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Shortwave infrared (900-1,700nm) fluorescence imaging (SWIRFI)
has shown significant advantages over visible (400-650 nm) and near-
infrared (700-900 nm) fluorescence imaging (reduced autofluores-
cence, improved contrast, tissue resolution, and depth sensitivity).
However, there is a major lag in the clinical translation of preclinical
SWIRFI systems and targeted SWIRFI probes. Methods: We preclini-
cally show that the pH low-insertion peptide conjugated to indocya-
nine green (pHLIP ICG), currently in clinical trials, is an excellent
candidate for cancer-targeted SWIRFI. Results: pHLIP ICG SWIRFI
achieved picomolar sensitivity (0.4 nM) with binary and unambiguous
tumor screening and resection up to 96 h after injection in an orthoto-
pic breast cancer mouse model. SWIRFI tumor screening and resec-
tion had ambient light resistance (possible without gating or filtering)
with outstanding signal-to-noise ratio (SNR) and contrast-to-noise
ratio (CNR) values at exposures from 10 to 0.1 ms. These SNR and
CNR values were also found for the extended emission of pHLIP ICG
in vivo (>1,100nm, 300 ms). Conclusion: SWIRFI sensitivity and
ambient light resistance enabled continued tracer clearance tracking
with unparalleled SNR and CNR values at video rates for tumor delin-
eation (achieving a tumor-to-muscle ratio above 20). In total, we pro-
vide a direct precedent for the democratic translation of an ambient
light resistant SWIRFI and pHLIP ICG ecosystem, which can instantly
improve tumor resection.

Key Words: SWIR; fluorescence; surgery; preclinical; tumor

J Nucl Med 2023; 64:1647-1653
DOI: 10.2967/jnumed.123.265686

Shortwave infrared (SWIR, 900—-1,700 nm, or the second near-
infrared [NIR] window) fluorescence imaging (SWIRFI) is provid-
ing novel insights for preclinical and clinical biophotonic imaging
(I-5). In the SWIR spectrum, tissue scattering, absorption, and
autofluorescence are negligible, permitting higher contrast, deeper
penetration, and improved resolution (6—/0). By combining the
spectral response of human eyes (380—720 nm) with SWIR detector
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insensitivity below 920 nm, SWIRFTI can be performed without ambi-
ent light removal and with no effect on human vision (/7). SWIRFI
is undergoing rapid preclinical deployment but is hampered by system
and dye unavailability for routine applications that are investigating
complex and diverse biologic systems, a situation that is exacerbated
in clinical settings. SWIRFI has characterized the extended emission
of indocyanine green (ICG, >900 nm, which is invisible to silicon
sensors), with improvements in resolution and contrast over silicon-
based NIR fluorescence imaging (NIRFI) (5,8,10,12—14). Improved
spatial resolution can be achieved with SWIRFI by using long-pass
filters at 1,100 and 1,300 nm, and simply using the entire SWIRFI
spectral response enables improved image quality over NIRFI (/5). In
addition, dedicated SWIR (>1,000 nm) fluorophores have been devel-
oped (16,17). Targeted clinical cancer resection could greatly benefit
from SWIRFI, but novel SWIRFT cancer-targeting agents require fur-
ther assessment before clinical deployment (/1,16,18). Accordingly,
clinical SWIRFT has focused on the nontargeted enhanced permeabil-
ity and retention effect (second window) of ICG-based imaging.
Here, SWIRFI has shown both image and patient outcome improve-
ments over NIRFI for liver tumor surgery, glioma resection, cystic
renal mass removal, and brain metastasis (/9-22). However, there is
an unmet need for a workhorse cancer-targeting agent for SWIRFI
like that of '8F-FDG for PET (23).

