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Implantable sensors, especially ion sensors, facilitate the progress of scientific
research and personalized healthcare. However, the permanent retention of
implants induces health risks after sensors fulfill their mission of chronic
sensing. Biodegradation is highly anticipated; while; biodegradable chemical
sensors are rare due to concerns about the leakage of harmful active
molecules after degradation, such as ionophores. Here, a novel biodegradable
fiber calcium ion sensor is introduced, wherein ionophores are covalently
bonded with bioinert nanoparticles to replace the classical ion-selective
membrane. The fiber sensor demonstrates comparable sensing performance
to classical ion sensors and good flexibility. It can monitor the fluctuations of
Ca’" in a 4-day lifespan in vivo and biodegrade in 4 weeks. Benefiting from
the stable bonding between ionophores and nanoparticles, the biodegradable
sensor exhibits a good biocompatibility after degradation. Moreover, this
approach of bonding active molecules on bioinert nanoparticles can serve as
an effective methodology for minimizing health concerns about biodegradable

the chronic monitoring of biochemicals in
vivo. After the operational lifespan, these
sensors are expected to degrade safely
to avoid excessive removal operations or
health risks associated with the perma-
nent presence of the sensor*l However,
biodegradable chemical sensors have been
rarely reported, in strong contrast to the
abundant research on biodegradable sen-
sors for physical signals such as pressure
and temperature.l®!

This should be attributed to the unique
composition of chemical sensors.[® Typ-
ically, the specific sensing capability of
chemical sensors relies on recognition
molecules, which are indispensable com-
ponents but may be toxic.”] In the case
of non-degradable chemical sensors, these

chemical sensors.

1. Introduction

Implantable chemical sensors contribute to the advancement of
emerging biomedical tools.[!] These tools unveil the occurrence
and mechanisms of diseases, providing patients with personal-
ized medical advice. As a crucial subset of implantable chemi-
cal sensors, ion sensors play a vital role in predicting various or-
ganic and psychological diseases.!”) For instance, the fluctuation
of Ca®* is closely associated with diseases such as heart failure,
hypertension, depression, and electrolyte imbalance.*) Miniatur-
ized and flexible chemical sensors have been developed to enable
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molecules are encapsulated by polymers,
rendering their toxicity negligible. How-
ever, with biodegradable devices, these
molecules may move freely within the
tissues and organs, potentially causing toxicity. Specifically, ion
sensors usually consist of electrodes, a transduction layer, and
an ion-selective membrane. The electrodes and transduction
layer can be easily replaced by biodegradable materials, except
for the ion-selective membrane.[®! As the most crucial com-
ponent in ion sensors, the ion-selective membrane comprises
ionophores, plasticizers, ion exchangers, and a polymer ma-
trix. With the assistance of plasticizers, ionophores and ion ex-
changers move freely within the polymer matrix, and the target
ions are directionally concentrated to change the potential of the
membrane.[®) However, it is concerning that the migration and
leakage of ionophores, plasticizers, and ion exchangers may lead
to biotoxicity in the case of degradation.l”?/ Therefore, develop-
ing an effective and biocompatible degradable ion sensor is still
challenging.

Here, we introduce a novel biodegradable fiber Ca?* sensor
(BFCS). The BFCS is composed of collagen fibers, polypyrrole
(PPy), gold nanoparticles (AuNPs), and poly(octanediol citrate)
(POC). Crucially, Ca** ionophores with acetylene-terminated
groups are covalently bonded with AuNPs, which replace the
function of the classical ion-selective membrane (Figure 1a). The
BFCS exhibits comparable sensing performance with classical
ion sensors and is implanted into a rat to monitor the occur-
rence of electrolyte imbalance. The good alignment between in

