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ABSTRACT   

Flow cytometry (FC) is a pivotal tool for studying the physical and chemical properties of particles. State-of-the-art FC 

systems are highly advanced, yet they are expensive, bulky, and require high sample volume, qualified operators, and 

periodic maintenance. The manipulation of particles suspended in viscoelastic fluids has received increasing attention, 

especially for miniaturized flow cytometry technologies. This study presents a miniaturized optical capillary FC device 

using the viscoelastic focusing technique. A straight, one inlet/outlet microcapillary device is precisely aligned to a fiber-

coupled laser source and detectors. Forward scattered, side scattered, and fluorescently emitted light signals are collected 

and analyzed in a real-time environment. The developed platform fits onto an inverted microscope stage enabling real-

time microscopy imaging of the particles of interest together with the flow cytometry analysis. We achieved stable 

viscoelastic focusing and performed FC measurements for rigid polystyrene beads (diameters: 2 – 15 µm), non-spherical 

human erythrocytes, and canonical shape metaphase human chromosomes. We performed cytometry measurements with 

a throughput of 100 events/s yielding a coefficient of variation of 2%. This newly developed FC device is a versatile tool 

and can be operated with any inverted microscope to get the mutual benefits of optical and imaging FC measurements. 

Furthermore, it is possible to extend these benefits by adding more back-end tools, such as optical trapping and Raman 

spectroscopy. 
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1. INTRODUCTION  

Flow cytometry (FC) is a gold standard technique to study the physical and chemical properties of synthetic and 

biological particles. In a conventional flow cytometry setup, the liquid sample containing particles of interest is injected 

through a flow cell, and a single train of particle flow is generated along the flow axis using hydrodynamic flow 

focusing. Flowing particles interact with the laser light at the optical detection region and scatter light in various 

directions. The scattered light is collected with photodetectors and analyzed to acquire relevant information about the 

sample of interest. The scattered laser light is detected with two detection channels: Forward Scattering (FSC) and Side 

Scattering (FSC). The former provides information about the geometry and size, and the latter provides information 

about cell granularity. Emitted fluorescent light (FL) from specific biomarkers is also detected with additional optical 

filters and photomultiplier tube (PMT) detectors. State-of-the-art FC systems are highly advanced yet expensive and 

bulky, requiring high sample volume, qualified operators, and periodic maintenance. Microfluidic-based miniaturized 
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flow cytometry (MFC) platforms may address the aforementioned limitations and benefit from advantages in the 

microfluidics world, such as low sample requirements in a compact and integrated unit. 

Various methods have been implemented in MFC platforms to integrate the fluidics and optics for efficient optical 

interaction with the particles of interest [1]–[4]. Optical alignment to the particle at the laser interaction zone is crucial to 

reach high measurement accuracy and low variations in detection. Thus stable particle flow focusing and near-perfect 

optical alignment are essential to achieve high measurement accuracy with low coefficient of variation (CV) values.   

Hydrodynamic flow focusing is the most favored particle focusing technique in commercially available gold-standard 

flow cytometry systems. However, requirements for multiple inlets and high volume consumable introduce complexity 

and increase the running cost. Externally applied actuation forces (electric, acoustic and magnetic) are also used for 

particle focusing; however, they incorporate further complexity due to external power supply requirements.  

Viscoelastic particle focusing is a promising technique for future generation miniaturized flow cytometry platforms and 

is successfully implemented in several microfluidic flow cytometry studies [5]–[8]. Viscoelastic flow focusing benefits 

from the fluid elasticity induced lift force to generate a single train of particles. The equilibrium position of particles is 

highly dependent on the rheological properties of the fluid, suspended particle size, and channel geometry. The blockage 

ratio (β) is a geometry-dependent parameter and is defined by the ratio of particle diameter (d) to the flow channel 

diameter (D): β=d/D. Suspended particles equilibrate at the center of the flow channel for a blockage ratio smaller than 

0.25 (β<0.25) [9], [10] . However, particles migrate towards the channel walls for a higher blockage ratio (β>0.25). The 

suspensions containing highly monodisperse particles may result in unstable particle focusing performance due to 

multiple equilibrium positions. This will adversely affect the axial flow focusing performance and lead to high CV% 

values. Therefore, the blockage ratio should always be kept at its limit to reach stable axial alignment for suspended 

particles. 

