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Abstract

Image-guided surgery can enhance cancer treatment by decreasing, and ideally eliminating,
positive tumor margins and iatrogenic damage to healthy tissue. Current state-of-the-art near-
infrared fluorescence imaging systems are bulky and costly, lack sensitivity under surgical
illumination, and lack co-registration accuracy between multimodal images. As a result, an
overwhelming majority of physicians still rely on their unaided eyes and palpation as the primary
sensing modalities for distinguishing cancerous from healthy tissue. Here we introduce an
innovative design, comprising an artificial multispectral sensor inspired by the Morpho butterfly’s
compound eye, which can significantly improve image-guided surgery. By monolithically
integrating spectral tapetal filters with photodetectors, we have realized a single-chip multispectral
imager with 1000 x higher sensitivity and 7 x better spatial co-registration accuracy compared to
clinical imaging systems in current use. Preclinical and clinical data demonstrate that this
technology seamlessly integrates into the surgical workflow while providing surgeons with real-
time information on the location of cancerous tissue and sentinel lymph nodes. Due to its low
manufacturing cost, our bio-inspired sensor will provide resource-limited hospitals with much-
needed technology to enable more accurate value-based health care.

1. INTRODUCTION

Surgery is the primary curative option for patients with cancer, with the overall objective of
complete resection of all cancerous tissue while avoiding iatrogenic damage to healthy
tissue. In addition, sentinel lymph node (SLN) mapping and resection is an essential step in
staging and managing the disease [1]. Even with the latest advancements in imaging
technology, incomplete tumor resection in patients with breast cancer is at an alarming rate
of 20 to 25 percent, with recurrence rates of up to 27 percent [2]. The clinical need for
imaging instruments that provide real-time feedback in the operating room is unmet, largely
due to the use of imaging systems based on contemporary technological advances in the
semiconductor and optical fields, which have bulky and costly designs with suboptimal
sensitivity and co-registration accuracy between multimodal images [3-7].

Here, we demonstrate that image-guided surgery can be dramatically improved by shifting
the design paradigm away from conventional advancements in the semiconductor and optical
technology fields and instead adapting the elegant 500-million-year-old design of the
Morpho butterfly’s compound eye [8,9]: a condensed biological system optimized for high-
acuity detection of multispectral information. Nature has served as the inspiration for many
engineering sensory designs, with performances exceeding state-of-the-art sensory
technology and enabling new engineering paradigms such as achromatic circular
polarization sensors [10], artificial vision sensors [11-15], silicon cochlea [16,17], and
silicon neurons [18]. Our artificial compound eye, inspired by the Morpho butterfly’s
photonic crystals, monolithically integrates pixelated spectral filters with an array of silicon-
based photodetectors. Our bio-inspired image sensor has the prominent advantages of (1)
capturing both color and near-infrared fluorescence (NIRF) with high co-registration
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accuracy and sensitivity under surgical light illumination, allowing simultaneous
identification of anatomical features and tumor-targeted molecular markers; (2) streamlined
design—at 20 g including optics, our bio-inspired image sensor does not impede surgical
workflow; and (3) low manufacturing cost of ~$20, which will provide resource-limited
hospitals with much-needed technology to enable more accurate value-based health care.

A. Nature-Inspired Design

Light has imposed significant selection pressure for perfecting, optimizing, and
miniaturizing animal visual systems since the Cambrian period some 500 million years ago
[19]. Sophisticated visual systems emerged in a tight race with prey coloration during that
time, resulting in a proliferation of photonic crystals in the animal kingdom used for both
signaling and sensing [20,21]. For example, not only are the tree-shaped photonic crystals of
the Morpho butterfly the source of its wings” magnificent iridescent colors [Fig. 1(a)], which
can be sensed by conspecifics a mile away, but these crystals have inspired the design of
photonics structures that can sense vapors [22] and infrared photons [23] with sensitivity that
surpasses state-of-the-art manmade sensors.

Similar photonic crystals are also present in the compound eye of the Morpho butterfly.
These photonic crystals, known as tapetal filters, are realized by stacks of alternating layers
of air and cytoplasm, which act as interference filters at the proximal end of the rhabdom
within each ommatidium [Fig. 1(d)]. The light that enters an individual ommatidium and is
not absorbed by the visual and screening pigments in the rhabdom will be selectively
reflected by the tapetal filters and will have another chance of being absorbed before exiting
the eye. The spectral responses of the tapetal filters, together with screening and visual
pigments in the rhabdom, determine the eye shine of the ommatidia [8] and the inherent
multispectral sensitivity of the butterfly’s visual system [Fig. 1(b)]. Individual ommatidia
have different combinations of visual pigments and tapetal filter stacks, enabling selective
spectral sensitivity across the ultraviolet, visible, and near-infrared (NIR) spectra.