© 2024 Wiley-VCH GmbH
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Figure 1. Schematic diagram and the structure of biodegradable fiber calcium ion sensor (BFCS). a) Schematic illustration of the BFCS and its degra-
dation process. POC, poly(octanediol citrate); AuNPs, gold nanoparticles. b) Energy dispersive spectroscopy (EDS) mapping and scanning electron
microscopy (SEM) images of the BFCS, showing AuNPs with ionophores on the surface. Scale bars: 50 pm (top) and 200 nm (bottom). c) N 1s X-ray
photoelectron spectrometer (XPS) spectra of AuNPs, Ca** ionophore, and AuNPs with ionophore. d) Raman spectra of Ca?* ionophore, newly prepared
AuNPs with ionophore (Day 0), and AuNPs with ionophore after degradation (Day 30). e) Digital photographs of the BFCS during degradation process.
The red dashed line highlighted the profile of the residues. Scale bar: 5 mm.

vivo and ex situ data collected with BFCS and Ca?* assay kits
demonstrates the reliability of BFCS. The BFCS undergoes the
hydration and degradation process within ~4 weeks. Through-
out the whole process, Ca?* ionophores are immobilized stably
on AuNPs. Benefiting from this design strategy, BFCS exhibits
excellent biocompatibility in both acute and chronic statues,
which are inspected, respectively, after implantation and after
biodegradation.
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2. Results and Discussion

2.1. Designing Strategy and Fabrication of BFCS
The BFCS was fabricated according to the principle of restrict-
ing ionophores after biodegradation. First, collagen fiber was

chosen as the biodegradable substrate material for its matured
and extensive usage in clinical practice.!'l The collagen fiber
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was sputtered with Au to establish a conductive substrate, and
then, we in situ synthesized PPy as the capacitive layer. The
PPy provided a larger capacitance for the sensor, which could
effectively enhance the sensitivity of BFCS.['2] AuNPs were fur-
ther electrodeposited as an anchoring base (Figure 1b; Figures
S1-S3, Supporting Information). The size of ~200 nm could
make balance between sensor sensitivity and biocompatibility
after the degradation of BFCS (Figure S4, Supporting Informa-
tion). Subsequently, the pre-synthesized Ca?* ionophores were
immobilized on AuNPs through Au—C bonds established be-
tween Au and acetylene-terminated groups (Figures S5-S7, Sup-
porting Information). The Au—C bonds exhibited a superior sta-
bility and electrochemical performance compared to Au—S bonds
in physiological conditions,3! which was a precious character
that could be applied in biodegradable sensors for in vivo ap-
plications. The appearance of the N 1s peak in the X-ray photo-
electron spectrometer (XPS) spectra and the characteristic peak
(432 cm™!) of Au—C bonds in the Raman spectra showed the suc-
cessful immobilization of Ca?* ionophores (Figure 1c,d; Figure
S8, Supporting Information). Finally, the BFCS was insulated by
POC as a biodegradable insulator.'*] Thus, the BFCS was fabri-
cated in a diameter of ~#120 pm with electrical insulation proper-
ties to offer a better signal-to-noise ratio (Figure S9, Supporting
Information).l*c1]

A series of images exhibited the immersion of BFCS in sim-
ulated body fluid to replicate the in vivo degradation process
(Figure 1le; Figure S10, Supporting Information). The BFCS
swelled in the first 5 days and then lost its shape in 2 weeks.
Subsequently, the BFCS fractured and gradually disappeared in
~4 weeks. The weight variation of residues corresponded with
the degradation process. It remained almost the same in the
first several days and decreased rapidly in the subsequent pe-
riods (Figure S11, Supporting Information). The residues were
studied by ultraviolet—visible spectra and dynamic light scatter-
ing, confirming that the residues were composed of pulverized
PPy and AuNPs, with diameters varying from 100 to 300 nm
(Figures S12 and S13, Supporting Information).['®) Raman and
infrared spectra confirmed that Ca?* ionophores were stably im-
mobilized on AuNPs after degradation (Figure 1d; Figure S14,
Supporting Information), indicating the success of the fabrica-
tion approach.['*®17] In addition, the duration of the biodegrada-
tion process could be adjusted by employing alternative degrad-
able substrates, and insulating materials, such as polyglycolide-
lactide and polyglycolic acid, could extend the lifespan of the sen-
sor (Table S1, Supporting Information).[*8]

