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ABSTRACT: In recent decades, biologists have sought to tag Flexible, wearable patch with
embedded optoelectronics and
animals with various sensors to study aspects of their behavior ’othersensors

otherwise inaccessible from controlled laboratory experiments. Intramuscular hydrogel

Despite this, chemical information, both environmental and rray querying biomarkers
physiological, remains challenging to collect despite its tremendous
potential to elucidate a wide range of animal behaviors. In this work, )hFiSh exterior

we explore the design, feasibility, and data collection constraints of

implantable, near-infrared fluorescent nanosensors based on DNA-

wrapped single-wall carbon nanotubes (SWNT) embedded within a biocompatible poly(ethylene glycol) diacrylate (PEGDA) hydrogel. These
sensors are enabled by Corona Phase Molecular Recognition (CoPhMoRe) to provide selective chemical detection for marine organism
biologging. Riboflavin, a key nutrient in oxidative phosphorylation, is utilized as a model analyte in in vitro and ex vivo tissue measurements. Nine
species of bony fish, sharks, eels, and turtles were utilized on site at Oceanografic in Valencia, Spain to investigate sensor design parameters,
including implantation depth, sensor imaging and detection limits, fluence, and stability, as well as acute and long-term biocompatibility.
Hydrogels were implanted subcutaneously and imaged using a customized, field-portable Raspberry Pi camera system. Hydrogels could be
detected up to depths of 7 mm in the skin and muscle tissue of deceased teleost fish (Sparus aurata and Stenotomus chrysops) and a deceased
catshark (Galeus melastomus). The effects of tissue heterogeneity on hydrogel delivery and fluorescence visibility were explored, with darker
tissues masking hydrogel fluorescence. Hydrogels were implanted into a living eastern river cooter (Pseudemys concinna), a European eel (
Anguilla anguilla), and a second species of catshark (Scyliorhinus stellaris). The animals displayed no observable changes in movement and
feeding patterns. Imaging by high-resolution ultrasound indicated no changes in tissue structure in the eel and catshark. In the turtle, some tissue
reaction was detected upon dissection and histopathology. Analysis of movement patterns in sarasa comet goldfish (Carassius auratus) indicated
that the hydrogel implants did not affect swimming patterns. Taken together, these results indicate that this implantable form factor is a
promising technique for biologging using aquatic vertebrates with further development. Future work will tune the sensor detection range to the
physiological range of riboflavin, develop strategies to normalize sensor signal to account for the optical heterogeneity of animal tissues, and
design a flexible, wearable device incorporating optoelectronic components that will enable sensor measurements in moving animals. This work
advances the application of nanosensors to organisms beyond the commonly used rodent and zebrafish models and is an important step toward
the physiological biologging of aquatic organisms.
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Figure 1. Vision for the future application of CoPhMoRe sensors to physiological biologging of marine organisms. (a) Animals of various sizes and
ecological niches tagged with minimally invasive sensors collecting multivariate data sets continuously. (b) Theoretical design of a future biologging
system. Hydrogel implants, encapsulating nanoparticles engineered to modulate their fluorescence in response to the local concentration of specific
bioanalytes, are injected at a fixed depth in the intramuscular space, where they query biological fluid. Atop the fish’s exterior is a flexible, wearable patch
that contains embedded optoelectronics to excite and collect hydrogel fluorescence. The elastomer protects the electronic components from the
surrounding aquatic environment, as well as conforming to the animal’s movements. The device also incorporates other sensors to track animal
movement and environmental conditions. The work herein describes the development of the hydrogel component of this theoretical device. (c)
Theoretical data output of envisioned device. The device collects biochemical information and other animal-derived and environmental parameters
such as velocity, depth, temperature, etc. (d) Visible image of SWNT-gels (scale = 0.5 mm). (e) Overlay of bright field image of sarasa comet goldfish (
Carassius auratus) and fluorescence image of implanted hydrogel (scale = 10 mm).

phenomena, including the metabolic energy balance,” preda-
tor—prey relationships,3 the ecological effects of climate
change,” the impact of human activity on animals,” and other
behaviors related to feeding,6 migration,7 and reproduction.8
However, deployed sensors have largely been limited to
environmental parameter sensors (temperature, pressure, and
salinity), movement and location sensors (accelerometers and
GPS), and vital sign sensors, such as heart rate monitors.”
Notably missing from these tools are chemical sensors. These
may be outward-facing, measuring analytes in the local
environment around the animal, or inward-facing, measuring
biochemical signaling pathways within the animal. The advent of
novel technologies capable of real-time, continuous chemical
sensing, such as those enabled by Corona Phase Molecular
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Recognition (CoPhMoRe), may enable access to this
information and thereby significantly advance biologging
studies.” Herein, we explore, for the first time, several design
and operation issues associated with implantable sensors of this
type for biologging applications, using near-infrared (nIR)
fluorescent carbon nanotube sensors as a model for marine
organisms to address aspects of feasibility. For this study and
purpose, we have assembled a unique team of marine biologists,
sensor developers, and engineers to address this challenge, as
coauthors of this study.

