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Conservation of orbital angular
momentum and polarization
through biological waveguides

Nicolas Perez"2%3, Daryl Preece?3, Robert Wilson®* & Anna Bezryadina®**

A major roadblock to the development of photonic sensors is the scattering associated with many
biological systems. We show the conservation of photonic states through optically self-arranged
biological waveguides, for the first time, which can be implemented to transmit light through
scattering media. The conservation of optical properties of light through biological waveguides allows
for the transmission of high bandwidth information with low loss through scattering media. Here, we
experimentally demonstrate the conservation of polarization state and orbital angular momentum of
light through a self-arranged biological waveguide, several centimeters long, in a sheep red blood cell
suspension. We utilize nonlinear optical effects to self-trap cells, which form waveguides at 532 nm
and 780 nm wavelengths. Moreover, we use the formed waveguide channels to couple and guide
probe beams without altering the information. The formed biological waveguides are in a sub-diffusive
scattering regime, so the photons’ information degrades insignificantly over several centimeters of
propagation through the scattering media. Our results show the potential of biological waveguides

as a methodology for the development of novel photonic biosensors, biomedical devices that require
optical wireless communication, and the development of new approaches to noninvasive biomedical
imaging.

In biological soft-matter environments, such as blood or biological fluids, light typically experiences strong
scattering losses, preventing long distance propagation of light. Such losses limit the development of imaging
technologies and transmissive light applications', which are essential in the development of deep-tissue imaging,
optically controlled biosensors, localized laser treatments, and other medical treatments and diagnosis®>™. In
recent years, nonlinear optical techniques have been used to overcome strong scattering effects, form optical
waveguides, and achieve deep transmission of light through scattering colloidal suspensions® 2. The confinement
and guiding of light beams have been demonstrated in dielectric, synthetic, metallic, and biological suspensions
in which a variety of mechanisms, including: optical polarizability of particles, photophoresis and thermophoresis
effects, as well as the particle’s size and shape®?* are instrumental in optical confinement.

Low-loss propagation, nonlinear self-trapping, and the formation of biological waveguides of several
centimeters long without significant photodamage to the sample cells has been demonstrated in suspensions of
cyanobacteria, E. coli, and red blood cells (RBCs)'?!*. Since living cells usually have a slightly higher index of
refraction than the surrounding media, suspended microorganisms in biological waveguides get attracted toward
the center of the continuous-wave (CW) laser beam due to the optical gradient force>*-?” and pushed forward
by the forward scattering force'>!>!°. As a result, hundreds of living cells get trapped along the propagating
focused laser beam. The laser beam traps particles near the focus and propels them forward resulting in self-
focusing of the beam due to a cumulative particle lensing effect along the beam path, which allows the formation
of a biological optical fiber or a biological optical conduit. Furthermore, quite recently, we employed pump/
probe-type nonlinear coupling'®*® and demonstrated a broad range of wavelengths guided through self-induced
waveguide channels formed in RBC suspensions'. These achievements clearly show that biological media can
exhibit the necessary optical nonlinearity at a large band of wavelengths for transmission deep into scattering
media.

In the last decade, several studies have been done on the transmission of various types of complex and
structured light dynamics in nanoparticle suspensions®**'-2%, However, unfortunately these observations often
cannot be extended to biological suspensions; biological samples are typically comprised of particles larger than
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Figure 1. Schematic diagram of the experimental setup. A green and a tunable NIR beam are each sent through
spiral phase plates, coaxially combined by a dichroic mirror to propagate collinearly through a sheep RBC
suspension. A Mach-Zehnder interferometer path is added to view the phase information of each beam. The
effects were recorded using dichroic filters, a beam profile camera, and a side-view camera. (Insert) Illustration
of RBCs forming an effective waveguide of light due to the action of optical forces. Cells are attracted toward the
center of the beam, and cell concentration decreases radially. OAM modes propagate within the waveguide.

nanoparticles (i.e. Mie, not Rayleigh particles), are made from different materials with different polarizability
properties, have internal structure, and are sensitive to environmental conditions. Consequently, the mechanism
of waveguide formation in biological samples is somewhat different than in solutions of nanoparticles. In
biological waveguides, radiation and scattering forces are fundamentally important to the formation of stable
waveguides, whereas in nanoparticle waveguides photophoresis and thermophoresis effects play larger roles*>.

In order to use advanced beam shaping techniques for imaging and to facilitate high bandwidth information
transmission, it is advantageous to be able to send complex structured light through the highly scattering
biological media. Hitherto, this has proven difficult since wavefronts quickly become scrambled in most
applications. Beams with orbital angular momentum (OAM or vortex beam) have been used previously in
classical and quantum communication®-*? and more recently in biomedical applications for noninvasive imaging
and diagnosis of tissues®. Recent studies indicate possible benefits of using light beams with orbital angular
momentum for deep penetration and higher transmittance propagation through dispersive and scattering
media®****. This inspired our investigation into the transmission of vortex beam and polarization through
biological waveguides.