This study presents a compact MFC platform using viscoelastic flow focusing on fused silica capillaries and a fiber 

optical detection unit. The device consists of a single inlet/outlet circular form fused silica capillary as a flow cell and 

optical fibers for laser light delivery and scattered light collection. The viscoelastic focusing technique is optimized to 

focus particles with diameters ranging from 2 to 15 µm at the capillary axis using multiple ID silica capillaries ranging 

from 30 to 75 µm diameter by considering the limitations of viscoelastic focusing with blockage ratio. The outer 

diameter of all capillaries is selected as identical to the cladding diameter of the applied optical fibers (125 µm). This 

enables easy exchange and precise optical alignment of optical detection units and fluidics. Furthermore, the proposed 

capillary exchange method will enable the viscoelastic focusing technique to be widely implemented in integrated 

viscoelastic-based MFC devices for polydisperse particle suspensions. The compact MFC platform can be mounted on 

an inverted microscope for integration with other optical modalities. 

2. MATERIALS AND METHODS 

2.1 Viscoelastic buffer preparation  

Viscoelastic Hyaluronic acid (HA) (1.6 MDa, Sigma-Aldrich) solutions were prepared at 1000 ppm concentration in 1X 

Phosphate buffer saline (PBS) (SigmaAldrich) (PBS-HA) to promote biocompatibility for cell experiments.  

2.2 Particle and cell suspensions 

Spherical PS particles of 2.0, 4.0 6.0, and 15.0 µm-diameter (Thermofisher Scientific) were suspended in 1000 ppm HA 

viscoelastic solution prepared in 1X FB medium at a concentration of 4x106 particles/mL Spherical fluorescent-labeled 

rainbow PS particles of 3.0-3.4 µm-diameter (Thermofisher Scientific, Spherotech) was suspended in 1000 ppm PBS-

HA viscoelastic solution at a concentration of 1x106 particles/mL.  

The blood samples were collected in 2 mL EDTA blood tubes and centrifuged (Eppendorf, Germany) at 5000 rpm for 3 

minutes. Next, red blood cells (RBCs) were isolated and washed with PBS. Finally, 2 µL of RBCs were diluted in n 1 

mL PBS-HA. The general ethical approval covers the anonymized donor material for blood samples for the use of donor 

material for normal controls and in compliance with Transfusion Medicine Standards (TMS) of the Danish Society of 

Clinical Immunology (DSKI).  

The metaphase chromosomes were isolated from standard, commercially available cell lines, American Type Culture 

Collection (ATCC). Four 15 cm dishes of HCT116 CDK1as [11] H2B-EGFP [12] cells were arrested for 16 hours by 

0.25 µM 1NM-PP1 in G2, released into, and arrested in, mitosis by 200 ng/mL nocodazole treatment for four hours and 
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collected by mitotic flush-off. Chromosomes were then isolated as described previously for HCT116 cells [13], except 

that the glycerol step gradient had three layers: 30%, 60%, and 80%, to a final concentration of approximately 2x108 

chromosomes/mL. Finally, 10 µl of chromosomes were dispensed in a 200 µL PBS-HA viscoelastic buffer solution.  

 

Figure 1. a) Schematic of the viscoelastic capillary flow cytometry principles; viscoelastic particle focusing along the fused 

silica capillary, optical detection region, laser light scattering, and single detected event. b) Photo of the fused silica 

capillary flow cell. c) Photo of the microfabricated SU-8 holder. Optical fiber ends and fused silica capillary placed on the 

same width and depth grooves on SU-8 jig. Then SU-8 holder is placed on the PMMA platform as shown in (d). d) Photo of 

the flow cytometry platform while an experiment runs on an inverted microscope. Optical detectors are placed in the 

detector box and connected to the MFC platform through a fiber bundle. All fiber-to-fiber connections are made using 

mating sleeves on the MFC platform. The pressure pump is connected to the inlet of the microcapillary. 