Recent developments in in vivo sensing technologies offer
tremendous opportunities for biologgers to probe the chemical
network underpinning animal behaviors. As many excellent
reviews have reported, in vivo sensors operating in several
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modalities—including optical and electrochemical—have been
developed to measure a variety of biomarkers, including ions,
reactive oxygen species, redox active molecules, oxygen, metals,
and macromolecules, among many others.'’~"* Recently, Sun et
al. measured glucose in mice using oxygen-sensitive polymer
dots and a smartphone."” Measurements of hypochlorous acid
and pH have been performed in zebrafish and their embryos.”*"
Ferreira et al. modified carbon fiber microelectrodes and
simultaneously measured ascorbate and glutamate in the
hippocampi of anesthetized rats.”” Despite these advances, the
continuous glucose monitor remains one of the few technologies
to be adopted due to stringent analytical and biocompatibility
requirements for sensor integrity in in vivo environments.'>"*
Although biologically derived units such as antibodies, aptamers,
and enzymes have traditionally been used for chemical
sensing,”” they may lose their capability for molecular
recognition when conjugated to other sensor components and
may also suffer from limited thermal and chemical stability,
restricting their use in vivo to short periods of time.**

Synthetic sensing approaches have overcome some of these
disadvantages. Our group has developed Corona Phase
Molecular Recognition (CoPhMoRe), which uses a nIR
fluorescent nanoparticle that acts as both the molecular
recognition unit and the reporter of binding events.” An
amphiphilic polymer or surfactant adsorbs onto singly dispersed
single-wall carbon nanotubes (SWNT) via hydrophobic
interactions. The hydrophilic groups on the polymer provide
the dispersion colloidal stability in aqueous solutions, where a
majority of bioanalytes exist. The conformation of the adsorbed
phase, or the corona, modulates analyte binding to the
nanoparticle and provides selectivity. Upon analyte binding,
the fluorescence intensity and/or peak wavelength may change.
To date, CoPhMoRe sensors have been fabricated for a variety
of molecules, including nitric oxide, > hydrogen peroxide,26
riboflavin, L-thyroxine, estradiol,” dopamine,27’ 8 ﬁbrinogen,24
and insulin.”” The nitric oxide sensor has been demonstrated in
vivo and shown to have a fluorescence stability of over 400 days
within the body of a mouse.”

The challenge facing researchers is to now incorporate these
new types of physiological sensors into biologging devices.”' In
the past, the biologging community has traditionally focused on
sensors that describe the behaviors, external environments, and
location of animals. Accelerometers, depth, and temperature
sensors and Argos satellite-linked and GPS tags have been
central to this task.*” For example, using accelerometers, Wilson
et al. studied the significance of neck length in swimming and
foraging behaviors in Imperial cormorants and Megallanic
penguins,” Hays et al. used records from satellite tagging of
thousands of sea turtles to compare their migration distances
with those of other similarly sized marine animals,” and Meekan
et al. used a combination of an accelerometer, magnetometer,
GPS, and depth sensors to study the energy efficiency of whale
shark movement patterns.**

The combination of sensors that collect data sets of
movement, location, and relevant biochemical parameters
(such as glucose, dopamine, and cortisol)***”** into biologging
tags potentially offers unprecedented insights into the behavior,
ecology, and condition of animals. To date, physiological data in
biologging tags has mostly been obtained from electromyogram
(EMG) and heart rate sensors.” Although there have been a few
examples of bioanalyte measurements in extracted blood,**™**
the measurement of biomarkers in sampled fluid ex vivo offers
limited information and may introduce artifacts due to the
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capture and restraint of the animal.’®> CoPhMoRe sensors
incorporated into animal-borne sensor tags have the potential to
transform biologging studies by giving researchers continuous
and real-time access to biomarkers reflecting the condition of
free-living animals (Figure 1).39%0

In this work, as a model sensor implant, we use DNA-wrapped
SWNT that we have fabricated and encapsulated into a
biocompatible poly(ethylene glycol) diacrylate (PEGDA)
hydrogel and calibrated against riboflavin, an essential nutrient
involved in oxidative phosphorylation.*' In vitro characterization
and experiments with two species of aquatic organisms were
performed at MIT, whereas experiments with an additional
seven species were performed at Oceanografic in Valencia, Spain
from January 30 to February 1, 2018. The implants were
delivered via trocar to both recently deceased and living animals.
The hydrogel detection limit with injection depth was
determined, and the effects of tissue heterogeneity on
fluorescence detection were explored. The three living animals
showed no external signs of adverse health or behavioral changes
one month after implantation. However, in the case of the turtle,
some tissue reaction was detected upon dissection and
histopathology. At MIT, analysis of goldfish swimming patterns
indicated that the hydrogel implants do not impair animal
movement. All together, these data indicate the feasibility of
using CoPhMoRe sensors for marine organism biologging with
further improvements to sensor detection limits, normalization
of sensor signal to account for individual tissue optical
properties, and wearable fluorescence device design.

B METHODS AND MATERIALS

Materials. (6,5)-Enriched SWNTs produced by the CoMoCAT
process (lot # MKBZ1159 V) were purchased from Sigma-Aldrich.
Single-stranded (AC),s was purchased from Integrated DNA
Technologies, while PEGDA (M, = 8000) was purchased from Alfa
Aesar. Unless otherwise noted, other reagents were purchased from
Sigma-Aldrich.

