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Abstract

With the growing development of new contrast agents for optical imaging using near-infrared
and shortwave infrared (SWIR) wavelengths, it is essential to have consistent bench-marks for
emitters in these regions. Indocyanine green (ICG), a ubiquitous and FDA-approved organic dye
and optical imaging agent, is commonly employed as a standard for photophysical properties
and biological performance for imaging experiments at these wavelengths. Yet, its reported
photophysical properties across organic and aqueous solvents vary greatly in the literature, which
hinders its ability to be used as a consistent benchmark. Herein, we measure photophysical
properties in organic and aqueous solvents using InGaAs detection (~950-1,700 nm), providing
particular relevance for SWIR imaging.
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Across the board: Indocyanine green (ICG) is a ubiquitous fluorophore used in fluorescence
imaging. We measure its photophysical properties in parallel across ethanol, water, fetal bovine
serum (FBS), whole blood, and in a micelle formulation and evaluate performance at SWIR
wavelengths. We find that the photophysical behavior of ICG in whole blood and FBS is similar
and significantly brighter and more photostable than water, offering an improved benchmark for
comparative studies.
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1. Introduction

Indocyanine green (ICG) is a near-infrared (NIR, 700-1,000 nm) polymethine dye widely
used as a contrast agent for optical imaging.[!] ICG has been FDA approved for ~60
years and is used pre-clinically and clinically in NIR optical imaging applications,
including for angiography,[2] lymphatic,[3-6] biliaryl”-8] and intestinall®] functional imaging,
dental imaging,[*% and oncological image guided surgery.[11-13] Additionally, there is
increasing interest in broader applications of fluorescence guided surgery[14-171 as well
as photoacoustic imaging[8-20] with ICG and ICG conjugates. In 2018, it was reported
that ICG has a long wavelength emission tail which extends past the NIR region.[21.22]
This property has provided further attention to its use as an imaging agent in the
shortwave infrared (SWIR, 1,000-2,000 nm) region (also referred to as NIR-II region).
Optical detection in the SWIR region of the electromagnetic spectrum offers increased
contrast, resolution, and penetrative properties, compared to detection in the visible (VIS,
350-700 nm) and NIR regions. ICG has proven to be a successful SWIR contrast agent
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upon 785 or 808 nm excitation in single channel experiments for vasculaturel23.24] and
dentall?®] imaging, and alongside dyes with more red-shifted absorption properties in
multichannel experiments.[26.27] Notably, the SWIR emission of ICG was recently exploited
in multispectral image-guided surgery in humans.[28]

Due to ICG’s advantageous photophysical properties in biological media, high aqueous
solubility, commercial accessibility, validated biological safety and fast hepatic clearance,
ICG is a promising contrast agent for the translation of SWIR imaging applications

to clinical needs.[25.28] These properties also make ICG a natural benchmark for the
development of improved and complementary optical tools for the SWIR region. Indeed,
ICG is commonly employed as a comparison for emitters and imaging applications in both
the NIR and the SWIR regions.[2429-38] However, the reported photophysical properties
of ICG vary greatly in the literature, resulting in variable and inconsistent comparisons.
Further, most previous photophysical measurements were performed on silicon detectors,
which lose sensitivity at the NIR and SWIR wavelengths (~ 850-1,100 nm) relevant to the
emissive properties of 1CG.[3 Photophysical measurements in the literature are provided
for reference and comparison in Table S1, where it is evident that many reported values
for ICG are in contradiction. There are also few systematic photophysical studies in which
both absorptive properties and emissive properties are measured and compared in multiple
solvents and biologically relevant media.[40-42]

Here, we measure absorptive and emissive photophysical properties, including absorption
and emission spectra, absorption coefficients (e), fluorescence quantum yields (®g), and
photostability for ICG in parallel across five media to enable consistent comparison.