The pH low-insertion peptide (pHLIP) conjugated to ICG (pHLIP
ICG), not yet validated for SWIRFI, is a tumor-targeting agent under
clinical investigation for breast cancer resection (NCT05130801)
(24-27). In acidic tumor microenvironments, pHLIP ICG inserts into
cellular membranes, displays high selectivity and contrast over
healthy tissues, and preclinically delineates various cancers (24).
pHLIP is also amenable to other dyes or radiolabeling (28,29). Here,
we combined commercial SWIRFI’s video rate picomolar sensitivity
to ICG with the tumor selectivity of pHLIP ICG. We achieved video
rates with a high signal-to-noise ratio (SNR), a high contrast-to-noise
ratio (CNR), and preclinical tumor screening and resection in
an orthotopic murine breast model. SWIRFI displayed improved
sensitivity over the current preclinical gold-standard NIRFI (IVIS;
PerkinElmer) for pHLIP ICG, extending the video-guided surgical
resection window from 24 up to 96h (24,30-32). Surgical window
extension enabled an increased tumor CNR, peaking 72-96h after
injection, with tumor screening and resection possible at exposures
of 10-0.1ms. This could be performed under cost-effective and
facile ambient lighting conditions (no gating), enhancing clinical
practicality, translation, and dissemination (33). The extended
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emission of pHLIP ICG beyond 1,100nm in vivo is also demon-
strated. The CNR achieved by SWIRFI (mean tumor-to-muscle ratio
of 22.6) provided binary and unambiguous tumor or no-tumor delin-
eation, with implications for preclinical assessment of other cancer-
targeting dyes. This work establishes the basis for SWIRFI’s clinical
translation via pHLIP ICG for targeted cancer resection, aiding the
translation of other SWIRFI cancer-targeting agents.

MATERIALS AND METHODS

Ambient Light Resistant SWIRFI

A commercial preclinical SWIR hyperspectral system (IR-VIVO and
PHySpec; Photon Etc.) permitted in vivo SWIRFL Laser excitation
(808 nm) was distributed over the mouse (90-450 mW/cm?, measured
using a laser power meter, PM100D; Thorlabs). Sensor settings were
—70.0°C, high gain, 0 gain conversion, 8-MHz readout, no corrections,
and 14-bit depth, and 30-Hz rates were achieved at exposure times of
10-0.1 ms. The in-built SWIR light-emitting diode (LED, 940 nm) was
used for SWIR white light (anatomical reference) images (10 ms). A red,
green, blue LED with a 650-nm short-pass filter (FES0650; Thorlabs)
provided ambient lighting (70 wW/cm? at 488 nm).

SWIR Spectral Measurement of pHLIP ICG

The NIR absorbance of pHLIP ICG was measured on a plate reader
(SpectraMax iD5; Molecular Devices). pHLIP ICG’s SWIR emission
spectra were assessed with and without 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine liposomes (POPC) (100nm; T&T Scientific
Corp.; Fig. 1D) (24,25). SWIR spectra were acquired using a home-built
SWIRFI spectroscopy system and tunable white light source (SuperK
Extreme supercontinuum white light laser; NKT Photonics), an inverted
microscope (IX-71 microscope and X20 SWIR objective; Olympus),
and a 1-dimensional indium gallium arsenide NIR detector (iDus 1.7-pm

InGaAs, Andor; Oxford Instruments). Light was collected at exposures
of 0.1-5s with 808 nm excitation. Wavelength-dependent emission
intensity artifacts from the spectrometer, detector, and other optics were
corrected via an HL-3-CAL-EXT halogen calibration light source
(Ocean Optics).

Phantom Imaging

Commercial imaging phantoms (ICG-equivalent Reference Set;
Quel Imaging) assessed resolution, sensitivity, and depth penetration
of NIRFI and SWIRFTI preclinical systems (34-36). Quel targets were
analyzed by Quel’s dedicated site (35). Custom prelens filter mounts
and appropriate long-pass filters (FELH-1100, FELH-1200, and
FELH-1300 with SMI1LO03; Thorlabs) enabled SWIRFI at longer
wavelengths of 1,100, 1,200, and 1,300 nm, respectively.

NIRFI

NIRFI was performed on a gold-standard commercial system (IVIS
Spectrum CT; PerkinElmer). System settings were low binning, f-stop
1, high lamp, and 745- and 820-nm excitation and emission filter sets,
respectively. Raw (luminescent) tiff files were analyzed after dark-
noise subtraction, with median filtering (outlier removal) and gaussian
blur applied as for SWIRFI. Exposure times ranged from 10 to
10,000 ms.

