A Nanosensor Platform for Biologging in Marine Animals
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ABSTRACT: Biologging has significantly advanced ecological biology by enabling the collection of data from free-roaming
ani-mals in their natural habitats. Traditionally, these measurements have largely been limited to temperature, pressure,
and movement. Incorporating physiological data of animal biomarkers could yield valuable orthogonal datasets, provid-
ing a more nuanced understanding of organisms in the context of their environments and behaviors. Despite this poten-
tial, successful collection of such biochemical information remains absent, and thus motivates new sensor platforms. To-
wards this end, we explore the hardware and nanosensor optimization of animal implantable sensors for tracking hor-
mone levels in marine animals. The transducer element is based on polymer-wrapped single-walled carbon nanotubes
(SWCNT) that act as nanosensors embedded within a biocompatible poly (ethylene glycol) diacrylate (PEGDA) hydrogel.
This work investigates the performance of the nanosensor hydrogel under various temperatures, illumination conditions,
and nanoparticle concentration in the hydrogel. We further prototype a miniaturized fluores-cent system for integration
into existing, commercially available acoustic tags widely used in marine biology studies. We demonstrate a baseline of
100 nM for the detection limit of progesterone as an example of an important hormone in marine animals, using the inte-
grated nanosensor hydrogel in this platform. Further improvement is possible with optimization of the signal to noise via
hardware development. This developed form-factor will complement the presently collected data by providing insights
into the physiological state of the animals in the context of their behavior and environments.

Marine animals undertake extensive migrations, trav-
ersing vast distances and sometimes entire ocean basins,
which pose significant challenges for direct observation
and monitoring of their behaviors and environments.*> To
overcome these challenges, researchers have developed
bio-logging techniques, also known as animal telemetry,
biotelemetry, or animal-borne sensors.3> These methods
involve equipping animals with miniaturized tags to log
and/or relay data relevant to marine ecology. Bio-logging
has become a cornerstone in the study of marine animals,
offering the opportunity to observe the physical and bio-
logical environment through which these animals travel,
enhancing our understanding of their ecology.>® This
technology provides insight into how animals interact
with human activities' and informs target conservation
efforts.”

In recent years, marine biologging has witnessed signif-
icant advancements, revolutionizing our understanding of
marine ecosystems and species behaviors.> By attaching
various tracking devices to marine animals, researchers

have been able to collect valuable data on their move-
ments, foraging patterns,® migration routes,®° and even
physiological parameters.>" For instances, satellite tags
have been used to track the migration patterns and habi-
tat use of sharks,>4 while accelerometers attached to fish
have provided data on their swimming behavior and en-
ergy expenditure.’>'6

One key area of development in marine biologging is
the miniaturization of tracking devices.3 Advances in
technology have allowed for the development of smaller,
lighter, and more sophisticated tags that can be attached
to a wide range of marine organisms, including fish,
mammals, birds, and even invertebrates.7*® These tags
often incorporate satellite or acoustic telemetry, global
positioning system (GPS)," accelerometers,*® and sensors
for measuring environmental parameters, such as tem-
perature and salinity. Additionally, a significant devel-
opment has been the integration of biologging data with
other sources of information, such as remote sensing and
oceanographic datasets.> By combining these datasets,



researchers can gain a more comprehensive understand-
ing of the ecological processes and environmental factors
that influencing marine animal behavior. Such integrated
approaches have led to breakthroughs in our knowledge
of marine food webs, species interactions, and the im-
pacts of environmental changes on marine ecosystems.

Despite the significant advancements in marine biolog-
ging, measurements have predominantly focused on
physical parameters like temperature, pressure, and
movement.?>> The ability to monitor biochemical mark-
ers in freely moving marine animals remains underdevel-
oped.>#* Gaining access to such biochemical data would
provide valuable orthogonal datasets and enable a more
nuanced understanding of their physiology, behavior, and
environmental interactions. One category of chemicals of
significant importance is steroid hormones.?® Steroid
hormones play a pivotal role in the physiological process-
es of marine animals, including sex determination, sex
change, and stress response.??® Some species of fish, for
instance, may change their sex from male to female, dis-
rupting the balance for optimal breeding and reproduc-
tion. Both genotypic (GSD) and temperature-dependent
(TSD) sex determination mechanisms exist, with warmer
water temperatures during early development potentially
yielding more males.?> Moreover, sex change may occur
later in life as a consequence of reproductive potential
relative to local social pressures.> Physiologically, ster-
oids, such as estrogens and androgens, as well as aroma-
tase inhibitors, have been implicated in sex changes.> In
addition to sex-related processes, aquatic organisms be-
come more susceptible to disease and stunted growth
during periods of high stress, which manifests itself in
higher endogenous cortisol levels.3? The activity of estro-
gens and androgens in the case of sex change and cortisol
in the case of stress provide valuable metrics for assessing
the conditions of marine animals. Additionally, proges-
terone levels in marine organisms have been the focus of
growing research because they can reveal reproductive
events and indicate maturity, both of which provide in-
sights into population demographics. 3335

