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Abstract: Various implantable optical sensors are an emerging tool in animal physiology and medicine
that may provide real-time information about body fluids without tissue extraction. Such sensors are
often fluorescence-based and require strong visible external illumination during signal acquisition,
which causes anxiety or even stress for small animals and thus may influence the physiological
parameters being measured. In order to overcome this obstacle, here, we combined a fluorescent
molecular pH probe with upconverting particles within a hydrogel fiber suitable for injection into
small crustaceans. The green luminescence of the particles under non-visible infrared illumination
excited fluorescence of the molecular probe and allowed for pH measurements after correction of
the probe readout for luminescence intensity. The developed optical setup based on a common
microscope ensured effective visualization of the sensor and spectral pH measurements through
the translucent exoskeleton of the amphipod (Amphipoda, Crustacea) Eulimnogammarus verrucosus,
endemic to ancient Lake Baikal. Testing the sensors in these cold-loving crustaceans under environ-
mentally relevant temperature increases showed alkalization of amphipod internal media by 0.2
soon after the start of the experiment, while further increases led to acidification by 0.5. The applied
approach for simple sensor preparation can be useful in building other implantable optical sensors
for light-sensitive organisms.

Keywords: amphipods; ancient lakes; Baikal; global warming; hemocytes; hemolymph; implantable
sensors; in vivo monitoring; interstitial pH; spectrometry; up-converting particles

1. Introduction

Implantable optical sensors are an emerging tool in the fields of animal physiology and
medical diagnostics that may provide the possibility for real-time monitoring of such criti-
cal parameters as low-molecular weight metabolites, hormones, medicines and ions [1-3].
Currently, these parameters are mostly measured only after blood or tissue sampling,
which often does not provide the necessary resolution [4]. Any implantable device, in
order to prolong its contact with the organism fluids, requires a carrier reducing the foreign
body response, which is usually some hydrogel [5,6] permeable to the molecule of interest
and anchoring the functional component. The implantable optical sensors are mostly
based on some sensitive component dispersed within the biocompatible hydrogel and rely
on external device detecting and analyzing the light obtained through the tissues [3,7,8].
The parameter of interest is usually determined via ratiometric changes in the light spec-
trum, although there are alternative approaches available for certain parameters such as
phosphorescence lifetime measurement in the case of oxygen [7].
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Fluorescent sensors are one of the most common types of implantable optical sensors
due to the relative simplicity of their preparation and their bright luminescence [8-12].
The fluorescent component in such sensors, after interaction with the target molecule,
significantly changes either its spectrum or the intensity of fluorescence; in the last case, an
insensitive reference fluorescent dye is needed for the ratiometric measurements. However,
implantable fluorescent sensors require strong visible illumination during signal acquisition,
which is sub-optimal for any small animal that can see it and is not anesthetized during
the measurement. In the best case, the illumination causes some anxiety in the animal,
while light-sensitive species can experience stress under these conditions or even eye
damage [13,14]. Additionally, external illumination also excites autofluorescence of the
tissues, which may complicate signal acquisition and analysis [15], and blue illumination
may even be phototoxic [16].

Upconverting particles are anti-Stokes luminophores that can be excited by infrared
(IR) illumination of about 980 nm and emit visible light. Due to their relatively effective
photon upconversion and high stability, upconverting particles were proposed as compo-
nents of various sensors for secondary excitation of fluorescent molecular probes [17-19].
Usually, the main motivation for combining fluorophores with upconverting particles is
eliminating the autofluorescence of biological objects or background fluorescence within
various biochemical in vitro analyses.

Importantly, the 980 nm light is invisible for practically all animals and does not
have phototoxic effects apart from local temperature increase. However, examples of
studies introducing upconverting particles into implantable sensors designed specifically
for application inside animals are fairly absent despite there being plenty of similar works
utilizing the particles for bioimaging, mostly on cellular cultures [20].

