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Abstract

Sections

Established clinical practices for monitoring kidney health and disease —
including biopsy and serum biomarker analysis — suffer from practical
limitations in monitoring frequency and lack adequate sensitivity for
early disease detection. Engineering advances in biosensors haveled to
the development of wearable and implantable systems for monitoring
of kidney health. Non-invasive microfluidic systems have demonstrated
utility in the detection of kidney-relevant biomarkers, such as creatinine,
ureaand electrolytesin peripheral body fluids such as sweat, interstitial
fluid, tears and saliva. Implantable systems may aid the identification of
early transplant rejection through analysis of organ temperature and
perfusion, and enable real-time assessment of inflammation through the
use of thermal sensors. These technologies enable continuous, real-time
monitoring of kidney health, offering complementary information to
standard clinical procedures to alert physicians of changes in kidney
health for early intervention. In this Review, we explore devices for
monitoring renal biomarkers in peripheral biofluids and discuss
developmentsinimplantable sensors for the direct measurement of the
local, biophysical properties of kidney tissue. We also describe potential
clinical applications, including monitoring of chronic kidney disease,
acute kidney injury and allograft health.
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Key points

o Advances in biosensors have led to the development of wearable
and implantable systems for detecting indices of kidney health.

e Wearable biosensors are non-invasive alternatives to tests for
biomarkers in blood, and include non-invasive microfluidic and
microneedle-based systems with optical or electrochemical
mechanisms to measure concentrations of kidney-relevant biomarkers
in biofluids such as sweat, interstitial fluid, tears and saliva.

o Implantable devices enable direct measurements of the physical
properties of the kidney, including tissue oxygenation, perfusion and
temperature.

e Compared with blood tests and radiological procedures, these
electronic devices enable the real-time capture of physiological data
and may enable continuous monitoring over periods of time.

e Successful commercial translations of wearable biosensing
devices are expected to benefit patients by reducing costs and
providing invaluable real-time biochemical information for clinical
decision making.

o Translational studies using large animal models with sufficiently large
populations are needed to assess the predictive value of implantable
biophysical sensors.

Introduction
Kidney disorders affect more than 800 million people worldwide and
are aleading cause of morbidity and mortality’. These disorders are
characterized by kidney damage resulting from various conditions,
including diabetes, hypertension, autoimmune diseases, genetic fac-
tors, aging, and infections’. Damaged kidneys have impaired functional-
ity and blood-filtering capabilities, resulting in the improper discarding
of waste products and excess fluids that worsen organ damage. If not
treated, these disorders eventually lead to organ failure and the need for
kidney replacement therapy. Screening for risk factors, early diagnosis
and monitoring of disease progression and response to treatment are
critical to prevent and/or mitigate organ damage and guide targeted
interventions. Early intervention is also imperative to increase life
quality and expectancy of patients with kidney diseases.
Chronickidney disease (CKD) and acute kidney injury (AKI) are the
most prevalent kidney disorders, affecting 700 million and 13 million
people globally, respectively'. CKD occurs when the organ is subject
to damage for a period >3 months and is often driven by diabetes and
hypertension”. AKl s of short duration, marked by anabrupt declinein
organ function or severekidney injury, and often develops in critically
ill patients®. AKI sequelae can progress to CKD or kidney failure.
Kidney transplantation is the treatment of choice for patients
with kidney failure, leading to better quality of life and longer life
expectancy thandialysis*. Unfortunately, long-term organ and patient
survival rates remain unsatisfactory, with ~-50% of transplant recipi-
ents experiencing graft failure at 10 years post-transplantation and
mortality of >30%* . Diagnostic biomarkers of allograft dysfunction
and rejection are therefore crucial to facilitate early intervention and
improve transplant outcomes.

Standard diagnostics of kidney disorders rely on acombination of
tests, including blood and urine analyses, diagnostic imaging and kid-
ney biopsies. Blood tests that are traditionally used for assessing kidney
function generally rely on the measurement of waste products of the
blood filtration process. Serum creatinine is the most commonly used
marker, butit canbeinfluenced by several factorsthat are independent
of kidney disease and often demonstrates a delayed response to AKI.
Relying solely on this parameter can limit the detection of subclinical
kidney damage™®.

