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Abstract

Light-activated theranostic materials offer a potential platform for optical imaging and
phototherapeutic applications. We have engineered constructs derived from erythrocytes, which
can be doped with the FDA-approved near infrared (NIR) chromophore, indocyanine green (ICG).
We refer to these constructs as NIR erythrocyte-mimicking transducers (NETS). Herein, we
investigated the effects of changing the NETs mean diameter from micron- (* 4 um) to nano- (~
90 nm) scale, and the ICG concentration utilized in the fabrication of NETs from 5 to 20 uM on
the resulting absorption and scattering characteristics of the NETs. Our approach consisted of
integrating sphere-based measurements of light transmittance and reflectance, and subsequent
utilization of these measurements in an inverse adding-doubling algorithm to estimate the
absorption (1) and reduced scattering (1) coefficients of these NETs. For a given NETs
diameter, values of y, increased over the approximate spectral band of 630 — 860 nm with
increasing ICG concentration. Micron-sized NETs produced the highest peak value of 1, when
using ICG concentrations of 10 and 20 uM, and showed increased values of y5' as compared to
nano-sized NETSs. Spectral profiles of i~ for these NETs showed a trend consistent with Mie
scattering behavior for spherical objects. For all NETSs investigated, changing the ICG
concentration minimally affected the scattering characteristics. A Monte Carlo-based model of
light distribution showed that the presence of these NETs enhanced the fluence levels within
simulated blood vessels. These results provide important data towards determining the appropriate
light dosimetry parameters for an intended light-based biomedical application of NETSs.

Keywords
light; imaging; nanomaterials; nanoparticles; phototherapy; red blood cells; theranostics

1. Introduction

Light-activated theranostic materials present a platform for potential clinical optical imaging
and phototherapeutic applications [1-6]. Materials that are activated by near infrared (NIR)
excitation wavelengths () are especially advantageous since relatively deep (on the order of
~ 3-5 cm) optical imaging and phototherapy can be achieved over this spectral band. To-
date, indocyanine green (ICG) remains the only NIR chromophore approved by United Sates
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Food and Drug Administration (FDA) for specific clinical applications including ophthalmic
angiography, cardiocirculatory measurements, assessment of hepatic function, and blood
flow evaluation [7-9]. ICG has also been investigated for potential applications ranging from
sentinel lymph node mapping in patients with different types of cancer to imaging
intracranial aneurysm and cerebral arteriovenous malformations [10-17]. Additionally, ICG
has been investigated as a photosensitizer for photodynamic therapy (PDT) of choroidal
melanomas, and as a photothermal agent for treatment of port wine stains (PWSs) [18-20].

Despite its wide utility in clinical medicine, ICG’s major drawbacks are its hon-specificity
and short lifetime within circulation (half-life on the order of 2—4 minutes). Encapsulation of
ICG within various constructs, including micelles, liposomes, silica, and synthetic polymers
has been investigated as an approach to increase circulation time of ICG and reduce its non-
specific interactions [21-31].

More recently, mammalian cells such as erythrocytes, lymphocytes, and macrophages, or
constructs derived from them, are receiving increased attention as new types of platforms for
the delivery of therapeutic or imaging agents [32-37]. Use of erythrocytes is particularly
attractive due to their naturally long circulation time (* 90-120 days), attributed to the
presence of “self-marker” membrane proteins [38,39]. Hemoglobin-depleted red blood cells,
erythrocyte ghosts (EGs), have been doped with iron oxide and gold nanoparticles to
enhance contrast in magnetic resonance imaging (MRI) and dynamic X-ray imaging of
blood flow [40-43]. ICG-loaded EGs have been used to characterize the movement of
erythrocytes in choriocapillaries and retinal capillaries of rabbits and monkeys [44]. In
addition to imaging, erythrocytes have been doped with fluorescein isothiocyanate to create
biosensors for monitoring changes in plasma analytes and extracellular pH [45,46].

We recently reported the first demonstration of successful engineering of nano-sized vesicles
derived from erythrocytes loaded with ICG for fluorescence imaging and photothermal
destruction of human cells [47]. We refer to these constructs as NIR erythrocyte-mimicking
transducers (NETS). A key advantage of erythrocyte-derived constructs as compared to
liposomal particles is that the former can potentially have extended circulation time due to
preserved membrane proteins that prevent phagocytosis by immune cells. In a previous
study [48], we demonstrated that CD47, a membrane glycoprotein, which impedes
phagocytosis [38,39], remains on the surface of NETSs. Other investigators have reported that
polymeric nano-constructs, coated with erythrocyte-derived membranes, were retained in
mice blood for three days with circulation half-life of nearly 40 hours [49].