In this work, we demonstrate experimentally the conservation of polarization and orbital angular momentum
through a three centimeter long self-arranged biological waveguide in a sheep RBC suspension for multiple
wavelengths. The preservation of orbital angular momentum and polarization are non-obvious especially given
the structure of the cells in solution. Furthermore, the propagation dynamics and charge stability of vortex
beams in suspensions of live cells are different from that in nanosuspensions. The ability to create waveguides
with beams possessing orbital angular momentum and various polarization states, and at a broad spectrum of
wavelengths, enables new waveguide structure geometries and expands the bandwidth of information that can
be transmitted through the scattering biological media. Therefore, the formed biological waveguide permits
transmission of a broad range of signals by varying transmitting beam properties: combination of OAM beams
with different levels of topological charge; beams at different wavelengths; beams with a combination of linear
and circular polarizations; and time/frequency modulated signals. The ability to send and preserve complex
beams yields a better understanding of light and signal propagation in biological fluids and scattering media.
Potential applications include transmitting energy and information through scattering media, communication
with medical implants, deep-tissue imaging, monitoring internal organs, and improvement of optical biopsy
techniques.

Results

Light propagation with orbital angular momentum. The setup we used to study conservation of
orbital angular momentum is sketched in Fig. 1. We modified a pump-probe-type setup'® and included a spiral
phase plate (topological charge 1) and Mach-Zehnder interferometers for both laser beams (see “Materials
and methods” for setup details and sample preparation). The interferometer allows for the detection of orbital
angular momentum in the beam after passing through the sample arm of the interferometer by examination of
the interference pattern. When a vortex beam and plane wave beam interfere at an angle, a pitch-forked shaped
interference pattern is created.
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Figure 2. Self-trapping of individual 532 nm green and 780 nm NIR vortex beams through a sheep RBC
suspension. (a-d) Normal diffraction of laser beams through PBS buffer solution without RBCs. (e-h)

Linear diffraction and scattering of the laser beam at low laser power (20 mW) through RBC suspensions.
(i-1) Optimal nonlinear self-trapping and self-focusing of the laser beams at high power. All output beam
profiles were imaged at the exit face of the cuvette, (a,c,e,g,i,k) are measurement beams only, (b,d,fh,j1) are
interferograms between the measurement beam and plane wave reference beam. The inserts in (a,c,e,g,ik) are
the normalized azimuthally averaged radial intensity profiles of the beams.

First, we examine the conservation of optical properties of an individual focused laser beam with orbital
angular momentum (vortex beam) through the waveguide. An optical vortex beam has a helical-shaped phase
inclination producing a singularity and zero intensity at the center of the vortex*®". In the phosphate buffered
saline (PBS) buffer solution without RBCs, the green and NIR vortex beams diffract normally with their
singularity preserved at the center (see Fig. 2a—d). In the RBC suspension at low laser powers, scattering causes
the vortex beams to expand (Fig. 2e-h). Low power vortex beams do maintain their orbital angular momentum
after several centimeters of propagation through the scattering solution, evidenced by the characteristic “pitch-
forked” pattern seen on the resulting interferogram (Fig. 2f,h). As the laser power increases to an optimal self-
trapping condition (500 mW laser power for 532 nm green laser beam and 1300 mW laser power for 780 nm
NIR laser beam), the “donut” intensity pattern is more defined as nonlinear self-focusing reduces the beam’s
outer diameter while it expands the inner diameter (Fig. 2i-1). The confinement of light to a reduced beam cross
sectional area leads to an increase in the beam’s intensity. Additionally, the overall transmission increases for
both beams as they reach the maximum focusing conditions, with an increase in transmission of 5% for the
532 nm beam and 6% for the 780 nm beam through biological scattering media. Self-trapping of an optical
beam in the suspension is predominately due to optical gradient and forward-scattering forces'>'>. Although
the possible influence of thermal effects can’t be completely discounted, the thermal and thermophoretic effects
will be minimal due to low absorption values at the wavelengths used here'*'*. RBC suspensions exhibit a
wavelength dependent optical nonlinearity, where different laser powers are required for each wavelength to
achieve maximum nonlinear focusing and form waveguides'*. If the laser power increases beyond the optimal
self-trapping conditions for a vortex beam, the donut-shaped pattern first becomes thicker and then the beam
defocuses due to heating effects.

