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Simplified 3D hydrodynamic flow 
focusing for lab‑on‑chip single 
particle study
Filippo Storti 1,2, Silvio Bonfadini 1 & Luigino Criante 1*

Accurately control of the position of a fluid and particle within lab-on-a-chip platform is a critical 
prerequisite for many downstream analysis processes, such as detection, trapping and separation, 
moving the sensing at the single-particle level. With the development of microfluidic fabrication 
technology, particle/cell focusing has shifted from two to three dimensions. 3D hydrodynamic 
focusing, which sorts and aligns the incoming cloud of particles so that they pass through the 
interrogation area one by one, enables new possibilities and breakthroughs in the single-cell analysis 
system. Despite the excellent results shown in literature, there is still a lack of a device that can 
simultaneously fulfilling the requirements of high throughput, compactness, high integrability, and 
ease of use operation to become a widely accepted work center for biomedical research and clinical 
applications. Here, we proposed a unique 3D flow focusing microfluidic device buried in fused silica 
substrate that potentially combines all this advantages. By designing a sample channel suspended 
inside a larger buffer channel, manufactured by exploiting the laser-assisted micromachine technique, 
a not size-dependent focusing capability is shown. A spatially and temporally stable central flow of 
a mixture of 15 μm and 6 μm PS particles to a 1 μm PS microsphere solution has been obtained with 
high accuracy. Finally, to test the achievable focusing resolution, the chip was tested for the detection 
of Escherichia Coli bacteria in water solution as proof of concept of biological application.

The precise manipulation of fluids on board of microfluidic platforms has aroused in the recent years the atten-
tion of the Lab-On-a-Chip (LOC) research field, due to the wide range of application that can be implemented. 
Besides drastically reducing the amount of processing samples and shrinking the size of the instruments to a 
portable scale, the capability to accurately control the position of a fluid—thus, of the particles flowing in it as 
well—within microfluidic devices has shifted the sensing at the single particle level. This greatly improves the 
sensitivity and the amount of extractable information. Multiple fields have already benefited of these advantages 
such as the bio-medical one—e.g., flow cytometry and single particle detection1—or the environmental one—e.g., 
climate change monitoring, microbial water contamination2—and industry—cosmetics3, and food and beverage 
purity control2. Particles flowing within a microfluidic platform, especially at high concentrations, distribute 
randomly in the cross-section of the channel, drastically affecting the efficiency of any further analysis step4. 
Thus, the main principle behind 3D flow focusing is ordering the incoming cloud of particles, aligning them 
so that they cross the interrogation area one by one. Therefore, from this perspective, the ideal focusing device 
should take in account the presence of one or more downstream analysis steps (e.g. detection, trapping and 
separation), while to be able to manage very small particle and even molecules, a not size-dependent focusing 
capability is a game-changer. For this reason, critical requirements to be fulfilled are compactness, to not affect 
the portability of the platform, high throughput, not to slow down the whole analysis process, and ease-of-use, 
to make the device as automated and flexible as possible. Many different strategies have already tried to face this 
challenge. Mainly, two distinct approaches can be identified: methods that induce forces on particles externally 
(a.k.a. active) or internally (a.k.a. passive). In the first case, the most used force fields are acoustic5, 6, magnetic7 
and electric8, 9. Although they are effective methods, the need of another external stimuli complicates both the 
fabrication process, needing the integration of elements such as piezo transducers, magnets, and electrodes, and 
the operation, requiring the control of the force generation in addition to the flow. Then, to let the field act on the 
particle trajectory, the flow rates need to be limited, resulting in throughputs from 0.85 µL/min to few hundreds 
of μL/min and just in limited cases around 500 µL/min4, 6. On the other hand, passive methods exert a focusing 
action just thanks to their flow configuration. In this case another distinction can be made: some approaches 
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use sheath-less effects, due to inertial forces generated by the channel geometry10 or by the integration of struc-
tures, such as grooves or pillars, in the channel11, 12, while others use multiple inlets, from 1 to 4, to confine the 
sample flow13–16. Inertial microfluidics is an attractive method since allows to achieve high throughputs (up to 
few mL/min)17 and no sheath flows are needed, thus reducing the operational complexity. However, inertial 
focusing has difficulty in improving the focusing resolution especially in small space. In fact, it is well known 
that these devices exploit the competition between two forces acting on the particles flowing, that are strongly 
related to their size: the shear-induced lift forces and the wall-induced lift forces17. Thus, to achieve flow focus-
ing it is necessary to use just one particle diameter at a time. Furthermore, focusing particles close to the (sub-)
micrometer scale encounters difficulties, as the minimum microchannel length required for effective focusing 
increases dramatically as particle size decreases, affecting the chip compactness and complicating the integra-
tion of further analysis steps. In straight channels, the geometry and the focusing length vary depending on the 
particle diameter10, 18–21, while in the case of spiral channels22, 23 or contraction–expansion arrays24, by using a 
mixture of different sizes, different equilibrium points are set at different positions across the channel section. 
This results in multiple focused flows which are unsuitable for a single interrogation region. Then, inertial effects 
are seen when the volume fraction of particles is less than 1%—to avoid that particle–particle interactions disrupt 
the focusing25. This means that the sample must be diluted, decreasing the effective throughput, and requiring an 
additional pre-processing step. The conceptually easiest way to confine the sample flow at the center of a micro-
fluidic channel, regardless of particle size, is to inject other four flows within the same channel. Many works have 
implemented such strategy, achieving good focusing results14, 16, 26, 27, but still the need for managing five (or six) 
inlets simultaneously does not facilitate the device’s use in clinical applications. For this reason, several groups 
have presented intriguing solutions to reduce the number of injection ports. One of the most used strategies is to 
split an original branch before connecting it to the main channel, decreasing the number of inlets at two13, 28, 29. 
Besides the reduced complexity in the operation of such devices, the flow must be precisely partitioned in all 
the branches to reach an accurate particle positioning. Thus, the risk of introducing asymmetries in the fluid 
manipulation or in the geometry, during the fabrication processes or in the experimental functioning—e.g., due 
to an air bubble—increases. Tripathi et al.30 have achieved a simplified geometry with just two inlets and no split-
ting, which exploits the combination of a buffer flow and the Dean vortex effect due to curved channels. Besides 
the good focusing efficiency, the throughputs are limited at 100 µL/min. Instead, some other works have reached 
trade-off by using two sheath inlets and reducing the aspect ratio of the sample channel, so that the buffer flow 
envelops the main flow at the junction31, 32. Nonetheless, also these devices show a limited throughput ranging 
from µL/min to 30 µL/min, mainly due to the de-formability of polydimethylsiloxane (PDMS), of which they 
are made. Instead, Patel et al.33 have used a similar strategy, but their device flow rate is not limited thanks to the 
polymethyl methacrylate (PMMA) micromilling. However, since their focused particles flow on the bottom of 
the main channel, the device is exposed to clogging risks. Other creative solutions are represented by attempts of 
surrounding a main channel by buffering inlets, by integrating two micropipettes34, several micro-capillaries35, 
or a micro-nozzle36. Besides the elegant implementation, the devices are very fragile, and the performances are 
strictly linked to the accuracy of the fabrication process.

