liberale et al. [21]
showed fully-integrated system relying on miniaturized
fibre-based OT that achieves stable 3D-trapping through
micro-prisms beam deflectors fabricated by two-photon
lithography (Figure 1). These can be also used, at the same
time, for fluorescence and Raman measurements of single
cells (Figure 1e and 1f). This microsystem offers manipulation and analyses capabilities, while guaranteeing high
flexibility and cell-safety, and allows to easily add multiple optical traps in Lab on chip miniaturized devices for
analysis of biological and chemical samples.

3 Passive microfluidic traps for cell
analysis
A microfluidic device is capable to handle biological samples with very high accuracy and resolution simplifying
the protocol of analysis [22, 23]. A particular and interesting case is the possibility to screen cell populations with
single cell resolutions [24]. For example, a microfluidic device integrating microfluidic traps able to handle single
cells, nanodevices and coupled to a Raman Spectrometer
has a high potential for the analysis of living cells. The
exploitation of a plasmonic nanodevice coupled to a Raman Spectrometer would allow (thanks to the localization
of light in small structures and the resulting enhancement
of the electromagnetic field) studying single biomolecules
with high spatial resolution, directly on the cellular membrane of a single cell. The plasmonic nanodevices integrated in microfluidic devices can have different geometries and configurations.

3.1 Three-dimensional optical nanostructure
Plasmonic nanodevices can be made of a dielectric "core"
with a conical geometry [25], covered by a metal layer as
shown in Figure 2c. These devices were fabricated using
an electron beam induced deposition and gold deposition.
The nanocones are based on the amplification of the electromagnetic field due to the adiabatic compression of the
wavelength of Plasmon polaritons (PPs) on the metal layer
of the nanocone. In this way it is possible to obtain a resolution that depends on the radius of the tip of the cone
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Figure 1: (a) Scheme of the front-view of the output facet, showing the four fibres with microprisms of the microtweezers. (b) cross-section
of the fibre probe, the beams propagating in two symmetrically positioned fibres are reflected at the interface between microprisms and
the outer medium; (c) CAD isometric representation of the optical tweezers integrated in a microfluidic channel, trapping a particle; (d)
Front-view of the probe: the two fibres indicated by the blue dotted line emit the infrared radiation used to trap the particle. The fibre surrounded by the green circle is connected to the 532-nm laser source, while the one surrounded by the red circle is unused. Red arrows indicate the position of two non-trapped beads. (e) After inserting an IR-filter and switching on the 532-nm laser the green light scattered by
the trapped particle (inside the yellow, dashed circle) is evident. (f) Raman signature of a colon cancer cell in the C-H stretch Raman band,
which is typically dominated by the lipidic and protein content.

(approximately 10 nm), much lower resolution in respect
to the diffraction limit of light. The PPs are excited by the
Raman laser source that is coupled to a grating realized
at the basis of the cone. A large enhancement of the electromagnetic field is produced at the cone tip, thus producing an enhancement of the Raman signal of biomolecules
close to the tip as described in ref. [25].These nanodevices
can be integrated in a microfluidic system close to microfluidic traps where individual cells can be trapped and
analysed [24]. These nanostructure were integrated in microfluidic cavities placed within a microfluidic channel of
the dimensions a bit larger than a cell (about 20-25 micrometers). At the bottom of the cavity, a narrow channel
(about 3 micrometers wide) was fabricated which allowed
to suck the cells passing in proximity of the cavity. When
the cell reaches the bottom of the cavity, it plugs the narrow channel avoiding further suction. In this way, it is possible to trap cells in series. By alternating the direction of
the motion, it is possible to displace the cell from the cavity and suck it again in the same cavity but with a different
orientation, so that it is possible to analyse the same cell
on different parts of its membrane

Figure 2: (left) Schematic representation of a cell trapping and analysis protocol optofluidic approach; (Center) a optofluidic device integrating plasmonic nanocones; Right: SEM image of the nanoplasmonic device. These figures refer to the device developed in [24].

3.2 Bi-dimensional optical nanostructure
In alternative, plasmonic nanodevices can be made by using a bi-dimensional configuration such as nanodimers
and integrated in microfluidic traps as shown in the following picture [26].
In this case, the trap is realized by fabricating a constriction in width along the channel. It has been designed
in a way that the cell is only temporarily trapped. A dynamic change of the flow conditions are responsible for
the cell entrapment and release [26].The role of the trap
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4 Screening of cells by label-free
plasmonic sensors integrated in
microfluidic devices

Figure 3: Scanning electron image of the microfluidic trap and the
integrated array of nanodimers. (A): Top view; (B): isometric view;
(C): zoom in the area where the nanodimers are integrated. (D)
Sequence of the cell analysis mechanism: (1) the cell approaches
the trap followed by other cells (t =0 s); (2) the cell is trapped and
the flow is stopped (t = 2 s), in this phase Raman measurements
can be performed on the cell (t = 4 s); (3) the increasing pressure
due to clogged channel deform the cell forcing it through the trap
(t = 6 s); (4) the cell is released continuing to move over the trap
while other cells are approaching the trap aligning themselves to it
(t = 8 s) [26].

is to stop the cell for a well defined amount of time necessary to record the Raman Spectrum which can be executed
in about 3 seconds. In such a way, it is possible to perform
a continuous analysis of cells by Raman Spectroscopy in
a passive way (Figure 3D). In this case the nanodimers
can be fabricated by electron lithography and electroless
deposition.An advantage of such configuration is that it
is more compatible for mass production fabrication protocols. Three-dimansional nanodevices are more complicate and expensive to fabricate but the freedom to work on
three dimensions allows to exploit better non-linear optical properties obtaining more efficient plasmonic nanodevices.