The light-induced refractive index change in the RBC suspension stabilizes the structured light beam and
the donut shaped beam is preserved, propagating several centimeters through the suspension?. The vortex
waveguide stability is determined by the nonlinearity’s degree of nonlocality; with increased nonlocality,
instabilities decrease leading to an increased length of stably propagating waveguide®. In our experiments, all
vortex beams have a single pitch-forked interference pattern that confirms the presence of a phase singularity after
several centimeters of propagation through the RBC suspension (see Fig. 2j,1). A possible explanation for orbital
angular momentum preservation can come from the cellular interaction with Laguerre-Gaussian beams, this
has previously been shown to cause particles to self-organize into a donut-shaped pattern®”*’. We might expect a
small transfer of orbital angular momentum to the cells***. However, we do not see evidence of vortex splitting
or other signs of change in OAM. It is worth noting that RBCs are very flexible and may aggregate in clumps
rather than revolving freely in the waveguide. Thus, the exchange of orbital angular momentum to the cells in our
sample could be relatively minute over the 3 cm propagation distance and is undetectable in these experiments.
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Figure 3. Nonlinear coupling of a low power NIR (780 nm) probe beam by a green (532 nm) pump beam
through a sheep RBC suspension. (a,b) Gaussian and vortex green pump beam profiles at optimal laser power
for waveguide formation (500 mW). (¢,d) Gaussian and vortex NIR probe beam profiles at 20 mW laser power.
(e) Guiding of the vortex probe beam by the green pump Gaussian beam. (g) Guiding of the vortex probe beam
by the green pump vortex beam. (i) Guiding of the Gaussian probe beam by the green pump vortex beam. The
probe beam shifts to one side of the vortex beam with the greatest intensity. A dashed circle shows the unguided
position of the Gaussian beam. (fh,j) Interferogram of the guided probe beams (e,g,i), respectively. All images
are beam profiles at the exit face of the 3-cm cuvette through the sheep red blood cell sample. The inserts in
(a,b,c,d,e,g,i) are the normalized azimuthally averaged radial intensity profiles of the beams.

To test for nonlinear coupling between two beams with varying topological charge, we implement a pump-
probe-like experiment: a weaker laser beam (probe beam) is guided by a biological waveguide formed by a
separate strong beam (pump beam)'!8. We use a 532 nm pump beam at 500 mW laser power to create a self-
induced waveguide in RBC suspension over a few centimeters, then inject a low power 780 nm probe beam at
20 mW laser power!+182328 Both Gaussian (¢£=0) and vortex (£=1) beams are tested as probe and pump beams
in various combinations (see Fig. 3a-d).

By itself, the probe beam diffracts linearly without any nonlinear self-action due to its low intensity, as
shown in Fig. 3¢,d. The probe beam relies on the waveguide created by the pump beam to propagate through the
scattering media. When the probe and pump beams are injected simultaneously, vortex probe beams experience
the waveguides formed by both Gaussian and vortex pump beams, which result in smaller probe beam output
diameters and an increase in the transmission of probe power through the waveguide (Fig. 3e,g). Like with
Gaussian pump-probe nonlinear coupling'®, the strong nonlinear forces from the pump beam produce a high-
index waveguide through which the probe beam propagates, confining the probe beam’s power to a small guided
region. The guided probe vortex beams maintain their orbital angular momentum properties, as evidenced by
the characteristic pitch-forked pattern on the interferogram (Fig. 3f,h). When attempting to guide a Gaussian
probe beam through a vortex pump beam waveguide, the Gaussian probe beam tends to veer off to the side of the
“donut” with the greatest intensity (Fig. 3i,j). This suggests the distribution of cells that produce the high index
region is tubular for a vortex pump beam, with a high index region along the donut-shaped beam and low index
regions outside and along the singularity at the vortex center. Both vortex and Gaussian beams are capable of
nonlinear coupling into waveguide channels and both preserve their intensity distribution and orbital angular
momentum proprieties. With this evidence, we conclude that a waveguide formed by either Gaussian or vortex
light is able to guide both Gaussian and vortex beams at different wavelengths at lower power.

Conservation of polarization through RBC waveguides. In our next experiments, we investigate
the conservation and transmission of polarization states of both pump and probe beams through scattering
RBC suspensions. To create a linearly or circularly polarized beam, we modify the pump-probe-type setup
and include a polarizer, a flipping half-wave plate, and a flipping quarter-wave plate before the laser beams are
focused into the RBC suspension (see “Materials and methods” and Fig. S1). The output polarization states are
detected by introducing a polarizer (analyzer), a quarter-wave plate, and a power detector. This configuration
and the removable flipping elements, enables the creation of consistent vertically/horizontally linearly polarized
and right/left circularly polarized beams and detection of any possible alternation of polarization state after
propagating through the suspension.