Sensor Fabrication. SWNT (1 mg/mL) and ss(AC) 5 (2 mg/mL)
were mixed in 2 mL of 100 mM sodium chloride. The mixture was bath
sonicated for 10 min, followed by sonication with a 3 mm probe at 4 W
for 20 min (QSonica). The suspension was centrifuged at 32,000 rcf for
3 h, and the top 80% of the supernatant was collected for further use.
Free DNA was removed using 100 kDa MWCO centrifugal filters
(Merck Millipore) with S volumetric replacements with 1X phosphate
buffered saline (PBS). UV—vis-NIR absorption spectra were collected
to verify successful suspension. The SWNT mass concentration was
calculated using the absorption value at 632 nm.

ssDNA-SWNT (0.1 mg/mL), PEGDA (100 mg/mL), and 2-
hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (0.17S mg/
mL) were mixed in 1X PBS, cast into glass molds, and incubated for
30 min under a nitrogen atmosphere. The samples were then
illuminated under 365 nm ultraviolet radiation (UVP Blak-Ray XX-
15BLB, 15 W) for 60 min. The hydrogels were removed from the molds
and incubated in excess 1X PBS for 48 h to remove unreacted
monomers and unencapsulated SWNT. The hydrogels were then
incubated in fresh 1X PBS until further use.

In Vitro Characterization. UV—vis-NIR absorption spectra were
measured for both solution phase and hydrogel encapsulated ssDNA-
SWNT (Shimadzu UV-3101PC). Fluorescence spectra were measured
in a custom-built NIR microscope. Samples were illuminated using a
785 nm photodiode laser (B&W Tek. Inc.) and imaged using a Zeiss
AxioVision inverted microscope with appropriate optical filters. The
fluorescence was passed through a Princeton Instruments Acton
SP2500 spectrometer and measured using a liquid nitrogen cooled
Princeton Instruments InGaAs 1D detector.

Riboflavin was used as a model analyte to test hydrogel chemical
sensitivity in vitro and ex vivo. Hydrogels were cut into 5 X 5 X 1 mm®
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Figure 2. In vitro and ex vivo sensor characterization. (a) Normalized UV—vis-NIR absorption spectra and (b) fluorescence emission spectrum at 785
nm excitation of of ss(AC),s-wrapped (6,5) CoMoCAT SWNT. Spectra were measured for solution phase SWNT and SWNT-gels. The absorption
spectrum shows both the excitation (E,,) and fluorescence emission peaks (E;;) for the corresponding SWNT chiralities given in parentheses. The
fluorescence spectrum was decomposed into individual peaks corresponding to the labeled SWNT chiralities. (c,d) Images taken with Raspberry Pi
imaging setup (c) without and (d) with a SWNT-gel. (e) Hydrogel fluorescence increased with larger incident excitation power. (f) Fluorescence
decreased with stepwise increases in riboflavin concentration between 1 to 100 M, as measured by a Raspberry Pi camera. (g) Riboflavin calibration
curves obtained with an InGaAs camera and the Raspberry Pi camera show good agreement. (h) SWNT-gel response to bolus injection of 100 uM
riboflavin while placed 1 mm deep into ex vivo tissue sample of Stenotomus chrysops. The fluorescence decreased below the limit of detection of the

Raspberry Pi camera.

sections and placed inside perfusion channels (ibidi p-Slide III 3D
Perfusion). Hydrogel fluorescence was monitored while varying the
concentration of riboflavin in 1X PBS between 0—100 ;M at a flow rate
of 0.3 mL/min. Fluorescence images were taken using a liquid nitrogen
cooled Princeton Instruments InGaAs 2D detector. These measure-
ments were also performed on a § X 5 X 2 mm?® section of hydrogel
placed 1 mm below the surface of skin and muscle tissue of Stenotomus
chrysops. A 500 uL bolus of 100 uM riboflavin was introduced atop of
the hydrogel.

In Vivo Implantation. All procedures described below were
approved by the animal ethics committee of the Fundacion Ocean-
ografic de la Comunitat Valenciana (OCE-10-18) and performed at
Oceanografic over the duration of the experiments.

Prior to implantation, hydrogels were illuminated by UV light for 15
min and handled in a biological hood (Telstar AV-100) thereafter to
ensure sterility. Hydrogels were cut to a 1 X 5 X 1 mm?® block and loaded
into 12 gauge transponder needles from which the microchips were
removed (Avid Suds Monoject).

The implantation procedure varied depending on the target
organism. In the case of deceased animals, all animals were injected
without further treatment of the skin. Hydrogels were placed at the
desired location and penetration depth by using the needle length and
angle of insertion as a guide.

A live European eel (Anguilla anguilla) was anesthetized prior to
injection by submersion in a 70 mg/L benzocaine solution. When the
eel was nonresponsive, the injection site on the dorsal side was washed
with sterile saline, and the hydrogel was injected. The eel was moved to
new water and allowed to recover prior to further handling.
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A live eastern river cooter (Pseudentys concinna) and catshark (
Scyliorhinus stellaris) were restrained by animal care personnel for
hydrogel implantations. The skin of the shark was washed with sterile
saline, whereas the skin of the turtle was disinfected with iodopovidone.
The hydrogel was injected subcutaneously in the dorsal area of the
shark at the level of the second dorsal fin and in the dorsal part of the
cranial tram of the turtle’s neck.

After implantation, the animals were monitored for 2 months to
determine tolerance to the implants and changes in swimming and
feeding behavior. High-resolution ultrasound images of the implanta-
tion site were used to noninvasively study the impacts of implantation
on tissues. After one month, the turtle was euthanized (for reasons not
related to this study), allowing biopsies of the implantation site to be
collected for histopathology.