The problem of continuous biochemical monitoring in
marine animals is associated with several challenges, in-
cluding (1) residual movement of a sensor with respect to
tissue causing measurement artefacts, (2) sensitive and
selective detection, and (3) long-term stability.>3® While
various sensor types like electrochemical,3” and fluoro-
phore-based sensors3® have been explored for biochemical
sensing, none have successfully enabled real-time in vivo
monitoring in freely swimming marine animals. In recent
years, single-walled carbon nanotubes (SWCNTs) have
emerged as promising candidates for in vivo sensing, of-
fering advantages of photostability and near-infrared
(nIR) fluorescence, which allows for deep tissue penetra-
tion.3%4° Our group has previously developed SWCNT-
based nanosensors for detecting various analytes includ-
ing neurotransmitters,#4* proteins,*4 and hormones.4
Building on this work, we now aim to integrate SWCNT
nanosensors into implantable devices for marine animals,
with a specific focus on monitoring progesterone levels as

an example of a steroid hormone of interest. Specifically,
progesterone levels in marine organisms have been the
focus of growing research because they can reveal repro-
ductive events and indicate maturity, both of which pro-
vide insights into population demographics.3735

Herein, we present the development and optimization
of a miniaturized, implantable biologging tag with an
integrated SWCNT nanosensor for the continuous moni-
toring of progesterone in marine animals. Marine organ-
isms contain several steroid hormones that may interfere
with the detection of progesterone, the hormone of inter-
est in this study. Key interfering hormones include testos-
terone, estradiol, and cortisol. Although the physiological
level of these steroids is almost in the same range, we
previously developed a sensor with specific detection of
progesterone against a panel of steroid hormones.+ The
tag is engineered to meet the size and power constraints
of existing commercial fish tags. We have systematically
characterized the nanosensor performance in a custom
hydrogel matrix under varying conditions. Integration of
the sensor and electronic components into a compact tag
design (Fig. 1) is accompanied by the development of an
analytical model to enhance and guide tag optimization.
As a proof-of-concept, we demonstrate sensitive, stable,
and reversible progesterone detection under simulated
conditions. This SWCNT nanosensor-enabled tag pro-
vides an unprecedented platform for continuous in vivo
biochemical monitoring in marine animals. The ability to
collect this new class of data will facilitate more holistic
biologging studies to decipher the complex interplay be-
tween animal physiology, behavior, and the environment.
Ultimately, such advances in marine biologging can in-
form data-driven decision making in marine conservation
and sustainable aquaculture.

The SWCNT nanosensor and the supporting optoelec-
tronic components (Fig. 1b-c) are designed to be located
at the tip of an existing tag (Fig. 1d), enabling modular
architecture. The optoelectronic system is composed of a
light-emitting diode (LED) and a detector. The LED may
be powered by a tag, whereas the detector may transmit
the acquired data into tag’s memory. The optoelectronic
components are separated from the environments using
an insulating yet optically transparent protective window.
The window and a capping system sandwich a sensing
hydrogel that is directly exposed to a local environment,
enabling unobscured chemical access of sensing species
to nanosensors.

EXPERIMENTAL SECTION

Materials. Raw single walled carbon nanotubes
(SWCNT) produced from the High-Pressure Carbon
Monoxide (HiPCO) process were purchased from
Nanolntegris and used without further processing (Batch
HR27-104). Poly (ethylene glycol) diacrylate (PEGDA)
(Mn = 10000, Mn = 8000, Mn = 6000) were purchased
from Alfa Aesar. All other materials were purchased from
Sigma-Aldrich.
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Figure 1. Vision for future biologging, where biochemical sensors are integrated onto existing tags for biologging providing an
orthogonal set of data for studying the ecology system. (a) A concept of a biologging tag to be used into marine animals with
wireless communication. The tag is comprised of an implantable acoustic telemetry tag, hydrogel carbon nanotube sensors, op-
tical components for the readout, and electronic components for signal transmission to shore stations. (b) A schematic of the
optical component with a protective cap for nanosensor clamping in the form of biocompatible hydrogel. (c) An optical system
for detecting signals from nanosensors is comprised of an excitation LED, a detector, and optimally positioned optical filters. (d)
An acoustic transmitter comprised of a battery and electronic components that convert acoustic signal to digital data.