These data include measurements in the biological media fetal bovine serum (FBS) and
whole blood, and use InGaAs detection for emissive properties, ensuring collection of the
full emission spectra of ICG. We evaluate brightness values relevant to SWIR imaging
experiments and corroborate the photophysical measurements using SWIR imaging. We aim
for these data to be useful in understanding the photophysical behavior of ICG in changing
solvent environments and for the establishment of ICG as a comparative benchmark for
diverse NIR and SWIR emitters and imaging applications, alike.

2. Results and Discussion

2.1.

Photophysical Characterization

The solvents in which we chose to evaluate ICG photophysics are ethanol (EtOH), for an
organic solvent reference, and the aqueous media: water, FBS, and whole blood (sourced

as sheep’s blood due to available quantity and safety). Additionally, we evaluated the
photophysical properties of ICG when encapsulated in phospholipid-poly(ethylene)glycol
micelles, a common delivery vehicle used for 7 vivo experiments (Figure S1).1431 We chose
to omit phosphate buffered saline (PBS), or other solutions with high ionic strengths such as
isotonic saline, as we and others!®] have found that these solvents only minimally solubilize
ICG as a monomer species. The purity of the ICG sample we used for measurements was
verified using 1H NMR (Figures S2-S3). The maximal absorption wavelengths (Amax,abs):
maximal emission wavelengths (Amax em), Mmolar absorption coefficient (¢), fluorescence
quantum yield (®g) and brightness values calculated from these experimental measurements
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are listed in Table 1. Absorption and emission traces obtained in each of these solvents are
displayed in Figure 1. Minor red shifts (9-19 nm) of the absorption peak are observed in
FBS, micelles, and whole blood as compared to water. These observations are consistent
with prior studies.[44-45] We find that the absorption coefficients are all larger than 10°
M~1em™1, with water as the lowest value at e=1.56x10° M~1cm™1 (see Figure S5). Similar
e values are observed in FBS and micelles in water, while ~1.4-fold improvement is
observed over water in EtOH, with £=2.23x10% M~1ecm™1. Fluorescence quantum yield
measurements also show the lowest values in water, with ®=2.9%. Micelles in water show
minor improvements with ®=5.1%. In contrast, ®¢ in EtOH, FBS, and whole blood are

all similar and considerably higher, between 12—14%. When combining the absorptive and
emissive properties together, brightness values (brightness=ex®g) in water are the lowest at
4.5%10° M~1cm™L, The brightness compared to water is ~2-fold higher in micelles, ~4-fold
improved in FBS, and ~79-fold higher in EtOH. The total brightness in blood could not be
evaluated photophysically due to high scattering coefficients preventing accurate absorption
coefficient measurements. The SWIR brightness values (SWIR brightness=brightnessx
(a/100); a=emission between 1,000-1,350 nm/total emissionx100) followed a similar
qualitative trend, yet benefit the micelles, FBS and EtOH by larger factors (~3-, ~9-, and
~14-fold, respectively), as these solvents have a larger fraction of total emission in the SWIR
region compared to water. The emission ratio was calculated using the emission between
1,000-1,350 nm to approximate the SWIR region while avoiding interference from the
doubling of the excitation wavelength at ~1,420 nm. This was deemed a good approximation
as fluorescence beyond 1,350 nm was minimal in comparison to that of the shorter SWIR
wavelengths.[18]

2.2. Comparison to Literature Values

Our measurements tend to agree with more recent literature values (see Table S1). In EtOH,
the @ value we measured (14%) corroborates the study by Rurack and Spieles,[46] while
the £ we measured is slightly higher than the reported value. As sources for error in e tend
to underestimate the true value, this difference could be reasonably explained by differences
in purity due to the batches or sources of ICG. In water, the ®F we measured (2.9%)

agrees with two previous studies by Philip e a/[4"1 and Jin et a/.,1*8] and is only slightly
less than Hoshi et a/[49] Particularly in water, solvent reabsorption effects may impact the
accuracy of the @ measurement.[46] The & in water we measured was similar to the value
reported by Carr et a/[18] The increased brightness of ICG in protein-containing media
such as albumin solutions, serum, and blood is well-documented in many prior studies,