A particular feature of NETS is that their diameter (angTs) can be tuned to various sizes by
appropriate mechanical manipulation procedures, and their ICG content can be changed
during the fabrication process. These parameters are important in that a\gts can influence
the NETSs biodistribution dynamics, and in combination with the ICG content, they will
determine the optical properties of NETs. Such properties are ultimately important in
selection of the appropriate light dosimetry parameters for an intended light-based
biomedical application, as well as the development of mathematical models to predict the
optical response of biological tissues containing NETS.
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Herein, we present the first report on the optical properties of NETS as a function of their
diameters, and ICG concentration utilized in fabricating them. Specifically, we examine
micron- and nano-sized NETs formed without and with mechanical extrusion methods,
respectively. The nano-sized NETS have relevance to cancer imaging and phototherapy.
Specifically, the enhanced permeability and retention (EPR) effect of tumors, induced by
leaky tumor vasculature and impaired lymphatic drainage, may provide the basis for the
delivery of NETs into tumors [50-52]. The effects of changes in NETs diameter from
micron to nano scale are relevant to imaging and photothermal destruction capability of
vascular abnormalities such as those found in port wine stain lesions in skin, and subsequent
selection of optimal imaging and irradiation parameters in this dermatological application.
Finally, using a Monte Carlo simulation approach, we demonstrate the effects of NETs
diameter and ICG concentration on the resulting light distribution within a simulated blood
vessel, a biologically relevant target of light in various clinical applications.

2. Methods and Materials
2.1. Fabrication of NETs

Whole bovine blood was centrifuged at 1,300 relative centrifugal force (rcf) for five minutes
at 4 °C to separate the erythrocytes from the plasma and buffy coat. Isolated erythrocytes
were then washed in 1 ml of cold 1x phosphate buffered saline (PBS) (310 mOsm, pH 8),
and centrifuged at 1,300 rcf for five minutes at 4 °C. Packed erythrocytes were transferred to
an ultracentrifuge tube and suspended in 50 ml of hypotonic buffer (0.5x PBS, 155 mOsm,
pH 8) and incubated at 4 °C for 30 minutes. Further hemoglobin depletion was not
performed because of the possible deleterious effects on erythrocyte shape with more
aggressive hypotonic treatments.

Erythrocyte ghosts (EGs), formed by hypotonic treatment of red blood cells (RBCs), were
re-suspended in 1x PBS, and separated into three sample sets. EGs in Set | were extruded 40
times through 400 nm polycarbonate porous membranes (Nuclepore Track-Etched
Membranes, Whatman, Florham Park, New York) (single extrusion method). EGs in Set Il
were extruded through 40 times 400 nm polycarbonate membranes, followed by 40 more
extrusions through 100 nm polycarbonate membranes (double extrusion method). EGs in set
I11 were not extruded. Extrusion of EGs in sets | and 11 resulted in formation of spherical
nano-sized particles through cleavage and reformation of the membrane [53,54], whereas
EGs in set 1l remained micron-sized. The filters used for extrusion are cylindrical with
nano-sized diameters, forming narrow and long tubes (tube length > tube diameter). Similar
to lipid vesicles, when spherical erythrocyte ghosts (or red blood cells) are extruded through
these filters, they likely acquire cylindrical shapes and break into smaller structures when
they reach the end of the filters, and re-assemble into nano-sized vesicles [53]. The bilayer
of the erythrocyte ghost ruptures when the induced membrane tension due to applied
pressure exceeds the lysis tension [54].

To ensure that nearly the same amount of erythrocytes-derived membranes were present
among the samples in all three sets, extruded samples (sets | and I1) were diluted
appropriately so that the absorbance value at 280 nm (associated with membrane proteins) in
these samples matched the value for non-extruded samples (set I11). Therefore, with the
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same amount of membrane available, we expect that there would be a smaller number of
micron-sized NETS than nano-sized NETS.

EGs in all sets were separated into aliquots, and incubated with 3 ml of hypotonic buffer
(NapHPO4/ NayH,POy4, 140 mOsm, pH 5.8). To this solution, we added 3 ml of ICG
dissolved in water at different concentrations so that the final concentrations of ICG in the
loading solvent were 0, 5, 10, and 20 uM. Suspensions were then incubated for five minutes
at 4 °C in dark, centrifuged at 25,000 rcf for 20 minutes, and washed twice in 1x PBS to
remove any non-encapsulated ICG. ICG-loaded EGs (NETS) were re-suspended in cold 1x
PBS buffer solution. Prior to characterization of optical properties, NETs samples were
centrifuged and supernatant removed.