Other traditionally recognized biomarkers of kidney dysfunction
include blood ureanitrogen (BUN), proteinuria and albuminuria, which
aremonitored in patients with native kidney disease and in transplant
recipients’ ™. However, their sensitivity and specificity as biomarkers
of kidney injury are study- and disease-dependent (Supplementary
Table1). Novel blood and urinary biomarkers have demonstrated the
potential to improve the management of allograft dysfunction and
rejectionin transplant recipients™ (Supplementary Table 2); however,
multicentre validation studies are necessary to define their utility and
applicationin clinical practice®.

Inaddition to serological and urine tests, several common radio-
logical tools canaid assessments of kidney injury, such as ultrasonogra-
phy (including Doppler ultrasound and contrast-enhanced ultrasound
(CEUS)), CT and MRI (Supplementary Table 3). Despite current tech-
nological advances, these tools have several limitations in detecting
AKI and/or CKD, and their overall specificity and sensitivity for the
diagnosis of kidney disease are not completely defined™ .

In the context of abnormal urinary findings or acute deteriora-
tion of kidney function, clinicians routinely perform percutaneous
ultrasound-guided kidney biopsies for diagnostic and prognostic
purposes'®', Histological analysis of native kidney and transplant
biopsy samples provides valuable information and is widely used to
guide therapeutic decision making'®"’. However, percutaneous biop-
siesare costly, invasive and can potentially lead to complications such
as pain and bleeding®. Thus, they cannot be easily used for screening
and monitoring purposes.

Overall, the available diagnostic techniques are suboptimal because
they lack sensitivity and specificity, can trigger complications and delay
diagnosis, thereby preventing early treatment that could limit disease
progression. Alternative, non-invasive, cost-effective and easily measur-
able clinical biomarkers of kidney damage are therefore needed. Ideal
biomarkers should have high sensitivity and specificity for different
kidney diseases and relative stages; identify the outset of kidney injury
and its underlying causes; monitor disease progression and response
to treatment; and have diagnostic, prognostic or predictive value®.

This Review highlights the utility of bioelectronic devices*2® as
promising alternatives to traditional physiological assessments of
kidney health. Compared with blood tests and radiological procedures,
theseelectronic devices enable the real-time capture of physiological
data without the need for expensive, time-consuming procedures
and frequent hospital visits. We first explore wearable, non-invasive
sensors for the detection of renal biomarkers in peripheral biofluids
such as sweat, interstitial fluid, tears and saliva. The following sections
investigate implantable devices for direct measurements of the physi-
cal properties of the kidney, including tissue oxygenation, perfusion
and temperature.

Wearable, non-invasive biochemical sensors
Analysis of biomarkers in blood represents the clinical standard for
determining kidney dysfunction. This processinvolves the collection
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of relatively large volumes of blood (1-3 ml) by trained health care
professionals in hospital settings, usually through invasive venipunc-
ture, and evaluation of the collected samples with complex, expensive
laboratory analytical systems®*, These procedures impose practical
limitations on the frequency of such assessments, typically with long
delays between the blood draws and receipt of results. Such analyses
therefore remain reactive and episodic, and lack the ability to rap-
idly track changes in biomarker concentrations for early detection
of disease.

Both AKI and CKD can be asymptomatic or present with mini-
mal symptoms, which often delays diagnosis and timely therapeutic
intervention”. Non-invasive, real-time monitoring of kidney func-
tion could enable early disease detection and monitoring of disease
progression, thus facilitating timely hospitalization and prompt
therapeutic intervention. Furthermore, a wearable monitoring sys-
tem could improve the quality of life of patients with kidney disease
by minimizing the need for frequent hospital visits to perform blood
draws. This approach offers great value for individuals at a high risk of
disease progression who require close medical supervision. In addi-
tion, such an approach could improve the prescription and manage-
ment of nephrotoxic drugs that are prescribed by different specialties,
including oncology, haematology, nephrology and cardiology, thereby
enabling clinicians to make precise therapeutic dose adjustments on
the basis of kidney function.

Kidneys are essential for regulating and maintaining several
homeostatic processes, including hydro-electrolyte equilibrium.
Non-invasive continuous monitoring of electrolytes (for example,
K*, Na*, Ca** and Mg?") could enable early detection of metabolic
imbalances. Dyskalaemias, dysnatraemias and dysmagnesaemias are
examples of common electrolyte disorders that can lead to serious
complications, sometimes requiringimmediate medical intervention®.
Traditional blood tests offer only a snapshot of electrolyte levels at a
specificmoment, and potentially miss critical fluctuations that occur
between measurements and during dialysis sessions. Continuous

monitoring could also enable early detection of abnormal trends,
allowing clinicians to make timely therapeutic adjustments and prevent
severe complications.