due to binding with proteins present in these media.[>-51] The photophysical values we
measured in FBS were in good agreement with the study by Obnisbi et. a/[3% which
reported a very similar € and a slightly lower ®g value (9%). Looking at measurements

in similar media, Pauli et a/[52] found a slightly lower ®g value (8%) in bovine serum
albumin (BSA). All previous ®r measurements in plasmal37-38] and human serum albumin
(HSA)4] were significantly lower, but two of these studiesl37-38] used relative methods

to DMSO at 13%[°3] (more recent studies have characterized the ®g of ICG in DMSO

by the absolute method to be between 22—-26%.[46.54]) Taken together, our photophysical
measurements align with the recent values taken in different solvents in several studies.
Importantly, the measurements presented in this article are obtained by the same methods,
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providing systematic photophysical measurements of ICG that are calibrated to each other.
Moreover, these values take into account the 1-5% of the emission which is in the SWIR.[18]

For /n vivoimaging applications, the photophysical measurements in blood or encapsulated
in a delivery vehicle are the most relevant. These experiments can be challenging due to the
high opacity, scattering, and absorption in blood, as well as variation in blood source and
quality, which are potential causes for disparity between measurements. The sole literature
value we found for the ®g of ICG in whole blood was reported in 1978 to be ~1.2%.[3%]
This is ~10-fold lower than the value we measured (13%); however, the reference value for
the relative measurement is unclear. Nonetheless, in the same study, the ®g value reported in
water was also ~10-fold lower than the value we measured here, indicating that the relative
improvement between water and blood agrees in both studies. The value we measured in
blood is close to the @ in FBS, and is much higher than that measured in water, indicating
that the emissive behavior in FBS likely approximates that of whole blood. Finally, the
modest increase in quantum yield and brightness for ICG in micelles (~2-3 fold) compared
to pure water is in line with previous findings in which ICG brightness increased upon
encapsulation in a variety of structurally different micelles.[45:56-58]

2.3. High Concentration Photophysical Characterization

In the preceding section, we performed absorption measurements at low concentrations to
ensure that ICG was present in its monomeric form. However, some imaging experiments,
particularly photoacoustic imaging studies18-20] are performed at high concentrations

(~1 mM). Thus, it is useful to understand the photophysical behavior of ICG at higher
concentrations, specifically, the roles of aggregation and self-quenching. Aggregation of
ICG in solution can be observed by the increase of a blue shifted peak at ~700 nm (an H-
aggregate) and a decrease of the monomeric peak at ~780-800 nm. Comparing the behavior
in water to that in FBS, we found that in water, ICG begins to aggregate at concentrations
as low as 10 uM. Aggregation intensifies with an increase in concentration, up to at least
500 uM (Figure S6). In contrast, FBS is able to solubilize ICG monomerically at higher
concentrations, with only slight aggregation occurring at 500 uM and 1 mM. These results,
which are in line with prior studies,[®] indicate that /77 vivo experiments at concentrations
up to ~1 mM likely will not suffer from substantial aggregation of ICG. While aggregation
is likely not a major factor /n vivo at these concentrations, self-quenching (dye re-absorption
of the emitted fluorescence signal) in fluorescence-based experiments remains a concern
at high concentrations.[27] To determine the linearity bounds in our system, we examined
the signal of ICG in capillary tubes at increasing concentrations in ethanol using a SWIR
imaging configuration. We found that the signal from ICG increases linearly (R2=0.95)
from 1 uM to 50 pM (Figure S7). Thus, we employed concentrations within these bounds
for further photophysical characterization using SWIR imaging. Similarly, for quantitative
in vivo experiments, care should be taken to ensure that signal is linear over the studied
concentration range.