By imitating the compound eye of the Morpho butterfly using dielectric materials and
silicon-based photosensitive elements, we developed a multispectral imaging sensor that
operates radically differently from the current state-of-the-art multispectral imaging
technology [Fig. 1(c); Table 1]. The tapetal spectral filters are constructed using alternating
nanometric layers of SiO, and TiO,, which are pixelated with a 7.8 pm pitch and deposited
onto the surface of a custom-designed silicon-based complementary metal-oxide
semiconductor (CMOS) imaging array (see Methods). The alternating stack of dielectrics
acts as an interference filter, allowing certain light spectra to be transmitted while reflecting
others [Fig. 1(e)]. Four distinct pixelated spectral filters are replicated throughout the
imaging sensor in a two-by-two pattern by modulating the thickness and periodicity of the
dielectric layers in individual pixels. Three of the four pixels are designed to sense the red,
green, and blue (RGB) spectra, respectively, and the fourth pixel captures NIR photons with
wavelengths greater than 780 nm. An additional stack of interference filters is deposited
across all pixels to block fluorescence excitation light between 770 and 800 nm. The
proximity of the imaging array’s four base pixels inherently co-registers the captured
multispectral information, similar to its biological counterpart.
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2. RESULTS

A. Optoelectronic Performance of the Bio-Inspired Sensor

The optical density and transmission spectrum of the four base pixels from the artificial
compound eye are presented in Figs. 2(a) and 2(b), respectively. The sensor was evaluated
with uniform monochromatic light impinging normal to the surface of the imaging plane.
The individual tapetal filters are optimized to achieve transmission of 60% in the visible
spectrum and 80% in the NIR spectrum. The high optical density of ~12 ensures effective
suppression of fluorescence excitation light between 770 and 800 nm. The spatial uniformity
or fixed pattern noise (FPN) before calibration for the RGB and NIR filters is 6.5%, 1.9%,
4.5%, and 5%, respectively [Fig. 2(c)]. After first-order gain and offset calibration, the FPN
is around 0.1% across different illumination intensities [Fig. 2(d)]. The fixed pattern noise
for all four channels is evaluated under 30 ms exposure and different illumination intensities,
ranging from dark conditions to intensities that almost saturate the pixel’s output signal.
Hence, the xaxes in Figs. 2(c) and 2(d) represent the mean output signal from a pixel
represented as a percentage of the dynamic range. The spatial variations in the optical
response of the tapetal filters are primarily due to variations in the underlying transistors and
photodiodes within individual pixels, which can be mitigated via calibration, improving
spatial uniformity under various illumination conditions. The peak quantum efficiencies for
the RGB and NIR pixels are 28%, 35%, 38%, and 28%, respectively [Fig. 2(e); Table 2].

B. Acquiring NIR Fluorescence and Color Under Surgical Light lllumination

Simultaneous and real-time imaging of both NIR fluorescence and RGB information is
essential in surgical settings, as these will enable the surgeon to identify the location of the
tumor on the correct anatomical features. U.S. Food and Drug Administration (FDA)
regulations require the optical power of visible-spectrum surgical illumination to be between
40 and 160 kLux. The optical power for NIR laser-based excitation sources typically does
not exceed 10 mW/cm2. Hence, the intensity of the NIRF molecular probe, which could be
emitted from tumors several centimeters deep in the tissue, is at least 5 orders of magnitude
weaker than the intensity of the reflected visible-spectrum light [24,25]. To enable
simultaneous color and NIR imaging in the operating room, most FDA-approved
instruments work with dimmed surgical illumination, which significantly impedes the
surgical workflow: physicians stop the resection, dim the surgical lights, evaluate the
surgical margins with NIRF instrumentation, and then continue the surgery under either dim
or normal illumination but without NIRF guidance [26]. This significant drawback short-
circuits the intrinsic benefits of NIRF, preventing wide acceptance of this technology in the
operating room and leading to positive margins and iatrogenic damage.

When imaging weak NIR fluorescent and high visible-spectrum photon flux during
intraoperative procedures, the dynamic range of the scene can range between ~40 up to ~140
dB [24,25]. The imaged tissue is illuminated with a bright visible light (40 to 160 kLux) to
highlight anatomical features in the wound site, as well as by NIR laser light with 10
mW/cm? optical power to excite fluorophores. The NIR fluorescent photon flux depends on
the concentration and depth location of the fluorescent dye, which will change during the
surgical procedure as the tumor is located and resected. At the beginning of the surgery, the
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tumor might be located several millimeters beneath the surface of the tissue. As NIR photons
travel to and from the skin and the tumor, the NIR light will be significantly attenuated and
the dynamic range of the imaged scene (visible and NIR photons) can approach ~140 dB.
The NIR photons will be less attenuated as the surrounding tissue is resected and the tumor
is directly exposed and imaged. Depending on the fluorescent concentration, the dynamic
range of the imaged scene can be between 40 and 80 dB when the tumor is at the surface
[25]. To address the wide-dynamic-scene imaging demands in the operating room, our
custom CMOS imager has programmable readout circuitry that enables independent
exposure control and programmable gains for both visible and NIR pixels within a single
frame (see Methods). Although single exposure time per frame will necessitate collection of
two consecutive images with different exposure times (i.e., one frame with long and one
with short exposure time), the reduction of fame rate will be a major shortcoming for
intraoperative applications where real-time imaging is critical.