Imaging Using Raspberry Pi. The imaging system consisted of a
Raspberry Pi 3 (Adafruit) with a S MP camera with the IR filter
removed (SainSmart). The camera was placed inside of a 1 in. lens tube.
The camera was used without further modification when taking
brightfield images. The Picamera software package was used to control
the camera.

When taking fluorescence images, the hydrogels were illuminated
with a 200 mW 561 nm laser (Opto Engine LLC) passing through a
collimator. Fluorescence passed through a 900 long-pass filter prior to
collection by the camera. Fluorescence was quantified by taking two
images before and after hydrogel placement and calculating the
difference in gray value in the region of interest. For all images, the
autowhite balance gains, exposure times, and shutter speed were set
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Figure 3. Effect of hydrogel implantation depth on fluorescence detection in teleosts (Sparus aurata and Stenotomus chrysops) and cat shark (Galeus
melastomus). (a,b) Imaging setup and schematic. A fiber-coupled S61 nm laser fitted with an 850 short-pass filter was used to illuminate the
implantation site before and after intramuscular delivery of hydrogels into previously deceased animals via trocar. The signal was collected by a
Raspberry Pi camera connected to a 900 long-pass filter. The difference in gray values with and without the hydrogel was calculated. (c) In Sparus
aurata, detectable hydrogel fluorescence decreased as injection depth was increased from just below the skin down to a limit of 0.7 cm. A
nonfluorescent hydrogel was injected just superficially below the skin and imaged to give the threshold difference in intensity for the signal to be
attributable to the hydrogel and not to other artifacts, such as movement of the fish relative to the laser. (d) A superficially implanted SWNT-gel in
Sparus aurata exhibited a steady fluorescence signal when imaged over 6 min. (&) The detection limit of SWNT-gels in Stenotomus chrysops was 0.7 cm.
(f) Overlay of brightfield and fluorescence images of a fluorescent hydrogel implanted 0.5 cm below the skin in Galeus melastomus [scale = 20 mm]. (g)
SWNT-gels were detected down to a depth of 0.7 cm in Galeus melastomus, as compared to a nonfluorescent hydrogel implanted at a depth of 0.5 cm.
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Figure 4. Detection of fluorescent hydrogels implanted superficially in optically heterogeneous tissues. Fluorescent hydrogels were implanted into (a)
the scaly legs and (b) softer flesh beneath the neck of a sea turtle (Caretta caretta) (scale = 20 mm). (c) Hydrogel fluorescence was detected in the neck
but not the scaly legs. SWNT-gels were implanted subcutaneously in (d) dark and (e) white regions of a blue shark (Prionace glauca). A nonfluorescent
hydrogel was implanted in (f) gray region of the tissue. (g) Fluorescence could be detected underneath white skin but not dark skin. The blank
hydrogel in the gray region provided a baseline against which to determine fluorescence detection. Scale in all images is 20 mm.
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manually. The analog and digital gains were kept constant by
equilibration of the camera for a 1 min period.

Goldfish Hydrogel Implantations and Motion Tracking. All
experimental details below and associated husbandry procedures were
reviewed and approved by the Committee on Animal Care at MIT.

Two sarasa comet goldfish (Carassius auratus) were purchased from
LiveAquaria, housed in a 110 L glass aquarium with dimensions of 76 X
42 % 30 cm?® (length X width X height), and allowed to acclimate for at
least 2 weeks prior to experimental manipulation. The water was
maintained at 24 °C, and the aquarium was lit daily for 10 h. Fish were
fed daily with flake foods (TetraFin).

Prior to implantation, hydrogels were treated under UV light for 15
min and handled in a biological hood thereafter to ensure sterility.
Hydrogels were cut to a 1 X 3 X 1 mm? shape and loaded into 16 gauge
needles. Fish were anesthetized in a solution of 60 mg/L tricaine
methanesulfonate. When the fish were nonresponsive to handling and a
fin pinch, the hydrogels were injected into muscle just below the dorsal
fin. The fish were allowed to recover in a holding tank before being
returned to the home tank.

To determine the impact of the hydrogel implant on the animal’s
health, its movements were recorded using a surveillance system
consisting of the Raspberry Pi 2 computer with a Raspberry Pi Camera
Board v2. Fish movements were extracted using the Kinovea software.

After the experimental lifetime, the fish were euthanized by
submersion into a 500 mg/L solution of tricaine methanesulfonate.

B RESULTS AND DISCUSSION

Sensor Fabrication and in Vitro Optical Character-
ization. DNA-wrapped SWNT have been utilized in many
studies due to their high wrapping efficiency** and flexibility
in selective sensing of different analytes.”>~>"*>** The UV—vis-
NIR absorption spectrum (Figure 2a) shows distinct peaks,
indicating successful nanoparticle suspension. Mass concen-
tration of total carbon in the solution was estimated using an
extinction coefficient of £¢3, ., = 0.036 (mg/L) ™" cm™.*° Singly
dispersed ss(AC),;-SWNT nanoparticles were produced at a
36% yield based on a carbon mass balance.