Cortisol acrylation. Acrylation of cortisol was carried
out in accordance with the methods described by Lee et
al.#s Briefly, 2g cortisol and 85omL trimethylamine (TEA)
were dissolved in somL tetrahydrofuran (THF). The solu-
tion was then placed in an ice-bath with magnetic stir-
ring, followed by dropwise addition of acryloyl chloride
(0.smL) diluted in THF (10 vol%). The reaction mixture
was placed in ice-bath for 1h and proceeded at room tem-
perature for 2d. After completion of the reaction, the so-
lution was decanted from the hydrogen chloride (HCI)-
TEA salts, and THF was removed by rotary evaporation.

The product was reconstituted in somL dichloro-
methane (DCM), followed by three times of HCI (0.5 M)
wash, two times of NaHCO3 (5 wt%) wash, and one time
of saturated aqueous NaCl wash. The solution was then
dried using anhydrous NaSO4. The structure of the prod-
uct was confirmed using 1H NMR (Bruker AVANCE III-
400 NMR Spectrometer).

Polymer synthesis. Polymer synthesis was done as de-
scribed previously.+s Briefly, styrene (742ul), acrylic acid
(1900ul) and acrylated cortisol (385mg) monomers were
dissolved in 10mL of 1,4-dioxane. Hydroquinone monome-
thyl ether (MEHQ) was removed acrylic acid by passing
through a column packed with inhibitor removers. Simi-
larly, 4-tert-butylcatechhol was removed from styrene. 2-
(Dedecylthiocarbonothioylthio)-2-methylpropionic  acid
(67.5mg, 1 equiv.) and 2,2’-azobis (2-methylpropionitrile)
(6.08mg, 0.2 equiv.) were added to the reaction mixture.
The solution was purged with N2 for 3omins, and the re-
action was proceeded in nitrogen environment at 70 °C
for 24hrs. The mixture was precipitated in 30oomL diethyl
ether afterwards. The unreacted monomer was removed
by reconstituting the product in THF and re-precipitating
in diethyl ether twice. The polymer was dried under vac-

uum for 3d and characterized using 1H NMR (Bruker
AVANCE III-400 NMR Spectrometer).

Polymer SWCNT dispersion. 5 mg of HiPCO SWCNT
and 50 mg of polymer were mixed in smL of PBS. The
solution was adjusted to a final pH of 7.4 by dropwise
addition of 2M NaOH. The mixture was bath sonicated
for 1omin and ultrasonicated using a 6 mm probe at a
power of 10W for 1h (QSonica). The resulting suspension
was ultracentrifuged at 155000 rcf for g4hr. The superna-
tant (top 80%) was collected for future use and free pol-
ymer was removed from the suspension by dialysis
against 1x PBS over 5 days using 100 kDa cutoff Float-a-
Lyzer devices (Spectrum Labs). The dialysis buffer was
replaced thrice daily. UV-Vis-nIR absorption spectroscopy
(Shimadzu 3101PC) was used to verify the presence of the
characteristic absorption peaks for SWCNTs. The concen-
tration of the final suspension was determined using the
absorption at 632 nm with an extinction coefficient of
€632 = 0.036 mg(L cm)~1.46

Near-infrared fluorescent spectra measurements.
The nIR emission spectra of the polymer-SWCNT suspen-
sion was measured using a nIR customized microscope,
which consists of a Zeiss Axio Vision inverted microscope
body with a 20X objective, coupled to an Acton SP2500
spectrometer and liquid nitrogen cooled indium gallium
arsenide (InGaAs) 1D detector (Princeton Instruments).
In a 96-well plate, the SWCNT dispersion (1mg/L) were
mixed with progesterone (10opM) to a final volume of 200
pL in 1X PBS with 2 vol% DMSO. The spectral control is
made of similar aqueous solution without nanotubes.
Following incubation for 1ihr on a tabletop shaker, the
samples were illuminated by a 150 mW 785 nm photodi-
ode laser (B&W Tek Inc.), and the fluorescent emission
spectra were collected from 950 to 1250nm.



Hydrogel synthesis. SWCNT were encapsulated in a
hydrogel matrix using a modified version of a previously
reported protocol.#s Briefly, PEGDA (10omg/L), SWCNT
dispersion (10omg/L), and 2-hydroxy-4 -(2-hydroxyethoxy)-
2-methylpropiophenone (0.175mg/L) were mixed in 1X
PBS. The mixture was placed into a customized mold, and
purged with N2 for 3omins. The solution was exposed to
UV light source (Cure Spot 50, Dymax Corp) protected by
OD 1.5 filter with a final illumination intensity of 23
mW/cm2 for 8min to polymerize and form the hydrogels.
After polymerization, the hydrogels were incubated in 1X
PBS to equilibrate for 48 h before testing.