In our intraoperative experiments, due to the high visible-spectrum illumination in the
operating room, the exposure time is typically set to ~0.1 ms or lower for the RGB pixels to
ensure that non-saturated and high-contrast color images are recorded. Since the NIRF
emission is weaker than the visible light reflected from tissue, the exposure time is set to 40
ms to ensure imaging rates of 25 frames/s and acquisition of high-contrast NIR images. This
contrasts with current state-of-the-art pixelated NIRF systems that either utilize polymer-
based [27] or Fabry—Perot absorptive pixelated spectral filters with low optical density
(<1.5) coupled with CMOS sensors (see Tables 1 and 3), allowing only a single exposure
time for all pixels, or utilize a multicamera approach, which lacks co-registration accuracy
between multimodal images [26]. The multi-exposure capabilities of our CMOS imager,
coupled with the high optical density and quantum efficiency of the NIR pixels, enables
detection of 100 pM fluorescence concentrations of indocyanine green (ICG) under 60 kLux
surgical light illumination (P < 0.0001), which is a thousand-fold improvement over current
state-of-the-art single-exposure pixelated sensors [27] [Fig. 2(e)].

C. Multi-Exposure Imaging Under Surgical Light [llumination

We demonstrate the preclinical relevance of the multi-exposure capabilities of our bio-
inspired sensor by imaging a 4T1 breast cancer model under 60 kLux surgical light
illumination and laser light excitation power of 5 mW/cm? at 785 nm. The results are
compared with a single-exposure pixelated CMOS camera (Fig. 3). Using the tumor-specific
NIRF marker LS301 (a cypate-based contrast agent that typically accumulates in the
periphery of tumors [28]), we obtained high target-to-background contrast images due to the
tissue’s low auto-fluorescence, low scattering, and absorption in the 700 to 950 nm spectral
bands. The images in Figs. 3(a) and 3(b) were obtained with a single-exposure CMOS
camera with exposure times of 0.1 and 40 ms, respectively. When the animal was imaged
with an exposure time of 0.1 ms, the color image was well illuminated, while the NIR image
had very low contrast. The animal was then imaged with 40 ms exposure time, resulting in a
well-illuminated NIR image but a saturated color image. This is due to the large difference
between the visible and NIR photon flux in the operating room. Utilizing a single exposure
time in a pixelated camera enables only one of the two imaging modalities to have
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satisfactory contrast and high signal-to-noise ratio, rendering this technology incompatible
with the demands of intraoperative imaging applications.

Figure 3(c) presents data collected with our bio-inspired imaging sensor. The exposure times
for the color and NIR pixels were set to provide optimal contrast in both color and NIR
channels: 0.1 ms for the color pixels and 40 ms for the NIR pixels. The combined images
contain high signal-to-noise ratios and non-saturated information from both imaging
modalities. Hence, the operator can clearly identify the anatomical features of the patient
while accurately determining the location of the tumor as tagged by the molecular probe.

D. Multispectral Co-Registration Accuracy

Co-registration accuracy between color and NIRF images is one of the most important
attributes for an instrument to be clinically relevant. However, state-of-the-art NIRF
instrumentation comprising a beam splitter and dichroic mirrors suffers from temperature-
dependent co-registration inaccuracy due to thermal expansion and thermal shifts of
individual optical components. These FDA-approved instruments are rated to function
between 10°C and 35°C, though they fail to maintain co-registration accuracy in this range.
In contrast, our bio-inspired sensor monolithically integrates filtering and imaging elements
on the same substrate and is inherently immune to temperature-dependent co-registration
errors.

We evaluated co-registration accuracy as a function of temperature for both our bio-inspired
sensor and a state-of-the-art NIRF imaging system composed of a single lens, beam splitter,
and two imaging sensors (Fig. 4). The sensors were placed 60 cm away from a calibrated
checkerboard target to emulate the distance at which the sensor will be placed during
preclinical and clinical trials. At the starting operating point, the beam-splitter NIRF system
achieves subpixel co-registration accuracy using standard calibration methods. However, the
disparity between the two images increases as the instrument’s operating temperature
increases, leading to large co-registration errors. And, as the instrument is cooled, the
trajectory of the co-registration error differs from that when the instrument is heated up.
Hence, placing a temperature sensor on the instrument will not sufficiently correct for
thermal expansion of the individual optical elements. In contrast, in our bio-inspired sensor,
the worst-case co-registration error at the sensor’s plane is /2 pixels due to the pixelated
filter arrangement. Compared to the beam-splitter NIRF system, our bio-inspired sensor
exhibits sevenfold improved spatial co-registration accuracy at the imaging plane when the
sensors operate at 35°C.