Peak position and relative peak intensities of ss(AC),;-SWNT
in solution phase or encapsulated in the hydrogel (SWNT-gel)
were identical in both the absorption spectra and fluorescence
emission spectra (Figure 2b), indicating that the dielectric
environments surrounding the SWNT were nearly identical. ***”
The absorption spectrum of the SWNT-gel indicated a final
concentration of 33 mg/L SWNT. However, the fluorescence
intensity of the SWNT-gel was only 50% of the intensity in the
equivalent concentration in solution phase. Sample geometry
contributed to this decrease, as the hydrogels are only 1 mm in
thickness, whereas liquid samples were typically 1 cm in height.
Additionally, the chemical environment of the sensors in the
hydrogel is different, in that the SWNT are diffusionally
constrained by a polymer matrix. Free radicals that are generated
during the photopolymerization of the hydrogel may have also
chemically altered the DNA on the SWNT surface.

Characterization of SWNT-Gel Pore Size. The hydrogel
pore size formed by the spacing between cross-linked polymer
chains is a critical parameter that controls sensor functionality
and environment. The pores in the gel determine the size of the
analyte that is permitted to enter the network, as well as its rate
of diffusion, thereby affecting sensor response time."® The pore
size can also be used to exclude large molecular weight
interfering molecules to improve sensor selectivity. Further-
more, the hydrogel’s pore diameter relative to nanoparticle size
dictates the degree of nanoparticle entrapment.*’

37

Injection Site

Figure 5. NIR fluorescent hydrogels implanted in a living European eel
(Anguilla anguilla), eastern river cooter (Pseudemmys concinna), and
catshark (Scyliorhinus stellaris). (a) Following implantation, attempts
were made to track the fluorescence in the eel and turtle confined to a
small space. (b,c) Dispersed laser excitation, animal movement, and
long exposure times made these attempts unsuccessful in (b) the eel
and (c) the turtle. All scalebars are 20 mm. (d) The implantation site
fully healed in the catshark by 33 days post-implantation. (e,f) High
resolution ultrasound images were taken to examine noninvasively
tissue response to the implant 4 weeks after implantation in the (e) eel
and (f) catshark (scale = S mm). The absence of significant changes in
tissue architecture and echogenicity indicates that the hydrogels were
well-tolerated in these organisms. (g) The injection site in the turtle did
not heal completely 33 days post-implantation. (h) Hydrogels were
removed from the turtle after 33 days and were found to be
encapsulated by tissue. (i) Histology images from subcutaneous tissue
surrounding the hydrogel implant in the turtle indicate a foreign body
tissue reaction (Image courtesy of Pathology Service, UCH-CEU
Valencia).

Swelling experiments were performed in 1X PBS to obtain the
average SWNT-gel pore size from the polymer network. The
swelling ratio was determined using the following equation

Q= Mgollen _ a—l

mdry (1)

where Q is the hydrogel swelling ratio and m is the hydrogel
mass. Q can then be used to calculate the average pore
diameter:>>""

B (T/V,)[In(1 — a) + a + ya’]

M=
" a'? = (2/0)a
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Figure 6. Quantification of hydrogel implant impact on animal health. (a) Snapshot of the capture video with corresponding sarasa comet goldfish (
Carassius auratus) movement trajectories included. Blue corresponds to a fish in which a nIR fluorescent hydrogel was implanted, while orange
corresponds to a control fish without a hydrogel implant. (b) Trajectories of fish taken for 1 h 2 days after a hydrogel was implanted into the subject fish.
(c—f) X and Y position histograms for the subject fish (c,d) and control fish (e,f). The subject fish experienced neither impaired movement nor erratic
movement due to the hydrogel implant, indicating good tolerance of the implant.

5 \1/2
¢ = a—l/S[ 2’Cool Mc]
M (3)
where M_is the molecular weight between cross-links, M, is the
molecular weight of the polymers without cross-linking
(=8000), ¥ is the specific volume of the polymer (= 0.903
mL/g), V, is the specific volume of water (= 18.01 mL/mol), y is
the Flory—Huggins parameter (= 0.3765), € is the functionality
of PEGDA (= 4), £ is the average mesh side, C,, is the Flory
characteristic ratio (= 6.9), I is the carbon—carbon bond length
(= 0.154 nm), and M is the molar mass of the repeat unit (=
44.05 g/mol). The Flory parameter was obtained from a
previous study of PEG polymers.”” The average pore size was
estimated to be 15 nm.

Raspberry Pi Imaging Systems. To understand the range
of organism—environment interactions and document variation
among individuals and populations, some biologging studies
have deplogled sensors on anywhere from dozens to hundreds of
animals.”>” To this end, some laboratory instruments are not
practical due to their prohibitive cost for large-scale deployment,
immobility, and fragility on a moving animal in its natural
environment. For example, InGaAs cameras typically used to
measure near-infrared fluorophores can weigh on the order of §
kg and can cost thousands of dollars.”***” Consequently, we
chose to use inexpensive and portable Raspberry Pi computers
and cameras which cost on the order of tens of dollars. In the real
application, the components of a Raspberry Pi imaging system
can be readily incorporated into a miniaturized sensor suite.
Recently, Gorocs et al. incorporated a similar CMOS ima%e
sensor into a portable imaging device weighing less than 40 g.>*

Because the optical sensors on the cameras are fabricated from
silicon, which have limited sensitivity (<0.1 A/W above 980 nm)
to the near-infrared fluorescence of SWNT (Figure S-1), we first
verified that the hydrogels could be visualized by our system
(Figure 2c,d). Analysis showed a linear trend of hydrogel
fluorescence with incident laser power density (Figure 2e).