2.2. Characterization of NETs

Phase contrast images of un-extruded NETSs (set 111) were obtained using a microscope
(Nikon Ti-Eclipse, Melville, New York), and an electron multiplier gained CCD camera
(Quant EM- CCD, Hamamatsu, Japan) at integration time of 0.1 s and gain of 1.0. We
estimated the diameter of un-extruded NETs using ImageJ software, and determined the
mean and standard deviation (SD) of the population sample. The hydrodynamic diameters of
nano-sized NETSs (sets | and 1) suspended in 1x PBS were measured by dynamic light
scattering (DLS) (Zetasizer NanoZS90, Malvern Instruments Ltd, Malvern, United
Kingdom).

We used an integrating sphere (4P-GPS-033-SL, Labsphere, North Sutton, New Hampshire)
to measure the percent transmittance (7) and reflectance (/) from the samples (figure 1).
Visible-NIR (from 400 — 1000 nm) light from a broadband source (HL2000 20W Quartz-
Tungsten-Halogen lamp, Ocean Optics, Dunedin, Florida) was collimated, and an aperture
mask used to create a 4 mm diameter beam. A 400 micron fiber collected the transmitted or
reflected light at the detector port, placed at 90° from the entrance or exit ports, respectively,
and delivered it to a spectrometer (Prime-X, B&W Tek, Newark, Delaware).

Measurements of 7and R for whole blood were obtained from non-diluted samples, and
samples diluted with 1x PBS by 100 times. The purpose of diluting the blood was to
enhance 7 for A <604 nm since the detector was unable to resolve the signature absorption
peaks of oxyhemoglobin over the 400 — 600 nm spectral band. Since the reported range of
hematocrit (hct) for bovine blood is 36.9 + 4.2% [55], we assumed an average value of 37%
hct for the blood samples used in this study for the measurements of 7and ~.

Blood, or NETs samples were placed on the entrance port with the exit port closed for 7
measurements (figure 1(a)), and on the open exit port for the # measurements (figure 1(b)).
To compare 7and £ among different sets of NETS, in our analysis we normalized the
measurements of 7 to the values at 740 and 806 nm for NETs formed by double extrusion
and with 5 uM ICG in the loading buffer. In our analysis of 7, we normalized the
measurements to those at 500 nm for unextruded EGs.

Non-normalized measurements of 7and £, along with an assumed values of refractive index
(n) (1.33), and estimates of the anisotropy factor (g) for NETs were subsequently used as
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input parameters into an Inverse Adding-Doubling (IAD) algorithm [56]. The IAD algorithm
repeatedly guesses and checks solutions for the radiative transport equation until it
determines values of absorption coefficient (44, (mm™1)) and reduced scattering coefficient
(15" (mm™1)) that fit the measured data 7and R [56]. The 4 is related to the scattering
coefficient () and g (the mean cosine of the scattering function) as:

pe=ps (1-9) (1)

Range of gis from -1 to 1. When g = 1, the scattering is completely in the forward
direction, and 4" = 0. In the case of isotropic scattering (g = 0), and 4~ = z&. For example,
the reported value of g for skin is ~ 0.5 at 400 nm, and increases to > 0.9 for wavelengths
greater than 800 nm [57]. For mammalian cells, the reported g value is ~ 0.95 in the spectral
band of 425 — 900 nm [57]. Therefore, to estimate 4" for whole blood, we used g = 0.95.

For NETS, g value was estimated using a Mie Simulator (Virtual Photonics Initiative, Irvine,
California) based on measurements of the NETs diameter [58]. Specifically, the g values
were estimated as 0.99 for the micron-sized NET based on measurements of diameter by
phase contrast imaging (figure 2(a)), 0.66 for nano-sized NETs formed by single extrusion,
and 0.55 for nano-sized NETs formed by double extrusion, based on measurements of the
diameter by DLS. We used these g values and the measured values of 7and Rin the IAD
algorithm to obtain spectrally-dependent estimates of 1" for whole blood, EGs, micron-
sized NETs formed without extrusion, and nano-sized NETs formed by single or double
extrusions at ICG loading concentrations in the range of 5-20 pM.

We used a general analytical expression [57] that takes into account contributions by
Rayleigh and Mie types of scattering for spherical objects to fit the estimated 4 spectra:

e (N =A {fweigl(%o): (fRaylei@l) (%>m} )

where A" = 1" (Ao), TRayleigh is the fractional contribution due to Rayleigh scattering, A, is
a reference wavelength, and mis the power law exponent (scattering power) related to the
Mie scattering component. We used A, = 500 nm since at this wavelength there is no
absorption by NETS that may originate from either hemoglobin or ICG, and therefore,
optical attenuation for NETs is completely due to scattering. Spectrally-dependent values of
4" within the spectral range of 437 — 635 nm were fitted by Igor Pro (Wavemetrics, Lake
Oswego, Oregon) and extrapolated for A < 437 and A < 635 based on equation (2).