Crustaceans are an important group of invertebrates both in aquaculture and in natural
ecosystems [21,22]. Amphipods (Amphipoda, Crustacea) are a large order of crustaceans
that are morphologically similar to shrimps and prawns (and sometimes informally called
“freshwater shrimps”, which is taxonomically incorrect) and play significant roles in various
water ecosystems around the globe, including freshwater reservoirs [23]. This is especially
true for ancient Lake Baikal, comprising about one fifth of all fresh water readily available
to humanity [24]. Taxonomically and morphologically diverse amphipods of Baikal are
important to the lake ecosystem [25,26], which stability is crucial for maintaining the high
quality of the lake water.

In this study we successfully combined a fluorescent molecular pH probe with upcon-
verting particles in a hydrogel carrier using a simple preparation protocol. Extracellular
pH is among the main physiological parameters influencing many factors in any animal
organism, for example, activities of enzymes and transmembrane ion channels or oxygen
transport by such proteins as hemoglobin or hemocyanin in the case of crustaceans. The
developed IR-excited injectable pH sensor was tested on an endemic amphipod species
Eulimnogammarus verrucosus, which is common in the littoral zone of Lake Baikal and used
as a model object in various studies [27]. Since amphipods are morphologically close to
shrimps, the proposed techniques for acquisition of the sensor optical signal are readily
applicable to these and similar crustaceans as well and eliminate excessive animal stress
during the procedure.

2. Materials and Methods
2.1. Sensor Preparation

The implantable sensors were based on the pH-sensitive molecular probe SNARF-1
with orange fluorescence and upconverting microparticles with green luminescence com-
bined within filamentous polyacrylamide hydrogels with a diameter of about 400 um. The
fluorophore was used in the form of conjugate with dextran (70 kDa, D-3304, Thermo
Fisher Scientific, Waltham, MA, USA) for tight immobilization within the hydrogel, and the
microparticles were PTIR545/F (Phosphor Technology, Stevenage, UK) with a size of about
several microns. The following components were mixed for the hydrogel polymerization:
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5 mg of upconverting particles PTIR545/F, 20.8 uL of 24 mg/mL SNARF-1-dextran solu-
tion, 30 uL of glycerol, 18 uL of solution containing 45% acrylamide (A1089, AppliChem,
Darmstadt, Germany) and 9% N,N’-methylenebisacrylamide (A3636, AppliChem, Ger-
many), 0.2 uL of N,N,N’,N'-tetramethylethylenediamine (Acros-13845, Acros Organics,
Geel, Belgium) and 1 uL of 10% ammonium persulfate solution. Glycerol was added to
the mixture in order to increase its viscosity and ensure more homogeneous distribution
of upconverting particles during polymerization. Immediately after mixing, the mixture
was transferred to smooth glass capillaries with an internal diameter of ~0.4 mm that were
kept constantly rotating on the capillary axis in order to equally distribute the upconvert-
ing particles. The polymerized hydrogels were manually extracted from the capillaries
and washed of unpolymerized components for at least 30 min at least 3 times in copious
amounts of water.

For verification of autofluorescence excitation by the upconverting particles, we pre-
pared a separate batch of hydrogels with PTIR545/F but without SNARF-1-dextran (ex-
changed with water) according to the same protocol. For toxicity tests we used the following
mixture for hydrogel preparation: 30 uL of 100 mg/mL PTIR545/F suspension in water,
60 pL of solution containing 30% acrylamide and 0.8% N,N’-methylenebisacrylamide, 45 uL
of water, 1 puL of N,N,N’,N’ -tetramethylethylenediamine and 2 pL of 10% ammonium per-
sulfate solution. In this case, the concentration of upconverting particles was about three
times lower than in the sensors. The hydrogels for testing the dextran immunogenicity were
prepared from the following mixture: 50 puL of solution containing 45% acrylamide and 9%
N,N’-methylenebisacrylamide, 12 pL of 5 mg/mL dextran (70 kDa, 31390, Sigma-Aldrich,
St. Louis, MO, USA) solution in water, 0.2 uL of N,N,N’,N’-tetramethylethylenediamine
and 1 pL of 10% ammonium persulfate solution. Thus, dextran concentration was about
eight times lower than in the sensors. In the case of the control group for the experiment,
the dextran solution was replaced with water.