Peripheral biofluids, such as sweat, interstitial fluid (ISF), saliva
and tears, contain appreciable concentrations of kidney-relevant bio-
markers, including glucose, creatinine, urea, uric acid, cystatin Cand
electrolytes®-*2, Wearable sensors that can evaluate these species in
biofluids may serve as fast, non-invasive alternatives to traditional
blood analysis (Table 1, Fig. 1). Available approaches use optical and
electrochemical”?®® mechanisms to sense these biomarkers (Table 2).
Electrochemical biosensors use amperometric, potentiometric and
impedance-based techniques, often paired with wireless systems for
data transfer. Optical biosensors commonly operate based on digital
images of colorimetric or fluorometric responses to target analytes.
Future efforts will be aimed at establishing capabilities for continuous
monitoring of these species, with the goal of improving patient care.

Sweat

Eccrine sweat is secreted by glands that are distributed across nearly
all regions of the human epidermis and has an essential role in ther-
mal regulation®*. Sweat also contains many biochemical species,
including those relevant to kidney health?* (Table 2). The most ver-
satile approaches for evaluating kidney-relevant biomarkers in sweat
use soft, skin-interfaced microfluidic systems”**°. These devices route
pristine, microlitre volumes of sweat as it emerges from the surface
of the skin through collections of microfluidic channels, valves and
reservoirs to detect biomarker concentrationsin real time. Additional
capabilitiesinclude wireless transmission of thisinformation to users
through standard portable devices such as smartphones.

Relevance of sweat for kidney disease

Motivation for the development of sweat analytic systems for renal mon-
itoring arose fromexploratory clinical studies of sweat collected from
patients with kidney failure***. A1997 study reported concentrations

Table 1| Biomarker concentrations for healthy individuals and patients with kidney disease

Subject Target biomarker Blood Sweat ISF Tears Saliva
Healthy individuals Creatinine 61-124 uM'®? 5-15 yMm*4ea 50-100 uM*"7° 50-125 uM® 4-18 uM?*”"!
Urea 1.2-7.1 mM®°71° 2-15 mM*® 4-6 mM'? 3-7.5 mM” 2-11.67 mm?"™"!
Uric acid 100-200 pM* 29-51 uM* NA 30-420 yM'”® 50-450 uM'®®
10-35 uM*®
Sodium 135-148 mM'®® 20-100 mM™ 135-150 mM'”® 120-170 mM'® 6.1-217 mM""2
Potassium 3.5-5.0 mM™*® 3.3-7.3 mM*’ 3.8-4.9 mM'* 26-42 mM'® 2.6-18.3 mM'%9"2
Chloride 95-105 mM'®° 10-40 mM"’ 99-117 mM'"” 120-135 mM'"® 6-35 mM'”®
Patients with kidney Creatinine 509-854 uM*® 23-50 yM*® NA 130-430 pM® 40-127 uM*®
failure prior to dialysis
Urea 19-26 mM*® 22-33 mM* 16-36 mM®® 6.8-27 mM®' 21-30 mM*
Uric acid 460-780 pM* 65-139 pM* NA NA 140-480 pM'®®
10-400 pM* 20-60 pM*! 823 uM'°®
Patients with kidney Creatinine 145-275 uM* 17.2-27.3 uM* NA 50-280 uM®' 10.5-25.7 uM*
failure post-dialysis
Urea 41-76 mM*® 91-151 mM* 6.3-15.6 mMM®® 3.8-16.0 mM® 41-75 mM*®
Uric acid 60-240 uM'®® NA NA NA 60-220 pM'*®
ISF, interstitial fluid; NA, not available. °Measured in the absence of stress.
Nature Reviews Nephrology | Volume 21| July 2025 | 443-463 445


http://www.nature.com/nrneph

Review article

of ureain sweat from 11female patients with kidney failure*, captured
in volumes of 1-1.5 ml from the chin regions using plastic disposable
syringes following thermally induced activation of eccrine glands.
Spectroscopic quantification of biomarker concentrations using a
diacetyl monoxime colorimetric method* indicated that urea con-
centrations were 2-15-fold higher in patients with kidney failure* than
in healthy individuals**. These initial results supported the relevance
of sweat-based analytics in patients with kidney disease.

