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ABSTRACT

Extracellular vesicles (EVs) are nanoparticles secreted from cells into bodily fluids. EVs are potential biomarkers for
diseases such as thrombosis or cancer. However, the small size and low refractive index of EVs complicates their
detection. A flow cytometer is suited for EV characterisation, but typically lacks scatter sensitivity on one or both scatter
detectors for derivation of both particle size and refractive index. Here, we aim to improve the FACSCanto (Becton
Dickinson) forward scatter detector for the detection of 100 nm EVs, which requires an improvement in SNR of 10’-fold
based on Mie theory. This was achieved through replacement of the 20 mW laser by an 200 mW laser, replacement of
the photodiode detector with a photomultiplier tube and a confocalized optical geometry. Using a prototype optical
setup, we obtained an improvement in SNR which was 1,11-10* — fold better than the standard design. However, the
optics was suboptimal and far from diffraction-limited. Zemax simulations led to a nearly diffraction limited optical
design which is expected to yield another 200-fold improvement. Taken together these changes will improve the SNR
2.2:10%fold and thus improve the detection limit of the FACSCanto to 130 nm EVs.
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INTRODUCTION

Extracellular vesicles (EVs) are nanoparticles secreted from cells into bodily fluids. Extracellular vesicles are responsible
for waste management of cells and intracellular messaging. Due to their large number and composition, EVs have the
potential of being early biomarkers for detection of diseases, such as thrombosis or cancer. An EV consists of a liquid
core enclosed by a phospholipid bilayer with a size ranging typically from 50 to 1000 nm!". Their small size and low
refractive index <1, places extreme requirements on the sensitivity of optical equipment used for the detection of EVs.
Furthermore, due to the limited number density of tumour-derived EVs in biofluids, a high-throughput system is
required.

With a flow cytometer, scatter and immunofluorescence signals can be detected from EVs with high sensitivity at an
event rate of ~10.000 /s. This enables identification of EV subtypes, which is presumably needed for any EV-based
biomarker. The detection of both forward and side scatter enables determination of EV size and refractive index using
Mie theory based Flow-SR % However, commercial flow cytometers either do not have sufficient sensitivity on both
scatter detectors to enable Flow-SR, or they measure at very low event rates. This is because commercial flow
cytometers are typically designed for the detection of cells, which are much larger than EVs. A standard commercial
flow cytometer, the BD FACSCanto, has a forward scatter detection limit of ~900 nm polystyrene beads (refractive
index = 1,6). Smaller beads are not sufficiently separated from the noise on the forward scatter detector.

Here, we improve the optical design of the forward scatter detector on a BD FACSCanto flow cytometer. To detect a 100
nm EV on this system, a 10 increase in SNR will be needed. This estimation is based on Mie theory, and takes into
account the size and lower refractive index contrast of an EV.
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METHODS

For the detection of EVs, a FACSCanto flow cytometer was adapted to increase the detection limit on the forward and
side scattering channels. This was achieved through modifications to the light source, the detector and the optical
geometry. Firstly, the standard 20 mW 488nm laser was replaced by an 20-200mW adjustable laser (both Sapphire,
Coherent) to increase the scattering intensity. Secondly, the forward scatter photodiode was replaced by a
photomultiplier tube to lower the dark noise as well as increase the dynamic range of the forward scatter channel.
Thirdly, to reduce specular reflections from the flow cell, a proof of principle test was performed by adding a confocal
configuration on the forward scattering detector. By imaging the sample stream onto a pinhole, reflections outside of the
sample stream were reduced.

RESULTS

By increasing the laser power of the illumination sheet onto the sample stream, a 20-fold improvement in SNR was
achieved. Replacement of the photodiode with a photomultiplier tube resulted in an additional SNR improvement of 5-
fold. The early prototype confocal design using two Thorlabs matched pair 2f systems, resulted in another factor of 111-
fold. Taken together these improvements resulted in an SNR which was 1,11-10" - fold better than the standard design.

A new optical design was developed in Zemax Optic Studio to match the imaged spot size to the pinhole, and achieve
closer to diffraction limited performance [Figure 1]. The spot size of this early prototype setup was far from optimal,
because the illuminated area on the 100 um pinhole was approximately 1.3 mm. Therefore, further improvements were
possible. A NA 0.21 lens is positioned close to the flow channel to collect as much scattering signal from the sample
stream as possible. With a second lens a 6.7x magnification is created, which images a point source in the sample stream
to a 50 um spot on the pinhole [Figure 2], as calculated with Zemax. Due to the dimensions of the sample stream an areca
in the order of 100um is illuminated on the pinhole. This means that approximately 200-fold more signal passes the
pinhole, while the background signal is approximately unchanged.

Location of flow channel Location of 100um
of flow cytometer pinhole with a 26um
image spot radi

0.21 NA optical Photosensitive location of
configuration photomultiplier tube

Figure 1. A schematic overview of the optical geometry with the newly designed optical setup.

Proc. of SPIE Vol. 11073 1107313-2



OBJ: 0.0000, 0.0000 mm

bty
f# +hE j.;f Fs

100.00

+ L+
# e T e
ey

IMA: 0.000, 0.000 mm

Figure 2. Spot size on pinhole plane, geometric spot radius of 26um calculated in Zemax

CONCLUSION

By improving the optical configuration of the forward scatter detector in a BD FACSCanto we achieved a 1.11-10* —fold
improvement of SNR compared to the standard BD FACSCanto. To this end, we increased the laserpower, replaced the
standard photodiode with a photomultiplier tube and removed unwanted scattering signal form the flow cell by
introducing a confocal optical configuration. To further improve the detection limit of the forward scattering detection, a
custom photomultiplier tube can be selected to increase the QE at 488nm. Also, reducing the flow rate of the BD
FACSCanto will result in a lower detection limit of the system. However, reducing the flow rate, will result in a reduced
amount of detected vesicles per second. In conclusion, a 200-fold improvement is expected given the the newly designed
optical geometry and with this design the imaged spot size will be approximately 26 pum spot radius; with these
improvements, the sensitivity of the forward scattering detection is expected to be increased significantly to record 130
nm vesicles.
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