2.2. Signal Acquisition and Sensor Calibration

The prepared pH sensors (Figure 1c) combining SNARF-1 and PTIR545/F were visu-
alized under a modified fluorescent microscope Mikmed-2 (LOMO, St. Petersburg, Russia);
the principal optical scheme is presented in Figure 1a. A compact laser Scope-980-100-GD
(Wuhan Lilly Electronics, Wuhan, China) with a power of about 100 mW and peak wave-
length of about 980 nm was installed as the illuminator at the fluorescence module. This
specific laser has relatively low power, but direct eye exposure should be strictly avoided;
wearing IR protective glasses is also recommended, especially with higher-power lasers.
IR reflective glass (Beijing Bodian Optical Technology, Beijing, China) was incorporated
instead of a dichroic mirror, while an IR cut filter FL-IR-25 L1-9-5 (Wuhan Lilly Electron-
ics, China) was used as the emission filter. Additional filters decreasing the intensity of
PTIR545/F luminescence, LP570 and SP640 (Beijing Bodian Optical Technology, China),
were also installed during sensor calibration and pH measurements (Figure 1b). Trans-
mission spectra of LP570 and SP640 were evaluated with the spectrophotometer Cary 50
(Varian, Palo Alto, CA, USA). For luminescence spectrum acquisition we used QE Pro fiber
spectrometer (OceanOptics, Orlando, FL, USA; INTSMA-200 optical slit) attached to the
photo port of the microscope as previously described [28]. Analyses of the spectra were
performed in Scilab v5.5.2 (ESI Group, Ringis, France).
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Figure 1. Main features of the optical setup used for visualizing the prepared sensors combining
upconverting particles and pH-sensitive fluorescent probe SNARF-1. (a) General optical scheme of
the setup. Note that the depicted colors of the long-pass filter LP570 and short-pass filter SP640 are
indicative and do not reflect their optical properties. (b) Transmission spectra of the filters LP570 and
SP640 (solid lines) overlaying luminescence spectrum of upconverting particles PTIR545/F (dashed
line). (c) Example photos of the prepared sensors in the form of hydrogel filaments with a thickness
of about 400 um. Here, an additional scatterer was added in front of the laser in order to achieve
more diffuse IR illumination. Note that the camera exposure settings were drastically different for
two images with and without filters LP570 and SP640.

Calibration of the sensors to external pH and different temperatures was performed in
the series of sodium phosphate buffers. Before spectrum acquisition, we waited for at least
10 min after contact of the sensor with any buffer in order to equilibrate the hydrogel pH
with the media. In most cases, the buffers with the sensors were kept at room temperature
or refrigerated right before the measurements, but specifically for sensor calibration to
temperature changes we used a chamber with an external temperature control system filled
with ~500 mL of buffer.

As the sensor readout for pH measurements, we used the sensor coefficient (SC)
calculated from the obtained spectra as following:

SC =1I595/I620 + 0.581 x Is95/1571 (1)

where I, represents the sensor luminescence intensity (in counts, i.e., arbitrary units) at the
wavelength n.

Final pH measurements in muscle interstitial fluid were performed according to the

following formula, taking into account the influences of both pH and temperature on
the SC:

pH = (2.98 — SC — 0.00916 x t)/0.245 @)

where t is the sensor temperature in °C.
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2.3. Amphipod Sampling and Performed Experiments

All procedures and experiments with animals were conducted in accordance with the
EU Directive 2010/63/EU for animal experiments and the Declaration of Helsinki. The
protocol of the study was registered and approved before the start of the experiments by the
Animal Subjects Research Committee of the Institute of Biology at Irkutsk State University
(Protocol #2022 /10).

Amphipods Eulimnogammarus verrucosus (Gerstfeldt, 1858) were collected at the littoral
zone of Lake Baikal near the Listvyanka village (the animals belong to the W barcoding
species [27]) with a hand net and kept in laboratory conditions for at least 3 days prior to
any experiments. Each aquarium was filled with 2.5 L of Baikal water with a temperature of
about 6 °C under constant aeration, and was used for keeping 10-15 amphipods presented
with 2-3 large stones under which to hide. Water exchange and feeding with a dried and
ground mixture of algae and amphipods from the sampling location was performed every
2-3 days.