2.2. Sensing Performance of BFCS

The sensing performance of BFCS is thoroughly studied to eval-
uate its reliability. Along with the increase in the concentration of
Ca?*, a dynamic balance between the adsorption and desorption
of Ca* exists on AuNPs with Ca?* ionophores. This is attributed
to the distinctive molecular structure of the Ca?* ionophore,
which is formed by a pair of ester bonds and two hexatomic rings.
By assembling three of the Ca?* ionophores, a hole of ~#105 nm
can be arranged.[*! Due to ion polarity and volume consistency,
Ca** is selectively concentrated on the surface of BFCS. As posi-
tively charged particles, the accumulation of Ca?* elevates the po-
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tential of BFCS; while; the potential of the reference electrode re-
mains constant, thereby altering the open-circuit potential in the
output of the sensor. The interaction between the ionophore and
Ca%* is a reversible dynamic equilibrium process (Figure S15,
Supporting Information), ensuring continuous monitoring.

The sensitivity and detection range of BFCS were properly as-
sessed through the linear range (R? = 0.998) (Figure 2a). The
detection limit of the BFCS ranged from 6.92 to 10 mwm, cover-
ing the fluctuation range in organisms, satisfying the utilization
as an implantable biosensor.2%! The sensitivity of BFCS reached
21.65 mV 1g™! [Ca’*], comparable to classical implantable cal-
cium ion sensors. Besides, thanks to the strictly controlled man-
ufacturing process, the reproducibility of BFCS was determined
as ~97% (Figure S16, Supporting Information). The reversibil-
ity of biosensors was crucial for continuous monitoring, serving
as one of the foundations for providing reliable outputs. By in-
creasing and then restoring the concentration of Ca’* step-wise,
we demonstrated the BFCS with a comprehensive reversibility
of ~98%. Besides, signals collected from BFCS maintained sta-
ble during intervals (Figure 2b). The responding time of BFCS
was determined as 1.2 s, which decided the temporal resolution
of the sensor (Figure 2c). The satisfying time resolution enabled
BFCS to track the fluctuation of Ca’* in real-time and promptly
alert the occurrence of diseases. Further, different kinds of in-
terference ions were infused in sequence to estimate the anti-
interference capability of BFCS. The BFCS exhibited excellent
selectivity toward Ca?*, and relevantly, negligible response to in-
terference ions, including cations and anions (Figure 2d).

Whether the BFCS can withstand the stress or unexpected
tension conducted by tissues is an essential factor for the dura-
bility of implantable sensors.*!] Hence, the mechanical proper-
ties were investigated. Comparing with the national standard of
degradable sutures with a breaking force of 1.76 N, the BFCS ex-
hibited a superior performance of 3.90 N (Figure 2e). To simulate
various tough mechanical interference with tissues, the BFCS
underwent bending, twisting, and friction activities. The sensi-
tivity and impedance magnitude of BFCS changed slightly dur-
ing those interferences, indicating reliable output performance
under vigorous activities (Figure 2f; Figure S17, Supporting In-
formation).