In this work we present a microfluidic network for the precise positioning of particles at the center of the 
main channel, exploiting only two inlet (sample and sheath flow), that aims at fulfilling the requirements—
i.e., ease-of-use, high throughputs, and compactness—to push forward the platform integrability. The device 
design is studied throughout numerical simulations and then fabricated buried in fused silica substrate thanks 
to the high versatility of Femtosecond Laser Irradiation, followed by Chemical Etching (FLICE) technique37–41. 
Besides its great 3D capabilities, this well-known technique also offers the possibility to integrate other analysis 
elements—such as optical elements42, optical fibers, and electrodes43– opening the way to the fabrication of a 
completely integrated micro total analysis system (μTAS) for bio applications. The hydro-dynamic focusing 
element was characterized by aligning incoming polystyrene (PS) microbeads with different sizes. To test the 
achievable focusing resolution, a proof of concept is then given, by using this element to optically detect the 
presence of bacteria in a water sample.

Results & discussion
Device design & simulation.  To achieve a precise 3D hydrodynamic focusing the presence of a confining 
sheath flow is necessary. Thus, due to the limitations of the current manufacturing techniques of microfluidic 
networks, the only way to shrink a central flow with a buffer fluid is to let them merge at a given point creating a 
multiple-branch junction (Fig. 1a). Therefore, both the fabrication process, that requires particular attention to 
not introduce asymmetries in the geometry, and the operation, that needs for the control of other four flows, are 
very complex. Indeed, any imbalance, due to the geometry, different flow viscosity or to the clogging of one of 
the branches, leads either to the focusing disruption or to a non-precise alignment. To avoid this, we designed a 
unique geometry that encloses a sample inlet within a buffering channel (Fig. 1b), in a non-deformable substrate 
(fused silica). By exploiting the capabilities of the FLICE fabrication technique, it was possible to design the 3D 
sample channel well align along the axis of the 3D sheath channel (Fig. 1c, d), ensuring accurate positioning of 
the focused flow in the centre of the outlet. In this way, thanks to laminarity, the sample flow is naturally confined 
by requiring a single buffer stream.

Numerical simulations (COMSOL Multiphysics 5.3a) have been carried out to visualize the flow configuration 
of such a geometry and introduce some optimizations. For example, to ensure chip robustness and 3D symmetry 
of the various flows, the best results were obtained with the geometry shown in Fig. 2. The sample channel, with 
a sharp curve, is sustained to an un-etched fused silica support that contains it, modelled in the shape of a “T”. 
A spherical expansion of 200 μm radius was added to the junction of the two channels to ensure symmetry. In 
this way, the fluid can rearrange itself more uniformly around the “T” obstacle with a more uniform velocity 
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distribution (Fig. 2a) and a narrower focused flow (Fig. 2b). For all simulations a hybrid solution for the mesh 
have been used: coarse mesh in the areas of least interest (e.g. the connection tubes), fine mesh for the 200 µm 
channel and super fine mesh for the entire sphere and the hydrodynamic focusing area.