The hydrogel filaments were implanted using sterile needles (outer diameter 600 um)
and a plastic fishing line (diameter 400 um) applied as a plunger during the injection. In the
main experiment with temperature increases, the hydrogels were implanted into the dorsal
muscles near the 6th segment of the amphipod mesosome. Specifically in the experiment
monitoring animal mortality, the hydrogels were injected into the large hemolymph (analog
to blood and lymph in crustaceans) lacuna located in the amphipod urosome in order to
intensify the contact of the gel containing PTIR545/F with hemolymph.

The main experiment with in vivo pH monitoring in E. verrucosus included the follow-
ing steps. Thirty animals were injected with sensors, transferred to acclimation conditions
and their muscle pH was individually measured under the built optical setup (Figure 1a)
one hour post injection. For the measurement, each amphipod was immobilized under the
microscope objective as described previously [29] with constant temperature control. Next,
animals were randomly separated into two groups: 15 animals at acclimation conditions at
6 °C (the control group) and 15 animals experiencing a slow temperature increase in 5 °C
steps after each pH measurement (the experimental group). Each temperature increase
took several hours after switching the incubator MIR-254 (Sanyo, Osaka, Japan) to the
new settings. In the experimental group on day four post injection at 26 °C, we observed
mortality of 60% of individuals. Survival in the control group was 100% during seven days
post injection, after which hemolymph of the amphipods was extracted for phenoloxidase
measurements and the animals were fixed for histological analysis.

Additionally, we monitored amphipod survival in the three weeks after injection of
hydrogels with PTIR545/F but without SNARF-1-dextran into the amphipod urosome.

2.4. Obtaining Hemocyte Primary Culture and Performed Tests

Hemocytes are the cells circulating in crustacean hemolymph and performing mostly
immune functions. Here we extracted and the kept these cells as described previously [30]
with modifications. Prior to the hemolymph extraction the dorsal surface of the amphipod
exoskeleton was sterilized with 70% ethanol, and the exoskeleton was punctured between
the sixth and seventh segments. The extracted hemolymph was collected with a glass
capillary and mixed 1:1 with anticoagulant solution (150 mM NaCl, 5 mM Na,HPOy,
30 mM sodium citrate, 10 mM ethylenediaminetetraacetic acid with pH 8.0).

The experiment testing the influence of dextran on immune reaction to the hydrogels
was independently repeated six times. Each replicate was performed from the pooled
hemolymph of six individuals used for the control group (no added gels), polyacry-
lamide hydrogels and polyacrylamide hydrogels with dextran tested in parallel. Each
hemolymph sample was placed with ~1.5 mm-long hydrogel (or no hydrogel at all) into a
polystyrol spectrophotometric cuvette that was covered with parafilm. For the imitation of
hemolymph circulation, the cuvettes were constantly rotated at 6 °C. Hemocytes can either
aggregate around the gel or open up (a process called degranulation) as part of the immune
reaction to the foreign body, so we calculated the number of free hemocytes per field of
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view after placing the cuvette into the inverted microscope Celena S (Logos Biosystems,
Anyang, Republic of Korea).

For cytotoxicity tests, polyacrylamide hydrogels with PTIR545/F were placed into
Leibovitz’s L-15 medium with L-glutamine (L4386-10X1L, Sigma-Aldrich) containing 15%
fetal bovine serum (FBS-HI-11A, Capricorn Scientific) under constant rotation at 6 °C. After
one, three or seven days of extraction, the hydrogels were removed and the medium was
used for keeping amphipod hemocytes (50 pL of medium per sample). Before mixing
with the medium, hemocytes were separated from the humoral hemolymph fraction by
centrifugation and washed with a sterile buffer solution (150 mM NaCl, 5 mM Na,HPOy,
pH 8.0) twice. The cells were kept in the medium in a 96-well plate at 6 °C for 24 h, and their
survival was estimated after staining with 100 mg/mL propidium iodide (81845-100MG,
Sigma-Aldrich) under the Celena S inverted microscope.