2.3. Sensing and Degradation of BFCS In Vivo

As a proof of working in vivo, the BFCS was implanted into the in-
ferior vena cava of rats with the assistance of an injection syringe.
While monitoring the fluctuation of Ca?* in vivo, a certain vol-
ume of calcium gluconate saline was injected from the femoral
vein to induce an electrolyte disturbance disease (Figure 3a). To
assess the accuracy of BFCS, we calibrated the concentration of
Ca%* ex situ by blood calcium content assay kits. The concen-
tration of Ca?* remained balanced in the first 2000 s before the
induction of calcium gluconate saline. The initial Ca** concen-
tration in the peripheral blood of the rats was ~1 mwm. After the
induction of calcium gluconate saline, the in vivo real-time mon-
itoring conducted by BFCS indicated that the Ca** concentration
increased to over 5 mwm, consistent with ex situ results from assay
kits. Similar results were obtained on the 2nd and 4th day after
implantation by the same BFCS. The matching rate between the
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Figure 2. Sensing performance and stability of the BFCS. a) Sensitivity and detection limit of the BFCS. The dashed straight line was fitted from the
potential difference response. Error bars, mean + SD (n = 3). The open-circuit potential difference (AE, vs Ag/AgCl) was collected by the electrochemical
workstation. b) Reversibility of the BFCS by gradually increasing Ca?* concentration from 0.1to 0.5 mm, and then, restoring. c) The responding time of
the BFCS to Ca?* concentration varied from 0.1 to 0.6 mm. The shaded range indicated the mean + SD, and the solid curve represented the averaged
potential signal (n = 3). d) Anti-interference performance of the BFCS between Ca?* and other ions in different concentration. Potential changes of
BFCS to Ca?* were determined as 100%. e) The mechanical test of BFCS soaked in saline for 3 days compared with the national standard of degradable
sutures (grey dashed line). f) The sensitivity of BFCS during 500 friction cycles on tissue substitutes. Error bars showed the mean + SD (n = 3).

BFCS and ex situ results from assay kits was ~90% in the first 4
days after implantation, which was comparable to other ion sen-
sors (Table S2, Supporting Information).

However, the sensitivity of BFCS notably decreased from ~21
to ~15 mV lg™! [Ca?*] with a large standard deviation on the
5th day after implantation, indicating the failure of the sensor
(Figure 3b,c; Figure S18, Supporting Information). Thus, the
lifespan of the BFCS was confirmed to be 4 days as a precaution-
ary measure.!??] In the first 4 days, the collagen fiber inside BFCS
gradually swelled and dilated until cracks emerged on the sur-
face. Subsequently, the sensitivity of BFCS remarkably decreased
because the inner PPy layer contacted to the fluid, generating
an unauthentic potential draft.['%23] 3D reestablished computed
X-ray tomography (CT) images provided a direct pathway to fol-
low up the degradation process in vivo (Figure 3d). Initially, the
BFCS exhibited stably without noticeable transformation when
swelling. After that, the BFCS cracked and broke into large pieces
(Week 2), and finally, turned into particles too small to observe
under CT (Week 4). The biodegradation process mentioned above
aligned properly with the observations in digital photographs
(Figure S19, Supporting Information). During the implantation
and degradation processes of the BFCS, the body weights of the
experimental group and the control group without implants im-
proved slowly with age proportionally, indicating a healthy phys-
ical condition (Figure S20, Supporting Information).
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2.4. The Biocompatibility of BFCS