Riboflavin as a Model Analyte for Chemical Sensing in
Vitro and ex Vivo. Riboflavin plays a key role in the recycling of
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FADH and FAD" in oxidative phosphorylation and is an
essential nutrient in a fish’s diet.*">> Riboflavin exists in plasma
typically between 1 and 100 nM.***” Furthermore, DNA
oligonucleotides of various sequences, when complexed to
SWNTs, allow for a nIR fluorescence modulation in response to
riboflavin binding via both intensity quenching and wavelength
shifts,” making it an ideal model analyte to evaluate in vivo
sensing feasibility.

The SWNT-gels showed stepwise decreases in fluorescence
with stepwise increases in surrounding riboflavin concentration,
with sensitivity from 1 to 100 uM (Figure 2f). The calibration
curves were fitted to the following functional form:

-1,
IO

B C

Response =
C+Kp

(4)

where f3 is the gain, C is the riboflavin concentration, and Ky, is
the equilibrium dissociation constant. To evaluate the perform-
ance of the Raspberry Pi relative to typical laboratory
equipment, we compared results obtained with a Princeton
Instrument 2D InGaAs camera. The calibration curves showed
good agreement (Figure 2g). For the InGaAs camera, f was
—0.72, and K was 11.3 uM, while the corresponding values
were —0.63 and 12.7 uM for the Raspberry Pi. The difference in
maximum response is a product of higher background signal in
the Raspberry Pi, which partially masked the fluorescence
quenching of the riboflavin. Future versions of the sensor tag will
be designed to eliminate such interference by optimizing optical
configurations and increase the sensitivity to detect physio-
logical levels of riboflavin.

Furthermore, the fluorescence of the SWNT-gels decreased in
response to a bolus of 100 M when placed in a 1-mm-thick skin
and muscle tissue sample of Stenotomus chrysops (Figure 2h).
The fluorescence decreased below the detection limit of the
Raspberry Pi camera.

Optical Penetration Depth. We constructed a simplified,
1-D mathematical model to describe the effects of material,
tissue, and equipment properties on the optical signal from a
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sensor implanted into tissue. Incident excitation light is partially
reflected from the epidermal interface

IO = 11(1 - rex) (5)

where I, and I, are the incident and transmitted excitation
fluences, respectively, and r,, is the epidermal reflectivity at the
excitation wavelength. Tissue further attenuates excitation light
according to the Beer—Lambert law

1 (IO) d

ogl —| =7

A1) = ©)
where I is the fluence at the implantation site, ., is the tissue
extinction coefficient at the excitation wavelength, and d is
distance through tissue. The fluorescence intensity of the
hydrogel at the implantation site is described by

E
logl1 — ——| = —ect
1A )

where F is the fluorescence intensity at the implantation site, 7
is the quantum efficiency of SWNT, A is the cross-sectional area
of the hydrogel, ., is the extinction coefficient of SWNT at the
excitation wavelength, c is the concentration of SWNT in the
hydrogel, and ¢ is the hydrogel thickness. The thickness of the
hydrogel is assumed to be negligible compared to the
implantation depth. The fluorescence reaching the surface of
the epidermis is given by the following equation

5 _
1°g( F) = Ton (8)

where F is the fluorescence reaching the epidermal interface, ¥,
is the tissue extinction coeflicient at the emission wavelength.
Back-reflection of fluorescence may occur at the epidermal
interface

F=F(1 - r,) )

where F; is the fluorescence exiting the tissue and r,, is the
reflectivity at the fluorescent wavelength. Assuming minimal
scattering and absorption between the epidermal surface and the
photodetector, the measured signal is described by

S = FR (10)

where § is the signal, and R is the responsivity of the camera.
Combining eqs 5—10 yields

S
r]ARIt(l - rex)(l - rem)

=log(1 — 10%) — d(y_+ 7, ) (11)

The terms in eq 11 can be classified into material, tissue, and
equipment properties and tunable engineering parameters. The
specific fluorophore dictates the value of # and &,,. Different
tissues attenuate light transmission to varying extents and
consequently have unique values of ¥, which may be measured in
a future study via light transmission measurements. Both
absorption and scattering contribute to the extinction
coefficient. Scattering decreases with increasing incident
wavelength,”® while absorption is largely determined by water
and blood absorption, which is minimal in the SWNT
fluorescent region.59 Furthermore, unlike organic fluorophores,
SWNT do not photobleach and thus exhibit a constant ¢ as long
as the implant maintains its integrity. Thus, the near-infrared

log|
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fluorescence of SWNT is ideal for an in vivo optical biosensor
due to the lack of photobleaching and the transparency of the
near-infrared window.®”°! Controllable parameters include I, A,
¢ t, r, and d. Increased hydrogel thickness, fluorophore
concentration, equipment responsivity, and excitation power
and decreased implantation depth increase the fluorescence
signal. In a previous study, Iverson et al. measured the
fluorescence of an alginate hydrogel with 10 mg/L SWNT to
a depth of S mm in tissue phantoms using a hyperspectral CRI
Maestro system.62

For this application, consideration of the marine organism
tissue properties is critical. Many fish species, including teleosts,
have evolved skin containing significant amounts of reflective
guanine crystals in the stratum argenteum and underneath the
scales, which may camouflage the animal against predators.’®
The reflective spectra of such biomaterials have been thoroughly
characterized in previous work.”* These different skin types will
affect the penetration of light through tissue. Others, such as
sharks and marine reptiles, have evolved thick, mechanically stiff
skin and/or scales as protection against environmental hazards,
which may require specialized methods of placing implantable
devices.”> All together, these factors suggest that each species
should be considered individually when using implantable nIR
fluorescent hydrogel sensors for biologging.