2.5. Phenoloxidase Assay

Phenoloxidase is the main enzyme of the crustacean immune system and was mea-
sured as previously described [30]. Hemolymph was collected from the seventh segment of
the mesosome as described above, mixed 1:1 with a buffer solution (150 mM NaCl, 10 mM
Nap;HPOy, 7 mg/mL phenylmethanesulfonyl fluoride, pH 8.0) and frozen at —80 °C;. Be-
fore measurement, the samples were centrifuged for 10 min at 500 g and 4 °C in order to
precipitate the cellular components. Next, 5 uL of hemolymph extract was mixed with
20 pL of buffer solution, 140 pL of distilled water, and 20 uL of 4 mg/mL 3,4-dihydroxy-
L-phenylalanine. Measurements were performed with the CLARIOstar Plus microplate
reader (BMG Labtech, Germany) at 490 nm (absorbance) for 40 min. The activity of phe-
noloxidase was assessed in arbitrary units as the slope of the reaction curve during the
linear reaction phase.

2.6. Histological Analysis

For histological analysis, the animals were fixed in Hartman's solution (1200 mL of
95% ethanol, 800 mL of 37% formaldehyde, 1200 mL of tap water and 400 mL of acetic
acid) at 25 °C (urosomes were removed for better penetration of the solution) and after
30 days the fixing solution was changed to 70% ethanol. To dehydrate the samples, they
were placed in the Isoprep Plus solution (BioVitrum, Moscow, Russia) three times for
15 min. Next, the samples were kept in paraffin (BioVitrum, Moscow, Russia) three times
for 30 min at 65 °C. Sections of the paraffin blocks (6 um thick) were made on a Minux 5700
microtome (RWD Life Science, Shenzhen, China). Tissue slides were stained by immersing
them in the following solutions: twice in xylene for 5 min, twice in Isoprep for 5 min,
tap water for 10 min, hematoxylin (BioVitrum, Moscow, Russia) for 4 min, tap water for
9 min, eosin (BioVitrum, Moscow, Russia) for 1 min, 98% ethanol for 1 min, Deol (Labiko,
Saint Petersburg, Russia) for 1 min and xylene for 5 min. The resulting samples were
embedded in Vitro gel epoxy resin (BioVitrum, Moscow, Russia). Histological sections were
examined and visualized using the DMLB microscope (Leica Microsystems Wetzlar GmbH,
Wetzlar, Germany) with the U3CMOS05100KPA camera (Altami, St. Petersburg, Russia).
Representative photos were automatically stacked using the Zerene Stacker software v.1.04
(Zerene Systems LLC, Richland, WA, USA), if necessary. The programs GIMP v.2.10.20 (The
GIMP Team) and Inkscape v.1.0.2 (Inkscape’s Contributors) were used for image correction.

2.7. Statistical Analysis

All statistical analyses were performed in R v4.0.2 [31] using the built-in functions.
In the hemocyte experiments, statistically significant differences between groups were
verified using the Kruskal-Wallis rank sum test. Differences between the experimental and
parallel control groups in the pH measurements, as well as for phenoloxidase activity, were
checked using the Mann-Whitney test with the Holm correction for multiple comparisons.
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3. Results and Discussion
3.1. Calibration of the IR-Excited pH-Sensors

Here, we managed to combine pH-sensitive SNARF-1 with PTIR545/F upconverting
microparticles within a hydrogel carrier and visualize fluorescence of the molecular probe
using the built optical setup with IR illumination (Figure 1). Besides the main green peak of
luminescence at ~550 nm exciting SNARF-1, the particles have secondary peaks at the red
zone of 650675 nm (Figure 1b), and both green and red luminescence of PTIR545/F had to
be largely eliminated in order to acquire the SNARF-1 spectrum without saturation of the
spectrometer. The obtained spectra of the sensors have the main peaks corresponding to
luminescence of upconverting particles at 571 and 639 nm, while own SNARF-1 fluores-
cence lies between them within the range of about 590-625 nm (Figure 2a). Fluorescence of

SNAREF-1 also partially influences the 639 nm peak of the spectra.