Finally, simulations have also shown (Fig. 2b) how it is possible to further reduce the width of the confined 
stream by shrinking the dimensions of the outlet channel. Thus, the final geometry that has been fabricated is 
composed of all rectangular-section channels, where the buffer inlet has a 200 μm × 200 μm cross-section, the 
sample inlet 50 μm × 50 μm, and the outlet 120 μm ×120 μm. The total length of the channels is only 1.7 mm, 
resulting in a very compact device.

Microfluidic results.  The proposed geometry has the potential of achieving a full 3D hydrodynamic focus-
ing within a single writing step, resulting in a very compact and easily operable device. Unlike other microfab-
rication technologies on soft materials, the capability and spatial resolution offered by the FLICE technique, 
allowed a very complex structure to be fabricated in a fast and robust way (Fig.  3a). The sample channel is 
suspended at the center of the buffering flow for almost 500 µm. We have not experienced any instability issues 
thanks to its 30 µm-thick walls directly connected to the bulk material. No sealing or annealing procedure is 
required to avoid mechanical weaknesses and fluid leakage. To visualize the focused flow, characterization tests 
have been carried out by injecting deionized water in the buffer channel and a blue-dyed water-based solution 
(Fig. 3b). The channel width was measured using a higher magnification objective (20×, NA 0.45) to ensure cor-
rect resolution (~ 1 µm).

Due to the extreme compactness of the device—with a total length 2 mm and a focusing section length of 0.62 
mm—diffusion mechanisms have not been observed and the flow coming from the sample inlet has been cor-
rectly shrunk, both in the horizontal and in the vertical direction uniformly, matching the dimensions obtained 
by the numerical simulations (Fig. 3c, more details on this simulation are reported in Material and Method sec-
tion). The relationship between the sample and the sheath input pressures has been investigated by choosing a 
reasonable pressure for the first (80 mbar), then varying the second with steps of 20 mbar (Fig. 3d). As expected, 
when the sheath flow is injected with a pressure lower than the sample inlet, no flow focusing is observable. 
Instead, when approaching the same value, a mild focusing effect starts to appear. This can be explained by the 
difference in the cross-section of the two channels (sample inlet: 50 µm × 50 µm, buffer inlet: 200 µm × 200 µm) 

Figure 1.   (a) The most used strategy to achieve a 3D hydrodynamic focusing is to confine the central flow 
within four sheath flows. Thus, the complexity of both the fabrication process and the operation of such devices 
greatly increases. (b) The designed geometry features only two inlet channels, one nested within the other. In 
this way, the buffer stream naturally confines the sample flow at the center of the outlet channel and with it all 
participle regardless of their size. (c) xy-plane view of the presented device. The sample channel is positioned in 
the middle of the sheath channel, so the outcoming flow is automatically aligned at the center of the outlet. This 
is valid for the zx-plane as well (d).
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that allows the sheath flow to reach higher velocities, besides the same injection pressure. Then, starting to create 
an imbalance between the two pressures, in favor of the sheath inlet, the sample flow is increasingly confined. 
Since the sample channel is centered along the sheath channel axis, the shrinkage is positioned in the middle of 
the cross-section of the outlet channel. By increasing the sheath pressure by more than twice the sample inlet, the 
focused stream disappears, since the buffer fluid creates virtual wall at the outlet of the sample channel, block-
ing the incoming flow. It can be noticed how the focused flow features a good symmetry, showing similar sizes 
both in the xy-plane and the zx-plane, except for the highest imbalance, where the dimension in the xy-plane 
is ~ 9 µm while it is 5 µm in the other plane. It should be appreciated how the device is capable to reach focusing 
values comparable with the literature, but with much less complexity in both in the fabrication process and in 
the operation (only two inlet channels needed). This suggests that the focusing potential of this geometry can 
even be pushed further—e.g., by reducing the diameter of the sample inlet.

Since the target application of our device is the alignment of particles before crossing an interrogation area for 
single-particle analysis, PS beads focusing experiments have been also carried out. In an ideal application, such 
an element should present a good versatility, being able of centering particles of various sizes, without the need 
to modify either the flow or the geometry, unlike it happens in inertia-based techniques18. To verify this quality, 
we have tested our device by using a water-based mixture of particles—with diameters of 15 µm and 6 μm—and 
we have set the focusing dimension at larger particle size, keeping it constant. Figure 4 shows the obtained result: 
different particles are correctly focused along the central axis of the outlet channel, both in the xy-plane and in 
the zx-plane (Fig. 4, inset). As can be appreciated by the line profile analysis, the particles flowing in the sample 
channel are positioned randomly across the section but, after entering the focusing region, their distribution is 
centered around the outlet axis, showing a greater peak exactly in the middle of the channel. The ± 5 μm from this 
focused position is most likely because the confined flow has a dimension equal to larger particles. Thus, smaller 
particles are still able to occupy positions other than the exact center. However, transit areas of few microns are 
still compatible with most of interrogations methodologies.