2.4. Photostability

Photostability is a key characteristic for imaging agents, and becomes particularly relevant
when imaging is performed over a long temporal period or high-powered light irradiation
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is employed. Thus, photostability is a commonly compared property when evaluating
chromophore performance. We examined the photostability of ICG in the selected solvents
by irradiating samples of equal concentrations (5 M) in capillary tubes with 785 nm
excitation (119 mWcm™2) and collecting the emission intensity over time (Table 1, Figure 2,
Figure S8). ICG displayed the lowest photostability in water and the highest photostability
in EtOH (improved by ~16-fold compared to water). Surprisingly, encapsulation in the
PEG-lipid micelles did not offer an improvement in photostability compared to neat

water. This observation is in contrast to findings by others, in which nanoparticle
encapsulation, for example in poly(lactic-co-glycolic acid) polymer nanoparticles, [ lipid-
coated superparamagnetic iron oxide nanoparticles,81] mesoporous silica nanoparticles, [62]
and calcium phosphate nanoparticles,[83] have increased photostability compared to free
ICG. The larger size and in some cases hard composition of these nanoparticles may offer
more shielding from the aqueous environment and/or oxygen than the micelles observed
here. In contrast, dissolution in whole blood and FBS improved the photostability of ICG
compared to that in water by ~2-fold and ~4-fold, respectively. The high photostability of
ICG in organic solvent compared to water is in agreement with previous observations,64]
although in the same study, human plasma was found to result in even higher photostability
than the organic solvents methanol and DMSO. These results support that photostability
measurements of ICG in water will likely show faster photobleaching than would occur in
vivo.

2.5. SWIR Brightness Comparisons

Finally, we observed the SWIR emission of ICG in a SWIR imaging configuration and
compared the brightness between the selected solvents. ICG was placed in capillary tubes

at equal concentrations (5 uM) in the relevant solvents (Figure 3a), irradiated with 785 nm
light (63 mW cm~2) and the emission was observed with an InGaAs detector. Due to a small
variation in laser irradiation over the area where tubes were imaged, we first measured the
signal obtained from imaging with each tube positioned at all five locations in the capillary
holder (Figure S9). From these images, we calculated the standard deviation between
positions for each solvent, and applied these error values to the subsequent measurements.
Next, we measured brightness values of the capillary tubes using 1,000 nm, 1,100 nm, and
1,300 nm longpass filtering (Figure 3b—d). Compared to water, the emission intensity in
micelles, FBS, blood, and EtOH was higher by ~ 3-fold, ~ 10-fold, ~ 13-fold, and ~ 16-fold,
respectively, using 1,000 nm longpass filtering. These ratios are similar to those obtained
looking at the calculated SWIR brightness numbers in Table 1 for micelles, FBS, and EtOH.
In blood, we observe slightly higher SWIR emission compared to FBS. This observation
aligns well with the similar quantum yield measurements in blood and FBS (Table 1).
Additionally, although we were unable to obtain a calculated SWIR brightness number

for ICG in blood (due to high scattering in absorption measurements), the comparative
brightness measurement allows us to infer that the absorption coefficient value of ICG in
blood must be very similar, or slightly higher than that of FBS. Further, it allows us to arrive
at estimated value for SWIR brightness, ~4x10* using the relative performance of ICG in
blood compared to water.
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Moving to longer wavelengths of detection, the overall emission intensity decreases
drastically (Figure 3e). Despite a decrease in signal, imaging with longer detection
wavelengths have been shown to provide higher contrast of labelled biological structures.
(18] The SWIR emission from ICG decreases by ~5 fold using detection with 1,100

nm longpass filtering and by ~70-fold using detection with 1,300 nm longpass filtering,
compared to detection with 1,000 nm longpass filtering. Yet, the brightness between solvents
remains relatively similar in each of these detection windows, indicating that the different
solvent environments have minimal effects on the shape of the emission tail. Overall, the
brightness measurements using an InGaAs detector show similar brightness differences
between solvents compared to photophysical measurements and are independent of the
longpass filter used.