A . : - | 1
540 560 580 600 620 640 660 680
Wavelength, nm
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Figure 2. Calibration of the prepared pH-sensors with the built optical setup. (a) Luminescence

spectra of the sensors at the same pH of about 7.6. Different colors indicate individual spectra. All

spectra are aligned at the peak of 571 nm corresponding to green luminescence of upconverting
particles PTIR545/F. Note the slope variability in the range 590-625 nm corresponding to fluorescence
of SNARF-1. (b) Dependence of the ratio Isgs/Igg (indicate local ratio between protonated and
deprotonated SNARF-1) on the ratio I5g5/I571 (indicate local ratio of SNARF-1 and PTIR545/F within
the sensor) at the same pH. Each dot represents individual spectrum. (c) Calibration lines for the

sensors to pH at two temperatures. The sensor coefficient (SC) denotes the expression SC = Isgs /I

+ 0.581 X I595/I571. Each dot represents the median SC value obtained from at least 10 individual

spectra at 21 °C and at least 6 spectra at 9 °C. (d) Dependence of the sensor coefficient on temperature

at the same pH of about 7.8. Each dot represents the median SC value obtained from at least

5 individual spectra.
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Importantly, the local ratio between SNARF-1 and microparticles (varying mainly
due to inhomogeneity in PTIR545/F distribution, see Figure 1c) changes the slope of the
SNAREF-1 fluorescence spectrum (Figure 2a). This visual observation is supported by the
clearly linear dependence between the intensity ratios Isgs/Ig20 and Isgs /1571 (Figure 2b).
This is an important issue since, in practice, the Iso5/Ig0 ratio represents the ratio between
the fluorescence of protonated and deprotonated fluorophores, which is usually used as
a pH indicator with SNARF-1. Thus, SNARF-1 behaves like this as the local pH within
the hydrogel is dependent on local PTIR545/F concentration. We cannot fully explain this
phenomenon, but at least two factors could lead to it. (i) Microparticles PTIR545/F bear
positive charges due to lanthanide ions in their structure, which may influence the local
ionic strength within the hydrogel and thus shift the SNARF-1 readout. (ii) Additionally,
after certain preparation processes, upconverting particles can bear some surface groups
such as hydroxyls [32] that may indeed directly influence local pH within the hydrogel. We
were not able to find any useful information regarding PTIR545/F surface parameters, so
the last hypothesis requires further investigation.

However, accounting for the Isgs/I5y; ratio according to the linear regression (Figure 2b)
at the formula (1) allowed us to introduce the sensor coefficient (SC) as the satisfactory proxy
for measurements of environmental pH from the sensor luminescence spectra (Figure 2c).
According to the literature [33], the SNARF-1 readout is clearly dependent on the solution
temperature, and some spectral changes in the luminescence of upconverting particles at
different temperatures are also possible [34]. Comparison of calibration lines for SC at 21
and 9 °C showed that the line fully shifts at different temperatures, but the slope of pH
dependence practically does not change (Figure 2c). In order to obtain the quantitative
temperature dependence, we checked SCs of the same sensors inside the same buffer at
different temperatures, and the dependence was found to be nearly linear (Figure 2d) in
agreement with the previous data on the linear relation between temperature and the
dissociation constant of a dye similar to SNARF-1 [33].

Finally, after accounting for the temperature influence according to the linear regres-
sion on Figure 2d in the calibration line at 21 °C (Figure 2c) we obtained the formula (2)
for calculating pH from SC within the tested temperature range. Calculations from the
formula (2) also coincide with the calibration line at 9 °C.

3.2. Testing Influence of the Sensor Components on Amphipods

For the sake of simplicity of the sensor preparation protocol, in this study we used
upconverting microparticles PTIR545/F as received from the manufacturer without further
modifications. Despite research on vertebrates and mammalian cell cultures showing
generally low toxicity of upconverting particles, there are concerns about the influence
of lanthanide ions, which potentially may leave the particles if they are not covered with
an additional shell [35,36]. Since the effects of upconverting particles in invertebrates are
practically unstudied, here we started from testing the reactions of amphipods E. verrucosus
to the sensor components.

First, we checked the cytotoxicity of extracts from the hydrogels containing PTIR545/F
(Figure 3a). The hydrogels were incubated in the culture medium for several days, re-
moved, and the mortality of amphipod hemocytes was measured after 24 h of contact with
the medium. We found no statistically significant changes in cell survival between the
experimental groups after up to seven days of extraction.