To better understand the potentialities of our device, not only in aligning, but also in separating clouds of 
incoming particles, we have pushed the particle sizes to the limit, by processing a water-based solution of 1 μm 
beads (Fig. 5). During the experimental phase, starting from the simulated inlet pressure conditions (sample 
90 mbar, sheath 190 mbar), we further improved the focusing capability of the chip with respect to the small 
bead sample by slightly increasing the operating pressures (sample 97 mbar, sheath 194 mbar). Interestingly, 
the particles are again focused along the outlet axis, albeit the focused flow dimension is greater than 1 μm. The 
completely disorganized ensemble of 1 μm beads in the sample stream is sorted by the focusing region, resulting 
in a very well-peaked distribution in the outlet channel (Fig. 5a). Remarkably, regardless of how aggregated they 
may be, the particles, when undergoing the focusing flow, enter in the fluidic corridor one by one (Fig. 5b). In 
this case the confined positions differ by only 3 μm, showing an almost perfect alignment.

Moreover, from this experiment it was possible to validate the flow velocity map obtained by numerical 
simulations (Fig. 2 a). Thanks to the small size of the beads it is possible to assume that they move at the same 

Figure 2.   (a) Flow velocity map of the microfluidic channels in the xy and zx-plane, obtained with sample input 
pressures of 90 mbar and 190 mbar for the sheath inlet. The presence of the sample channel acts as an obstacle, 
but thanks to its “T” shape and the spherical expansion the downstream flow profile results in a uniform fluid 
velocity distribution both in the xy and zx plane. (b) The spherical enlargement also provides the device with a 
more powerful focusing behavior, resulting in a narrower focused stream.
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speed as the flow. In this experiment, with sample inlet pressures of 97 mbar (simulated 90 mbar) and 194 mbar 
for the sheath inlet (simulated 190 mbar), particles were measured flowing at an average speed around 0.4 m/s 
similar to the flow in the simulation. Considering a cross-sectional transit area of ~ 15 μm × 15 μm for the sample 
flow (due to the focusing), the obtained actual throughput—i.e., volumetric consumption over time of just the 
sample to be processed—is 0.35 mL/h. However, the range of operating pressures can be much further extended, 
thanks to the solid mechanical properties of the device, reaching input values in the order of several bar. In this 
case, numerical simulations have shown that the focused flow speed approaches values in the order of tens of 
m/s, resulting in throughputs of tens of mL/h. Care should be taken when using fluids of different viscosities, as 
the working points (Psample -Pbuffer) will be different from those typically shown here. However, it is still possible 
to identify working points that achieve the same focusing results.

Finally, as proof of concept, the hydrodynamic focusing section has been integrated in a simple photo-
cytometer chip for the particle’s detection. Figure 6a shows the device sketch, the interrogation area is com-
posed by two optical fibers (single mode fiber for the excitation branch and multimode for the collection one) 
placed one in front of the other. Thanks to this optical configuration the channel section (transverse to the flow) 
occupied by the laser beam is limited to a narrow line of approximately 5 µm in diameter, well located in the 
center of the main channel. When the particle passes in front of the fibers it obscures the probe beam, inducing 
a reduction of the light collected by the other fiber. The performance of the lab-on-a-chip for such automatic 
counting is closely related to the effective separation capability and accurate 3D position control of micrometric 
objects within channel. Displacements of a few microns relative to the optical axis of detection can inhibit the 
measurement, supporting the importance of the focusing concept developed previously. To test the achievable 
focusing resolution, a proof of concept, the validation of the chip was performed with Escherichia Coli bacteria 
in water solution. As shown in Fig. 6 b and c, when the bacteria is in the detection area it scatter enough light 
to be identified. This detection is label-free, and therefore not able to distinguish a bacteria from a particle with 
the same size. Nevertheless, by analyzing the peak width it is possible to recognize particles with different sizes.

Figure 3.   (a) Stereomicroscope image of the device with PEEK tubing inserted and ready to operate. (b) 
Optical microscope image (5 × magnification) of the device during the flow characterization experiments—
sample input inlet pressure 80 mbar and sheath inlet pressure 110 mbar—. The channel widths were measured 
on another image (not shown) acquired with higher magnification objective (20×, NA 0.45, Resolution ~ 1 
µm). (c) Simulated cross-section of the hydrodynamic focusing condition in the outlet (Pinlet sample = 80 mbar; 
Pinlet sheath = 110 mbar). The outermost red area (region of scattered red dots) is an artefact of the simulation 
due to the non-slip conditions of the walls, while the 16 μm × 16 μm blue area is the sample cross-section. (d) 
Experimental cross-section obtained in function of inlet sheath pressure. The inlet pressure has been set to 80 
mbar, while the buffer inlet pressure has been scanned at 20 mbar steps starting from 60 to 160 mbar. The results 
with Pinlet sheath < 80 mbar cases are not shown, as no flow focusing has been observed due to the disadvantageous 
pressure couple. The confined stream shows good symmetry and the narrowest value reached is  9 μm × 5 μm, 
for the xy and the zx planes, respectively. As highlighted by the case study (Fig. 3b and points data with an 
asterisk), the experimental test validated the numerical simulations, resulting in a similar dimension and 3D 
symmetric focused flow.
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Conclusions
Microparticles analysis has recently aroused the attention of the microfluidics research field due to the wide 
range of information that can be extracted. In this context, particle manipulation within microfluidic networks 
becomes crucial. We successfully proposed, fabricated, and characterized a unique 3D flow focusing microfluidic 
device buried in fused silica substrate which brings together advantages such as compactness, high integrability, 
high throughputs, and ease-of-use operation. By designing a sample channel suspended inside a larger buffer 
channel, it has been possible to obtain a symmetric 3D hydrodynamic focusing less than 10 μm wide, by using 
just two inlets. This has allowed to confine in a central flow (spatially and temporally stable) a mixture of PS 
particles of 15 μm and 6 μm, with an accuracy of ± 5 μm and a solution of 1 μm PS beads, with an error of just 
3 μm. FLICE manufacturing technique made it possible to carve the geometry from a single substrate of fused 
silica, providing the device with an exceptional mechanical robustness, and thus enabling high throughputs. In 
addition to its 3D manufacturing capabilities, this technique also offers the possibility of easily integrating self-
aligned photonic elements to the microfluidic network-such as optical elements, optical fibers and waveguides-
significantly simplifying the manufacturing steps.