2.3 Experimental setup 

The experimental design and schematic view of the MFC platform are given in Fig. 1. Optical fibers and fused silica 

capillaries were fixed on a microfabricated SU-8 holder to keep the precise alignment of fibers and capillary. Then all 

components were assembled on a Poly(methyl methacrylate) (PMMA) substrate. Figure 1a illustrates how viscoelastic 

focusing is generated along the capillary flow axis and optical interaction region consisting of fiber connected to laser 

source and detectors. A photo of the 12 cm long fused silica capillary is given in Fig. 1b. Three different ID fused silica 

capillaries with the same outer diameter (OD) were used for the experiments for varying particle size range suspensions. 

The capillary was placed on its dedicated groove on the SU-8 holder, as shown in Fig. 1c. The SU-8 holder is 

microfabricated on a borosilicate wafer in a cleanroom (DTU, Nanolab) using conventional photolithography techniques. 

The inset in Fig. 1c shows the schematic of the fiber to capillary alignment.  

A laser diode source (488 nm, 50 mW, C-Flex, HÜBNER Photonics) - used for scattering and fluorescence light 

detection - was coupled to a custom-made hemispherical lensed-tip single-mode optical fiber (LaseOptics, US). The 

input laser fiber was placed perpendicular to the capillary. Three multimode fibers were placed on the opposite side of 

the capillary and used to detect the scattered light. The FSC fiber was placed at an angle of 13° to prevent the coupling of 

the direct laser input from the excitation laser light and placed at a long distance relative to the optical region. The SSC 

and FL detection fibers were set at 60 and 30 degrees relative to the input laser fiber.  

A Si photodetector was fiber-connected for the signal detection in the FSC channel, and two PMT detectors were fiber-

connected to the SSC and FL (designed for GFP detection) channels. Experiments were performed on an inverted 

microscope, as shown in Fig. 1d. High-speed camera videos were recorded to monitor particle trajectories. The video 

recordings were image processed to generate image-stack photos, find particle distribution, and calculate probability 
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distribution function (PDF) at the capillary cross section. Flow cytometry results were acquired in real-time using a 

multifunctional DAQ board (USB-6351, National Instruments) running at a maximum sampling rate of 100 kS/channel.  

3. RESULTS AND DISCUSSION 

3.1 Optical path optimization 

The input laser is coupled to a custom-made hemispherical lensed fiber to enhance the laser light interaction with the 

particle of interest at the optical interaction region. Figure 2 compares the beam propagation profiles for non-lensed and 

lensed fiber outputs. A 514 nm laser light coupled to both fibers at 2 mW laser power output. Fiber tips were immersed 

in a fluorescent dye to show light propagation. It is observed that the lensed fiber tip has a significantly narrower 

divergence compared to the non-lensed fiber and is more suitable for flow cytometry application. The focal point of the 

lensed fiber is measured as 120 µm under an inverted microscope (Fig 2.d). Later, the optical fiber is placed onto the 

MFC platform and the 488 nm C-Flex laser is fiber-to-fiber coupled for the following flow cytometry experiments.  

 

Figure 2. Beam profile for conical non-lensed (a and b) and conical lensed (c and d) optical fibers.  

3.2 Viscoelastic particle focusing performance analysis MFC calibration for FSC, SSC and FL channels 

Suspended particles in viscoelastic solutions migrate to their equilibrium positions at the capillary axis under pressure-

driven flow. However, the direction of this migration is highly dependent on particle and channel size and defined by the 

channel blockage ratio, β. We performed viscoelastic flow focusing optimization tests before flow cytometry 

experiments to investigate the limitations of viscoelastic flow focusing. 2-, 4-, 6-, and 15-µm diameter PS beads were 

individually suspended in 1000 ppm PBS-HA viscoelastic solution, and equilibrium particle positions were monitored 

along the 30 um ID capillary axis. PS beads were selected to cover a wide range of β, starting from β= 0.06 up to β= 0.5. 