The biocompatibility of BECS was systematically investigated to
verify the security in vivo. We chose the 3rd day after implantation
as the point in time to investigate the biocompatibility of BFCS in
working conditions and the 8th week as the chronic time point
because BFCS degraded in about 4 weeks, and small particles
were exhaustively invisible in about 8 weeks. Hematoxylin-eosin
(H&E) and immunohistochemical staining were used to charac-
terize the cell distribution surrounding BFCS. Specifically, the
nuclei, macrophage cells, and neutrophils were stained by 4',6-
diamidino-2-phenylindole (DAPI), adhesion G protein-coupled
receptor E1 (F4/80), and proliferation marker protein Ki-67 (LY-
6G), respectively. Compared with the control group; although,
acute immune responses were observed on the 3rd day due to the
auxiliary implantation by syringe, no macrophage aggregation or
inflammation occurred on the 8th week after implantation when
the BFCS was thoroughly degraded.*!] Statistics of fluorescence
further confirmed the biocompatibility of the sensor (Figure 4a;
Figure S21, Supporting Information). Moreover, H&E staining of
major internal organs including the heart, liver, spleen, lung, and
kidney was analyzed, and no significant pathological changes oc-
curred (Figure 4b). The complete blood counts and blood chem-
istry tests revealed a benign blood physiology and good holis-
tic health (Figure 4c,d; Figure S22, Supporting Information).
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Figure 3. In vivo sensing and biodegradation process of the BFCS. a) The real time monitoring of Ca?* concentration by the BFCS in vivo compared
with the ex situ results measured every 10 min. The inserted schematic diagram indicated that the BFCS and the reference electrode were parallelly
assembled and implanted into the inferior vena cava, and calcium gluconate saline solution was injected through the femoral vein. The red dots with
error bars indicated the mean + SD of ex situ assay kits results (n = 3). b) The matching rate between in vivo and ex situ results. The matching of in
vivo and ex situ results approved the reliability of BFCS. Error bars, mean + SD, n = 3. c) The changes of sensitivity over time after implantation, and
the lifespan of BFCS was determined as 4 days. Error bars, mean + SD, n = 5. d) 3D reestablished computed X-ray tomography (CT) images of mice
implanted with BFCS, which gradually disappeared in about 4 weeks. The yellow shaded range highlighted the profile of the residues of the BFCS. Scale

bar: 5 mm.

The satisfying results of biocompatibility demonstrated that the
strategy of immobilizing active molecules on bioinert mate-
rials to fabricate biodegradable implantable chemical sensors
was an effective approach to enhance the biocompatibility after
degradation.

3. Conclusion

In this study, we proposed a new design strategy for biodegrad-
able chemical sensors and introduced a biodegradable fiber cal-
cium ion sensor. Immobilized ionophores with bioinert nanopar-
ticles were utilized to replace classical ion-selective membranes,
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minimizing health risks after biodegradation. The BFCS ex-
hibited stable sensitivity within a controllable lifespan of 4
days and degraded within 4 weeks. BFCS outputs in in vivo
and ex situ calibrations demonstrated excellent consistency
throughout the lifespan, whose performance was comparable
with classical ion-selective sensors. Further, throughout the en-
tire lifespan of BFCS, from implantation to biodegradation,
ionophores were consistently immobilized on bioinert nanopar-
ticles, minimizing the leakage into the organism. Finally, the
strategy of immobilizing active molecules we proposed here may
contribute to the evolution of various biodegradable chemical
sensors.

© 2024 Wiley-VCH GmbH
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Figure 4. Biocompatibility of the BFCS. a) Hematoxylin-eosin (H&E) and immunohistochemical staining images of subcutaneous tissues taken on the
3rd day and the 8th week after implantation. Blue, green, and red colors corresponded to DAPI (the marker of nuclei), F4/80 (the marker of macrophage
cells), and LY-6G (the marker of neutrophils), respectively. Dashed circles indicated the position of BFCS implantation. Scale bars, 200 um. Biologically
independent animals, n = 3. b) H&E staining images of internal organs taken on the 3rd day and the 8th week after implantation. Scale bars: 200 um.
Biologically independent animals, n = 3. ¢,d) Analysis of the complete blood counts and blood chemistry tests, revealing the overall health condition,
especially blood physiology. RBC, number of red cells; HGB, hemoglobin; HCT, hematocrit value; MCV, mean corpuscular volume; MCH, mean erythro-
cyte hemoglobin content; PLT, platelet count; ALT, alanine aminotransferase; AST, aspartate transaminase; ALP, alkaline phosphatase; TP, total protein;
BUN, blood urea nitrogen; CR, creatinine; ALB, albumin; Na, sodium; Cl, chlorine. Error bars, biologically independent animals, mean + SD, n = 3.
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4. Experimental Section

Materials: Collagen fiber (Bangda 7-0) was purchased from Boda
medical supplies Co., Ltd. Dicyclohexylamine, chloroauric acid hydrate
(AuClO4-3H,0), and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDCI) were purchased from Admas Co., Ltd. Diglycolic an-
hydride was purchased from Alfa Aesar. 1-Hydroxybenzotriazole (HOBT)
and calcium gluconate were purchased from Aladdin Scientific Inc.
Dipropargylamine was purchased from Leyan Co., Ltd. Pyrrole was pur-
chased from TCl (Shanghai) Development Co., Ltd. All other common
reagents were purchased from Greagent Chemical Co., Ltd.