All these unique advantages, combined with its extreme compactness (total length ~ 2 mm) and its totally 
clogging-free behavior, demonstrate that the proposed device exhibits all the features that could push forward 
the implementation of a totally microfluidic platform for biological and chemical particle sensing. Indeed the 
proposed geometry can be a fundamental tool for advanced studies on the highly sensitive detection of pollut-
ants in fluids (bacteria, microplastics, heavy metals), for the analysis of cell stiffness and for the statistical study 
of all particles that can be made to emit (fluorescence) or scatter.

Figure 4.   Proof of concept of the presented device. The microfluidic test has been carried out by injecting 
a water-based mixture of PS beads of different sizes—i.e., 15 μm and 6 μm. The image is a superimposition 
of multiple frames acquired at 10 000 fps through a high-speed camera, coupled to an optical microscope 
(10 × magnification). All the particles are correctly aligned along the outlet axis in 3D (inset a). The beads are 
randomly distributed across the sample channel cross section (inset b) but once they cross the focusing region, 
the redistribute in a narrower area (~ 10 μm) (Inset c). The count graphs are obtained by processing a whole 
video of about 1754 frames.
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Figure 5.   Microfluidic experiment of the same device by injecting a water-based solution of 1 μm PS beads 
(sample inlet pressure 97 mbar and sheath inlet pressure 194 mbar). (a) The image is an overlap of multiple 
frames acquired by a high-speed camera at 50 000 fps, coupled to an optical microscope (20 × magnification). 
The incoming particles are randomly distributed in the sample channel and then precisely aligned in the outlet 
channel. The alignment accuracy is extremely high, showing a possible displacement of only 3 μm. The line 
profile counting graphs are obtained by processing a video of about 2100 frames. (b) Single frame the acquired 
video, showing that particles, when undergoing the focusing region, are well divided and sent into the outlet 
channel one by one.

Figure 6.   (a) Sketch of the optofluidic cytometer for single particle analysis. After the hydrodynamic focusing 
zone, the aligned particles pass through a couple of fibers (inset zoom). The scattering of the probe beam due 
to the particle allows his detection. (b) Single frame the acquired video, showing a bacteria that scatters light 
passing in the detection area (Pinlet sample = 97 mbar; Pinlet sheath = 194 mbar). (c) Typical signal acquired by the 
photodetector.
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Materials and methods
Microfluidic simulations.  Numerical simulations were performed using COMSOL Multiphysics 5.3a 
using the base and microfluidics modules. A hybrid mesh solution was used for all simulations: coarse mesh in 
the areas of least interest (e.g. the connection tubes), fine mesh for the 200 µm channel and super fine mesh for 
the whole sphere and the hydrodynamic focusing area. Boundary conditions were set to no-slip condition for the 
walls of the entire chip, while different pressures were applied to the inlets to simulate behavior under different 
circumstances. To correctly visualize (Fig. 3c) the cross section of two identical fluids (buffer and sample) under 
flow conditions, a suitable simulation strategy was used: the two flows (sample and buffer) were mimic as a set 
of small spheres of 50 nm (red for buffer molecules—blue for sample molecules) starting from their respective 
inlets and propagating through the device. For each inlet 10′000 beads were released, imposing the pressures 
reported in the capture (Pinlet sample = 80 mbar; Pinlet sheath = 110 mbar). The particles were set as not interacting 
with each other (bringing to excess a non-viscous fluid) while for the walls we impose non-slip conditions. Once 
stationary, the cross section was observed hundreds of microns away from the focusing zone.

