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Abstract: Mechanical properties, like deformability or elasticity, of cells can in some cases
be indicative of the health of the organism they originate from. In this work, we explore
the potential of deformability and other mechanical parameters of individual red blood cells
(RBCs) from humans as a marker for the state of health of the human source, patient or donor.
In particular, we have investigated the use of different experimental strategies implemented
in injection molded plastic microfluidic devices. One strategy is to optically stretch the red
blood cells in an optical two-beam trap, also known as an optical stretcher, in a microfluidic
chip in which optical fibers have been placed during a post-processing step. Another strategy
is to exert hydrodynamic shear forces on the cells by forcing the cells through a narrow
constriction. The latter method has the advantage of a considerably higher throughput but
does so far not allow for subsequent investigations of single “interesting” cells. The paper
is a progress report with preliminary results based on the different strategies, we have pursued.

OCIS codes: 170.0170, 180.0180

1. Introduction

Mechanical properties of cells are increasingly recognized as non-labelling cell markers and mechanical characteristics
like optical deformability has been suggested as a possible diagnostic tool for cancer [1,2], and as a decisive factor for
stem cell differentiation [3–5]. Also, it is increasingly evident that information on individual cells and diversity among
the cells is important [6]. Consequently, tools that may easily and reliably investigate elasticity and deformability of
single cells have been developed, many either based on optical forces [7–9] or on hydrodynamic forces [10, 11]. We
here focus on the cells in the blood stream, and at first, the abundant red blood cells for which the ability to deform and
allow for passage through the narrow veins is quintessential for optimal function of the body. Some blood disorders
may alter the morphology and mechanics of the red blood cells [12, 13] and it therefore seems both appropriate and
relevant to apply and refine techniques based on either optical or hydrodynamic forces for such investigations.

In the following, two main experimental techniques are explored: Either that of exerting optical forces on the cells,
using optical stretching by means of two counter-propating infrared laser beams or that of exerting hydrodynamic shear
forces on the cells. In order for detailed investigations of mechanical properties of red blood cells to be applicable as a
diagnostic or analytic tool, the ability to produce reliable and cost-effective practical solutions is crucial. Experimental
assays based on single use devices are preferable. To decrease sample size, microfluidics is used for delivery. Single
use microfluidic devices with multiple depth and reproducible features down to the 100 nm range can be fabricated
in optically-clear polymers such as the commercially available cyclic olefin copolymer by injection molding [14]. In
order to perform optical manipulation, light delivery can take place by means of femtosecond laser written waveguides
in glass [9], or DUV-written waveguides in polymer materials [15]. Alternatively, light delivery may rely on embedded
optical fibers, also possible within an injection molded polymer chip [16].



2. Experimental techniques

2.1. Optical stretcher setup with variations

Over the years, several different attempts to construct a useful, well aligned, and cost-effective optical stretcher system
have been explored and reported in the literature [7, 9, 15–20]. The presentation will naturally focus on our con-
tributions [15, 16, 18–20]. Two main points have been explored: The ability to employ standing sound waves as a
means to pre-position the cells at the height of interception with the two counter-propagating light beams, known
as acoustophoresis [18–20], and the possibility to develop the optical stretcher within a polymer microfluidic chip,
available for mass production [15, 16, 21].

In particular, the injection molded polymer chip with embedded optical fibers offers a versatile and stable system
that has demonstrated to be easy to use and implement also with relatively weak, low-cost, fiber-based single-mode
lasers [16,21]. Data analysis is based on analysis of images, recorded in sync with a set variation in laser intensity that
results in variation of the optical force and therefore the deformation of the cell. Cell delivery by microfluidics ensure
that cells are investigated one by one, with a typical duration of measurements on the order of a minute per cell.

Fig. 1. Left: A sketch of the optical stretcher setup, with optical fibers embedded in an injection
molded microfluidic chip made out of the polymer TOPAS. The inserts show a zoom of the chip,
and further, a zoom of a red blood cell being trapped and slightly stretched between two fiber ends.
Right: A sketch of the hydrodynamic stretching setup, with a zoom of the polymer microfluidic chip
and further, a zoom of the narrow constriction.

2.2. Hydrodynamic stretching chip

Inspired by promising results in literature [11], we have explored the signatures of hydrodynamic shear stress exerted
on red blood cells from donors as well as from a small group of patients. The microfluidic chip involves a 4 µm wide
and 30µm deep constriction channel, roughly 40µm long. Experiments are simple: A diluted sample of blood cells is
injected into the chip and a controlled flow through the chip is induced. Resulting deformation of the cells as they flow
through the constriction is recorded by a high speed camera and images are subsequently analysed. We have explored
data analysis by means of machine learning, extracting and analysing indicative numbers for the shape of the cell in
the restriction, or more simply, by analysing the time it takes from first encounter with the restriction till the cell is
entirely inside the constriction, a technique also employed in literature [22].