Image Processing and Analysis

SWIRFI data (hS format) were converted to 14-bit tiff files in Ima-
geJ (37). Automated image processing consisted of dark-noise subtrac-
tion and 32-bit conversion, flat field correction with a normalized ICG
(Cardiogreen, 12633; Sigma) image, dark and bright pixel removal via
median filtering (outlier removal; kernel, 1; threshold, 500), LUT (Fire)
application, gaussian blur (o = 2 pixels), and thresholding. Single
frames were quantified for all exposures. Analysis was performed in
GraphPad Prism (version 9.3.1; GraphPad Software) and MATLAB
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FIGURE 1.

Ambient light resistant SWIRFI for pHLIP ICG detection. (A) SWIRFI setup for ambient light resistant imaging of pHLIP ICG. Images were

automatically converted to tiff files for rapid image correction and analysis (ImageJ). Panel was created with Biorender.com. (B) Comparison of silicon
(NIRFI), indium gallium arsenide (InGaAs; SWIRFI) sensors, and human vision responses with ICG laser excitation (808 nm), ICG, and LED emission pro-
files. (C) pHLIP ICG absorption (100 pL, 8 M) with and without (bound and unbound) POPC liposomes. NIRFI (745 nm) and SWIRFI (808 nm) excitation
wavelengths are shown. (D) SWIR emission of pHLIP ICG (normalized) in on and off states. (Inset) Emission from 1,100 to 1,400 nm. ABS (O.D.) = absor-
bance (optical density); PC = personal computer; RGB = red, green, blue; SP = short pass.
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(2021b; MathWorks). SNR and CNR values (dB) were calculated
(Excel, version 16.57; Microsoft) according to Equations 1 and 2:

brightest ROIy; —background ROl
background ROIsp

SNRgg = 10 X log, <

Eq. 1

Eq. 2

tumor ROIxy, —body ROL,
CNRdB=10><log10<um0r AvgDOCY Ag).

body ROIgp

Mouse Handling

Mouse handling, imaging, and housing were performed in accordance
with the National Institutes of Health guidelines and approved by the
Office of the Institutional Animal Care and Use Committee protocols at
Memorial Sloan Kettering Cancer Center. Athymic female nude mice
(n = 12, Foxnl™, 002019, inbred; the Jackson Laboratory) were housed
under a 12-h on-and-off light cycle, with up to 5 mice per cage with
food (trimethoprim—sulfamethoxazole [Sulfatrim] addition; TestDiet,
#TD1810356-293) and water ad libitum. Mammary fat pad injection
of 3.0 X 10° 4T1 cells (ATCC, CRL-2539, STR-validated, Myco-
plasma-free) suspended in 30 L of Matrigel generated orthotopic
breast tumor models. At tumor sizes of approximately 100 mm® (~7-9 d
postinjection), mice intravenously received pHLIP ICG (0.5 mg/kg) and
were imaged 1, 24, 48, 72, and 96h after injection. Anesthesia was
achieved in all cases via gaseous isoflurane inhalation (induction, 3%;
maintenance, 1%—2% v/v). Euthanasia via CO, inhalation occurred at
96 h under approved protocols. Tumor resection (after euthanasia) was
performed, with tumor excision confirmed via SWIRFI. SWIRFI nec-
ropsy biodistribution was performed for tumor, liver, kidneys, spleen,
stomach, large and small intestines, brain, skin, bone, muscle, heart, and
lungs. SWIRFI organ values from a noninjected (control) mouse were
subtracted from injected mouse values. Two mice were excluded from
all analyses because of a failed acquisition time point and insufficient
tumor size, respectively. Hematoxylin and eosin (H&E) staining was
performed in line with Supplemental Table 1 (supplemental materials are
available at http:/jnm.snmjournals.org).