2.3. Light-distribution model

The Monte Carlo light-distribution model used in this study was developed by Majaron et a/
[59,60]. To represent i, and 5 of human whole blood with 45% hct [57,61], we scaled our
estimates of 14, and y associated with assumed value of 37% hct as follows:
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fta (45% het) =g (37% het) (%) 3)

0.45

1 (45% het) =pu, (37% het) (ﬁ) 4)

We simulated 1,000,000 photons delivered to a 500 pm diameter blood vessel containing
either blood at 45% hct without any added NETS, or with added nano- or micron-sized
NETSs (sets I-111). We note that this simulation is not representative of a skin with PWS. A
PWS simulation would require additional features including a multi-layered geometry to
account for the presence of epidermis and additional blood vessels. Herein, we only seek to
investigate the relative optical response of a blood vessel with and without NETs. We used
the scaled optical properties of blood (equations 3 and 4), and NETs obtained in this study.
We assumed effective optical properties of the simulated blood vessel as:

Iy 5y =Jblood a_ blood (45% het) + (17fNETs) Mo wers  (B)

’

K, BV:fblood,us_ blood (45% th) + (1_fNETS) s NeTs (6)

where /5, gy is the effective absorption coefficient of the blood vessel, Ajooq and f\eTs are
the respective fractions of blood and NETS in the blood vessel (#god = INETS = 50%),
Ha_blood (45% hct) and 1 NETs are the respective absorption coefficients of blood with 45%
hct and NETSs, and /4 _Bv (45% hct) and ,us’_NETS are the effective reduced scattering
coefficient of the blood vessel and NETS, respectively. We simulated a flat-top incident laser
beam at 806 nm corresponding to peak absorption wavelength associated with the
monomeric form of ICG in NETs. The beam delivered fluence of 10 J/cm?2, and illuminated
a 100 um diameter spot on the surface.

3. RESULTS AND DISCUSSION
3.1. Size distribution of NETs

The average + standard deviation (SD) diameter for micron-sized NETs, formed without
mechanical extrusion, was 4.31 £+ 0.69 um (n=28) (figure 2(a)). This mean value is smaller
than the reported average diameter of bovine red blood cells (5.05 pm), but within the
reported SD (+ 0.16 pum) [62]. The hydrodynamic peak (peak) diameters, as determined by
DLS technique, were ~ 164 nm (polydispersity index (PDI) = 0.10) and 91nm (PDI = 0.07)
for the populations of nano-sized respectively (figure 2(b)). We used lognormal fits to
estimate the mean (Ghmean) = SD diameters of single extruded (160 + 2 nm), and double
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extruded (92 + 1 nm) NETSs. The population of the nano-sized NETSs is considered to be
mono- dispersed since the respective PDI values are equal to, or less than 0.1 [63].

Since particles with diameters < 200 nm are more effective for extravasation into tumors
through the EPR effect [64], nano-sized NETs may prove as effective nano-vesicles with
light-based theranostic capabilities for fluorescence imaging and photo-destruction of
tumors. Further molecular specificity of NETs can be achieved by functionalizing their
surface with appropriate targeting moieties such as antibodies [48].

3.2. Transmittance and reflectance measurements

The measurement results for 7and R for micron-sized NETs formed without extrusion
(Omean ® 4.31 um), and nano-sized NETs formed by single (ghean 160 nm) or double
extrusions (Gmean ® 92 Nm) using 1CG loading concentrations in the range of 5-20 UM are
shown in figure 3. We also present the results for whole blood, and EGs not containing ICG
in these figures.

The non-diluted blood sample showed less than 3% transmission over the approximate
spectral band of 400 — 610 nm (figure 3(a)), indicative of the relatively high light absorption
by hemoglobin in this wavelength range. Therefore, this sample was diluted by 100 times to
resolve transmission changes over this spectral band. Minimum values of T at 420, 542, and
577 nm for the diluted blood sample (figure 3(a)) are indicative of hemoglobin absorption at
these wavelengths. We attribute the relatively high values of 7 (A > 610 nm) for the diluted
sample to reduced number of erythrocytes and the overall lower absorption by hemoglobin
at these wavelengths. The nearly constant value of 7 (A > 610 nm) is suggestive of the
Fresnel reflection at the interface of the sample solution and the cuvette.