Standoff measurements. Hydrogels with nanosensors
were excited by a 785 nm laser with an incident power of
15 mW. Fluorescent images of hydrogels were collected
with a 2D InGaAs detector (Princeton Instruments OMA
V) paired with a Nikon AF Micro-Nikkor 60 mm f/2.8D
lens and FEL 9oo nm long-pass filter (Thorlabs). The typi-
cal integration time was 2 s.

Hardware design. The LED (LED670L, Thorlabs) was
powered by 2V driving voltage. The typical current for
nanosensor measurements was 45 mA. A photodetector
(FGA21, Thorlabs) was biased at -3V with 1 MOhm load
resistance, equipped with low-pass noise filter composed
of 1 kOhm resistor and o.1 pF capacitor. The power was
delivered by a custom-made USB adapter connected to a
personal computer. The optical power was measured by a
power meter (Thorlabs). The electrical current was meas-
ured using Keithley 2002 and Labjack U7, and recorded
using a custom-build LabVIEW software. A custom de-
signed optical filters were used: 7 mm diameter 700 nm
short-pass and 10 mm diameter goo nm long-pass (Chro-
ma). The enclosures to hold the electrical and optical
components were custom designed in Solidworks and 3D
printed in Ultimaker S3 using PLA material. System opti-
mization was performed using translation stage manipu-
lators (Thorlabs).

Sensor performance measurements. A hydrogel (10
mg/L nanotubes in 5x5x3 mm3) was placed into a minia-
turized setup, if not stated otherwise. The nanosensor
signal was calculated as the difference between photode-
tector current after and before the addition of the hydro-
gel. Noise values were calculated as a signal’s standard
deviation over 1000 sec time period, if not stated other-
wise. The detector signal-to-noise ratio (SNR) was calcu-
lated as a ratio between nanosensor signal and noise lev-
els. In this proof-of-concept study, it is important to note
that all the measurements here were performed in-vitro.

Analytical model. The power emitted by LED was cal-
culated using typical performance plots available in specs,
alternatively it can also be measured experimentally.
Spent power to drive LED was calculated as a product of
driving voltage and current. To calculate light intensity
on the hydrogel, we took into account LED spreading
angle, distance to the hydrogel, and its area. Solid angles
were approximated as referred to the central points of
LED, hydrogel, and detector. LED emission was approxi-
mated as the one corresponding to the central LED wave-

length. Nanotube absorption in the hydrogel was calcu-
lated as a product of its absorbance, hydrogel thickness,
and its concentration. The total nanotube emission was
calculated using nanotube quantum yield of 1%. The
emission wavelength was approximated as 1100 nm. We
assume the emission is isotropic, i.e. emitted in 4m solid
angle. Only a fraction of the emitted light will be detected
by a photodetector, which will be determined by the dis-
tance to the detector and its area. The photocurrent was
calculated as a product of the nanosensor emission that
reached the detector and its responsivity. SNR was esti-
mated as a ratio between the photocurrent and noise,
which in turn was defined as a product of noise equiva-
lent power and a square root of measurement bandwidth.
The last two values were taken from the detector specs.
To fit experimental data with the developed analytical
model, a single correction factor of 12.5 was used to ac-
count for various limitation of the model, such as reflec-
tions at interfaces, single emission and fluorescence wave-
length, and solid angle approximations.

RESULTS AND DISCUSSION

Nanosensor Characterization The progesterone Co-
rona Phase Molecular Recognition (CoPhMoRe) sensor
was prepared by suspending SWCNT synthesized by the
high-pressure carbon monoxide (HiPCO) process with
specifically designed templated polymers(SM8).45 Suc-
cessful SWCNT dispersion with polymer was confirmed
via UV-Vis-nIR spectroscopy, which revealed sharp, dis-
tinct absorption peaks characteristic of isolated SWCNT
(Fig. 2a). Near-infrared (nIR) emission spectra of the dis-
persion, both before and after the addition of 100 pM pro-
gesterone, were captured under 785 nm laser excitation
(Fig. 2b).# The sensor demonstrated a significant turn-on
response, exhibiting a 58% increase in fluorescence,
measured by integrating the total emission intensity
across the spectrum, compared to a 23% response (magni-
tude) for the second highest steroid response at the same
concentration of 100 uM.