A more recent study*’* examined concentrations of urea and cre-
atinine in the sweat of 40 patients with kidney failure. Sweating was
induced by passing pilocarpine through the skin of the forearm by

a Temperature

Fig.1|Bioelectronic devices for monitoring kidney health. a, Soft, flexible,
fully implantable sensors enable the detection of temperature changes for early
detection of kidney transplant rejection. b, Wireless, self-fixing thermal sensors
can be used to monitor microvascular perfusion on the surface of the perfused
kidney. ¢, Wireless optical sensors can monitor oxygenation within kidney as
ameasure of perfusion. d, Sample collection and test strips are commonly

iontophoresis. Sweat was collected using acommercial system and ana-
lysed using spectrometry based on commercial enzymatic reagentkits
viaoptical absorbance. For example, the urea quantificationkit uses an
NADH-glutamate dehydrogenase coupled reaction system, where the
rate of decrease in chromogenic concentrations of NADH is dependent
ontheureaconcentration. Inthe creatinine kit, creatininase, creatinase
and sarcosine oxidase liberate hydrogen peroxide, which then reacts
with 4-aminophenazone and 2,4,6-triiodo-3-hydroxybenzoic acid
(HTIB) to produce aquinone imine chromogen, which can be measured.
The findings from that study indicated that concentrations of ureaand
creatinine in sweat correlate with those in serum and saliva, validating

used to detect key biomarkers of kidney functionin urine. e, Wearable, soft,
skin-interfaced microfluidic devices can be used to sense kidney biomarkersin
sweat. f, Wearable microneedle-based continuous sensors can be used to sense
kidney biomarkers ininterstitial fluid. g, Saliva can also be used as a biofluid
for detection of renal biomarkers. h, Wearable smart contact lenses and other
devices could be used to detect renal biomarkers in tears.
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Table 2 | Wearable devices for monitoring of kidney health

Bio-fluid Targetanalyte Concentration Linearrange (LOD) Recognitionelement Transducer Technique Mode Ref.
in biofluid
Sweat Creatinine 9-15uM 10-500uM (NA) Creatinase, creatininase,  Creatinine probe Colorimetry Multi-point 35
sarcosine oxidase
Urea 2-15mM 10-250mM (NA) Urease pH paper
Creatinine N/A 12-40ng (12ng) Silver nanoflakes Raman scattering Surface- Multi-point 46
enhanced Raman
spectroscopy
Creatinine 5-65uM 0.4-960uM Cuprous oxide PVA-carbon black- Electrochemical ~ Continuous 47
(0.06uM) nanoparticle Cu*-PEDOT:PSS impedance
spectroscopy
Creatinine 10-40uM 0.6-2,800uM GO-Cu(ll)/Cu-BDC Na*-doped carbon- Amperometry Continuous 48
(012uM) MOF/Cu,O NPs PEG/PPy/Ti,C,T,
Urea N/A 30-180mM (30mM) Urease Phenol red on cotton Colorimetry Single point 51
Urea 13-30mM 1-100mM (01mM)  Surface molecular Carbon nanotube/ Amperometry Single point 54
imprinted nanotube potassium ferricyanide
Urea 17.5mM 0.9-50mM (0.4mM) Urease Cholesteric LCin Colorimetry Single point 50
poly(acrylic) acid
Urea 10.9mM 5-200mM (5mM) Urease PANI ink on electrode Potentiometry Continuous 53
Uric acid 5-130uM 0.74-200uM Laser-engraved graphene Laser-engraved Amperometry Multi-point 42
(0.74uM) graphene
Uric acid 40-65uM 2-250uM (1.2uM) PEDOT:PSS hydrogel PEDOT:PSS hydrogelon Amperometry Continuous 55
carbon screen-printed
electrode
Potassium 3.3-7.3mM 01-100mM (0.1mM) Valinomycin, KTCPB, PVC, Poly(3-octyl Potentiometry Continuous 57
DOS thiophene-2,5-diyl)
ISF Creatinine 45-150uM 50-550uM (18 uM)  Creatininase, creatinase Prussian blue on Amperometry Single point 69
(mouse) sarcosine oxidase carbon screen-printed  potentiometry
electrode
Uric acid 80-260uM 50-550uM (31uM)  Uricase
(mouse)
Urea 4-10mM 1-16mM (0.49mM)  Urease Ammonium ionophore,
(mouse) PVC-COOQOH, DOS on
screen-printed carbon
Urea 4.5-10mM 3-18 mM (0.9mM) Urease Au microneedle with Potentiometry Continuous 70
(mouse) urease and Nafion
Urea N/A 0.05-2.5mM Urease Au nanoparticle ink Amperometry Continuous 179
(0.0028 mM) with organic polymer
Potassium N/A 0.063-79mM Valinomycin, KTCIPB, Carbon coated with Potentiometry Continuous 72
(0.012mM) PU, DOS functionalized MWCNTs
CystatinC NA 38.5-385nM Anti-cystatin C antibody  Lateral flow assay Colorimetry Single point 180
Tears Creatinine 85-130uM 1.6-2,400uM GO-Cu(ll)/Cu-BDC Cotton fibre-based Amperometry Continuous 95
(0.8uM) MOF/Cu,O NPs carbon black
Urea N/A 0.08-2.5mM Orthophthaldialdedyde Primaquine Colorimetry Single point 84
(0.078 mM) diphosphate
Uric acid N/A 0.3-1.5mM (0.3mM) Uricase 4-AMP, HRP Colorimetry Single point 87
Potassium N/A 3-50mM (3mM) DA18C6 chelation DA18C6 (crown ether) Fluorometry Single point 100
(crown ether)
Saliva Uric acid 175-816 uM 200-1,000uM Uricase Prussian blue Amperometry Continuous 106
(200 uM)
Potassium 4.2-5.2mM 1-100mM (1mM) Valinomycin, KTFPB, PVC, Ag electrode Potentiometry Continuous 107