It is important to note that the values of 7 for all sets of NETSs nearly overlapped with those
for the EGs except over the approximate bands of 400 — 440 nm and 630 — 865 nm,
indicative of successful loading of ICG into the NETSs. For EGs, T spectra did not show a
decreasing trend over the 630 — 865 nm spectral band, consistent with the fact that these
particles did not contain ICG. For the three sets of NETs having dhean Values in the range of
~ 92 nm —4.31 um, as the concentration of ICG in the loading buffer increased, there was an
overall trend in 7 values becoming lower over the 630 — 865 nm spectral band (figures 3(c),
(), (9)), indicating that higher concentrations of ICG were loaded into the particles.
Independent of the ghean Value, minimum values of 7 occurred between 803 and 806 nm,
which corresponds to peak absorption wavelength associated with monomeric form of ICG.
As a quantitative example, for NETSs fabricated using ICG concentration of 20 uM in the
loading buffer, 7 values associated with the monomer form of ICG decreased by about 4.5
times as ahean Of NETS was increased from ~ 92 nm to 4.31 pum (figure 3(i)).

We attribute the shoulder in the approximate spectral range of 720 — 760 nm (albeit without
a distinct secondary peak) to the H-like aggregate forms of ICGs within the [47,65].
Aggregation-induced split in the excited electronic state that results from a stacked
(sandwich-like) arrangement of the individual chromophores, and their transition dipole
moments constitute H-aggregation [66—68]. In H-aggregates, transitions to the upper level of
the split excited state are allowed, resulting in a blue spectral shift.

Nanotechnology. Author manuscript; available in PMC 2018 January 20.
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With increased ICG concentration, the 7 value in the range of 720 — 760 nm decreased for
the three sets of NETS, suggesting higher levels of ICG in the aggregated form within the
NETSs. For example, for NETSs fabricated using ICG concentration of 5 uM in the loading
buffer, 7values associated with the H-like aggregate form of ICG decreased by about 10%
as Ohnean OF NETs was increased from =~ 92 nm to 4.31 um (figures 3(c), (e), (g)).
Collectively, these results indicate that more ICG can be loaded into the larger diameter
NETSs, and that the relative fraction of monomeric form of ICG is consistently higher than
the H-like aggregate forms when using ICG in the range of 5-20 uM to fabricate these three
sets of NETS.

We summarize some of the salient features of 7 for NETS in figure 3(i) where the
measurements are normalized to the values at 740 nm and 806 nm for 92 nm NETSs formed
using 5 UM ICG in the loading buffer. At a given ICG concentration, as the NETs diameter
became larger, normalized transmittance values ( 7norm) becomes smaller. For both micron-
and nano-sized NETS, 7norm Values decreased with increasing ICG concentration.

For the non-diluted whole blood sample, the relatively low values of R (< 6%) in the
approximate spectral range of 400 — 600 nm (figure 3(b)) are likely due to loss of photons to
absorption by hemoglobin in this spectral band. For wavelengths greater than the spectral
peak at 674 nm, R values decreased, suggestive of decreased light absorption by
hemoglobin, and decreased scattering by erythrocytes. For the whole blood sample diluted
by 100 times, the R values were less than 4% over the entire spectral band investigated
(400-1000 nm), suggesting that there were relatively fewer scattering objects (e.g.,
erythrocytes) within the sample to make sufficient back-scattered photons available for
detection as compared with the non-diluted sample.

For the three sets of NETSs, with increased ICG concentration in the loading buffer, there was
an overall trend in R values becoming smaller over the approximate spectral band of 600 —
795 nm (figures 3(d), (f), (h)). The peak /R values were at 453 nm, 444 nm and 440 nm,
corresponding to NETs with ghean ~ 4.31 pum, 160 nm and 92 nm respectively. For a given
Ohean, the peak R values varied only by about 0.9 — 1.3% as the ICG concentration increased
from 5 to 20 uM. For all ICG concentrations used in fabricating these NETS, peak R values
for micron-sized NETS (@hean ~ 4.31 um) were consistently higher by approximately 8%
than those for nano-sized NETS with ghean ® 92 nm. This result suggests that increased
levels of ICG used during fabrication do not contribute much to the reflectance from the
particles at the peak reflectance wavelengths (outside the ICG absorption band), and the
higher /R values associated with the larger NETs are likely due to the enhanced back-
scattering that results from increased diameter of the particles.