Synthesis of the Ca?* lonophore: The Ca?* ionophore was synthesized
based on the previous report.[33] Specifically, a mixture of diglycolic an-
hydride (4.64 g, 40 mmol) and dicyclohexylamine (3.97 mL, 20 mmol)
was stirred in dichloromethane at 25 °C for 8 h. Then, the solution was
washed with water (w/w) at least three times, and then, with saturated
salt solution. Afterward, water was removed with anhydrous Na,SO,, and
excessive dichloromethane was eliminated through rotary evaporation.
This process yielded Compound 1 at 89.42%. Next, Compound 1 (4.41 g,
15 mmol) was dissolved in 100 mL dichloromethane; after that, EDCI
(5.73 g, 30 mmol) was added under an ice bath. Once EDCI dissolved,
HOBT (4.05 g, 30 mmol) and dipropargylamine (1.40 g, 15 mmol) were
introduced into the flask and stirred at 30 °C for 8 h. The resulting mixture
was washed with water (w/w) three times, and then, with saturated salt
solution (w/w) two times. Water was removed with anhydrous Na,SO,,
and excessive dichloromethane was evaporated. Finally, the product un-
derwent purification through recrystallization using water and ethanol,
yielding 80.39%.

TH NMR of the Ca?* ionophore. "TH NMR (400 MHz, CDCl;, ppm): &
436 (s, 2H), 4.28 (d, ] = 6.5 Hz, 2H), 4.18 (s, 2H), 3.26 (t, / = 11.3 Hz, TH),
2.90 (s, 1H), 2.40 (s, 2H), 2.27 (s, 1H), 2.21 (s, TH), 1.76 (d, ] = 13.3 Hz,
4H), and 1.78-1.03 (m, 18H) (Figure S3, Supporting Information).

13C NMR of the Ca?* ionophore. *C NMR (400 MHz, CDCl;, ppm): 6
168.59, 167.43,77.79,77.64,73.18,72.59,70.41,69.61, 56.76, 56.07, 35.43,
33.98,31.24, 29.93, 26.58, 25.82, 25.34, and 25.21 (Figure S4, Supporting
Information).

Fabrication of the Biodegradable Fiber Calcium lon Sensor (BFCS): An
80 nm thick gold layer was initially deposited on the collagen fiber with
magnetron sputtering. Subsequently, a pyrrole solution (0.17 m, 10 mL)
and KNOj solution (0.17 m, 10 mL) were prepared. The Au/collagen fiber
was immersed in a mixed solution with pyrrole and KNOj3 in 1:1 ratio, fol-
lowed by soaking in deionized water for 1 h to infiltrate thoroughly. Next,
5 mL FeCl3-6H,0 solution (0.23 m) was slowly added dropwise into the
pyrrole solution under an ice bath. The solution was gently shaken for 1.5 h
and kept in an ice bath to slow the reaction rate, resulting in fibers loaded
with polypyrrole (PPy). Then, the as-prepared collagen fiber/Au/PPy was
removed from the reaction solution and soaked overnight in deionized
water to eliminate excessive FeCl;. Afterward, the fibers were activated by
soaking in 0.1 M HCl for 10 min prior to the electrodeposition of gold
nanoparticles. Subsequently, the as-prepared fiber was immersed in an
electrolytic tank containing 1.5 mm HAuCl,. By carrying out the chronoam-
perometry method, the as-prepared fiber was applied with a potential of
—0.2 Vversus Ag/AgCl for 6 s to obtain AuNPs on the fiber. Finally, the fiber
was immersed in an ethanol solution of the Ca?* ionophore (0.2 mm) un-
der a deoxygenated environment for 12 h at 60 °C, and then, dried for 24 h
at room temperature to obtain the BFCS.