E. Implications on Co-Registration Accuracy in Murine Cancer Model

The implication of the temperature-dependent co-registration error between the NIR and
RGB images in state-of-the-art NIRF systems is demonstrated in a murine model where 4T1
cancer cells are implanted next to a sciatic nerve. At ~2 weeks post-implantation, the tumor
size is ~1 cm and is imaged with the tumor-targeted agent LS301. The animal is imaged with
a beam-splitter NIRF imager placed inside a thermal chamber, which has a viewing port that
allows imaging of the animal without perturbing the temperature of the instrument. The
animal is kept on a heated thermal pad to maintain constant body temperature of ~37°C.
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Figure 5(a) is a composite image taken with the NIRF system at 15°C operating temperature.
The green false color indicates the NIRF signal from the tumor-targeted agent LS301. The
fluorescence signal from the tumor tissue underneath the sciatic nerve is much weaker than
the fluorescence signal from the surrounding tumor tissue. After thresholding the
fluorescence signal, the location of the sciatic nerve is observed due to the absence of
fluorescence signal [Fig. 5(a), arrow]. Since the image sensor is calibrated at 15°C operating
temperature, the NIR image (i.e., location of the tumor) is correctly co-registered on the
color image (i.e., anatomical features).

Figure 5(b) is another set of images recorded with the NIRF sensor at 32°C. Because of the
thermally induced shift in the optical elements of the NIRF instrument, the fluorescence
image is shifted with respect to the color image. The NIRF image incorrectly marks the
sciatic nerve as cancerous tissue, while the cancerous tissue immediately next to the sciatic
nerve has low fluorescence signal. This incorrect labeling of cancerous and nerve tissue can
lead to iatrogenic damage to healthy tissue, which might not be visible to surgeons, while
leaving behind cancerous tissue in the patient. In contrast, our bio-inspired sensor suffers no
thermally induced co-registration error and accurately depicts the location of the tumor and
sciatic nerve at both temperatures due to the monolithic integration of pixelated spectral
filters and imaging elements.

F. Imaging Spontaneous Tumors Under Surgical Light lllumination

We used our bio-inspired sensor to identify spontaneous tumor development in a transgenic
PyMT murine model for breast cancer (n=5). All animals developed multifocal tumors
throughout the mammary tissues by 5-6 weeks, and some of the small tumors blended in
well with surrounding healthy tissue due to their color and were difficult to differentiate
visually with the unaided eye. However, because our bio-inspired sensor has high co-
registration accuracy and NIRF sensitivity, we could easily locate the tumors, resect them,
and ensure that the tumor margins were negative [Figs. 6(a)-6(c)]. When we compared
results obtained with our bio-inspired imaging sensor against histology results, we found
that our sensor together with the tumor-targeted probe LS301 had a sensitivity of 80%,
specificity of 75%, and area under the receiver operator curve of 73.4% using parametric
analysis. In addition, while visible-spectrum imaging picks up only surface information,
fluorescence imaging in the NIR spectrum enables deep-tissue imaging, which helps identify
the location of tumors before surgery [Fig. 6(d)]. Compared to the state-of-the-art, non-real-
time, bulky Pearl imaging system, with a receiver operator curve of 77.9% and relevant
standard error of 6.3% [29], our bio-inspired sensor provides similar real-time accuracy
under surgical light illumination.

G. Clinical Translation of Our Bio-Inspired Technology

The current standard of care for tracking SLNSs is to inject into the patient both a visible dye,
such as ICG or methylene blue, and a radioactive 99 mTc sulfur-colloid tracer. The SLNs are
generally first identified by the unaided eye, due to the coloration of the accumulated dye at
the tissue’s surface, followed by gamma probe to check for radioactivity. In a pilot clinical
trial, we investigated the utility of our bio-inspired imaging sensor for locating SLNs in
human patients (7 =11) with breast cancer using the ICG lymphatic tracer. ICG naturally
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exhibits a green color due to its absorption spectra, as well as NIRF at 800 nm. ICG
passively accumulates in the SLNs and is cleared through the liver and bile ducts within 24—
36 h post injection (Fig. 7).

Our bio-inspired imaging system provided the surgeon with real-time intraoperative imaging
of the tissue in color that was enhanced with NIRF information from the ICG marker under
surgical light illumination (Fig. 7). The surgeon could identify 100% of the SLNs when
using information registered with our bio-inspired imaging system alone. In contrast, the
surgeon identified 90% of SLNs when using the green color from ICG with the unaided eye,
and 87% when using information from the radioactive tracer.

Noteworthy, during one of the procedures the surgeon identified and resected two
uninvolved SLNs, using information from the green color of the ICG probe, which the
gamma probe did not detect. With the assistance of the gamma probe, another two involved
SLNs which did not exhibit visible green color accumulation of ICG were identified and
resected. However, the bio-inspired imaging system correctly identified all four SLNs during
this operation. We anticipate this to be because the green color of the ICG dye can be
visually identified only at the tissue’s surface when viewed with the naked eye; in contrast,
our bio-inspired sensor identifies NIRF signals several centimeters deep in the tissue [7].
The gamma ray detector failed to detect the radioactive tracer in two of the four SLNs
because the limited space in the surgical cavity limited insertion of the relatively large
radioactivity detection probe. In contrast, since both surgical and excitation light could
clearly illuminate the surgical cavity, the bio-inspired sensor provided accurate visualization
of both anatomic features and the location of the ICG dye in the SLNSs.