In figure 3(j), we show a summary of £ measurements normalized to the value at 500 nm
(spectral peak) for EGs. At this wavelength, there are minimal contributions from absorption
by hemoglobin and ICG, and therefore, /R can be mostly contributed to back-scattering by
the particles. At a given ICG concentration, normalized reflectance values (Rnorm) became
larger as NETs diameter increased. For both micron- and nano-sized NETS, Rpom Values at
500 nm remained nearly independent of ICG concentration.

Nanotechnology. Author manuscript; available in PMC 2018 January 20.
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3.3. Absorption coefficient (ug) of NETs

We used the measured values of 7and R (figure 3) in an Inverse Adding-Doubling (IAD)
algorithm (Prahl ef a/ 1993) to estimate the values of 4, for micron-sized NETs formed
without extrusion (Gmean * 4.31 pm), and nano-sized NETSs formed by single (gmean ~160
nm) and double extrusions (ghean ~ 92 NM) at ICG loading concentrations in the range of 5—
20 uM (figure 4). We also present the results for blood samples, and EGs not containing ICG
in these figures.

The estimated g4, spectra for whole blood were obtained by using the 7and R/ spectra of the
diluted sample in the 400 — 604 nm range, and 7 and R spectra associated with A > 604 nm
for the non-diluted sample in the IAD algorithm values. The estimated , values over the
400 — 604 nm range were then multiplied by 100 to account for the dilution factor during 7
and AR measurements.

The spectral peaks of x4, at 420, 542, 581 nm (figure 4(a)) are associated with
oxyhemoglobin. The respective y, values of 25 and 23 mm™1 at 542 and 581 nm are in
excellent agreement with the values of 29 and 23 mm™1 at these wavelengths reported in a
review article by Jacques [57], and available in a tabulated form [69]. Our estimated /4, value
of 59 mm~1 at 420 nm is lower than the reported values of 115 and 257 mm™1 at this
wavelength [69,61]. This difference may be due to the relatively low intensity of the quartz-
tungsten-halogen lamp used during the measurements of 7and R, at wavelengths close to
400 nm, which could lead to a lower value of the difference between reference and measured
7, and subsequent under-estimation of 4. These overall agreements in spectral
characteristics of 1, with those in literature confirm the validity of our Rand 7
measurements and the associated IAD algorithm in estimating /4 (1) for blood, and
subsequently, the NETS in this study.

For these sets of NETSs (figures 4(b), (c), (d)), absorption peaks associated with
oxyhemoglobin at 415, 542, and 577 nm, and those associated with deoxyhemoglobin at 439
and 555 nm are greatly diminished, indicating partial or complete depletion of hemoglobin
during fabrication of NETs [70]. Consistent with a previous report [71], the absorption peak
at 414 nm is attributed to ICG, and for the three sets of NETSs, its value in general increased
with increasing values of ICG concentration used during fabrication.

For the three sets of NETSs, there was an overall trend of increasing g4 values over the
approximate spectra range of 630 — 860 nm as the concentration of ICG in the loading buffer
increased. NETS of all diameters had maximum value of 4, at 806 nm, and a shoulder in the
range of = 720 — 760 nm, which correspond to the peak absorption wavelength associated
with the monomeric and H-like aggregate forms of ICG within NETS, respectively. For EGs,
I spectra did not show a spectral peak at 806 nm or a distinct shoulder, consistent with the
fact that ICG was not present in the EGs.

We summarize the values of 14, for NETs at wavelengths associated with monomeric (806

nm) and H-like aggregate (740 nm) forms of ICG in figure 4(e). There was a nearly linear

increase in (4 at these wavelengths with increasing ICG concentration in the range of 5-20
UM for micron- and nano-sized NETS, indicating that the ICG content within the NETs
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increased regardless of the NETs diameter. For example, as ICG concentration in the loading
buffer increased from 5 to 20 uM, 4, (A = 806 nm) increased by ~ 4.6 times for micron-
sized NETS (Ghean ® 4.31 um), and »~ 3.0 times for nano-sized NETs with gqean ~ 92 nm. In
general, at a given ICG concentration, as the NETs diameter increased from nano-sized
(Omean ® 92 nm) to micron-sized (Ghnean * 4.31 um), higher amounts of ICG could be loaded
into the micron-sized NETS, as evidenced by higher values of z4 at these wavelengths for the
micron-sized NETS.

3.4. Reduced scattering coefficient (us”) of NETs

The diameters of cellular components of whole blood (e.g., erythrocytes) and these NETS (in
the range of ~ 90 nm — 4 pm) are comparable to or larger than the investigated wavelength
range of 400 nm — 1000 nm. Therefore, it is expected that the scattering behavior of whole
blood and NETs can be described by Mie scattering. Best fits to the estimated values of
for A > 620 nm were obtained with 7Rayieigh = 0, and /7= 0.517 based on the 7and R values
for non-diluted blood sample.