The SWCNT sensor was encapsulated in a biocompati-
ble hydrogel (Fig. 2d-e) matrix for in vivo application.
Peak position and relative peak intensity of SM8-SWCNT
in both absorption and fluoresce emission spectra re-
mained consistent (Fig. 2c, Fig. S1), indicating nearly
identical dielectric environments surrounding the
SWCNT in solution and hydrogel form. The sensor’s func-
tionality within the hydrogel was confirmed through its
response to progesterone at a concentration of 100 pM
dispersed in phosphate buffer saline (PBS)-2% dimethyl-
sulfoxide (DMSO) buffer, with control measurements in
buffer showing no intensity changes (Fig. 2f). The sen-
sor’s response across both solution and hydrogel phases
to varying progesterone concentrations was quantitatively
analyzed using the following functional form:
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Figure 2. Nanosensor characterization. (a) UV-Vis-nIR absorption spectrum of polymer-SWCNT dispersion (6.8 mg/L).
(b) Fluorescence emission spectra of the nanosensor (1 mg/L) before and after the addition of 100 uM progesterone hor-
mone.s Reprinted from Lee et al, Advanced Healthcare Materials, 9, 2020, with permission from Wiley-VCH. (c) Fluores-
cence spectra of the progesterone sensor in buffer condition and in PEGDA hydrogel solution before crosslinking. (d) Vis-
ible images of PEGDA-8000 hydrogels encapsulated with nanosensors (10 mg/L). Scale bars are smm. (e) A near-infrared
fluorescent image of the hydrogel nanosensor (10 mg/L). Scale bars are 5 mm. (f) Normalized fluorescent intensity of a
hydrogel nanosensor (10 mg/L) in a buffer solution with the addition of progesterone (final conc: 100 pM) at t = 450 sec.
(g) Calibration curves and the analytical model fits for nanosensors in solution and in the hydrogel (data presented as
mean = SEM, n =3). (h) Nanosensor response towards 100 M progesterone as a function of illumination power in solution
and in the hydrogel (data presented as mean + SEM, n =3). (i) Normalized photoluminescence intensity changes as a
function of the nanosensor solution temperature (data presented as mean + SEM, n =3).

where [ is the fluorescence intensity after progesterone
addition, I, is the original intensity, /3 is the proportionali-
ty factor between analyte occupancy and fluorescence
intensity change, C is the progesterone concentration,
and Kp is the equilibrium dissociation constant (Fig. 2g).
The SWCNT sensor was responsive to progesterone from 1
MM to 200 pM, serving as a robust quantitative tool to
study the progesterone concentration in marine animals.
The hydrogel-phase SWCNT exhibited a lower magnitude
of response to progesterone when compared to the solu-
tion phase counterpart, likely associated to the con-
straints of the SWCNT-polymer movements inside the
cross-linked hydrogel matrix.

It is important to note that the sensors developed here
are based on our previous study#, where specificity of the
sensor’s response towards progesterone against other in-

terfering hormones were thoroughly investigated. Addi-
tionally, the stability of and reversibility of response of
sensors encapsulated in hydrogel response were also dis-
cussed.

The sensor response demonstrated a dependency on il-
lumination power (Fig. 2h), with optimal performance
observed at approximately 100 mW. This finding suggests
the potential of preserving the sensor functionality while
reducing the power requirement for the miniaturized tag.
As the sensor would be ultimately deployed in marine
environment with varied weather conditions, we investi-
gated the sensor fluorescence at different temperature
(Fig. 2i). The normalized SWCNT fluorescence was rela-
tively stable from 5 °C to 35 °C, and started to decrease at
higher temperatures. The observed stability further sup-
ports the hypothesis that sensor response stability can be
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Figure 3. Hardware optimization with a 3D-printed modular setup. (a) An experimental modular setup with LED and its short-
pass optical filter, a photodetector and its long-pass optical filter, and a glass slide supporting nanosensor hydrogel (10 mg/L
nanotubes in 5x5x3 mm3). Exact positions of the components are controlled by precise micromanipulators. Scale bar is 1 cm. (b)
Schematic illustration of the experimental system in (a). (c¢) Nanosensor fluorescence as a function of the relative component
positions. The center of the detector is located at (0,0), while the center of LED is at (10,0) with an inclination angle of 45°. (d)
Nanosensor fluorescence decreases with the hydrogel height above the electronic components. (e) Nanosensor fluorescence as a
function of the LED inclination angle. (f,g) A near-infrared image of six nanosensor hydrogels without (f) and with (g) a top re-
flector made out of silver mirror. Scale bars are 1 cm. (h) Top reflector enhancement for standoff (red) and mini (yellow) setups.
(i,j) A near-infrared image of three hydrogels with 30 mg/L (i) and 10 mg/L (j) nanosensors. (k) Fluorescence signal enhance-
ments for standoff (red) and mini (yellow) setups for increased sensor concentrations.

enhanced through encapsulation in hydrogels. Hydrogels
exhibit greater stability at lower temperatures compared
to higher temperatures, as lower temperatures mitigate
water molecule loss and prevent dehydration. The ob-
served changes in fluorescence intensity at elevated tem-
peratures may be attributed to the rearrangement of the
corona phase on the surface of the carbon nanotube. The
raw fluorescence spectra at each temperature are present-
ed in Fig. S2. The temperature range examined in this
study should be sufficient, as the temperature in marine
environments varies between 0°C and 30°C, depending on
factors such as water depth, geographic location (e.g.,
proximity to the equator or polar regions), and the time
of year.