Figure 4 illustrates the output intensity distribution between polarization states for the pump beam alone
(532 nm) at 500 mW laser power and for the guided probe beam (780 nm) at 20 mW laser power. To detect any
changes in intensity distribution for each polarization state, we measure output transmission as a function of the
analyzer angle, normalize the measured values to the powers transmitted through the PBS background media
to account for the difference in optical components, fit a sinusoidal curve to the data points, and determine any
shifts in phase and amplitude of sinusoidal function. See supplementary information S2 for additional details
and plots of sine waves for each polarization state. We found no principal difference in the propagation and
behavior of the pump beams (at high laser power, which is needed to observe the nonlinear process) and the
probe beams (at low laser power). All four polarization states are preserved after propagating through the 3-cm
cuvette with RBC suspension, as shown in Fig. 4. However, the transmission power slightly varies depending
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Figure 4. The output intensity distribution between polarization states (vertical, horizontal, right circular,
and left circular) after propagating through the RBC suspension for different input polarization states of the
laser beam. (a) The intensity distribution for the pump beam alone (532 nm) at 500 mW. (b) The intensity
distribution for the probe beam (780 nm) with guiding. The uncertainty for linearly polarized light is 0.01 and
for circular polarized light is 0.09.

on polarization. Circular polarization states have a large error due to the strong sensitivity of two quarter-wave
plates alignment, a slight difference in retardance of achromatic waveplates, and a small fluctuation of laser
power. The linearly polarized beam has fewer optical components in its path and is less sensitive to alignment,
so the uncertainty in the polarization measurements is several times smaller than for circular polarized light.
Our results are consistent with colloidal suspensions of metallic nanoparticles, for which beams maintain their
intensity profile and polarization structure throughout the nonlinear transformation at high laser power?. The
structural and polarization stability of probe beams in biological suspensions allows for the transmission of
broadband signal thought waveguides formed by a pump beam.

Discussion
In this work, we demonstrated the successful conservation of the orbital angular momentum and polarization
state of a beam sent through a suspension of sheep RBCs several centimeters in length. The nonlinearity and the
formation of biological waveguides do not alter the transmitting information. It is a significant result that the
ring-shaped beams are stable in propagation in the nonlinear regime through biological scattering media. The
observed mechanism of waveguide formation in biological suspensions is different from metallic nanoparticle
suspensions, where thermo-optical forces play a crucial role in beams prorogation and stability*.. Due to gradient
and forward-scattering forces, cells are attracted toward the beam, providing a local change of the refractive index
of the suspension which forms a waveguide. Once formed by one beam, the waveguide can support the stable
propagation of beams with different wavelength, polarization, angular momentum, and intensity distribution,
which are crucial parameters for the precise control of light-matter interaction. In the future, we are interested
in studying the propagation of probe beams with a wide range of sizes and with large OAM. For a more rigorous
analysis of the OAM mode purity after propagating through biological suspensions, a spatial OAM mode-
decomposition can be performed*’ based on collected beam profiles and interference images or, alternatively,
an OAM mode sorter** can be used to measure mode purity experimentally. With the “ring” technique*, which
was used to study optical vortices in fiber, it is also possible to characterize the mode purity of structured beams
with the superposition of multiple OAM modes combined with polarization states via spin-orbital interaction.
As light propagates through the suspensions, multiple scatting events can occur. For strongly scattering
media, we would expect a substantial mode splitting for orbital angular momentum due to momentum transfer.
However, for our biological suspensions, we observe only slight degradation in polarization and undetectable
by regular interferometer mode splitting for OAM. To further understand and characterize the capability of the
waveguide to preserve the polarization and orbital angular momentum states of the incident light, we modeled
the reduced scattering coefficient within the distribution of cells using Mie scattering theory* (see “Materials
and methods”). The Mie theory model, along with the approximation that the scattering anisotropy (mean
cosine of scattering angle) of the cells is roughly 0.9%, provided an estimate of the reduced scattering coefficient
ps'~0.04 mm! for the suspension. However, since the concentration of the cells is approximately 3 times higher
in the middle than toward the edges of the waveguide'?, we estimate that y,’ ranges from 0.04 to 0.12 mm™! over
the distribution of RBCs within the waveguide (see Fig. 5). To understand the effect of this scattering coefficient
on the degradation of the information of the input beam state, it is crucial to know the number of scattering
events that a typical photon from the beam would undergo due to the cells in the waveguide. The mean free path
(MEP) of a photon in the medium can be obtained as follows:
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Figure 5. Ballistic, sub-diffusive, and diffusive scattering regimes for photons incident on a 3 cm length
enclosure containing scattering media. The mean free path of a photon in the medium is equal to the reciprocal
of the reduced scattering coefficient y,'. The center and edge of the formed waveguide in the suspension

of red blood cells are within the sub-diffusive light scattering regime, wherein minimal information loss

due to degradation of polarization and coherence is expected. For reduced scattering coefficients less than
1/30=0.033 mm’, the mean free path becomes larger than the length of the container (30 mm), so photon
transport can be approximated as ballistic. As .’ increases sufficiently to allow more than ~ 10 scattering events
within the container (y," ~0.4-0.5 mm™), the transport of light begins to approach the diffusive regime (as is
the case with biological tissue, which typically has g, ~0.8-1.5 mm™), wherein a sufficient number of scattering
events occur that the initial polarization and coherence states of the light are degraded.