Second, we verified the potential effects of the hydrogels containing PTIR545/F on
animal mortality (Figure 3b). Survival of amphipods with injected hydrogels with and
without PTIR545/F was very similar over a period of three weeks.
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Figure 3. Influence of the sensor components on E. verrucosus. (a) Comparison of cytotoxicity of
extracts from polyacrylamide hydrogel filaments and the filaments with upconverting particles
PTIR545/F on amphipod hemocytes. (b) Comparison of animal survival after injection of polyacry-
lamide hydrogel filaments and the filaments with PTIR545/F. (c) Analysis of immune reaction of
amphipod hemocytes to polyacrylamide hydrogel filaments and the filaments containing dextran
after 6 h of contact (n = 10-12).

Finally, SNARF-1 was immobilized within the prepared sensors via conjugation to
dextran, a bacteria-derived substance that may intensify the immune response to the hy-
drogels [37,38]. Thus, we also compared the immune reaction of amphipod hemocytes
to hydrogels with and without dextran (Figure 3c). We observed no statistically signif-
icant tendency of the amphipod immune cells to concentrate around any hydrogels or
degranulate in comparison to the control group during the 6 h exposure.

Summarizing, although concentrations of PTIR545/F and dextran were several times
lower than in the case of the final version of the sensors, we found no signs of substantial
risks for application of the prepared sensors inside the amphipods E. verrucosus.

3.3. Tissue pH Monitoring under Temperature Increase

In order to test the applicability of the prepared pH sensors for in vivo studies, we
injected them into dorsal muscles of E. verrucosus (Figure 4a). The sensors have visible green
luminescence with a slight yellow tinge similar to the bioluminescence of fireflies. The
luminescence spectra were easily detectable from under the amphipod exoskeleton using
the prepared optical setup (Figure 1a). After injections of hydrogels with PTIR545/F but
without SNARF-1, no autofluorescence of amphipod tissues was detected in the acquired
spectra, which was an issue with external fluorescence excitation of SNARF-1 [15].

One hour after the injection, the sensors indicated a median pH of muscle interstitial
fluid of 8.35, while later, at control conditions the value stabilized at around 8.8-8.9 for
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pH of muscles

9.0

8.5
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Implanted sensor (b)

the next three days (Figure 4c). The more acidic pH immediately after implantation into
muscles is similar to what we observed in fish [39] and may be related to cell opening
during the injection as cytosol and some cell compartments have lower pH. Since median
hemolymph pH of E. verrucosus was previously found to be about 8.2 [15,40], we also cannot
exclude the opposite possibility of compensatory muscle alkalization after the tissue injury.
However, median pH remained at the level of 8.8-8.9 for about 48 h, which suggests these
values to be the most probable normal pH for the interstitial fluid of E. verrucosus muscles.

30 animals with
injected sensors

'y N
15 animals experiencing
15 animals in control slow temperature
conditions at 6 °C increase for 5 °C after
each pH measurement
11 °C 16 °C 21°C
- T
|
'S | I
. ! :
-
| T
| 4 - o
l . o *
=
|
1
1 === Acclimation conditions at 6 °C
| Temperature increase by 5 °C per day *kk
1 | | T
1 24 48 72

Time after injection of the sensor, h

Figure 4. pH monitoring in amphipod muscles under environmentally realistic temperature increase
using the prepared sensors. (a) Photo of amphipod E. verrucosus with green firefly-like luminescence
of the injected sensor. Here the sensor is illuminated externally only with an IR laser. (b) General
scheme of the experiment. (c) Results of repeated pH measurements in amphipod muscles under
temperature increase in comparison to the control group. * indicates statistically significant difference
from the parallel control group with p < 0.05; *** indicates statistically significant difference from the
parallel control group with p < 0.001.

These animals are cold loving, with adult individuals avoiding temperatures over
12 °C by migration [40]. With this context in mind, we modeled the calm shoreline of
Lake Baikal during a sunny summer with a slow temperature increase from 6 °C in 5 °C
steps each day (Figure 4b), which is close to an environmentally realistic scenario [41].
At 11 °C, median muscle pH statistically significantly increased to 9.05 (Figure 4c). With
a further temperature rise, median tissue pH decreased in the experimental group, and
at 21 °C it was 8.3 (Figure 4c). At 26 °C, we observed high mortality and stopped the
main experiment; however, in six living individuals, median pH decreased further down
to 8.1 at this temperature. Tissue acidification is a known marker for switching to an
anaerobic metabolism under stressful conditions leading to the accumulation of organic
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acids instead of full glucose oxidation to carbon dioxide [42]. Overall, the results clearly
indicate substantial sublethal metabolic disturbance for E. verrucosus already at 21 °C.