RESULTS

Ambient Light Resistant SWIRFI for pHLIP ICG

SWIRFI’s ambient lighting resistant setup and processing work-
flow were determined (Figs. 1A and 1B; Supplemental Fig. 1). Red,
green, blue LED combinations without laser excitation found that
green, blue, and green-blue (cyan) with and without a 650-nm short-
pass filter and without gating were invisible to the sensor (there was
no long-pass filter on the sensor; Supplemental Fig. 1). Red emission
was barely detectable at 10 ms exposures (~5% of the sensor’s
dynamic range) and slightly dimmed by the 650 nm short-pass filter
(Supplemental Fig. 1). The sensor’s spectral response, human vision
response, LED emission, laser excitation, and ICG emission combine
to achieve ambient lighting resistant imaging under these conditions
(Fig. 1B). pHLIP ICG NIR absorbance and SWIR emission spectra
were determined on respective dedicated spectrometers (Figs. 1C and
1D). An 8 pM bound (with POPC liposomes) pHLIP ICG solution
displayed characteristic ICG absorption (with a 802-nm peak).
pHLIP ICG’s SWIR fluorescence mechanism was in line with its
previously reported NIR format and extended to approximately
1,400 nm, like that of naive ICG, with the unbound solution, free of
POPC liposomes, having minimal absorption or fluorescence, as
expected (Figs. 1C and 1D) (24,25).

SWIRFI Advantages for pHLIP ICG
Phantoms enabled direct comparison between SWIRFI and NIRFI
modalities in their ICG-optimized modes. Preclinical gold-standard
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NIRFI was performed on an IVIS system and found to be insensitive
compared with SWIRFI. ICG-mimicking phantoms highlighted
SWIRFI’s improved sensitivity, improved depth (5.24 vs. 3.64 mm),
and comparative resolution levels (2.5 line pairs/mm; Supplemental
Fig. 2). This improvement was also found in custom pHLIP ICG
phantoms in which SWIRFI had 100 times more sensitivity than
NIRF]I, both with and without tissue (Supplemental Fig. 3). SWIRFI
achieved picomolar (0.4nM) pHLIP ICG sensitivity at 10 ms (100 Hz
equivalent) exposure times (Supplemental Fig. 4), at a third of the
American National Standards Institute limit for laser fluence at
808 nm (ANSI, <330 mW/cm?) (38).
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FIGURE 2. Ambient lighting resistant SWIRFI tumor screening via pHLIP
ICG. (A) Representative white light (WL, in-built SWIR LED illumination,
940 nm) and SWIRFI detection of pHLIP ICG-injected mice (>900nm, n = 4,
10ms, 0.5mg/kg) at 1, 48, and 96h after injection. Negligible signal was
detected from a control mouse (data not shown, noninjected, n = 1). (B) SNR
(dB) of brightest point from all mice from 1 to 96 h at all exposures (10, 1, and
0.1 ms). (C) Values (10ms) comparing tumor and body SWIRFI levels. Tumor
fluorescence peaked at 24 h and was retained up to 96 h. (D) Tumor-to-body
CNR (dB) increases past 24 h and peaks at 72h. In all cases, mean and SD
are shown (n = 4 biologic replicates) aside from D, up to 96h with 0.1 ms
exposure, where only n = 3 values are shown. a.u. = arbitrary unit; dotted
arrow = fluorescence reflection from ambient LED; dotted gray circles =
quantification regions of interest, where 1 is system noise (SNR), 2 is tumor
values, and 3 is body values (CNR); Dotted line = acceptable thresholds
(5 dB for SNR, 3 dB for CNR); M1 = mouse 1; Max = maximum,; solid arrow
= ambient light source (red, green, blue LED).
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FIGURE 3. Ambient lighting resistant SWIRFI resection. (A) Representa-
tive SWIRFI white light (WL) overlaid with detection of tumor resection (after
euthanasia) at 96 h. The tumor is clearly delineated from both the body and
tumor bed (arrow). (B) Resected tumor SNR levels for all exposure times.
(C) Resected tumor CNR levels for all exposure times. In all cases, mean
and SD are shown (n = 4 biologic replicates, aside from B, 0.1 ms expo-
sure, where only n = 3 are shown). Dotted line = acceptable thresholds
(5dB for SNR, 3 dB for CNR); M2 = mouse 2; M3 = mouse 3.