3. MATERIALS AND METHODS
A. Animal Study

Animal study protocols were reviewed and approved by the Animal Studies Committee of
Washington University in St. Louis. Female PyMT mice (7= 5) were obtained from
Washington University Medical Center Breeding Core. Mice developed multiple mammary
tumors as early as 5-6 weeks and were injected with 100 pl of 60 uM LS301, a tumor-
targeted NIRF contrast agent, via the lateral tail vein. Images were taken 24 h post injection
for best contrast.

During the /n vivo study, the bio-inspired multispectral imaging sensor was set up at 1 m
working distance, and the illumination module was placed at a 1 m distance. The animals
were imaged under simultaneous surgical light illumination (60 kLux) and laser light
excitation power of 10 mW/cm? at 785 nm. Collimating lenses and diffusers were used to
create a uniform circular excitation area with a 15 cm diameter. The RGB pixels’ exposure
time was set to 0.1 ms, and the NIR pixels’ exposure time was set to 40 ms to ensure
imaging rates of 25 frames/s.

A double-blind protocol was used for tissue specimen collection. Randomization was not
used in this study, and all animals were included in the data analysis. During the imaging
experiments, animals remained anesthetized through inhalation of isoflurane (2%—-3% v/v in
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0O5). The surgeon used fluorescence information detected by our bio-inspired sensor to
locate and resect all tumor tissues. After the removal of each tumor, the surgeon resected two
additional samples: a tissue sample next to the tumor identified as tumor margin and a
fluorescence-negative muscle tissue. Six to eight tumors per mouse were resected, and a
total of 102 samples were collected from all five mice. All harvested tissue samples were
also imaged using a Lycor Pearl small animal imaging system. All tissue samples were then
preserved for histology evaluation. Each sample was sliced with 8 um thickness, stained
with hematoxylin and eosin and examined by clinical pathologist. The pathologist was blind
to the fluorescence results.

For the 4T1 studies, six-week-old Balb/C female mice were obtained from Jackson
Laboratory and injected with 5 x 10° 4T1 murine cancer cells. In the first study, the 4T1
cells were implanted into either the left or right inguinal mammary pad. In the second study,
the 4T1 cells were implanted next to the sciatic nerve. At 5-7 mm tumor size (7-10 days
post-implantation), these mice were injected with 100 pl of 60 pM LS301 agent via the
lateral tail vein. The animals were imaged 24 h post injection.

B. Human Study

Human study protocols were approved by the Institutional Review Board of Washington
University in St. Louis. The human procedure was carried out in accordance with approved
guidelines. The inclusion criteria for patients in this study were newly diagnosed clinically
node-negative breast cancer, negative nodal basin clinical exam, and at least 18 years of age.
The exclusion criteria from this study were contraindication to surgery; receiving any
investigational agents; history of allergic reaction to iodine, seafood, or ICG; presence of
uncontrolled intercurrent illness; or pregnant or breastfeeding. All patients gave informed
consent for this HIPAA-compliant study. The study was registered on the clinicaltrials.gov
website (trial ID no. NCT02316795).

The mean = SD age and body mass index of all patients were 64 + 14 years and 32.7 £ 6.9
kg/m2, respectively. Before the surgical procedure, 99 m Tc sulfur colloid (834 uCi) and
ICG (500 pmol, 1.6 mL) were injected into the patient’s tumor area, followed by site
massage for approximately 5 min. At 10-15 min post injection, surgeons proceeded with the
surgery per standard of care. Once the surgeon identified the SLNs using the visible
properties of ICG (i.e., green color) and radioactivity using the gamma probe, the surgeon
used our bio-inspired imaging system to locate the SLNs. The patients were imaged under
simultaneous surgical light illumination (60 kLux) and laser light excitation power of 10
mW/cm? at 785 nm. The surgeon then proceeded with the resection of the SLNs. The
imaging system was set up at a 1 m working distance, and the illumination module was
placed at a 1 m distance. The RGB pixels’ exposure time was set to 0.1 ms to ensure non-
saturated color images were recorded, and the NIR pixels’ exposure time was set to 40 ms to
ensure imaging rates of 25 frames/sec. The average imaging time with our bio-inspired
sensor was 2.5 + 0.6 min.
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C. Cell Culture

4T1 breast cancer cells were used for /n vivo tumor models. This cell line was obtained from
American Type Culture Collection in Manassas, Virginia, USA. Mycoplasma Detection Kit
from Thermo Fisher Scientific was used to verify negative status for mycoplasma
contamination in the cell line. Cells were cultured in Dulbecco’s modified eagle medium
from Thermo Fisher Scientific, with 10% fetal bovine serum and antibiotics.