3. Conclusion

From the measurements we report here, we find that solubilization in ethanol leads to

the brightest solutions of ICG, and water significantly lowers brightness. Additionally,
photobleaching occurs slowest in ethanol and fastest in water. A micellar formulation
enhances the photophysical properties slightly from those measured in water. Moving to
the biologically relevant media, we found that the photophysical behavior of ICG in whole
blood and FBS is very similar and significantly brighter and more photostable than water.
These differences in brightness are accentuated even more when only looking at SWIR
wavelengths, where solutions in blood and FBS show between ~13 to ~16-fold higher
emission than solutions in water, highlighting the necessity of performing comparative
SWIR experiments in these media. With simpler storage conditions, easier handling and
decreased scattering in FBS compared to blood, this medium could be an ideal alternative
to blood for benchmarking studies for brightness and photostability. When aiming for a
comparison which will represent biological performance, comparisons to ICG in water or
similar media should be avoided as these media severely underestimate the e, ®f, and
photostability values that are present in biological media.

Experimental Section

Chemicals and materials

Indocyanine Green (ICG) was purchased from Acros Organics (IR-125, laser grade).
Ethanol (EtOH) (200 Proof) was purchased from Decon Labs. MilliQ water was dispensed
from a MilliQ water purification system. Fetal bovine serum (FBS) was purchased from
Genesee Scientific (Lot no. P078430) and was not heat inactivated. Defibrinated Sheep
Blood was purchased from Thermo Scientific (Remel sheep blood defibrinated, Ref.
R54012, Lot 883930 and Lot 142514). The lipid 18:0 PEG2000 PE was purchased from
Avanti Polar Lipids. All materials were used as received without further purification.

Micelle fabrication

ICG (0.6 mg, 0.77 umol) was massed (Sartorius MSE6.6S-000-DM Cubis Micro Balance)
and dissolved in 3.0 mL MeOH. A volume of 2.75 mL of the ICG solution was then added
to 44.1 mg of 18:0 PEG2000 PE (as a powder). Of this solution, 0.5 mL aliquots were taken
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into separate vials and evaporated on a rotary evaporator. To each vial, deionized water (5
mL) was added and the solution was sonicated in a bath sonicator for 1 minute.

Dynamic light scattering (DLS) measurements

Nanomaterial size was analyzed with a Malvern Zetaziser Nano dynamic light scattering
in plastic 1 cm cuvettes. Samples were passed through a 0.22 pm cellulose acetate (CA)
syringe filter, centrifuged at 6000 g for 20 minutes, passed through a second 0.22 um CA
syringe filter, and diluted 50-fold before measurement.

Absorption measurements

Absorption spectra were acquired on a JASCO V-770 UV-VIS/NIR spectrophotometer with
a 2,000 nm/min scan rate after blanking with the appropriate solvent in quartz cuvettes

(10 mm for measurements in EtOH, water, FBS, and micelles in water, 0.2 mm for
measurements in whole blood).

Absorption coefficient measurements

Absorption coefficients were measured using serial dilutions with Hamilton syringes in
volumetric glassware and are taken as the average + standard deviation of 3 replicate
measurements. See Figure S5 for the reported traces and Table 1 for the reported values.
The apparent absorption coefficient measurement for ICG in phospholipid-PEG micelles
was obtained by taking micelle solutions and measuring absorption spectra. The micelle
solutions were then lyophilized, re-dissolved in EtOH and their absorption spectra were
acquired. From the absorption spectra in EtOH, the concentration of each original micelle
solution could be obtained using the e value in EtOH and Beer’s law (A=elc) Thus, knowing
the absorbance (A), path length (I), and, concentration (c) of the micelle solution, an
apparent absorption value (g) was calculated. The apparent absorption coefficient value was
reported as the average and standard deviation of 5 measurements.

Emission measurements

Photoluminescence spectra were obtained on a Horiba Instruments PTI QuantaMaster Series
fluorometer with InGaAs detector Horiba Edison DSS IGA 020 L in quartz cuvettes (10 mm
for measurements in EtOH, water, and micelles in water, 2 mm for measurements in FBS,
and 0.2 mm for measurements in whole blood) with a 90° angle between excitation and
detection. The whole blood samples in a 0.2 mm cuvette were positioned at a 45° angle to
both the excitation and detection directions for front-facing collection in order to minimize
scattering and reabsorption by the blood. The reported emission trace of ICG in whole blood
was corrected by subtraction of the trace obtained using neat blood with identical acquisition
conditions (Figure S4).