Improved Tumor Contrast via SWIRFI Under Ambient Lighting
Reanalysis of 0 to 48 h published NIRFI levels for pHLIP ICG bio-
distribution found competition between tumor and liver fluorescence,
and after 48 h, tumor contrast should improve (Supplemental Fig. 5)
(24). Because SWIRFI provided sufficient (picomolar) sensitivity to
detect low probe levels, we assessed tumor contrast up to 96h after
injection. Nude mice bearing orthotopic breast tumors were used for
facile SWIRFI of deep-seated organs through the skin (24). pHLIP
ICG was administered intravenously (0.5 mg/kg), with SWIRFI per-
formed every 24h from 1 to 96h. Signal collection from the deep-
seated liver was aided by imaging above the ANSI fluence limit at
808 nm (450 mW/cm?), removing the need to euthanize mice at later
time points (38). SWIRFI of pHLIP ICG and the image processing
pipeline displayed excellent tumor screening from 24 to 96 h
(Fig. 2; Supplemental Figs. 6 and 7). As expected, liver fluores-
cence was strongest 1h after injection, decreasing with time as
tumor contrast and delineation simultaneously increased. SWIRFI
consistently performed with high SNR values (~30dB, 10ms)
above acceptable 5 dB thresholds (Fig. 2B). Tumor fluorescence
levels peaked at 24 h compared with surrounding areas, with CNR
values also above acceptable 3 dB thresholds. However, CNR values
dramatically increased, peaking from 72 to 96h with 10- and 1-ms
exposures providing indistinguishable CNR values. A batch of mice
imaged within the ANSI limit (300 mW/cm? at 808 nm) provided
similar results (Supplemental Fig. 8) to aid clinical translation of

1650

these results. Gold-standard NIRFI required exposure of 1,000 ms to
match the 1 ms SWIRFI SNR and CNR (Supplemental Fig. 9).

SWIRFI Tumor Resection via pHLIP ICG Under
Ambient Lighting

Surgical resection (after euthanasia) was performed at 96 h. SWIRFI
binarily delineated the tumor (Fig. 3A) and confirmed tumor-free beds
with SNR and CNR above acceptable thresholds (Figs. 3B and 3C).
SWIRFTI biodistribution found tumors had significantly higher fluores-
cence than other tissues, confirming the improved clearance of pHLIP
ICG from tissues other than the tumor (Fig. 4). Values for all organs
from all mice are shown (Fig. 4), as are all organs with corresponding
threshold levels from all mice (Supplemental Fig. 10). Images and
values are combined from mice imaged at 808 nm fluence levels of
either 450 or 300 mW/cm?, with each corrected via noninjected
organs. H&E staining was performed on select organs, confirming the
characterization of tissues associated with residual agent uptake (Sup-
plemental Fig. 11).

Extended SWIRFI (>1,100 nm) of pHLIP ICG In Vivo

We then investigated the emission of pHLIP ICG extended past
1,100 nm in vivo (Fig. 1D), similar to antibody-conjugated ICG imag-
ing (39). First, a 4 uM pHLIP ICG solution with POPC liposomes, as
before, was imaged in a multiwell plate. Imaging was performed with
and without scattering medium (raw chicken breast) and various long-
pass optical filters (Supplemental Fig. 12). A reduction of 1.98 mm
in the full width at half maximum was found when imaging with
a long-pass filter at 1,100 nm over 900 nm (no filter and sensor spec-
tral response). This was further reduced by 2.27 mm when employing

0.0017 10
2,500~ "
3 !
S Ratios (Mean)
Q Tumor:Muscle = 22.60
g Tumor:Spleen = 5.57
8 Tumor:Skin = 5.32
b Tumor:Stomach = 3.46
o 1,250+ Tumor:Kidney = 2.96
g Tumor:Liver = 2.88
i
x
g -
[72]
0=
IR SRR SR I W NI R I o
O. 4@ oV, O @ 2O .0 2 2
I I Gl RO P RS
SNESE R TIF OO
) A\ 9