Device fabrication.  FLICE technique37–41 is based on two main steps: femtosecond laser irradiation and 
wet etching. The first provides this manufacturing technique with an exceptional ability of  to design geom-
etries—even complex ones—in 3D. The process exploits the multi-photon absorption to selectively modify the 
material only in the spot volume, reaching spatial resolutions of less than 1 and 5 μm respectively in the trans-
verse and longitudinal directions. Once exposed to the laser beam, the material is permanently modified and 
nano-structures—also called nanogratings—are created and aligned, depending on the light polarization41. By 
tuning it, it is possible to modulate the rate of the second step, a wet chemical etching, based on a water solution 
of hydrofluoric (HF) acid, with a 20% HF concentration. The chemical solution reacts faster with the modified 
material, allowing a selective removal that brings to the creation of hollow structures, starting from a single 
fused silica substrate42–45. Our micromachining setup consists of an amplified Yb:KGW femtosecond laser sys-
tem (Pharos, Light Conversion) with 230-fs pulse duration, 515-nm wavelength (frequency doubled), 500-kHz 
repetition rate focused with a 50 × —0.42 NA microscope objective (M Plan Apo SL50X Ultra-Long Work-
ing Distance Plan-Apochromat, Mitutoyo). Computer-controlled, 3-axis motion stages (ABL-1000, Aerotech) 
interfaced by CAD-based software (ScaBase, Altechna) with an integrated acousto-optic modulator are used to 
translate the sample relative to the laser irradiation desiderate patch. Due to the accuracy needed to fabricate the 
internal channel, the parameters have been set to ensure a high rate etching step, exploiting the effect of different 
laser polarizations and a dense volume filling (with pitchs of 6 around 6 μm). The laser irradiation has been set 
to deliver an average power of 200 mW (400 nJ) on the sample, scanning it at a 1mm/s speed.

Microfluidic experiments.  The microfluidic experiments have been carried out throughout a controlled 
injection pressure system by Elveflow (OB1MK3), ensuring high resolution and stable pressure regulation. The 
fused silica geometry has been connected to the injection system by PEEK tubing of 150 μm of internal diam-
eter and 7 cm length. To be able to observe fluids and particles flowing in the microfluidic device, the tests have 
taken place under an optical microscope (BX53M, Olympus) coupled to a high-speed camera (FASTCAM Mini 
UX100 type 800k-M-16G, Photron). Experiments have required the recording of videos at frame rates ranging 
from 10,000 up to 50,000 fps. Images have been acquired and processed through the Photron FASTCAM Viewer 
4 (PVF4) software or ImageJ. To extract further information, on-purpose Matlab (MATLAB, version R201b, 
Natick, Massachusetts: The MathWorks Inc.) algorithm have been implemented and used.

The device has been designed to focus an incoming main flow and align particles carried within it along the 
central axis of the outlet channel. Several characterization experiments have been carried out. First, the flow 
configuration has been evaluated and compared to the results obtained by numerical simulations. To do so, a 
water-based blue dye solution has been injected in the sample inlet at a constant pressure of 80 mbar, while a 
deionized water solution has been flown in the sheath channel, varying its pressures from 60 to 160 mbar. Then, 
particle focusing behavior has been investigated, by using both a water-based mixture of 15 μm and 6 μm poly-
styrene beads (42716 & 42718 Polystyrene (PS) latex microsphere, 2.5 wt% dispersion, Alfa Aesar) and a solution 
of 1 μm particles (wt. 2.5%, Sigma-Aldrich), in two different experiments. Finally at the hydrodynamic focusing 
element has been add a couple of optical fibers (M42L01 and P1-460B-FC-1, Thorlabs) to detect the passage of 
particles in front of them. As proof of concept of biological application, this chip was tested for the detection 
of micro-organisms, in particular were used bacteria from the 25922 strain of Escherichia coli. Luria–Bertani 
(LB) broth and LB agar were used respectively for liquid culture and on-plate growth assays. The liquid bacterial 
cultures were grown overnight in LB medium in an incubator at a constant temperature of 37 °C, with a 200 rpm 
agitation rate. Before moving them to LB agar plates they were diluted to OD600 0.5. Then, for the in chip tests, 
they were suspended in water with random concentration. In terms of size, the bacteria used can be identified 
as rods of this nominal size: diameter 200–300 nm and length 1–2 µm.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.

Received: 9 March 2023; Accepted: 10 August 2023



9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:14671  | https://doi.org/10.1038/s41598-023-40430-z

www.nature.com/scientificreports/

References
	 1.	 Rajawat, M. V. S. et al. Spatial distribution and identification of bacteria in stressed environments capable to weather potassium 

aluminosilicate mineral. Braz. J. Microbiol. 51, 751–764 (2020).
	 2.	 Daniele, M. A., Boyd, D. A., Mott, D. R. & Ligler, F. S. 3D hydrodynamic focusing microfluidics for emerging sensing technologies. 