Quantum yield measurements

Absolute quantum yield measurements were taken in a Horiba KSPHERE-Petite integrating
sphere on the Horiba Instruments fluorometer and are reported as the average + standard
deviation of 3 replicate measurements. For quantum yield measurements, samples were
excited with 710 nm and collected between 730-1375 nm. Slit widths were 15 nm
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excitation/ emission with 1 nm step size and 0.1 s integration time. The excitation light was
collected between 680-740 nm. The spectra were corrected for excitation with the default
correction file using a bias of —=1.047, and emission, using a NIR correction file calibrated
to quanta. Integrals were obtained for each of the traces, between 740-1375 for the dye
emission and between 680-740 nm for the excitation light. Measurements in EtOH, water,
micelles, and FBS were obtained in 10 mmx10 mm quartz cuvettes. Measurement in blood
was obtained in a 10 mmx2 mm quartz cuvette. Optical densities of all samples were below
0.1 to minimize effects of reabsorption. See Table 1 for the reported quantum yield values.

Aggregation studies

1 mM solutions of ICG were prepared in milliQ water or FBS and serial dilutions were
performed to obtain solutions of varying concentrations between 1 mM and 1 uM. To
accommodate the large range in absorbances, cuvettes with three different path lengths were
used for absorption measurements (0.2 mm, 3 mm, and 10 mm). The absorbance traces were
normalized to the highest peak, either the aggregate peak at 697 nm or the monomer peak at
792 nm (FBS) or 778 nm (water) and displayed in Figure S6.

SWIR imaging apparatus

An InGaAs Camera (Allied Vision Goldeye G-032 Cool TEC2) camera was fitted with

a C-mount camera lens (Kowa LM35HC-SW) and variable emission filters as defined in
each experiment and mounted vertically above an imaging workspace. The camera used

a sensor temperature set point of —30 °C. The “785” laser (LUMICS, LU0785DLU250-
S70ANO3, specified to an error of + 10 nm) output was coupled cube via a 600 hm core
fiber-optic bundle (Lumics, LU_LWL0600 0720 220D1A1). The output from the fiber was
fixed in an excitation cube (Thorlabs KCB1E), reflected off of a mirror (Thorlabs BBE1-
E03), and passed through a positive achromat (Thorlabs AC254-050-AB-ML), 2x1,000
nm short-pass filters (Edmund Optics #64-337) and an engineered diffuser (Thorlabs
ED1-S20-MD) to provide uniform illumination over the working area. The excitation flux
was measured over the area of interest with a digital optical power and energy meter
(Thorlabs PM100D, specified to an error of + 3%) and the values over the imaging area
were averaged to reach the reported number. The assembly was partially enclosed to avoid
excess light while enabling manipulation of the field of view during operation. Camera
and lasers were externally controlled and synchronized by delivering trigger pulses of

5 V Transistor-Transistor Logic to the laser drivers and camera using a programmable
trigger controller with pulses generated with an Atmel Atmega328 micro-controller unit
and programmed using Arduino Nano Rev 3 MCU (A000005) in the Arduino integrated
development environment (IDE). Acquired imaging data is then transferred to the PC via
a Gigabit Ethernet interface. For image acquisition, the toolbox of MATLAB programming
environment was used in combination with a MATLAB script (CCDA V3, https://gitlab.-
com/brunslab/ccda) to preview and collect the required image data in 14-bit depth. Images
were processed using the F1JI distribution of ImageJ.

Photobleaching experiments

Solutions of ICG in each media were prepared and diluted to 5 uM by serial dilutions using
micropipettes. Solutions were drawn up into capillary tubes (Corning, 100 pL) and placed

ChemPhotoChem. Author manuscript; available in PMC 2022 August 01.


https://gitlab.-com/brunslab/ccda
https://gitlab.-com/brunslab/ccda

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cosco et al.