Engineering Design for Miniaturized Fluorescent
Tag A central goal of this work is to integrate the hydro-
gel sensor with existing acoustic fish tags, ones designed
to conform to movement of marine animals. As such, the
miniaturization into and attachment methods of a flexible
form factor are critical next steps. We have encapsulated
the developed nanosensors into a compact fluorescent
tag, incorporating integrated excitation and detection
optical paths. To optimize the tag’s optoelectronic per-
formance, we selected several commercially available

components. For the photodetection, we evaluated In-
GaAs photodiodes, specifically Thorlabs’ FGA21, FGA1o,
and FDGAos5 (Table S1) models, which vary in active area
and noise levels. Ultimately, the FGA21 was chosen for
benchmarking. For excitation, we chose Thorlabs’ LEDs -
LED630L, LED645L, and LED670L (Table S2) - that emit
light at varying wavelengths. Given the minimal varia-
tions in nanosensor absorption in this part of the spec-
trum and the lower power demand, we have chosen to
work with the LED670L. The performance of other pho-
todetectors and LEDs can be estimated with a simple scal-
ing analysis using an analytical model discussed below.
See Experimental Section for the details on electrical
circuit.

To find an optimal hardware design of the tag, we have
3D-printed a modular setup, where positions of an LED
with the supporting 700 nm short-pass optical filter and
the photodetector with the supporting goo nm long-pass
optical filter were controlled by micromanipulators (Fig.
3a). The nanosensor hydrogel was placed on a glass cover
slip above the hardware, configured in an inverted fluo-
rescent setup where the LED was fixed in a slanted posi-
tion to prevent direct reflection into the photodetector
(Fig. 3b). This configuration facilitated extensive optimi
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Figure 4. System performance. (a-d) A schematic overview (a) and photographs (b-d) of the miniaturized fluorescence setup.
Scale bars are 1 cm. (e) Photodetector current in response to the hydrogel (10 mg/L nanotubes in 5x5x3 mm3). (f) Experimental
measurements and analytical model for photodetector current detected from the hydrogel in response to various excitation LED
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measurements and analytical model for the photodetector SNR as in (g) with an averaging time of 1000 sec. (k) FFT spectrum of
the photodetector signal with low-frequency components shown in the inset.

zation studies, adjusting geometrical parameters to en-
hance performance. In particular, optimal position of the
hydrogel with respect to the LED and the photodetector
was found (Fig. 3c), noting that increasing the distance
between the hydrogel and electronics reduced the detect-
ed signal (Fig. 3d). Additionally, an LED inclination of 45°
was found to be optimal for maximizing detection effi-
ciency (Fig. 3e).

To enhance the signal further, the setup can be modi-
fied to include a top reflector. Introducing a silver mirror
above the hydrogels (Fig. 3f, g) extends the excitation
path, increasing the fluorescent signal by 70% as evi-
denced in both the standard standoff and miniaturized
setups (Fig. 3h). To accommodate such an arrangement, a
capping system from Figure 1 may be modified to include
access channels for sensing species to reach nanosensors.
Additionally, the nanosensor concentration can be in-
creased up to 30 mg/L from the standard 10 mg/L that we
kept in this work, which also increases its fluorescent sig-
nal by 3.1 times (Fig. 3i-k). However, further concentra-
tion increases can lead to incompatibility between the
nanosensor and the hydrogel matrix, along with en-
hanced light reabsorption, limiting its fluorescence out-
put.