Our estimated values of ~ 2 — 1.4 mm~2 for 4" in the range of 620 — 1000 nm are consistent
with the reported values of ~ 1.5 — 1.3 mm™1 in this spectral range [61]. The inability to fit
the 4" values for A < 620 nm results from an inherent limitation of the IAD algorithm when
the 7and R values are relatively low. In particular, these values were less than 6% for the
non-diluted blood samples for 7 (A < 620 nm) and R (A < 600 nm). These low values are
interpreted by the IAD algorithm as lost photons, and not available to make a contribution
towards scattering; therefore, under-estimating 4~ as compared to theoretical values
provided by the analytical expression in equation (2).

Successful fits to 1 profiles in the approximate spectral band of 440 — 635 nm were
obtained with fRayleigh = 0, and respective values of /m=1.30, 1.35, and 2.60 for NETs
formed without extrusion (gmean ~ 4.31 um) and by single extrusion (ghean ~ 160 nm) or
double extrusions (gmean ~ 92 Nm). We extrapolated these fits to be consistent with Mie
theory. Deviations from the analytical fits for A <440 nm and A > 635 nm are due to
limitations of the IAD algorithm. The algorithm under-estimates the values of 4" when A <
440 nm or A > 635 nm, likely due to the decrease in R values of the NETs over these
spectral bands. For the micron-sized NETS (Gean ~ 4.31 pm), and the nano-sized NETS
(Gmean ~ 92 nm), the 1AD algorithm tends to over-estimate the i~ over the 828 — 863 nm
spectral band, possibly due to the 7 values > ~ 10% and low R values < ~ 6% associated
with these NETS at these wavelengths.

Estimated values of mincreased as the diameter of the NETs decreased, and appeared to
follow a trajectory to reach the scattering power of 4 (associated with Rayleigh scattering) if
the NETSs diameter were to become smaller. The estimated values of /7 in the range of 1.30
and 2.60 are similar to those reported for soft tissues such as brain (m=1.2) [72], heart (m =
1.26) [72], prostate (/m = 1.52) [73], and breast (m = 2.74) [74].

For all sets of NETSs, values of 45" decreased with increasing wavelength in accordance with
the analytical expression for Mie scattering, and were minimally dependent on ICG
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concentration used in fabricating them. While values of 1 were similar for the nano-sized
NETSs, they increased for the micron-sized NETS at the corresponding wavelengths.

We summarize the estimated values of /" at 500 nm, a wavelength at which there is little
contributions from absorption by hemoglobin and ICG, in figure 5(e). For both micron- and
nano-sized NETS, 5" (A = 500 nm) remained nearly independent of ICG concentration. At
all ICG concentrations, values of 1" (A = 500 nm) for micron-sized NETs were ~ 2.2 times
higher than those for nano-sized NETS.

3.5 Monte carlo simulation of light distribution in blood vessels containing NETs

We used the estimated values of g by the Mie Simulator (Virtual Photonics Initiative, Irvine,
California), the estimated values 4 by the IAD algorithm, and the predicated values of 1’
according to Mie scattering in a Monte Carlo-based model to simulate the light distribution
in response to 806 nm laser irradiation of blood vessels containing NETs (figures 6(a—f)).
We assumed that the optical properties of the blood vessel were based on either 45%
hematocrit (hct) without NETSs (figure 6(a)), or 45% hct plus 50% NETSs (figures 6(b—f)),
and that the incident fluence was 10 J/cm? with the laser beam focused onto a 100 um
diameter spot. In figure 6(g), we show the resulting fluence levels as a function of the depth
along the central axis of the laser beam.

Doping the blood vessel with NETs enhanced the fluence levels (figures 6(b—g)). While
increased fluence values above the incident level, due to back-scattering [75], were predicted
within the blood vessel without NETS, the subsurface peak fluence values were further
amplified in the presence of NETS.

Nano-sized NETS of dhnean 160 nm and micron-sized NETS, fabricated using 20 uM ICG,
produced similar fluence levels within the depth of ~ 100 pm; however, at depths greater
than 100, higher fluence levels were predicted by the micron-sized NETS (figures 6(d), (g)).
Increasing the ICG concentration from 5 uM to 20 yuM resulted in an overall increase in
fluence values for up to ~ 300 um within the blood vessel doped with NETS having gmean ~
92 nm (figures 6(b—d, g)). Doping the blood vessel with micron-sized NETS (Gean ~ 4.31
um) produced higher fluence values deeper into the blood vessel when compared to nano-
sized NETSs (figure 6(f), (9)), attributed to higher forward scattering (g = 0.99). These results
imply that for light-mediated destruction of large blood vessels, micron-sized NETs may
provide better efficacy in terms of offering the ability to achieve higher fluences deeper into
the blood vessel.