Page 10

in a capillary holder for alignment. Images were acquired of three capillary tube samples
using 1,100 nm LP filtering (2x 1,000 nm and 1x 1,100 nm LP filters were used: FELH
1000 (Thorlabs), #84-766 (Edmund Optics), #84—768 (Edmund Optics)). Solutions were
irradiated with the 785 nm laser (119 mW cm™2) and images were collected at 1 fps with
variable exposure times depending on the brightness of the sample (EtOH=2 ms, water=20
ms, micelles=10 ms, FBS=3 ms, blood=2 ms). Images were background corrected, and a
region of interest (ROI) was drawn over each tube. The normalized average intensity and
standard deviation of the three trials are plotted in Figure 2. All photobleaching data were fit
to a mono-exponential decay (Figure S8) and the rate constants were obtained from the first
order reaction equation [Eq. (1)]:

In[A] = — kt + In[A], o

where A and A, represent the emission collected at time t and the initial emission collected,
respectively. All R? values were >0.96. The photobleaching rates (k) are reported in Table
1. Relative photostability values (Table 1) were obtained by taking the ratio of the Ay in
water over the A,y in the relevant solvent.

Brightness experiments

Solutions of ICG in each media were prepared and diluted to 5 uM by serial dilutions using
micropipettes. Solutions were drawn up into capillary tubes (Corning, 100 pL) and placed
in a capillary holder for alignment. Solutions were irradiated with the 785 nm laser (63 mW
cm~2) and images were collected with either 1,000 nm filtering (3% 1,000 nm LP filters
were used: FELH 1000 (Thorlabs), 2x #84—-766 (Edmund Optics)), 1,100 nm filtering (2x
1,000 nm and 1x 1,100 nm LP filters were used: FELH 1000 (Thorlabs), #84-766 (Edmund
Optics), #84-768 (Edmund Optics)), or 1,300 nm filtering (2x 1,000 nm and 1 x 1,300 nm
LP filters were used: FELH 1000 (Thorlabs), #84-766 (Edmund Optics), #88-668 (Edmund
Optics)). Frame rates and exposure times were variable depending on the brightness of the
samples in the optical configuration (1,000 LP=1 ms; 1,100 LP=5 ms; 1,300 LP=40 ms).
Images were background subtracted, Z-averaged over 100 frames, rotated 90° clockwise,
and cropped. The contrast was set in the 14-bit image and the minimum and maximum
intensity values were recorded and are displayed in the legend next to each image (Figure
3b—d) before converting the file to 8-bit for display. The look-up table LUT CET-L16 was
used for display. The profiles were obtained by analyzing the plot profile over a rectangular
area (averaging signal in the Y-dimension to display a single curve). The column graph
(Figure 3e) was constructed using the highest value over each capillary tube and the error as
measured in control experiments (Figure S9).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Wavelength (nm)

Wavelength (nm)

Absorption (a) and emission (b) (excitation: 710 nm) of ICG in various media. See Figure
S4 for correction of the emission trace in blood.
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Figure 2.

Photostability of ICG in different solvents. Samples in capillary tubes were irradiated with
785 nm (119 mWem™2) light and their emission (longpass 1100 nm) was measured on an
InGaAs detector. Intensity is graphed as the percent initial emission. Error is displayed as

the standard deviation of the triplicate measurement.
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SWIR brightness comparison of ICG emission in various solvents. a) Visible photograph of

capillary tubes and holder used in imaging experiment. b—d) Images of capillary tubes and
graphical profiles of emission intensity using 785 nm irradiation (63 mWcm™2) with 1,000

nm [(b) 1 ms ET], 1,100 nm [(c) 5 ms ET], and 1,300 nm [(d) 40 ms ET] longpass filtering.

All emission intensities displayed in the graphs were corrected for exposure time (ET)
differences. e) Quantification of emission intensity compared between solvents and longpass
filter wavelengths. Error is estimated from a separate experiment (see Figure S7), which
quantifies variation in emission intensity (as the standard deviation) due to positioning of the
capillary tube in relation to the laser irradiation profile.
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