MFP = 1/(u; + o) ~ 1/ 11, (1)

where y, is the absorption coefficient of the medium, which can be considered negligible relative to the
reduced scattering coefficient for this experimental setup. For our suspension, the mean free path is
MEP ~ (1/0.04) =24 mm at the edges of the waveguide and MFP ~ (1/0.12) =8 mm at the center of the waveguide.
Previous literature on diffuse light transport reports that photon trajectories start to become randomized after
1-2 mean free paths*® and that the number of photons for which polarization information is preserved degrades
by a factor of 1 — (1/e) ~63% following 6 scattering events*. Since the length of the cuvette in our study was
3 cm long and 1 MFP ~ 2.4 cm near the edges of the waveguide, it is reasonable to assume that photon transport
toward the edges of the waveguide is nearly ballistic. Furthermore, since 1 MFP ~ 0.8 cm toward the center of the
waveguide, we approximate that only 3-4 scattering events occur for photons near the center of the waveguide.
Therefore, even at the center of the waveguide, the light paths can be treated as “sub-diffuse” and a significant
amount of polarization information should be preserved. As Fig. 5 illustrates, the scattering regime throughout
the biological waveguide in the suspension is far from that of a highly diffusive turbid material such as biological
tissue. The light scattering within the biological waveguide does not produce enough scattering events to degrade
the information significantly from the initial state of the light.

For this study, the scattering coefficients of the medium were estimated by using a Mie calculator®, using
estimated scatter concentrations at different locations along the waveguide'?. In future studies, the scattering and
absorption coefficients of the suspension can be measured directly by using an integrating sphere technique®'.
It may also be possible to directly quantify the scattering profile across the waveguide during the experiment by
detecting the backscattered light with the side-view camera and calibrating this signal against the backscattered
signal from a tissue-simulating material with known absorption and scattering properties similar to that of the
suspension®.

The current propagation losses for waveguides in RBC suspensions are high compared to standard fiber optic
materials and are mainly attributable to the scattering in colloidal suspensions. Overall transmission decreases
with distance, and the power transmission is typically up to 8% for visible and NIR light after 3 cm of propagation
distance through our concentration of RBC in suspensions. The formed waveguide helps to focus the transmitted
laser power in the narrow channel of light, which aids in delivering signals to a target-specific area. Additionally,
only a small portion of light is absorbed by the cells'*!%; and laser damage is minimal in RBC suspensions, as
previous studies have shown'®. We expect that future improvement in finding optimal materials for biological
suspensions will lead to more favorable propagation losses.

In conclusion, our observations confirm that a large bandwidth of information can be guided through
biological scattering media with minimum altering and loss of information. The demonstrated structural stability
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of complex beams in biological suspensions opens up potential possibilities to implement structured light to
transmit light and information deep through otherwise highly scattering bio-soft-matter, communicate with
medical implants, improve optical biopsy techniques and imaging, and to fabricate biological optical circuits and
biosensors®. Furthermore, the transmitted structured light can be used for various applications: microscopy’,
Raman spectroscopy>?, optical spectroscopy?, particle trapping and manipulation®, and second harmonic
generation®. This work thoroughly demonstrates that the formed biological waveguides are good choices for
transmission of a broad range of signals toward the small target area in biological fluids and scattering media.

Materials and methods

Sample preparation. We dilute 2 pl of pure RBC’s (Innovative Research, ISHRBC100P15ML) in 8.5 ml
phosphate buffered saline 7.4 pH (PBS) which results in an optimal cell concentration to form optical waveguides
while maximizing transmission. To ensure a consistent cell concentration, we use a spectrophotometer to
calibrate the sample to an absorption of 0.203 cm™ at 532 nm wavelength with reference to a PBS background.
The sheep RBC has a biconcave disk shape with a mean cell diameter of 4.3 um and a thickness of 1.4 pm.

Experimental setup for light propagation with orbital angular momentum. The positions of
optical elements in the setup are shown in Fig. 1. The experimental setup includes two continuous-wave linearly
polarized laser beams: a green 532 nm laser (Msquared, Equinox DPSS pump, A =532 nm) and a NIR 780 nm
laser (Msquared, SolsTiS 4000 PSX XF, tunable Ti-Sapphire, A =700-1000 nm). 532 nm and 780 nm wavelengths
were selected for their strong self-focusing nonlinearity and increased transmission in RBC suspensions'*. Both
beams are independently collimated, coaxially aligned using dichroic mirrors, and focused by a 100 mm lens
0.8 cm inside of a 3-cm long glass cuvette filled with a sheep RBC suspension. The full width half maximum
(FWHM) focus spot sizes of the beams are 17 um for the green laser and 18 pm for the NIR laser (for A =780 nm).
Topological charge 1 spiral phase plates (RCP Photonics, VPP-1c and Vortex Photonics, V-532-10-1) are added
for each laser, just before the two beams are combined with a dichroic mirror. To observe phase information
of the beams individually, a Mach-Zehnder interferometer is added for both laser beams. A reference portion
of each collimated, plane wave beam is redirected by a beam splitter and recombined with the sample beam by
another beam splitter after the sample to examine the interference at the imaging plane. A CCD beam profile
camera (Newport, SP928) records the interference patterns and the beam’s input/output profiles through the
sample.