Biosens. Bioelectron. 67, 25–34. https://​doi.​org/​10.​1016/j.​bios.​2014.​07.​002 (2015).
	 3.	 Sogne, V., Meier, F., Klein, T. & Contado, C. Investigation of zinc oxide particles in cosmetic products by means of centrifugal and 

asymmetrical flow field-flow fractionation. J. Chromatogr. A 1515, 196–208 (2017).
	 4.	 Yan, S. & Yuan, D. Continuous microfluidic 3D focusing enabling microflow cytometry for single-cell analysis. Talanta https://​

doi.​org/​10.​1016/j.​talan​ta.​2020.​121401 (2021).
	 5.	 Collins, D. J. et al. Self-aligned acoustofluidic particle focusing and patterning in microfluidic channels from channel-based acoustic 

waveguides. Phys. Rev. Lett. 120, 074502 (2018).
	 6.	 Wu, M. et al. High-throughput cell focusing and separation: Via acoustofluidic tweezers. Lab. Chip 18, 3003–3010 (2018).
	 7.	 Zhu, J., Liang, L. & Xuan, X. On-chip manipulation of nonmagnetic particles in paramagnetic solutions using embedded permanent 

magnets. Microfluid Nanofluidics 12, 65–73 (2012).
	 8.	 Yu, C. et al. A three-dimensional dielectrophoretic particle focusing channel for microcytometry applications. J. Microelectromech. 

Syst. 14, 480–487 (2005).
	 9.	 Zhu, J. & Xuan, X. Dielectrophoretic focusing of particles in a microchannel constriction using DC-biased AC flectric fields. 

Electrophoresis 30, 2668–2675 (2009).
	10.	 Kim, J. et al. Inertial focusing in non-rectangular cross-section microchannels and manipulation of accessible focusing positions. 

Lab Chip 16, 992–1001 (2016).
	11.	 Chung, A. J. et al. Microstructure-induced helical vortices allow single-stream and long-term inertial focusing. Lab Chip 13, 

2942–2949 (2013).
	12.	 Zhang, T. et al. Hydrodynamic particle focusing enhanced by femtosecond laser deep grooving at low Reynolds numbers. Sci. Rep. 

11, 1652 (2021).
	13.	 Paiè, P., Bragheri, F., Vazquez, R. M. & Osellame, R. Straightforward 3D hydrodynamic focusing in femtosecond laser fabricated 

microfluidic channels. Lab Chip 14, 1826–1833 (2014).
	14.	 Nawaz, A. A. et al. Sub-micrometer-precision, three-dimensional (3D) hydrodynamic focusing via ‘microfluidic drifting’. Lab Chip 

14, 415–423 (2014).
	15.	 Hairer, G. & Vellekoop, M. J. An integrated flow-cell for full sample stream control. Microfluid Nanofluidics 7, 647–658 (2009).
	16.	 Yuan, X., Glidle, A., Furusho, H. & Yin, H. A 3D hydrodynamic flow-focusing device for cell sorting. Microfluid Nanofluidics 25, 

1–13 (2021).
	17.	 Chung, A. J. A minireview on inertial microfluidics fundamentals: Inertial particle focusing and secondary flow. Biochip J. 13, 

53–63. https://​doi.​org/​10.​1007/​s13206-​019-​3110-1 (2019).
	18.	 Zhou, J. & Papautsky, I. Fundamentals of inertial focusing in microchannels. Lab Chip 13, 1121–1132 (2013).
	19.	 Mukherjee, P., Wang, X., Zhou, J. & Papautsky, I. Single stream inertial focusing in low aspect-ratio triangular microchannels. Lab 

Chip 19, 147–157 (2019).
	20.	 Wang, X., Zandi, M., Ho, C. C., Kaval, N. & Papautsky, I. Single stream inertial focusing in a straight microchannel. Lab Chip 15, 

1812–1821 (2015).
	21.	 Kim, J. A., Lee, J. R., Je, T. J., Jeon, E. C. & Lee, W. Size-dependent inertial focusing position shift and particle separations in tri-

angular microchannels. Anal. Chem. 90, 1827–1835 (2018).
	22.	 Martel, J. M. & Toner, M. Inertial focusing dynamics in spiral microchannels. Phys. Fluids 24, 032001 (2012).
	23.	 Kumar, T. et al. High throughput viscoelastic particle focusing and separation in spiral microchannels. Sci. Rep. 11, 8467 (2021).
	24.	 Zhang, J., Li, M., Li, W. & Alici, G. Inertial focusing in a straight channel with asymmetrical expansion-contraction cavity arrays 

using two secondary flows. https://​ro.​uow.​edu.​au/​eispa​pers/​1440 (2013).
	25.	 Zhou, J., Mukherjee, P., Gao, H., Luan, Q. & Papautsky, I. Label-free microfluidic sorting of microparticles. APL Bioeng. https://​

doi.​org/​10.​1063/1.​51205​01 (2019).
	26.	 Hamilton, E. S., Ganjalizadeh, V., Wright, J. G., Schmidt, H. & Hawkins, A. R. 3D hydrodynamic focusing in microscale optofluidic 

channels formed with a single sacrificial layer. Micromachines (Basel) 11, 349 (2020).
	27.	 Rosenauer, M., Buchegger, W., Finoulst, I., Verhaert, P. & Vellekoop, M. Miniaturized flow cytometer with 3D hydrodynamic 

particle focusing and integrated optical elements applying silicon photodiodes. Microfluid Nanofluidics 10, 761–771 (2011).
	28.	 Meineke, G., Hermans, M., Klos, J., Lenenbach, A. & Noll, R. A microfluidic opto-caloric switch for sorting of particles by using 