Two deceased teleosts (Sparus aurata and Stenotomus
chrysops), a female adult catshark (Galeus melastormus) were
used for the nIR penetration versus depth study. The teleosts
were chosen because over 32,500 species exist, making them the
largest category of vertebrates.”® Furthermore, catsharks
comprise over 10% of extant cartilaginous fish.”” Images were
taken of the fish before and after placement of the hydrogel using
the Raspbery Pi camera system (Figure 3a,b). Movement of the
animal relative to the imaging setup was minimized such that
differences in signal between the two images is predominantly
the hydrogel, not position change. In Sparus aurata, the nIR
fluorescent SWNT-gels were detected up to a depth of 7 mm
(Figure 3c). Injection of sham nonfluorescent hydrogels using
the same method verified that the difference in signal due to
movement was negligible compared to the additional signal from
the fluorescence. The residual signal is a small change in laser
reflection from a small shift in position of the fish tissue. The
SWNT-gels also exhibited stable fluorescence (Figure 3d). This
stability is critical, so that perturbations can be attributed solely
to changes in analyte concentrations. For Stenotomus chrysops
and Galeus melastormus (Figure 3e—g), the SWNT-gels were
detected again to a depth of 7 mm over a minimum signal
difference threshold determined by injection of a nonfluorescent
hydrogel (Figure 3g). A simplified version of eq 11 was used to
fit the data and reproduced the trends.

(12)

The fit parameters are reported in Supporting Information.

As can be seen in Figure 3c,e,g, there was not a monotonic
decrease in fluorescence with increasing depth. We attribute the
noise to variations in hydrogel thickness, cross-sectional area,
placement at the intended depth, and position relative to the
excitation source. As illustrated by eq 11, variations in geometry
and placement of the SWNT-gels necessarily change the signal
by reducing the excitation power incident on the hydrogel and
changing the attenuation distance of the excitation and
fluorescence through tissue.

Although the penetration depth of the SWNT sensors in the
target species were similar to that of previous studies,’” the

S=a 10b-d+c
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maximum depth can be increased using several approaches.
First, the excitation and fluorescence detection equipment can
be optimized specifically for SWNT-based biosensors. An
InGaAs photodetector, which has almost an order of magnitude
higher photoresponsivity (0.67 A/W at 1000 nm) may replace
the silicon-based camera (0.067 A/W at 1000 nm) used in this
study (Figure S-1). This equipment, along with other optical
components such as lenses, can be attached directly to the
animal instead of being placed at standoff distances, thus
reducing the optical path length, optimizing excitation and
fluorescence collection, and increasing signal. Alternatively,
optical fibers may be implanted transdermally, in the form of an
optode, to couple the excitation source directlgr with the
hydrogel and the hydrogel with the photodetector.”®

Ultimately, placement of the sensor could be influenced by
other factors in addition to optical penetration depth, including
local analyte concentration and sensor sensitivity. Many analytes
of interest, such as glucose, cortisol, and vitamins, exist in
interstitial fluids and can be theoretically queried with a hydrogel
implanted superficially atop the hypodermis.*

Tissue Heterogeneity. Different color patterns of tissue
and mechanically distinct exteriors may exist on the skin of the
same animal, which may affect hydrogel implantation and/or
fluorescence visibility. To examine this issue, we implanted
hydrogels in different skin tissues of a juvenile female sea turtle (
Caretta caretta) and a juvenile male blue shark (Prionace glauca).
The sea turtle had both scaly and fleshy regions of the skin,*®
whereas the blue shark had distinctly colored regions ranging
from dark blue to white.”

SWNT-gels were delivered in both the front right leg and the
flesh centered underneath the neck of the sea turtle (Figure
4a,b). As the needle could not pierce the scales, it was inserted
between them. The neck flesh was stretched prior to hydrogel
placement to prevent folding of additional skin on top of the
implant, avoiding artificial increases in the optical path length.
The hydrogel was not visible beneath the scales but was visible
beneath the fleshy skin of the neck (Figure 4c). SWNT-gel
sensors were placed underneath the white and dark sections of
shark’s epidermis, and a nonfluorescent hydrogel was placed into
a gray area to provide a baseline against which nIR fluorescent
hydrogels could be compared (Figure 4d—f). The nIR
fluorescent hydrogel was visible beneath the white but not the
dark-colored epidermis (Figure 4g).

In both organisms, dark sections of tissue masked the nIR
fluorescence of the sensor implants. Increased melanin levels in
the epidermis result in higher absorption coefficients up to 1100
nm,”"”? resulting in less excitation of the hydrogel and
transmission of (6,5) SWNT fluorescence by increasing the
values of y, and 7., in eq 11. UV—vis-NIR absorption
measurements of tissue samples can quantify these wave-
length/tissue dependent effects in a future study.