Experimental setup for light propagation with different polarization states. The modified
pump-probe-type experimental setup includes a polarizer, a flipping superachromatic half-wave plate, and
a flipping superachromatic quarter-wave plate before the beams are focused inside of the 3-cm long cuvette
containing the RBC suspension, as illustrated in Fig. S1. This enables the creation of vertically/horizontally
linearly polarized and right/left circularly polarized beams. The output polarization state is detected by using a
polarizer (analyzer) and a power detector after the beam passes through an imaging lens and a filter. To analyze
circularly polarized light, a flipping achromatic quarter-wave plate is inserted to change the circularly polarized
beam back into a linearly polarized beam, which allows us to detect any possible alternation of polarization
state after propagating through the RBC suspension. All wave plates were locked in their mounts to maintain a
consistent polarization state for the duration of the experiments.

Modeling of the reduced scattering coefficient using mie scattering theory. To calculate
the scattering coefficient of the sheep RBC suspension in PBS media, we used a Mie calculator®® with the
following input parameters: mean cell diameter=4.3 pm, cell concentration by volume =0.023%, cell refractive
index =1.4, medium refractive index=1.335. The output scattering coeflicient y, was estimated to be 0.4 mm™!
for a homogeneous distribution of red blood cells in the medium. Based on a previous theoretical modeling
of particles distribution inside of biological waveguide'?, the concentration of cells toward the middle of the
waveguide is expected to be approximately 3 times the concentration toward the edges. Therefore, based on this
Mie theory model, y, ranges from ~0.4 to 1.2 mm™ from the edges to the center of the waveguide. The reduced
scattering coefficient y,’ can be obtained by the equation:

wy=ps(1—g) )

where g is the anisotropy of the medium (mean cosine of scattering angle). For a sample of red blood cells g
is approximately 0.9*. Therefore, 4" is expected to range from 0.04 to 0.012 mm™ over the distribution of red
blood cells within the waveguide.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on
reasonable request.

Received: 21 May 2022; Accepted: 12 August 2022
Published online: 19 August 2022

References
1. Mosk, A. P, Lagendijk, A., Lerosey, G. & Fink, M. Controlling waves in space and time for imaging and focusing in complex media.
Nat. Photon. 6, 283-292 (2012).

Scientific Reports |

(2022) 12:14144 | https://doi.org/10.1038/s41598-022-18483-3 nature portfolio



www.nature.com/scientificreports/

W

12.
13.

14.

20.

21.

22.

23.

24.
25.

26.

27.
28.

29.

39.

40.
41.

42.

43.

44,

48.
49.

50.
51.

52.

. Georgakoudi, L, Rice, W. L., Hronik-Tupaj, M. & Kaplan, D. Optical spectroscopy and imaging for the noninvasive evaluation of

engineered tissues. Tissue Eng. Part B: Rev. 14, 321-340 (2008).

. Marazuela, M. & Moreno-Bondi, M. Fiber-optic biosensors—An overview. Anal. Bioanal. Chem. 372, 664-682 (2002).
. Villangca, M. J., Palima, D., Banas, A. R. & Gliickstad, J. Light-driven micro-tool equipped with a syringe function. Light: Sci. Appl.

5, e16148 (2016).

. Ashkin, A., Dziedzic, ]. M. & Smith, P. W. Continuous-wave self-focusing and self-trapping of light in artificial Kerr media. Opt.

Lett. 7,276-278 (1982).

. El-Ganainy, R., Christodoulides, D., Rotschild, C. & Segev, M. Soliton dynamics and self-induced transparency in nonlinear

nanosuspensions. Opt. Express 15, 10207-10218 (2007).

. Matuszewski, M., Krolikowski, W. & Kivshar, Y. S. Spatial solitons and light-induced instabilities in colloidal media. Opt. Express

16, 1371-1376 (2008).

. Man, W. et al. Optical nonlinearities and enhanced light transmission in soft-matter systems with tunable polarizabilities. Phys.

Rev. Lett. 111, 218302 (2013).

. Fardad, S. et al. Plasmonic resonant solitons in metallic nanosuspensions. Nano Lett. 14, 2498-2504 (2014).
10.
11.

Brzobohaty, O. et al. Tunable soft-matter optofluidic waveguides assembled by light. ACS Photon. 6, 403-410 (2019).