D. Fluorescence Concentration Detection Limits Under Surgical Light Sources

Ten different ICG concentrations in plastic vials were imaged under surgical light
illumination (60 kLux) and excited with laser light excitation power of 20 mW/cm? at 785
nm. Six different vials at each concentration, as well as a control vial with deionized water,
were imaged with two different pixelated imaging sensors. The first sensor was our bio-
inspired imager, which has two separate exposure times per frame: the RGB pixels’
exposure time was set to 0.1 ms to ensure non-saturated color images were recorded, and the
NIR pixels’ exposure time was set to 40 ms to ensure imaging rates of 25 frames/sec. The
second sensor was a pixelated CMOS imaging sensor with single exposure time for both
RGB and NIR pixels in the array. The exposure time for the second sensor was set to 0.1 ms
because longer exposure times would saturate the color image due to the high photon flux
from the surgical light source illumination.

A region of interest within each vial was selected to avoid edge artifacts. An average
intensity value and standard deviation of the NIR pixels were computed on the region of
interest, excluding 5% of the pixels’ outliers. The detection threshold was determined as the
average NIR signal plus three standard deviations of the control vial.

E. Temperature-Dependent Co-Registration Accuracy Measurement

The imaging instruments were individually placed in a custom-built thermal chamber with a
transparent viewing port, where the operating temperature was accurately controlled using a
proportional-integral-derivative controller. The imaging instrument resided at 15°C for 24 h
to reach thermal equilibrium. The disparity matrix between the NIR and color image for the
beam splitter image was computed at 15°C temperature. The temperature of the thermal
chamber was increased in increments of ~2.5°C, and the instrument was held at the new
temperature for 15 min before an image of a calibrated checkerboard target was captured
with both NIR and color sensors. These new images were co-registered using the disparity
matrix computed at 15°C, and the co-registration error across the entire image was
evaluated. The operating temperature of the instrument was increased to 35°C and then
reduced back to 15°C. The co-registration error was computed at each temperature point.

F. CMOS Imager with Pixel-Level Multi-Exposure Capabilities

The custom CMOS imager, which is used as a substrate for our NIRF sensor, is custom
designed and fabricated in 180 nm CMOS image sensor technology. The imager is
composed of an array of 1280 by 720 pixels, programmable scanning registers, and readout
analog circuits comprising switch capacitors, amplifiers, bandpass filters, voltage reference
circuits, and analog-to-digital converters (Fig. S1 of Supplement 1). An individual pixel
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comprises a pinned photodiode and four transistors that control the access of the pixel to the
readout circuitry and the exposure time of the pixel.

The digital scanning registers interface with the individual pixels and control the transistors’
gates within each pixel. The scanning registers are designed to be programmable by
inserting different digital patterns and altering the clocking sequence via an external field
programmable gate array. This enables pixel-level control of the exposure time for individual
photodiodes and specialized readout sequence of individual pixels. Hence, individual groups
of pixels (color or NIR) can be read out at different times, and the exposure time for both
types of pixels is optimized to ensure acquisition of high signal-to-noise (SNR) color and
NIR images, respectively.

During a single frame readout, NIR and color pixels can have different exposure times, and
the frame rate is limited by the longest integration time of the two. For example, during
intraoperative procedures, the light intensity from the surgical light sources that is reflected
from the tissue is much higher than the NIRF signal from the molecular dye. In this
scenario, to ensure high-SNR and non-saturated images, the integration time for the color
pixels is set to ~0.1 ms and the exposure time for the NIR pixels is set to 40 ms to ensure
imaging rates of 25 frames/s.

The timing sequence for two neighboring pixels with different spectral filters is shown in
Fig. S2 of Supplement 1. Both pixels are reset initially, and then they start to collect photons
on the photodiodes’ intrinsic capacitance. Since the photon flux for the visible-spectrum
photons in the operating room is typically much higher than that of the NIRF photons, the
photodiode voltage in the color pixels drops faster than in the NIR pixels over time. At the
end of the exposure period, the photodiode voltages from the color pixels are sampled first
on the column parallel readout capacitors. A readout control registers scans through the
column parallel capacitors and digitizes the analog information after it has been amplified
with a programmable gain amplifier. The same readout sequence is repeated with the NIR
pixels at the end of the 40-ms exposure time.

G. Fabrication of Pixelated Spectral Filters

The pixelated spectral filters were fabricated via a set of optimized microfabrication steps.
Here are the steps taken to fabricate the pixelated filters:

1. The carrier wafer was soaked for 30 min in isopropanol alcohol and rinsed with
DI water.
2. The wafer was coated with 20 nm of chromium, which was used to block stray

light between pixels [Fig. S3(a) of Supplement 1].

3. SU8 2000 photoresist was spin coated at 500 rpm for 10 s and then at 3000 rpm
for 50 s with 500 rpm per second acceleration.