Using the optimized configuration, we have prototyped a
miniaturized fluorescent tag using 3D printed mold that
houses electronic and optical components, as well as the
nanosensor hydrogel (Fig. 4a-d). The assembly process in-

volves inserting electronic components from the back, plac-
ing optical filters and a cover slip glass from above, and se-
curing the hydrogel with a top holder. For accurate nanosen-
sor measurements, it's critical to distinguish the nanosensor
signal from the dark current and leakage light current (Fig.
4e). The presence of the incident light leakage is associated
with the fact that the interferometric filters used in our case
deviate from their optimal performance in the presence of
angled incidence light caused by the system miniaturization.
As such the sensor signal is calculated by subtracting both
the dark current and the leakage light measured in the ab-
sence of the hydrogel from the total signal measured in the
presence of the hydrogel. Typically, with several milliwatts of
optical power emitted by LED, we detect several nanoam-
peres of photocurrent emitted by the hydrogel nanosensor
(Fig. 4f, g). Our analytical model detailed in the Experi-
mental section, demonstrates excellent agreement with the
experimental measurements, providing a powerful prediction
tool to rapidly evaluate and optimize various system parame-
ters.

We further assessed noise levels of the photodetector,
defining it as the signal’s standard deviation. We found
that the dark current noise represents a dominant com-
ponent, while the shot noise plays a minor role, increas-
ing slowly with the photocurrent (Fig. 4h). The noise lev-
els decrease over 10x when the signal is averaged over
extended periods of time (Fig. 4i). Overall, the miniatur-
ized setup demonstrates signal-to-noise ratio (SNR) val-
ues over 300 for the hydrogel nanosensors (Fig. 4j),



providing the ability to track nanosensor response in real-
time. The Fast Fourier Transform (FFT) analysis of the
signal does not reveal any dominant peaks and largely
follows 1/f-noise pattern (Fig. 4k).

Nanosensor Performance in the Optimized Hard-
ware Encouraged by high SNR values of the miniaturized
setup, we further tested the ability to detect the nanosen-
sor response to the progesterone hormone in the mini
setup. Sensor performance was assessed by measuring its
fluorescent intensity before and 1000 s after hormone ad-
dition, allowing the sensor signal to stabilize. Due to its
binding mechanism, the response of this type of sensor is
measured as a normalized intensity change. The devel-
oped miniaturized setup successfully detected the addi-
tion of 100 pM of progesterone, with a ~15% turn-on re-
sponse (Fig. 5a). In contrast, control measurements with
buffer showed no sensor changes (Fig. 5b). The miniatur-
ized setup also showed different degrees of the nanosen-
sor fluorescence increase in response to different proges-
terone concentrations (Fig. 5a). These results are detailed
in the calibration curve that fits the data to a sigmoidal
model of nanosensor binding (Fig. 5¢), which shows ex-
cellent reproducibility and repeatability. The limit of de-
tection (LOD) for the miniaturized setup was determined
as 100 nM. This value was calculated by adding the inten-
sity change of the nanosensor from the addition of only
buffer (Sblank) and three times the standard deviation
(0prank) Of the response as the noise level. Additionally,
the nanosensor was exposed to alternating cycles of o and
100 UM progesterone in 1X PBS with 2% DMSO (Fig. 5d).
The sensor hydrogel exhibited a stable and reversible re-
sponse, allowing perturbations in fluorescence - an im-
portant  feature for continuous measurements.
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Figure 5. Nanosensor sensing performance in mimic condi-
tion. (a) Normalized response of the hydrogel nanosensor (10
mg/L nanotubes in 5x5x3 mm3) as measured in the miniatur-
ized setup to various progesterone concentration introduced
at t = o, given in micromolars. (b) Representative control
measurements. (c) Calibration curve of the hydrogel na-
nosensor response. (d) Normalized response of the hydrogel
nanosensor for reversibility studies, where 100 pM progester-

one was introduced at t = o and the system was flushed with
buffer after t = 1800 sec.

Performance Metrics for Miniaturized Fluorescent
Tags Sensor SNR and power consumption are two im-
portant metrics for field deployment of fluorescent tags.
Noise, particularly normalized against signal strength, is
the principal limiting factor for measurement accuracy.
The normalized noise level determines the ability to de-
tect fluorescent changes and can be related to the limit of
detection using the experimentally determined calibra-
tion curve. Taking the limit of detection as 3x noise level
and assessing noise levels measured in various experi-
ments (Fig. 6a), we find a tradeoff between those quanti-
ties. Noise levels change slightly from measurement to
measurements, probably due to hydrogel variations and
mechanical instabilities. Our results indicate that we can
successfully detect down to 100 nM of progesterone.