Lee, W. M., El-Ganainy, R., Christodoulides, D. N., Dholakia, K. & Wright, E. M. Nonlinear optical response of colloidal
suspensions. Opt. Express 17, 10277 (2019).

Bezryadina, A. et al. Nonlinear self-action of light through biological suspensions. Phys. Rev. Lett. 119, 058101 (2017).

Gautam, R. et. al. Optical force-induced nonlinearity and self-guiding of light in human red blood cell suspensions. Light Sci. Appl.
8,31 (2019).

Perez, N., Chambers, J., Chen, Z. & Bezryadina, A. Nonlinear self-trapping and guiding of light at different wavelengths with sheep
blood. Opt. Lett. 46, 629 (2021).

. Gautam, R. et. al. Nonlinear optical response and self-trapping of light in biological suspensions. Adv. Phys. X 5, 1-22 (2020).

. Xin, H,, Li, Y, Liu, X. & Li, B. Escherichia coli-based biophotonic waveguides. Nano Lett. 13, 3408-3413 (2013).

. Li, Y. et al. Red-blood-cell waveguide as a living biosensor and micromotor. Adv. Funct. Mater. 29, 1905568 (2019).

. Kelly, T. S. et al. Guiding and nonlinear coupling of light in plasmonic nanosuspensions. Opt. Lett. 41, 3817 (2016).

. Masuda, K. et. al. Symmetry breaking of optical vortex in bacteriorhodopsin suspensions. In 2019 Conference on Lasers and

Electro-Optics Europe and European Quantum Electronics Conference, paper ef_p_33 (Optical Society of America, 2019).
Reece, P. J., Wright, E. M. & Dholakia, K. Experimental observation of modulation instability and optical spatial soliton arrays in
soft condensed matter. Phys. Rev. Lett. 98, 203902 (2007).

Shvedov, V., Cyprych, K., Salazar-Romero, M. Y., Izdebskaya, Y. & Krolikowski, W. Nonlinear propagation and quasi self-
confinement of light in plasmonic resonant media. Opt. Express 26, 23196-23206 (2018).

Lambhot, Y., Barak, A., Peleg, O. & Segev, M. Self-trapping of optical beams through thermophoresis. Phys. Rev. Lett. 105, 163906
(2010).

Balbuena Ortega, A. et. al. K. Light control through a nonlinear lensing effect in a colloid of biosynthesized gold nanoparticles. J.
Mod. Opt. 66, 502-511 (2019).

Balbuena Ortega, A. et al. Guiding light with singular beams in nanoplasmonic colloids. Appl. Phys. Lett. 118, 061102 (2021).
Ashkin, A., Dziedzic, ]. M., Bjorkholm, J. E. & Chu, S. Observation of a single-beam gradient force optical trap for dielectric
particles. Opt. Lett. 11, 288-290 (1986).

Ashkin, A., Dziedzic, ]. & Yamane, T. Optical trapping and manipulation of single cells using infrared laser beams. Nature 330,
769 (1987).

Neuman, K. C. & Block, S. M. Optical trapping. Rev. Sci. Inst. 75, 2787-2809 (2004).

Terborg, R. A., Torres, J. P. & Volke-Sepulveda, K. Steering and guiding light with light in a nanosuspension. Opt. Lett. 38,
5284-5287 (2013).

Cozzolino, D. et. al. Orbital angular momentum states enabling fiber-based high dimensional quantum communication. Phys.
Rev. Appl. 11(6), 064058 (2019).

. Kupferman, J. & Arnon, S. Decoding algorithm for vortex communications receiver. J. Opt. 20, 015702 (2017).

. Kupferman, J. & Arnon, S. Direct detection receiver for vortex beam. JOSA A 35, 1543-1548 (2018).

. Sit, A. et al. High-dimensional intracity quantum cryptography with structured photons. Optica 4, 1006-1010 (2017).

. Shi, L., Lindwasser, L., Wang, W., Alfano, R. & Rodriguez Contreras, A. propagation of Gaussian and Laguerre-Gaussian vortex

beams through mouse brain tissue. J. Biophoton. 10, 1756-1760 (2017).

. Gianani, I. et al. Transmission of vector vortex beams in dispersive media. Adv. Photon. 2, 036003 (2020).

. Biton, N., Kupferman, J. & Arnon, S. OAM light propagation through tissue. Sci. Rep. 11, 2407 (2021).

. Padgett, M., Courtial, J. & Allen, L. Light’s orbital angular momentum. Phys. Today 57, 35-40 (2004).

. Yao, A. M. & Padgett, M. . Orbital angular momentum: Origins, behavior and applications. Adv. Opt. Photon. 3, 161-204 (2011).
. Briedis, D., Petersen, D. E., Edmundson, D., Krolikowski, W. & Bang, O. Ring vortex solitons in nonlocal nonlinear media. Opt.