FIGURE 4. Ambient lighting resistant SWIRFI necropsy biodistribution.
SWIRFI organ values. Respective endogenous values from control mice
imaged under comparative conditions have been subtracted for each.
Mean, standard deviation, and biologic replicates (n = 7) are shown, neg-
ative values after endogenous level subtraction are not shown. Select
P values (<0.05, Welch 2-tailed t test, unpaired, parametric) and ratios
comparing tumor to select tissues are shown. a.u. = arbitrary unit;
L. Intest. = large intestine; S. Intest. = small intestine.
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Fig. 4; Supplemental Video 1). The next
iterations could use the minor decrease in
SNR with comparative CNR at 1 versus
10ms (Figs. 2 and 3), with gated laser
emission to reduce exposure of the agent
at no cost to tumor delineation, thus reduc-
ing photobleaching (40—43). The mean
necropsy-based muscle-to-tumor ratio of 22.6
at 96h provided binary and unambiguous
tumor delineation, with tumor values that
were statistically significant compared with
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Considering the wide tumor-targeting capa-
bilities of pHLIP ICG, other tumor models
should be investigated (24).

All SWIRFI images and results presented
here were performed under ambient lighting
conditions with no detriment to signal accu-
racy (17,18). The LED (~$1) used in a
green-blue combination was undetectable by
the sensor with and without filtering (Fig. 1;
Supplemental Fig. 1). This proof-of-principle
work positions SWIRFI as an easily scal-
able, cost-effective, environmentally friendly,
and democratic facile solution for ambient
light resistant fluorescence guided surgery
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FIGURE 5. Ambient lighting resistant extended emission SWIRFI (>1,100 nm) of pHLIP ICG in vivo.
(A, top) >1,100 nm representative image 1 h after pHLIP ICG (300 ms, 0.5 mg/kg). Gaussian blur has
not been added to 1 h time point images. (A, middle) >1,100 nm image at 96 h. Regions of interest
are shown as before. (A, bottom) >1,100 nm SWIRFI resection for complete tumor removal at 96 h.
(B) SNR values of >1,100 nm (300-ms exposure) and >900 nm (10-ms exposure) from all mice at all
time points. Exposures were selected at close to camera saturation at 1 h and then used for all time
points. (C) Tumor CNR values from 24 to 96 h from all mice. (D and E) Comparative resection SNR
and CNR values at both >1,100 and >900nm for all mice. SD, mean, and individual replicates
(n = 3) are shown. a.u. = arbitrary units; dotted gray circles = quantification regions of interest,
where 1 is system noise (SNR), 2 is tumor values, and 3 is body values (CNR); large dotted gray
oval = cropping because of long-pass filter; dotted lines = acceptable thresholds (5 dB for SNR,

3dB for CNR); Max = maximum; solid arrow = tumor location.

a long-pass filter at 1,300nm. A final batch of mice was imaged
using the 1,100 nm long-pass filter after pHLIP ICG administration,
as before, with the extended SWIRFI emission of pHLIP ICG read-
ily detected, albeit not at video rates (Fig. 5; Supplemental Figs. 13
and 14).

DISCUSSION

In this work, preclinical commercial SWIRFI’s advantages for
pHLIP ICG were shown in phantoms, along with its utility in tumor
screening and resection. When compared in their respective ICG
optimized modes, SWIRFI consistently outperformed a NIRFI sys-
tem. The used SWIRFI system and developed image processing
pipeline produced relevant and accurate images (Figs. 1-3 and 5;
Supplemental Figs. 6-8, 10, and 13). The achieved sensitivity (Sup-
plemental Figs. 2-4) facilitated video rate tumor detection, guided
resection, and determined biodistribution at low probe levels up to
96 h after injection, highlighted by the high SNR and CNR levels at
exposure times of 10, 1, and 0.1 ms (Figs. 2—4). The video rate pico-
molar sensitivity of SWIRFI was essential for validating the hypoth-
esized increase in tumor CNR at later time points (Supplemental

AMBIENT LicHT RESIsTANT SWIRFI  *

mercial LEDs for clinical deployment.