Figure 2 shows the image-stacked photos of equilibrium particle positions along the capillary axis at a 7 cm distance 

from the inlet (Fig 2a) and PDF for the particle distribution at the channel cross section (Fig 2b). Stable viscoelastic 

particle focusing was reached for 2-, 4- and 6-µm PS beads at a distance of 7 cm from the inlet (0.06<β<0.2). However, 

viscoelastic focusing performance for 15 µm PS beads was extremely poor due to the large channel blockage ratio (β= 

0.5). Therefore, higher ID capillaries for 15 µm PS beads are required to perform MFC experiments for a wide size range 

of particles.  

Figure 4 compares the viscoelastic focusing performance of 3 different sized particles (PS beads and RBCs) using three 

different ID capillaries. Experiments were designed to keep the β in the range of 0.1< β <0.2. It is clearly observed that 

viscoelastic focusing is highly stable at wide range of flow rates for maximum β=0.2. 
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Figure 3. a) Top-view image stacked photos of high-speed camera recordings and b) PDF of particle distributions for 

different sized PS particles across the 30 µm ID capillary cross section at 7 cm distance from the inlet (P=1000 mbar, Q= 25 

µl/h). 

 

Figure 4. Top-view image-stacked photos of high-speed camera recordings for 4 µm PS beads in 30 µm ID capillary 

(β=0.13, 4.5<Q<25 µL/h), 6-8 µm RBCs in 50 µm ID capillary (β=0.16, 23<Q<120 µL/h), and 15 µm PS beads in 75 µm ID 

capillary (β=0.2, 60<Q<420 µL/h). All experiments were recorded at a 7 cm distance from the inlet. Scale bars are 10 µm. 

3.3 Viscoelastic MFC experiments  

After optimizing the viscoelastic focusing performance, viscoelastic MFC experiments were conducted with rainbow 

beads (D= 30 µm), 15 µm size calibration beads (D= 75 µm) beads, human RBCs (D= 50 µm), and human chromosomes 

(D= 30 µm).   

Figure 5 shows the viscoelastic MFC device calibration results using rainbow PS calibration beads (Fig. 5). Figure 5a 

shows the image-stacked photos of the centrally aligned beads suspension on the capillary axis and calculated PDF 

values to show the radial particle distribution at the 30 µm ID capillary cross-section. Stable viscoelastic focusing was 

reached for all applied flow rates. Figure 5b shows histogram plots of detected events. FSC-H and SSC-H channels are 

populated around 1.97 V and 2.71 V, respectively. Rainbow beads' manufacturer certificate indicates 8-peak fluorescent 

distribution; however, only 5-peak distribution was detected at the FL channel. This is due to the low dynamic range of 

selected PMT detectors. These results can be improved by using a wide dynamic range PMT detector. Nevertheless, 

viscoelastic focusing was stable, and flow cytometry experiments were accurate enough to perform further experiments.  
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Figure 5. MFC experiments using rainbow calibration beads. a) Top-view image-stacked photo of viscoelastic focusing 

performance at 1000 mbar, 25 µL/h flow rate in 30 um ID capillary, and PDF for particle distribution at various flow rates 

b) The histogram plots of MFC results with counted events for rainbow beads at 1000 mbar. The scale bar is 10 µm. 

Figure 6 shows viscoelastic MFC experiment results for human RBCs (Fig. 6a) and 15 µm PS beads (Fig. 6b). The fused 

silica capillary was swapped from 30 µm ID to 50 µm ID for RBC experiments and form 50 µm ID to 75 µm ID for PS 

beads experiments. The applied pressure was set to 500 mbar (maximum available pressure was 1000 mbar), 

corresponding to flow rates of 55- and 420-µL/h for RBC and PS bead experiments, respectively. Histogram plots show 

single populated events for both FSC-H and SSC-H channels with higher CV% values (25%) for RBCs (clinically 

expected due to the size variations of cells) and manufacturing grade CV% values for 15 µm PS beads as low as 2%.  