4. Conclusions

We report, for the first time, the optical properties of NETSs as a function of their diameters
and the ICG concentration level used in fabricating them. Our results demonstrate that for a
given NETSs diameter, values of 1, increased over the approximate spectral band of 630 —
860 nm with increasing ICG concentration. Micron-sized NETs produced the highest peak
value of 4, when using ICG concentrations of 10 and 20 pM as compared to nano-sized
NETSs. For these NETSs, spectral profiles of 1 were minimally affected by ICG
concentration used in fabricating the NETs. Micron-sized NETs had higher values of 1 as
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compared to nano-sized NETs. Knowledge of the NETSs optical properties establishes a
framework for development of mathematical models aimed at predicting the optical response
of biological tissues containing NETs. Additionally, optical properties of NETSs are
important in guiding the selection of appropriate light dosimetry parameters for various
light-based biomedical application of NETS.
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Figure 1.
Schematic of integrating sphere-based measurements of (a) transmittance and (b) reflectance

for whole blood, EGs, and NET samples.
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Figure 2.
Phase contrast image of micron-sized NETs (a) formed without extrusion, and

hydrodynamic diameter distributions of nano-sized NETs (b) formed by single or double
extrusions, as determined by DLS method. The respective ranges of the measured diameters,
based on DLS, for NETs fabricated by single and double extrusion methods were ~ 91-396
nm, and 59-190 nm. We present the mean and standard deviation of the measurements of
these samples (n = 6), represented as circles and error bars, respectively. The estimated mean
diameters as determined from the lognormal fits (solid curves) were ~ 160 nm and 92 nm
for NETs formed by single and double extrusion methods, respectively.
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Figure 3.
Spectrally dependent values of percent transmittance (a), and reflectance (b) for whole

bovine blood samples without dilution, and diluted 100 times by adding 1x PBS (310
mOsm). Spectra of percent transmittance (c, e, g), and reflectance (d, f, h) for micron-sized
NETs formed without extrusion (c, d), or by single (e, f) or double extrusions (g, h) using
various ICG concentrations. Measurements were obtained with NETSs suspended in 1x PBS
(* 310 mOsm). The legend labels indicate the ICG concentration levels in the loading buffer.
In panel (i), transmittance measurements are normalized to the values at 740 nm and 806 nm
for 92 nm NETSs formed using 5 uM ICG in the loading buffer. In panel (j), reflectance
measurements are normalized to the value at 500 nm (spectral peak) for EGs.
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Figure 4.
Spectrally-dependent values of 4 for whole bovine blood (a) without dilution for A > 604

nm, and the sample diluted 100 times by adding 1x PBS (* 310 mOsm) for A < 604 nm.
Values of g, for the diluted sample were multiplied by 100. Spectra of y, for micron-sized
NETs formed without extrusion (b), or by single (c) or double extrusions (d) using various
ICG concentrations in the loading buffer. Measurements were obtained with NETs
suspended in 1x PBS (* 310 mOsm). In panel (e), we show a summary of 1 values at 740
nm and 810 nm.
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Spectrally dependent values of 1" for whole bovine blood (a) without dilution and the fitted
profile based on equation (2). Spectra of 4" for micron-sized NETs formed without
extrusion (b), or by single (c) or double extrusions (d) using various ICG concentrations in
the loading buffer, and the fitted profile based on equation (2). Measurements were obtained
with NETs suspended in 1x PBS (~ 310 mOsm). In panel (€), we show a summary of

values at 500 nm.
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Figure®6.
Monte Carlo-based estimations of fluence profiles within a simulated 500 um diameter

blood vessel filled with blood containing 45% hematocrit without added NETS (a), or with
added nano-sized NETS (Ghean ® 92 nm) (b—d), @fnean ~ 160 nm NETS (c), micron-sized
NETS (dhean * 4.31 um). Relative fractions of blood and NETSs in panels (b—e) were 50%.
We utilized the optical properties of NETs formed using ICG concentrations of 5, 10, and 20
UM (b—d), and 20 uM (e, f) in the loading buffer. We assumed 806 nm laser focused on a 100
um diameter spot at incident fluence of 10 J/cm?2. Color scale bar represents the resulting
fluence in J/cm?2 and white circle represents outline of the blood vessel. The white margins
delineate the boundaries of the blood vessels. In panel (g), we show the depth profile of the
fluences along the central axis of the laser beam.
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