Preparation of Ag/AgCl Reference Electrode: PVB (395.5 mg) was dis-
solved in methanol (5 mL) to obtain a PVB solution. After ultrasonic dis-
persion for 30 min, NaCl (250 mg) and AgNO; (250 mg) were added to
the as-prepared solution. Subsequent to vigorous shaking for 30 min, the
mixture was exposed to light for 3 h to obtain a light purple suspension.
Finally, a layer of PVB suspension was coated onto the Au/collagen fiber
and dried overnight to obtain the reference electrode.

Insulation of the Electrodes:  Poly(octanediol citrate) (POC) was synthe-
sized as previously reported.[2] The pre-polymer solution was coated on
the electrodes and crosslinked at 100 °C at oxygen-free atmosphere for 1
day. The effect of insulation was verified by impedance test conducted at
1000 Hz.
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Characterization: Photographs were taken with a digital camera
(SONY A6000, Japan). Optical microscopy images were taken by Olympus
EX51. Zeiss Gemini SEM500 FESEM was used to obtain the scanning elec-
tron microscopy (SEM) images. X-ray photoelectron spectroscopy (XPS)
was acquired by a scanning XPS Microprobe (Thermo Scientific K-Alpha™)
using a micro-focused monochromator Al K-alpha X-ray source. Raman
spectroscopy was performed using Renishaw InVia Qontor equipped with
an Ar ion laser with 738 nm excitation wavelength at 25% laser power. 'H
and 3C nuclear magnetic resonance (NMR) spectra were obtained us-
ing a Bruker AVANCE IIl HD spectrometer (400 m). Matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS)
was measured by using an AB SCIEX 5800 mass spectrometer, with trans-
2-[3-(4-tert-Butylphenyl) —2-methyl-2-propenylidene]-malononitrile as the
matrix and sodium trifluoroacetate as the ionization reagent. Absorp-
tion spectra were recorded using an ultraviolet-visible spectrophotometer
(Perkin—Elmer Lambda 750) in the wavelength of 300-800 nm. The elec-
trochemical deposition and characterizations were characterized by the
CHI660e electrochemical workstation (Shanghai Chenhua Co., Ltd). Elec-
trochemical impedance spectroscopy was obtained using A.C. impedance
parameters within a frequency range from 10! to 10° Hz. The broken
force of the sensor was tested by a table-top universal testing instrument
(Zhongchen Inc, resolution ~ uN). The fiber was placed with a compres-
sion clamp and stretched with a velocity of 10 mm s~'. The tissue section
fluorescence images were obtained and analyzed through Nikon Eclipse
C1 and Pannoramic MIDI.

Implantation of the BFCS: The animal experimental protocols were
approved by the Animal Experimentation Committee of Fudan University
(certificate number: SYXK2020-0032). All animals were treated following
the guidelines for the care and usage of experimental animals outlined by
the National Institutes of Health and Fudan University. Male rats (CD-SD,
9 weeks old, Charles River Laboratories Co., Ltd.) were housed under con-
trolled temperature and humidity conditions with access to abundant food
and water. The rats were anesthetized with 1.5% isoflurane mixed with air
and secured in a stereotactic frame. Subsequently, the fur was shaved, and
the skin was thoroughly disinfected with iodophor. After exposing the in-
ferior vena cava, a biodegradable fiber calcium ion sensor (BFCS) was in-
jected into the inferior vena cava with the assistance of a syringe needle.
The BFCS was then secured with a small amount of tissue adhesive (3 M
Co., Ltd) and connected to epidermal sites through lead wires.