Express 13, 435-443 (2005).

Wioland, H., Woodhouse, E. G., Dunkel, J., Kessler, J. O. & Goldstein, R. E. Confinement stabilizes a bacterial suspension into a
spiral vortex. Phys. Rev. Lett. 110, 268102 (2013).

Saintillan, D. & Shelley, M. J. in Complex Fluids in Biological Systems (eds S.E. Spagnolie), Ch. 9 (Springer, 2015).

He, H., Friese, M. E. J., Heckenberg, N. R. & Rubinsztein-Dunlop, H. Direct observation of transfer of angular momentum to
absorptive particles from a laser beam with a phase singularity. Phys. Rev. Lett. 75, 826 (1995).

Garcés-Chavez, V., Volke-Sepulveda, K., Chavez-Cerda, S., Sibbett, W. & Dholakia, K. Transfer of orbital angular momentum to
an optically trapped low-index particle. Phys. Rev. A 66, 063402 (2002).

D’Errico, A., DAmelio, R., Piccirillo, B., Cardano, F. & Marrucci, L. Measuring the complex orbital angular momentum spectrum
and spatial mode decomposition of structured light beams. Optica 4, 1350-1357 (2017).

Huang, H. et al. Mode division multiplexing using an orbital angular momentum mode sorter and MIMO-DSP over a graded-
index few-mode optical fibre. Sci. Rep. 5, 14931 (2015).

. Ramachandran, S. & Kristensen, P. Optical vortices in fiber. Nanophotonics 2, 455-474 (2013).
. Bohren C.E & Huffman D.A. Absorption and Scattering of Light by Small Particles. John (Wiley, 1983).
. Steinke, J. M. & Shepherd, A. P. Comparison of Mie theory and the light scattering of red blood cells. Appl. Opt. 27, 4027-4033

(1988).

Jacques, S. L. & Pogue, B. W. Tutorial on diffuse light transport. J. Biomed. Opt. 13, 041302 (2008).

Jacques, S. L., Urban, B. & Subhash, H. M. Polarized light reflectance and the sub-diffuse regime during optical imaging of skin.
In: Proc. SPIE 11646, Polarized Light and Optical Angular Momentum for Biomedical Diagnostics, 116460] (SPIE, 2021).

Prahl, S. Mie Scattering Calculator. Oregon Medical Laser Center. omlc.org/calc/mie_calc.html (2018).

Nelson, N. B. & Prézelin, B. B. Calibration of an integrating sphere for determining the absorption coefficient of scattering
suspensions. Appl. Opt. 32, 6710-6717 (1993).

Saager, R. B., Quach, A, Rowland, R. A, Baldado, M. L. & Durkin, A. J. Low-cost tissue simulating phantoms with adjustable
wavelength-dependent scattering properties in the visible and infrared ranges. J. Biomed. Opt. 21, 067001 (2016).

Scientific Reports |

(2022) 12:14144 | https://doi.org/10.1038/s41598-022-18483-3 nature portfolio



www.nature.com/scientificreports/

53. Hayazawa, N., Saito, Y. & Kawata, S. Detection and characterization of longitudinal field for tip-enhanced Raman spectroscopy.
Appl. Phys. Lett. 85, 6239-6241 (2004).

54. Bahadori, A., Oddershede, L. B. & Bendix, P. M. Hot-nanoparticle-mediated fusion of selected cells. Nano Res. 10, 2034-2045
(2017).

55. Biss, D. & Brown, T. Polarization-vortex-driven second-harmonic generation. Opt. Lett. 28, 923-925 (2003).

Acknowledgements

This work was supported by CSUPERB grant, Air Force Office of Scientific Research, award number FA9550-
20-1-0052, and National Institute of General Medical Sciences (NIGMS) Building Infrastructure Leading to
Diversity (BUILD) Initiative, grant number RL5GM118975.

Author contributions

N.P. prepared samples and conducted the experiments. N.P, D.P.,, and A.B. carried out data analysis and
methodological development. N.P. and A.B. prepared the first draft of the manuscript. R.W. performed scattering
calculations. All authors contributed with analysis, figure preparation, and manuscript writing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-18483-3.

Correspondence and requests for materials should be addressed to A.B.
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://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:14144 | https://doi.org/10.1038/s41598-022-18483-3 nature portfolio


https://doi.org/10.1038/s41598-022-18483-3
https://doi.org/10.1038/s41598-022-18483-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Conservation of orbital angular momentum and polarization through biological waveguides
	Results
	Light propagation with orbital angular momentum. 
	Conservation of polarization through RBC waveguides. 

	Discussion
	Materials and methods
	Sample preparation. 
	Experimental setup for light propagation with orbital angular momentum. 
	Experimental setup for light propagation with different polarization states. 
	Modeling of the reduced scattering coefficient using mie scattering theory. 

	References
	Acknowledgements