3D-hydrodynamic focusing based on SLE fabrication capabilities. Lab Chip 16, 820–828 (2016).
	29.	 Frankowski, M. et al. Microflow cytometers with integrated hydrodynamic focusing. Sensors (Switzerland) 13, 4674–4693 (2013).
	30.	 Tripathi, S., Kumar, A., Bala Varun Kumar, Y. V. & Agrawal, A. Three-dimensional hydrodynamic flow focusing of dye, particles 

and cells in a microfluidic device by employing two bends of opposite curvature. Microfluid Nanofluidics 20, 1–14 (2016).
	31.	 Testa, G., Persichetti, G. & Bernini, R. Micro flow cytometer with self-aligned 3D hydrodynamic focusing. Biomed. Opt. Express 

6, 54 (2015).
	32.	 Chiu, Y. J. et al. Universally applicable three-dimensional hydrodynamic microfluidic flow focusing. Lab Chip 13, 1803–1809 

(2013).
	33.	 Patel, Y. M. et al. An inexpensive microfluidic device for three-dimensional hydrodynamic focusing in imaging flow cytometry. 

Biomicrofluidics 14, 064110 (2020).
	34.	 Bayram, A. et al. Integration of glass micropipettes with a 3D printed aligner for microfluidic flow cytometer. Sens. Actuators A 

Phys. 269, 382–387 (2018).
	35.	 Hood, R. R., Devoe, D. L., Atencia, J., Vreeland, W. N. & Omiatek, D. M. A facile route to the synthesis of monodisperse nanoscale 

liposomes using 3D microfluidic hydrodynamic focusing in a concentric capillary array. Lab Chip 14, 2403–2409 (2014).
	36.	 Liu, Y., Shen, Y., Duan, L. & Yobas, L. Two-dimensional hydrodynamic flow focusing in a microfluidic platform featuring a mono-

lithic integrated glass micronozzle. Appl. Phys. Lett. 109, 144101 (2016).
	37.	 Gattass, R. R. & Mazur, E. Femtosecond laser micromachining in transparent materials. Nat. Photonics 2, 219–225 (2008).
	38.	 Sugioka, K. & Cheng, Y. Femtosecond laser processing for optofluidic fabrication. Lab. Chip 12, 3576–3589. https://​doi.​org/​10.​

1039/​c2lc4​0366h (2012).
	39.	 Marcinkevičius, A. et al. Femtosecond laser-assisted three-dimensional microfabrication in silica. Opt. Lett. 26, 277 (2001).
	40.	 Osellame, R., Cerullo, G. & Ramponi, R. Femtosecond laser micromachining: Photonic and microfluidic devices in transparent 

materials. Topics Appl. Phys. 123, (2012).
	41.	 Taylor, R., Hnatovsky, C. & Simova, E. Applications of femtosecond laser induced self-organized planar nanocracks inside fused 

silica glass. Laser Photonics Rev. 2, 26–46. https://​doi.​org/​10.​1002/​lpor.​20071​0031 (2008).
	42.	 Storti, F., Bonfadini, S., Donato, A. D. & Criante, L. 3D in-plane integrated micro reflectors enhancing signal capture in lab on a 

chip applications. Opt. Express 30, 26440 (2022).
	43.	 Guduru, S. S. K. et al. Semi-transparent 3D microelectrodes buried in fused silica for photonics applications. Opt. Express 29, 

27149 (2021).

https://doi.org/10.1016/j.bios.2014.07.002
https://doi.org/10.1016/j.talanta.2020.121401
https://doi.org/10.1016/j.talanta.2020.121401
https://doi.org/10.1007/s13206-019-3110-1
https://ro.uow.edu.au/eispapers/1440
https://doi.org/10.1063/1.5120501
https://doi.org/10.1063/1.5120501
https://doi.org/10.1039/c2lc40366h
https://doi.org/10.1039/c2lc40366h
https://doi.org/10.1002/lpor.200710031


10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:14671  | https://doi.org/10.1038/s41598-023-40430-z

www.nature.com/scientificreports/

	44.	 Storti, F., Bonfadini, S. & Criante, L. Battery-free fully integrated microfluidic light source for portable lab-on-a-chip applications. 
Sci. Rep. 10, 1–8 (2020).

	45.	 Simoni, F. et al. Low threshold Fabry-Perot optofluidic resonator fabricated by femtosecond laser micromachining. Opt. Express 
24, 17416–17423 (2016).

Author contributions
Conceptualization, F.S.; methodology, L.C.; software, F.S..; validation, F.S., S.B.; formal analysis, F.S., S.B.; inves-
tigation, F.S. and S.B.; resources, L.C.; data curation, F.S., S.B.; writing—original draft preparation, F.S.; writ-
ing—review and editing, S.B.; supervision, L.C.; project administration, L.C.. All authors have read and agreed 
to the published version of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Simplified 3D hydrodynamic flow focusing for lab-on-chip single particle study
	Results & discussion
	Device design & simulation. 
	Microfluidic results. 

	Conclusions
	Materials and methods
	Microfluidic simulations. 
	Device fabrication. 
	Microfluidic experiments. 

	References