Ex Situ Calibration of the BFCS:  Prior to the implantation of BFCS, the
BFCS ex situ was calibrated. Specifically, the potential of BFCS in calcium
chloride solutions of 0.01, 0.1, and 1 mm was recorded to calculate the
sensitivity of the sensor. To validate the reliability of BFCS, the potential
was matched with the ex situ test results conducted by assay kits at 1 min
after starting the test.

In Vivo Monitoring the Concentration of Ca®*: The rats were assessed
for an electrolyte imbalance disease on the 1st, 2nd, and 4th days after
implantation. Anesthesia was induced by 1.5% isoflurane mixed with air,
and the rats were secured in a stereotactic frame. The BFCS and the refer-
ence electrode were connected to the electrochemical workshop CHI1660e.
The open-circuit potential between BFCS and the reference electrode was
continuously recorded. After 20 min, a solution of 5% calcium gluconate
(0.7 mL) was injected into the femoral vein to induce a rapid elevation
of blood calcium concentration in rats; thus, creating a model of elec-
trolyte disorder. Fluctuations in calcium ion concentration were contin-
uously recorded for at least 2 h.

Ex Situ Calibrating the Concentration of Ca’*: Rats were subjected
to model electrolyte disorder disease. The rats were anesthetized with
1.5% isoflurane mixed with air and secured in a stereotactic frame. Sub-
sequently, the fur was shaved, and the skin was thoroughly disinfected
with iodophor. After exposing the inferior vena cava and the femoral vein,
150 pL of blood was initially drawn from the inferior vena cava as a refer-
ence sample. Then, an aqueous solution of 5% calcium gluconate (0.7 mL)
was injected into the femoral vein to raise the calcium ion concentration
within the rat. After injection, 150 pL blood samples were collected from
the inferior vena cava at a 10-min interval over the 2-h experimental period,
with careful monitoring of vital signs. Following the coagulation of blood
samples, blood clots were centrifuged at 3000 rpm for 10 min to obtain
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serum. According to the principle that a certain amount of red complex can
be generated from the reaction between free calcium ions and GBHA, the
calcium concentration in blood was determined by using a blood calcium
content assay kit (Boxbio Science & Technology Co. Ltd) and measured
with a microplate reader (n = 3).

Hematoxylin-Eosin (H&E) Staining and Immunohistochemistry Test: ~ Af-
ter euthanizing the animals, relevant tissues were extracted and preserved
in a 4% paraformaldehyde aqueous solution. Tissues were dehydrated us-
ing the graded ethanol dehydration method and embedded in paraffin
blocks. Subsequently, paraffin was sectioned into slices of 5 um thickness
and stored at room temperature. For H&E staining, the sections were se-
quentially treated with xylene, anhydrous ethanol, 75% ethanol, and wa-
ter. They were then immersed successively in differentiation solution, re-
blue solution, and hematoxylin staining solution for 5 min each. After-
ward, the sections were dehydrated, followed by a 5-min immersion in
an eosin staining solution to complete the eosin staining. The sections
were rinsed with distilled water before each solution change. Before im-
munofluorescence staining, antigen retrieval was performed on the sec-
tions using citrate buffer, followed by a 30-min incubation in a BSA solu-
tion. For the immunofluorescence staining, 4'6-diamidino-2-phenylindole
(DAPI, G1012, Servicebio) was implemented to stain the nuclei of all cells.
The primary antibodies were the adhesion G protein-coupled receptor E1
(F4/80, G11027, Servicebio) and proliferation marker protein Ki-67 (LY-
6G, G111499, Servicebio). HRP conjugated goat anti-rabbit 1gG (H+L)
(1:500, GB23303, Servicebio) and Cy3 conjugated goat anti-rabbit IgG
(H+L) (1:400, GB21303, Servicebio) were used as the secondary antibod-
ies.

Statistical Analysis: ~ The statistical analysis was conducted with Origin,
Image J, and Excel. The results are presented as the mean + SD. The
statistical tests, replicate number, error bars, and P-values are indicated in
the figure legends.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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