4. The sample was baked at 65°C for 1 min and then at 95°C for 2 min on a hot
plate [Fig. S3(b)].

5. The photoresist was exposed at 375 nm wavelength for 22 s at 5 mW/cm?
intensity using a Karl Zuess mask aligner.
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The sample was post-baked at 65°C for 1 min and then at 95°C for 3 min. The
sample was cooled down to 65°C for 1 min to gradually decrease the temperature
and minimize stress and cracking on the photoresist. The photoresist was
developed for 3 min in an SU-8 developer using an ultrasound bath, and gently
rinsed with isopropyl alcohol at the end of the procedure [Fig. S3(c)].

The exposed chromium was etched in an Oxford reactive ion etching, inductively
coupled plasma instrument [Fig. S3(d)].

The omnicoat was spin coated at 4000 rpm and baked at 150°C for 1 min.

SU8 2000 photoresist was spin coated at 500 rpm for 10 s and then at 3000 rpm
for 50 s with 500 rpm per second acceleration.

The sample was baked at 65°C for 1 min and then at 95°C for 2 min on a hot
plate.

The photoresist was exposed at 375 nm wavelength for 22 s at 5 mW/cm?
intensity using a Karl Zuess mask aligner.

The sample was post-baked at 65°C for 1 min and then at 95°C for 3 min. The
photoresist was developed for 3 min in an SU-8 developer using an ultrasound
bath, and gently rinsed with isopropyl alcohol at the end of the procedure.

The exposed Omnicoat was etched using chlorine in an Oxford reactive ion
etching inductively coupled plasma instrument [Fig. S3(e)].

Alternating layers of silicon dioxide and silicon nitrate were deposited across the
entire sample using physical vapor deposition. The thickness of the dielectric
layers was optimized for transmitting NIR light with high transmission ratio
[Fig. S3(f)].

The sample was immersed in Remover PG and ultrasound bath for 30 min to lift
off the unwanted structures [Fig. S3(9)].

Steps 2 through 13 were repeated three times to fabricate red, green, and blue
pixels [Figs. S3(h) and S3(i)].

The final sample had all four different types of pixels: NIR and visible spectrum
pixels [Fig. S3(j)].

The sample size in our animal study of PyMT breast cancer was determined to ensure
adequate power (>85%, at significance of 0.05) to detect predicted effects, which were
estimated based on either preliminary data or previous experiences with similar experiments.
The confidence interval for the fluorescence detection accuracy was calculated using the
exact method (one-sided). Differences between ICG concentration and control vial were
assessed using one-sided Student’s #tests for the calculation of Pvalues. Matlab was used
for data analysis.
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4. CONCLUSION

We have designed, fabricated, tested, and translated into a clinical setting a bio-inspired
multispectral imaging system that provides critical information to health care providers in a
space-, time-, and illumination-constrained operating room. Because of its compact size and
excellent multispectral sensitivity (see Table 2), this paradigm-shifting sensor can assist
physicians without impacting normal surgical workflow. The high co-registration accuracy
between NIR and visible-spectrum images and the high NIR imaging sensitivity under
surgical light illumination are key advantages over current FDA-approved instruments used
in the operating room. The initial clinical results corroborate results from previous studies
[30] and indicate the benefits of using fluorescence properties of ICG for mapping SLNs in
patients with cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Our bio-inspired imaging sensor uses a new design paradigm to capture color and near-

infrared fluorescence information. (a) Morpho butterfly (Morpho peleides) blue color is due
to tree-shaped photonic crystals in its wings. Similar photonic crystals can be found in the
butterfly’s ommatidia. (b) Close-up of the Morpho ommatidia indicating “eye-shine” due to
tapetal filters together with screening and visual pigments in the rhabdom, which enable
multispectral target detection. (c) Our compact bio-inspired multispectral imaging sensor
combines an array of imaging elements with pixelated tapetal spectral filters. (d)
Transmission electron microscope image of an individual Morpho ommatidium, which
monolithically integrates tapetal filters with light-sensitive rhabdom. (e) Cross-sectional
scanning electron microscope image of our bio-inspired imaging sensor. Tapetal filters
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combined with silicon photodetectors allow for high co-registration accuracy in the detected
spectral information. Scale bar, 2 um.
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Fig. 2.

(a§J Measured optical density and (b) transmittance of the four tapetal spectral filters in our
bio-inspired multispectral imaging sensor. (c) Spatial uniformity or fixed pattern noise
(FPN) before calibration as a function of light intensity. (d) The calibrated FPN shows that
the bio-inspired camera captures data with ~0.1% spatial variations for uniform intensity
targets. (e) Quantum efficiency of our bio-inspired image sensor. (f) Fluorescence detection
limits under surgical light illumination for our bio-inspired sensor, which utilizes a multi-
exposure method (green) compared with single-exposure method (blue) used in state-of-the-
art pixelated color-NIR sensors. The dashed vertical lines are the individual detection
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thresholds for both sensors estimated as the mean value plus three standard deviations of the
control vial. The bio-inspired sensor’s 1000 x improvement in detection limit is achieved
due to multi-exposure (£ < 0.0001), high NIR optical density, and high NIR quantum
efficiency. Data are presented as mean + SD.
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Color Image Near Infrared Image Combined Color-NIR Image