DOS

BDC, benzene dicarboxylate; DOS, bis(2-ethylhexyl)sebacate; HRP, horseradish peroxidase; KTCPB, potassium tetrakis(4-chlorophenyl) borate; LC, liquid crystal; LOD, limit of detection; MOF,
metallo-organic framework; MWCNTs, multiwalled carbon nanotubes; NA, not available; NPs, nanoparticles; PANI, polyaniline ink; PEDOT:PSS, poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate; PEG, polyethylene glycol; PU, polyurethane; PVA, polyvinyl alcohol.
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the relevance of these biofluids for patient diagnostics®. This study*
further shows that after haemodialysis, concentrations of urea and
creatinine in sweat decrease in a similar manner to their respective
valuesin plasma.

Advances in bioengineering have also demonstrated the ability
of skin-interfaced microfluidic devices to monitor concentrations

Chloride

0 50 100 150
Uric acid (mg/l)

Uricase on
Prussian blue

Microfluidics
with ion sensor

of uric acid in sweat**. These soft, flexible devices attach to the fore-
head to route sweat induced by physical exercise to microfluidic
chambers for potentiometric detection of uric acid*. One study of
15individualsrevealed differences in uric acid concentrations between

healthy individuals, those with gout and those with hyperuricaemia
(40 pM, 100 pM and 78 pM, respectively)*’. Data also indicated that
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Fig.2| Wearable biochemical monitoring of kidney health. a, Optical image of
asoft microfluidic system for colorimetric analysis of sweat biomarkers relevant
to kidney disorders including creatinine, urea and pH. (Part ais reprinted with
permission from ref. 35, Royal Society of Chemistry.) b, Schematic image of the
surface of amolecularly imprinted poly(3,4-ethylenedioxythiophene) (PEDOT)
polymer on carbon nanotubes (CNT) and gold nanotubes (Au NT) for monitoring
sweat urea. (Part bis adapted with permission from ref. 54, ACS Publications.)

¢, Optical image of a differential pulse voltametric electrochemical sweat

sensor for detecting uric acid and tyrosine. (Part cis reprinted fromref. 42,
Springer Nature Limited.) d, Schematic of rapidly swellable microneedle array
for efficient extraction of interstitial fluid (ISF) and testing setup with Parafilm
and agarose gel for benchtop evaluation of creatinine and uric acid in ISF.
(Partdis adapted with permission from ref. 69, Elsevier.) e, Optical image of a
microneedle with microcavities for transdermal electrochemical monitoring of
ureain ISF. Microcavities are used to accommodate the sensing layer and provide
protection from mechanical delamination during skin insertion or removal.
(Parteis reprinted with permission fromref. 70, ACS Publications.) f, Schematic

ofamicroneedle array for detection of pH and multiple electrolytes in ISF,
includingK’, CI-, Na*, Li*, Ca*". (Part fis adapted fromref. 76, CC BY 4.0 (https://
creativecommons.org/licenses/by/4.0/).) g, Optical image of a lab-on-eyeglass
for sensing of creatinine in tears. (Part g is reprinted with permission from ref. 95,
ACS Publications.) h, Schematic of asmart contact lens for monitoring of tear
biomarkers, including urea, glucose and chloride. (Part his reprinted from

ref. 84, Springer Nature Limited.) i, Optical image of afemtosecond laser-written
microfluidiclens for colorimetric uric acid sensing in tears. (Partiis reprinted
with permission from ref. 87, Wiley.) j, Optical images and conceptualization
ofintra-oral dental retainer for saliva glucose monitoring. (Partjis adapted

with permission from ref. 104, National Academy of Sciences.) k, Optical image
of amouthguard for detection of uricacid in saliva. (Part ks reprinted with
permission fromref. 106, Elsevier.) I, Optical image of a smart bioelectronic
pacifier for real-time continuous monitoring of salivary electrolytes.