These results indicate two additional requirements for nIR
fluorescent biosensors for in vivo applications. First, to maximize
the signal-to-noise ratio, sensors should be delivered to tissues
that are as optically transparent as possible for both the
excitation and emission wavelengths. Furthermore, sensor
fluorescence may have to be normalized against an invariant
internal standard to eliminate the effects of tissue hetero-
geneity.”* Second, to deliver hydrogels via a minimally invasive
injection, some tissue sections will be inaccessible due to their
mechanical strength and rigidity.

Imaging and Sensor Operation in Live Animals. Several
questions regarding tolerance/biocompatibility of the implant
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and its effects on behavior can only be answered using living
animals. A moving animal also adds greater complexity when
imaging which may require reconfigurations of the sensor.

A female adult European eel (Anguilla anguilla), a female adult
eastern river cooter (Pseudemmys concinna), and a juvenile male
catshark (Scyliorhinus stellaris) were tagged with sensor
hydrogels and monitored for up to 2 months. We attempted
to image the eel and turtle in a small bucket from a distance of
0.5 m, but were unsuccessful for several reasons (Figure Sa—c).
First, the camera and excitation sources were moved farther
away to image the entire field of view. This reduced both the
excitation power density incident upon the surface of the
epidermis from 150 to 0.3 mW/cm® and consequently the
fluorescence upon the camera’s sensor by a factor of at least 500,
according to eq 11. Furthermore, the combination of a long
exposure time and animal movement apparently blurred the
images.

Engineering Design for nIR Fluorescent Hydrogel
Implants. A central goal of the current work is to utilize these
findings to design sensing hydrogel implants. A wearable
fluorescence reader that conforms to the animal’s body as it
moves is necessary.~ Fixing the position of the measurement
unit relative to the SWNT-gels eliminates changes in hydrogel
fluorescence due to a changing excitation field and/or
misalignment of the hydrogel and camera. Furthermore, placing
the measurement device directly on top of the hydrogel reduces
the optical path length, increasing the signal-to-noise ratio. As
such, the miniaturization into and attachment methods of a
flexible form factor are critical next steps.

Biocompatibility of the hydrogel was favorable in two of the
three animals. We found no changes in movement or feeding
behavior of the eel and catshark for two months post-
implantation (Figure Sd). In the ultrasound images, the
implantation site was identified via a slight change in tissue
structure and echogenicity, but the surrounding tissue was
completely normal (Figure Se,f). In the case of a significant
foreign body reaction, larger changes in architecture and
echogenicity would be found in the periphery of the implant
as it becomes encapsulated.”*”® In contrast, histopathology
suggested that the turtle experienced some reaction to the
implant. The injection site did not heal cleanly (Figure Sg). It is
important to note that there may have been an infection of the
wound following implantation, precluding clean healing.
Granules containing hydrogel fragments were extracted from
the implantation site one month after the procedure (Figure Sh).
H&E stained tissue sections showed infiltration of inflammatory
cells into the deep dermis, hypodermis, and cutaneous muscle.
The infiltrate consisted of heterophiles, macrophages, and
several multinucleated giant cells, consistent with panniculitis
and a foreign body reaction to the implant (Figure Si). However,
no behavioral changes were noted in the turtle.

A similar implantation procedure was performed on adult
Sarasa comet goldfish (Carassius auratus), and its movement
patterns were analyzed relative to a control goldfish without an
implant (Figure 6a). Animal trajectories and position histograms
did not differ significantly between the two animals, indicating
that the hydrogel implants do not adversely impact animal
health (Figure 6b—f). During times of stress or infections, the
fish may swim violently or erratically. In the case of serious
illness, fish movement would slow severely.”®”” The video data
and position histograms (Figure 6c—f) show that the subject fish
showed neither erratic movement nor stationary behavior
relative to the control. The absence of other abnormalities,
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such as damaged fins, disinterest in food, and discoloration,
further indicate that the fish tolerated the implant well.”®
Furthermore, goldfish were maintained up to six months with
the hydrogel implant, indicating long-term biocompatibility.

These results effectively form a pilot study that can be used to
direct and prioritize future work involving larger sample sizes, a
greater diversity of species, optimization of the hydrogel and
delivery method, and development of a wearable fluorescence
reader.

B CONCLUSIONS

In summary, the feasibility of applying CoPhMoRe sensors for
the physiological biologging of marine organisms was
demonstrated in nine species of aquatic vertebrates. Future
work will perform similar tissue penetration, tissue hetero-
geneity, and biocompatibility studies with a larger number of
animals to probe phenotypic diversity. Strategies to normalize
sensor signals against individual implant site optical properties
and internal fluorescent standards will be explored to create
absolute interspecies calibrations. Ratiometric approaches to
optical sensing will mitigate movement and other artifacts that
may confound the signal.** The successful measurement of the
fluorescent hydrogels using an inexpensive, field portable
Raspberry Pi imaging setup motivates further efforts to design
a wearable, flexible sensor tag that integrates optoelectronic
components tailored for physiological biologging using SWNT-
gels. These technical improvements may improve the signal-to-
noise ratio, time resolution of the measurements, and stability of
the signal when attached to a moving animal. In parallel, the
underlying SWNT nanosensors may be engineered to be
sensitive to a wider range of bioanalytes to investigate a wider
range of physiological states. The detection range of the
riboflavin sensor described herein will be further improved to be
sensitive to the physiologically relevant range. This work
advances the application of biosensors into animals beyond
the commonly used rodent and zebrafish models and carves a
path toward the physiological biologging of aquatic organisms.
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