To understand the energy budget to operate such a
sensor in-field, we calculated the expected battery life for
a standard 2000 mAh battery under different usage fre-
quencies (Fig. 6b). Depending on the measurement fre-
quency that can range from once in 10 days to 10 times per
day, the battery can last from 2000 days to 10 days, re-
spectively. Importantly, we note that reducing the average
measurement duration from 1000 sec to 100 sec increases
noise by only 20%, suggesting a potential for extending
battery life with minimal impact on data quality. The
range of progesterone levels across a wide variety of ma-
rine organisms is between 0.32 nM and 300 nM, 3335475
and these levels can fluctuate over periods ranging from
minutes to months. The sensitivity of our sensor system
overlaps with a substantial portion of this range. For ex-
ample, Gesto et al.>** measured cortisol levels in rainbow
trout and zebra fish, finding that the latter expressed 47.5
nM in the control group but 298 nM in the stressed co-
hort. The former value is below the detection limit
demonstrated in this work by a factor of 2 but the latter
case, of significant interest, is above by a factor of 3. Simi-
larly, Nouri et al.* measured steroid hormones in Large-
mouth bass, LMB (Micropterus salmoides), fathead min-
now, FHM (Pimephales promelas), zebrafish (Danio rerio)
and silverside (Menidia beryllina) using an LC-MS/MS
technique with a 38.2 pM instrument detection limit.
They measured a hormone concentration of 287.8 nM for
the average of the four species. The sensor system
demonstrated in this work may also find use in studies
examining the uptake of hormone additives to fish farm
production. Khatun et al.5> studied testorsterone, estro-
gen and progesterone addition to rui (Labeo rohita), catla
(Catla catla), and monosex tilapia (Oreochromis nilot-
icus), and found that progesterone levels in all three fish
types ranged from 100 nM to 2326 nM. Our device re-
quires further refinement to accurately monitor these
variations with precise spatial and temporal resolution.
For extended studies, it will be critical to enhance the
nanosensors’ stability, improve reference corrections, and
implement measures to prevent biofouling.
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CONCLUSIONS AND FUTURE WORK

In this study, we engineered a miniaturized, implanta-
ble fluorescent tag designed for continuous monitoring of
progesterone in marine animals, integrating a CoPh-
MoRe-based nanosensor within a biocompatible hydrogel
matrix. This tag, optimized to conform to marine animal
dynamics, provides selective and reversible responses to
progesterone across physiologically relevant concentra-
tions. Systematic characterization under various envi-
ronmental conditions confirmed the tag’s robustness,
with a detection limit of 100 nM and a dynamic range
extending to 200 puM. Our integrated sensing platform
demonstrated exceptional optoelectronic customization
for minimized power consumption and enhanced signal-
to-noise ratio, proving suitable for long-term hormone
monitoring and deployment in marine environments. The
application of an analytical model enables predictive as-
sessments of performance, guiding further device optimi-
zation.

This work represents the first demonstration of a
SWCNT nanosensor-enabled implantable platform for
continuous in vivo hormone monitoring in marine ani-
mals. The ability to track hormone levels with high spati-
otemporal resolution will open up new avenues for study-
ing the complex interplay between animal physiology,
behavior, and their environment. The fundamental ad-
vances in sensor design and performance realized here are
applicable to a wide range of analytes and ocean sensing
scenarios.

Future work will focus on further miniaturization and
packaging of the tag for field deployment, enabled by the
rapidly expanding toolbox of flexible electronics, wireless
power transfer, and embedded data processing. Incorpo-
rating multi-modal sensing capabilities and orthogonal
sensors will enhance the information yield per animal and
provide a more holistic view of marine ecosystem dynam-
ics. We anticipate that this new sensing paradigm will
greatly complement and expand the capabilities of con-
ventional marine biologging, enabling smarter and more
agile marine conservation and resource management.
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SWCNT, single walled carbon nanotube; PEGDA, PEGDA,
poly (ethylene glycol) diacrylate; GPS, global positioning
system; GSD, genotypic sex determination; TSD, tempera-
ture-dependent sex determination; near-infrared (nIR); LED,
light-emitting diode; HiPCO, High-Pressure Carbon Monox-
ide; TEA, trimethylamine; THF, tetrahydrofuran; HCI, hy-
drogen chloride; DCM, dichloromethane; MEHQ, Hydroqui-
none monomethyl ether; InGaAs, indium gallium arsenide;
SNR, signal-to-noise ratio; CoPhMore, corona phase molecu-
lar recognition; DMSO, dimethylsulfoxide; PBS, phosphate
buffer saline; FFT, fast fourier transform analysis;
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Table S1. Photodiode specifications used for the study

Photodiode FGA21 FGA10 FDGAO05
Image
Wavelength range (nm) | 800-1700 | 900-1700 | 800 - 1700
Peak wavelength (nm) 1590 1550 1550
Active area (mm?) 3.1 0.79 0.196
Rise / Fall time 25ns/25ns | 10ns/10ns | 2.5ns/2.5ns
Responsivity 1.04 A/IW 1.05 A/W 0.95 A/W




Table S2. LED specifications used for the study
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