3. Results and discussion

In the presentation, considerations on the design of the optical trapping setup will be discussed, and preliminary results
from the two different setups will be presented. Current data analysis indicate that the hydrodynamic stretching exper-
iments may discriminate between red blood cells from a donor from those of patients with three different diagnoses.



References

1. J. Guck et al, “Optical deformability as an inherent cell marker for testing malignant transformation and
metastatic competence.” Biophys. J. 88, 3689–3698 (2005).

2. T. W. Remmerbach et al, “Oral cancer diagnosis by mechanical phenotyping,” Cancer Res. 69, 1728–1732
(2009).

3. M. Krieg et al, “Tensile forces govern germ-layer organization in zebrafish.” Nature Cell Biol. 10, 429–36
(2008).

4. F. Lautenschlager et al, “The regulatory role of cell mechanics for migration of differentiating myeloid cells,”
Proc. Natl. Acad. Sci. U S A 106, 15,696–15,701 (2009).

5. J. M. Maloney et al, “Mesenchymal stem cell mechanics from the attached to the suspended state,” Biophys. J.
99, 2479–2487 (2010).

6. O. Schwartzman and A. Tanay, “Single-cell epigenomics: techniques and emerging applications.” Nature re-
views. Genetics 16, 716–726 (2015).

7. J. Guck et al, “The optical stretcher: a novel laser tool to micromanipulate cells.” Biophys. J. 81, 767–784
(2001).

8. S. Suresh, “Biomechanics and biophysics of cancer cells,” Acta Materialia 55, 3989–4014 (2007).
9. N. Bellini et al, “Validation and perspectives of a femtosecond laser fabricated monolithic optical stretcher.”

Biomed. Opt. Express 3, 2658–68 (2012).
10. D. R. Gossett et al, “Hydrodynamic stretching of single cells for large population mechanical phenotyping,”

Proc. Natl. Acad. Sci. USA 109, 7630–7635 (2012).
11. O. Otto et al, “Real-time deformability cytometry: on-the-fly cell mechanical phenotyping.” Nature Methods

12, 199–202 (2015).
12. S. Handayani et al, “High Deformability of Plasmodium vivax Infected Red Blood Cells under Microfluidic

Conditions,” The Journal of Infectious Diseases 199, 445–450 (2009).
13. M. Diez-Silva et al, “Shape and Biomechanical Characteristics of Human Red Blood Cells in Health and Dis-

ease.” MRS bulletin / Materials Research Society 35, 382–388 (2010).
14. P. Utko, F. Persson, A. Kristensen, and N. B. Larsen, “Injection molded nanofluidic chips: fabrication method

and functional tests using single-molecule DNA experiments,” Lab Chip 11, 303–308 (2011).
15. M. Khoury et al, “Monolithic integration of DUV-induced waveguides into plastic microfluidic chip for optical

manipulation,” Microelec. Eng. 121, 5–9 (2014).
16. M. Matteucci et al, “Fiber-Based, Injection-Molded Optofluidic Systems: Improvements in Assembly and Ap-

plications,” Micromachines 6, 1971–1983 (2015).
17. B. Lincoln et al, “High-throughput rheological measurements with an optical stretcher,” in “Cell Mechanics,” ,

vol. 83 of Methods in Cell Biology, D. Wang, YL and Discher, ed. (2007), pp. 397–423.
18. M. Khoury et al, “Optical stretching on chip with acoustophoretic prefocusing,” SPIE NanoScience + Engineer-

ing 8458, 84,581E (2012).
19. G. Nava et al, “All-silica microfluidic optical stretcher with acoustophoretic prefocusing,” Microfluid.

Nanofluid. 19, 837–844 (2015).
20. T. Yang et al, “A comprehensive strategy for the analysis of acoustic compressibility and optical deformability

on single cells,” Sci. Reports 6, 23,946 (2016).
21. M. E. Palanco et al, “Optical two-beam trap in a polymer microfluidic chip,” SPIE NanoScience + Engineering

9922, 41-1 – 41-10 (2016).
22. S. Gabriele, A. M. Benoliel, P. Bongrand, and O. Théodoly, “Microfluidic investigation reveals distinct roles for

actin cytoskeleton and myosin II activity in capillary leukocyte trafficking,” Biophys. J. 96, 4308–4318 (2009).