The spectral emission of pHLIP ICG
extended past 1,100 nm is also shown. A
direct comparison was made from mice
consecutively imaged with 900 (sensor
response) and 1,100 nm long-pass filters at
all time points (Fig. 5; Supplemental Figs.
13 and 14). However, the 1,100-nm cutoff
did not equate to an improved SNR or
CNR over the 900 nm cutoff images
because of tumor localization of pHLIP
ICG at later time points, topical tumor
location, and overall reduction in bulk sensitivity above 1,100 nm.
SWIRFIs resolution improvement (>1,100 or >1,300nm) is
likely of more benefit to smaller-structure imaging (angiography,
delineation of nerves, micrometastases) than to large tumor masses
(8,15).

These results have implications for preclinical imaging, in which
novel targeting agents (peptides, nanoparticles, small molecules, anti-
bodies, etc.) can be evaluated via video rate SWIRFI by conjugating
ICG, or novel SWIRFI dyes can be evaluated using the pHLIP
(16,44). The achieved sensitivity may permit dose reduction for detec-
tion and simultaneously elongate imaging windows—improving tumor
delineation (CNR), as shown here—and could be combined with mul-
tispectral SWIRFI for even further improvement (45). Clinical transla-
tion of the observed CNR increase could enable democratic
dissemination of tumor resection techniques, with nonexperts (as in
this work) being able to perform targeted FGS, with resection ambigu-
ity being simultaneously eliminated for experienced surgeons. The
ability to perform guided resection under ambient lighting via SWIRFI
with minimal disruption to current workflows may aid surgeon uptake
of FGS. The potential for direct clinical translation of these results
has been established via laser intensities within the ANSI limit
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(<330 mW/cm?; Supplemental Fig. 8). However, this translation will
require a custom SWIRFI device with a smaller footprint than current
preclinical systems, as well as improvements in usability. Such a
device should also be compared with current clinical NIRFI systems.
At the time of writing, no SWIRFI device has received Food and
Drug Administration approval or is routinely deployed clinically, espe-
cially in complex operating room environments. In addition, the LED
setup should be scaled up for ambient lighting.

CONCLUSION

This work validates a pH-sensitive, peptide-based, tumor-targeting
agent conjugated to ICG, which is in clinical trials, for SWIRFL
pHLIP conjugation to ICG retains both pHLIP’s tumor selective
mechanism and the extended emission of ICG in the SWIR region,
where tissue scattering, absorbance, and autofluorescence are minimal
(Figs. 1, 2, and 5; Supplemental Fig. 12) (24). Accordingly, SWIRFI
was readily performed with minimal to no background interference
from tissue and under ambient lighting conditions. SWIRFI provided
unprecedented CNR and SNR at various exposure times (10-0.1 ms)
that are at least 3 and up to 300 times faster than video rate require-
ments (30ms). Combining SWIRFI sensitivity with extended probe
clearance provides unambiguous and binary tumor delineation resistant
to ambient lighting. This work calls for a clinically compatible system
to further assess SWIRFI for clinical FGS. Such a system could pro-
vide video rate FGS under ambient lighting conditions at improved
tissue depth and resolution with high confidence in complete tumor
resection. This may have clinical implications for tumor visualization
through blood pools or in highly optically scattering tissue environ-
ments, for example, brain gliomas or lymphatic mapping (5,22,46).
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KEY POINTS

QUESTION: Does pHLIP ICG, a cancer-targeting agent
currently in clinical trials for FGS, serve as a suitable candidate
for SWIRFI?

PERTINENT FINDINGS: This work compared commercially
available preclinical systems in their optimized ICG detection
modes and found SWIRFI readily outperformed the current NIRFI
gold standard for both depth and sensitivity.

IMPLICATIONS FOR PATIENT CARE: The picomolar sensitivity
of SWIRFI enabled video rate imaging of pHLIP ICG at lengthy
time points (96 h). This resulted in a dramatic improvement in
CNR, providing binary and unambiguous tumor delineation that
was unaffected by ambient light. This work is a direct precedent
for clinical SWIRFI deployment for tumor resection and has
implications for preclinical probe development.
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