 

Figure 6. Viscoelastic MFC results for a) human RBCs measured in 50 µm ID capillary and b) 15 µm PS beads in 75 µm ID 

capillary. MFC results are plotted as scatter plots of FSC-H vs SSC-H and histogram plots for counted event distributions 

for both FSC-H and SSC-H detection channels.  

Figure 7 shows viscoelastic flow focusing performance and MFC experiment results of GFP-tagged human 

chromosomes. Viscoelastic MFC experiments were performed at 25 µl/h and yielded a throughput of 40 events/s with a 

Proc. of SPIE Vol. 12198  1219802-6
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 29 Nov 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 
 

 

 

 

total number of 4000 events. Figure 7a shows the SSC-H vs. FSC-H scatter plot for MFC experiment results, calculated 

PDF values showing the radial particle distribution at the 30 µm ID capillary cross-section, and an image-stacked photo 

of the capillary axis aligned chromosomes at 1000 mbar (25 µL/h). The chromosomes are aligned at the capillary axis 

with lower performance compared to the experiments with 2 µm size PS beads for all experimented flow rates. 

Nevertheless, axial particle focusing is achieved at a tolerable performance to perform viscoelastic MFC experiments. 

Figure 7b shows the SSC-H vs FL-H scatter plot for MFC experiment results and histogram plots for detected FSC-H, 

SSC-H, and FL-H events. Forward Scattered light has a very intensity on the FSC-H channel due to weak elastic lift 

force (due to low β, 0.02<β<0.06) and low-angle light scattering from non-uniform particle cross section. As a result, 

GFP-tagged chromosomes are successfully detected on the fluorescent (FL-H) channel. Higher β values (β>0.1) should 

be satisfied using a smaller ID capillary (ID= 10 µm) to reach a better MFC performance. 

 

 

Figure 7. Viscoelastic MFC results for human metaphase chromosomes in measured in 30 µm ID capillary. a) FSC-H vs. 

SSC-H scatter plot and histogram plots for FSC-H, SSC-H, and FL-H counted events. b) SSC-H vs. FL-H scatter plot, PDF 

showing the chromosome distribution at the capillary cross section at 4.5-, 10-, and 25 µL/h flow rates, Top-view image-

stacked photo showing viscoelastic focusing performance for chromosomes at 7 cm distance from the inlet. The scale bar is 

10 µm. 

4. CONCLUSION 

This study describes a compact MFC platform using the viscoelastic flow focusing technique. Viscoelastic flow focusing 

is a promising technique to be implemented in flow cytometry studies; however, the channel blockage ratio limits the 

performance of flow cytometry devices for polydisperse suspensions. Thus we introduce a new method, capillary 

swapping, to circumvent this limitation by selecting higher ID capillary for higher size range suspensions. The flexibility 

of the system is capable of measuring the different sizes of particles ranging from 2 to 15 µm in diameter at CV% values 

of 2.0%. The proposed device can be further optimized for particle diameters smaller than 2 µm or larger than 15 µm 

using smaller (D<30 µm) or larger (D>75 µm) size ID capillary.  

We reached a throughput of 100 particles/s, yet it is possible to increase the throughput by increasing the flow rate and 

using a higher sampling rate real-time DAQ unit. The compact platform is equipped with the fiber-coupled C-Flex laser 

combiner and mounted on an inverted microscope. This allows multi-color fluorescent assays by increasing the number 

of input laser diodes (internally co-aligned up to 4) and FL channels. Furthermore, the microscopy-integrated MFC 

platform can be combined with other optical modalities such as optical trapping and Raman spectroscopy. 
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