Fig. 3.
Single-exposure cameras have limited capabilities for simultaneous imaging of color and

near-infrared (NIR) images with high contrast under surgical light illumination. (a) Exposure
time of 0.1 ms produces good color but poor NIR contrast images. (b) Exposure time of 40
ms produces oversaturated color image but good NIR contrast image. (c) Our bio-inspired
camera captures color data with 0.1 ms exposure time and NIR data with 40 ms exposure
time. This multi-exposure feature enables high-contrast images from both imaging
modalities.
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Co-registration accuracy as a function of temperature: comparison between a beam-splitter
NIRF system and our bio-inspired sensor at the (a) sensor plane and (b) imaging plane.
Because of the monolithic integration of spectral filters with complementary metal-oxide

semiconductor (CMOS) imaging elements, the co-registration between color and NIR

images in our bio-inspired imaging system is independent of temperature.
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Fig. 5.
Color near-infrared (NIR) composite images recorded with a beam-splitter NIRF system

while the instrument is at an operating temperature of (a) 15°C and (b) 32°C. The tumor-
targeted probe LS301 is used to highlight the location of the tumor, which is under the
sciatic nerve. The instrument is calibrated at 15°C, so the NIR and color images in (a) are
correctly co-registered, and the location of the sciatic nerve is visible due to absence of
fluorescence signal (arrow). In contrast, at 32°C (b), the NIR fluorescence image is spatially
shifted and superimposed on the incorrect anatomic features (arrow) due to the thermal shift
of individual optical elements comprising the instrument. Thus, the location of the sciatic
nerve is incorrectly highlighted as cancerous tissue.
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Fig. 6.

(a?—(c) Snapshot images obtained with our bio-inspired imaging sensor during surgery with
a spontaneous breast cancer murine model. (a) Near-infrared (NIR) image highlights the
locations of the tumors as well as the liver, where the tumor-targeted contrast agent LS301 is
cleared. (b) Color image of the animal obtained by our bio-inspired sensor during tumor
removal. (c) Combined image of both NIR and color information as it is presented to the
surgeon to assist with tumor resection. (d) Combined image of both NIR and color
information indicating the location of the tumors under the skin. (See Visualization 1 and
Visualization 2.)
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Fig. 7.

CI?nicaI use of our bio-inspired imaging sensor for mapping sentinel lymph nodes (SLNs)
using indocyanine green (ICG) contrast agent. (a) Fluorescence image obtained with the bio-
inspired camera highlights the location of the SLNSs. (b) Color image obtained with the
sensor captures anatomical features during the surgical procedure. (¢) Synthetic image
obtained by combining color and near-infrared images and presented to the surgeon in the
operating room to assist in determining the location of the SLNs (see Visualization 3).
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Table 2

Summary of the Optoelectronic Performance of Our Bio-Inspired Imaging Sensor

Number of pixels 1280 x 720
Pixel pitch 7.8 ym x 7.8 ym
Frames per second 40
Full well capacity Sensitivity 72,000 e”
Sensitivity 9 uvie”
Maximum Quantum Blue 28% at 470 nm
Efficiency Green 35% at 525 nm
Red 38% at 610 nm
NIR 28% at 805 nm
Dynamic range 62 dB
Maximum signal-to-noise ratio 48 dB (signal close to saturation)
Fixed-pattern noise after calibration 0.1% of saturated level

PRNU for NIR channel
DSNU for NIR channel
Number of spectral bands

Detection limit

Power consumption

1.1% of saturation level
3.4% of saturation level
4

100 pM indocyanine green with 20 m\W/cm? laser excitation, 60 kLux surgical illumination at 25
frames/sec

250 mwW
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Optical Performance Comparison Between Pixelated NIRF Imaging Systems and Our Bio-Inspired NIRF

Imager
Device

Description Piranha4 0OV4682 RGB-NIR Bio-inspired
Company/university Teledyne DALSA Omni Vision Univ. of Arizona UIUC & Wash. Univ
Reference Company website  Company website [18] This article
Material for pixelated filter NS Polymer Polymer Dielectric interference filters
Resolution 2048 x 4 2688 x 1520 2304 x 1296 1280 x 720
Multi-integration Yes No No Yes
Maximum optical density NS NS <1 14
Maximum optical density NIR pixels in visible NS NS 0.7 ~2.1
spectrum
Maximum optical density RGB pixels in NIR <1 <1 <1 ~2.2
spectrum
NIR excitation light NS NS 6 12
ICG fluorescence detection limit NS NS 130 nM 100 pM
Sensor type CMOS CMOS CMOS CMOS
Sensor bit depth 12 10 12 14
Exposure time NA NS 10 ms 85usto2s
Maximum FPS NA 40 60 40
Background correction No No Yes No

Abbreviations: CMOS, complementary metal-oxide semiconductor; FPS, frames per second; ICG, indocyanine green; NIR, near infrared; NIRF,
near infrared fluorescence; NS, not stated; CMOS, complementary metal-oxide semiconductor; UIUC, University of lllinois at Urbana-Champaign.
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