It is well known that individual cells, even those
identical in appearance, differ in numerous characteristics. Due to this heterogeneity, traditional biochemical assays, which analyze cells in bulk, do not allow to get
rich information when single cells are studied. Single cell
analysis allow investigating cell activities and potentially
new biomarkers. One way to reach these results is the
use of microfluidic devices and innovative label-free plasmonic/spectroscopic nano sensors. It is clearly appearing that the combination of plasmonics, microfluidics and
spectroscopy is an interesting strategy for improving the
detection sensitivity, specificity and complexity of mixtures. The combination with microfluidics opens the possibility to extend the detection to single molecule but increasing the throughput analysis. It would be also crucial
to analyse the composition of a single cell at a subcellular
level or metabolites, this would bring a step forward the
conventional analysis on cells. Monitoring of cells to over
a longer period is most frequently performed by fluorescence microscopy. However, it is quite common that the
fluorescent dyes used for specific subcellular staining interfere with the development of cells, changing their phenotype and metabolism. Another limitation is that fluorescent dyes bleach quite fast. Finally, this technique allows
to investigate known molecules only. These aspects make
fluorescence staining strategies less desirable in respect to
label free sensing methodologies. This can be done, for instance, integrating plasmonic nanostructured devices and
Raman Spectroscopy. Raman spectroscopy has been used
to determine cellular status, such as living cells [27], dead
cells [28], apoptotic cells [29], proliferating cells [30], differentiating cells [31], tumor or healthy cells [26]. Raman
spectroscopy can be integrated in microfluidic devices for
having an accurate control over the biological sample (on
single cells) [33, 34] allowing to leave them over long period in physiological or conditioned environments, while
at the same time obtaining biochemical information from
the same sample (Figure 4a and 4b). The main advantages
of such a technique are: - the capability to perform analysis in a label free manner, reducing the steps to pre-treat a
biological sample; - the specificity of analysis due to a specific finger print for each biological substance; - the possibility to analyse biological substances in water solutions.
The main disadvantage is the small probability that a Raman scattering event can occur, and in some cases this
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Figure 4: (a) Raman difference spectra measured on oxidative stressed cells. The 1660cm-1 band acts as a Raman marker of oxidative
stress [24]; (b) Raman spectra collected in three different experiments with different cell lines, in microfluidic devices [26]. From top to
bottom average spectra of red blood cells (RBC), peripheral blood lymphocytes (PBL), and K562 tumor cells from leukemia are reported; (c)
Raman spectra collected from red blood cells (RBCs) on nanodimers (used power for the enhanced Raman measurements is 10% of the total) and on a flat substrate (used power for the standard Raman measurements is 100% of the total). The spectrum recorder on nanodimers
exhibits a stronger signal and with higher detail spatial mapping [26].

could produce very weak signals, difficult to be detected
above all in complex biological microenvironments. Fortunately, plasmonic nanostructures can strongly improve
the Raman effect, with enhancing factors up to 1012 [35],
and producing the well-known SERS effect (Surface Enhanced Raman Scattering). Then, the integration of plasmonic nanosensors into microfluidic devices will circumvent the issue of small Raman scattering cross-section,
and will accomplish a valid tool for label-free biochemical analysis in microfluidic environment (Figure 4c). Finally the high spatial resolution of the nanostructures allow to resolve very complex mixtures simplifying the pretreatment protocol of biological samples [36]. Raman spectra are only minimally affected by the presence of water. This peculiarity is crucial when dealing with measurements on living cells that are always immersed in an aqueous buffer. On the other hand, when microfluidic devices
are combined with Raman Spectroscopy it is necessary to
select only materials that give negligible contribution to
the Raman spectra. This constrains leads to exclude all the
polymers which give a strong Raman signal in the characteristic spectral range of cells, being polymers made by
carbon chains, similarly to biomaterials. The concurrent
strategies are: (i) use materials which give different Raman
bands from the biological species or negligible signal amplitude (e.g. calcium floride); (ii) design a proper geometrical configuration to reduce the background, like for instance using metal shields and working in reflection [24];

5 Conclusions

tical tweezers or passive microfluidic traps (constrictions).
Microfluidics, in this case, has the role to drive the cells
in proximity of the optical sensors for being analysed. The
optical tweezers or the traps allow keeping in place the
cells while the optical measurements are recorded. Such
devices allow to easily performing fluorescent or Raman
measurements on single cells while preserving the full integration, flexibility and cell-safety. The showed devices
are simple, versatile, and allows the integration of additional mechanical and optical functions leading to a powerful and multipurpose probe. The versatility, low cost,
ease of fabrication and assembly give to this systems great
potential as a general approach for isolating rare cells
or observing the effects of local environmental changes
for diagnosis or screening purposes. It has to be mentioned that label free enhanced Raman spectroscopy analysis combined with plasmonic nanodevices can give biochemical information of the cells with very high spatial
resolution and sensitivity (few molecules on the cell membrane). This gives a high potential to reach high-resolution
analysis on living single cells.
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