Thus, the developed techniques allowed us to easily monitor pH changes in medium-
sized crustaceans with a highly translucent exoskeleton. Sensor excitation by IR instead of
visible illumination decreased the animal’s intention to escape during signal acquisition
and their respective locomotor activity, which also could influence extracellular pH via
partial tissue switch to anaerobic metabolism. The observed alkalization of tissue pH at
11 °C is probably a preventive physiological reaction to compensate for the upcoming
acidification at increasing temperature and deserves further research.

3.4. Long-Term Immune Response to the Injected Sensors

In order to investigate the long-term immune response of E. verrucosus to the implanted
sensors, we further kept the control group of amphipods at acclimation conditions and
fixed them seven days after the injection. We closely checked these individuals visually
and observed no damage to the exoskeleton by the IR laser near the injected sensors.

As an indicator of global immune reaction, we measured the total activity of hemolymph
phenoloxidase, which plays a critical role in the melanization of foreign bodies, i.e., cover-
ing them with a dark polymer melanin of irregular chemical structure. The obtained results
do not show a statistically significant increase in the enzyme activity (Figure 5), which
indicates no substantial changes in the amphipod immune status.

0.8
>
<
= 0.6
=
‘g -1
© 04 |
© ]
S
X
o
: o —
5]
£
- S

0.0

| |
No injections Implanted sensor

Figure 5. Phenoloxidase activity in the hemolymph of E. verrucosus without any injections and seven
days after the injection of the pH sensors (n = 11 and 14 respectively). No statistically significant
difference found with p < 0.05.

On the contrary, histologic analysis showed clear local immune reaction around
implanted hydrogels seven days post injection (Figure 6). Each sensor (n = 15) was fully
covered with a capsule of immune cells, which probably prevents quick reactions to tissue
pH changes. Hemocytes appeared either as one layer around the hydrogel or as several
layers of cells (Figure 6b,c). Before staining, we also observed a dark brown color of the
capsules, indicating melanization around the sensors.
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(a) s Dorsal

Figure 6. Histological analysis of the 5th mesosome segment of E. verrucosus 7 days post injection
of the pH sensors. All dorsal sections are semi-thin (6 um) slices upon H&E staining (n = 15).
(a) Overview of the 5th segment. Black arrows indicate healthy dorsal muscles; the red arrow shows
the area of damaged amphipod muscle after the injection; the blue arrow indicates the injected
sensor. (b) Several layers of hemocytes (i.e., amphipod immune cells; black arrow) encapsulating the
polyacrylamide hydrogel containing SNARF-1-dextran and upconverting particles PTIR545/F (white
arrow). (¢) Hemocytes within the formed capsule (black arrow) and attached to the capsule (white
arrow) encircling the hydrogel (white asterisk).

4. Conclusions

In this study, we developed protocols for the simple preparation and application of
injectable optical sensors to pH with infrared excitation and visible luminescence. Besides
decreasing animal anxiety during the optical signal acquisition, which may influence
the tissue pH, the sensor design allowed us to avoid the necessity to correct the signal
for autofluorescence of animal tissues. The sensors to pH, a fundamental physiological
parameter, allowed us to monitor the reactions of a cold-loving endemic amphipod from
ancient and pristine Lake Baikal under temperature increases. The animal demonstrated
not only an expected pH decrease under elevated temperatures, but also tissue pH increase
when the temperature only started to rise, which is probably a preventive compensatory
reaction. We found no risks of the sensor application in the short term, while later, the
amphipod developed a local immune reaction to the sensor. Despite the fact that long-term
application would require a more biocompatible hydrogel carrier, the proposed sensor can
already be used for several days after the implantation. It is also important to mention
that here we used an animal object with a highly translucent exoskeleton, and choosing
another crustacean with a less translucent exoskeleton, especially a species with variable
spectra of tissue transmittance, would require some additional protocols for correction of
the ratiometric sensor readout to the tissue transmittance spectra.
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