(Partlis reprinted with permission fromref. 107, Elsevier.). MNA-MC,
microneedle arrays-microcavities; RE, reference electrode.

concentrations of uric acid in sweat correlated strongly with those
inserum*,

Positive correlations between creatinine, urea and uric acid levels
in sweat with those in blood clearly establish the potential diagnos-
tic utility of sweat for monitoring kidney health. Below, we describe
examples of advanced technologies for frequent, routine testing of
biomarkers in sweat that can be performed without support facilities
or specialized personnel.

Creatinine detection. Creatinine in sweat can be measured with sen-
sors that use colorimetric reagents®*, surface-enhanced Raman scat-
tering (SERS)*® or electrochemistry*”*5, For example, one microfluidic
device collects sweat through a skin-interfaced inlet; it then passes
through aseries of microchannels and valves that route small volumes
toacollection of chambers containing colorimetric reagents™ (Fig. 2a).
The sophisticated microfluidic design supports time-dynamic meas-
urement of sweat metabolites, including creatinine, using the below
reaction sequence:

.. Creatininase .
Creatinine+H,0  —  Creatine ()]

. Creatinase .
Creatine+H,0 — Urea+ Sarcosine (2)

Sarcosine oxidase (3)

Sarcosine +H,0+0, — Formaldehyde + Glycine +H,0,

Peroxidase

4- Aminophenazone + Phenol derivative + H,0, —

)

Red benzoquinone imine dye + H,0

The device can measure creatinine over a linear dynamic range of
10-500 pM based on digitalimage analysis. Using this device, research-
ers have reported sweat creatinine concentrations of 10-15 uM for
healthy individuals®*, which is consistent with other wearable elec-
trochemical sensors** that report the range of 5-15 pM for healthy
individuals (Table 1). Future studies involving patients with kidney
disease are needed to determine whether measurements made with
these wearable devices match previously reported sweat creatinine
concentrations of 23-50 pM* (Table 1).

Other approaches operate based on the selective interaction of
creatinine with metallo-organic frameworks (MOFs)**5, These classes

of biosensors exploit the chelating ability of creatinine with metallic
centres through its five-membered ring, which contains two nitrogen
atoms*.A2021study* reported atextile-based electrochemical sensor
forthe sensing of creatinine in sweatinduced by exercise and heat stress.
The devices used in that study wicked sweat through fabric threads to
the sensing components. The sensor consisted of an electrochemical
transducer attached to anylontextile fibre coated with carbonblack and
aMOF recognition element consisting of cuprous nanoparticles encap-
sulated within a polyvinylalcohol (PVA) hydrogel and a poly(3,4-ethylen
edioxythiophene):polystyrene sulfonate (PEDOT:PSS) composite mate-
rial. The cupriteions formionic cross-links between PVAand PEDOT:PSS
and selectively chelate with creatinine over other interfering species
suchasglucose, uricacid, ureaand NaClin sweat, leading toamperomet-
ricresponses*. The sensor hasalinear range of 0.4-960 pM and a limit
of detection of 0.06 pM. Studies in healthy humans that have used this
approachtomeasure creatinineinsweat have reported concentrations
comparable with those of other colorimetric studies (Table1). Creatinine
concentrations for healthy individuals increase to 40-60 pM*” upon
thermal stress and exercise, which overlaps with concentration ranges
0f23-50 uM* recorded for patients with CKD (Table1). These findings
emphasize the need for strict sweat collection protocols to prevent
false-positive results for kidney diagnostics.

Urea detection. The primary mode for detection of urea in sweat,
as demonstrated using samples collected with skin-interfaced
microfluidics®*° or textile fibres®’, involves the urease enzyme as
follows™ 2

(NH,),CO +2H,0 =5°C0, + H,0 + 2NH, ()

The resulting change in pH can be evaluated colorimetrically using
standard pH papers®, photonic interpenetrating polymer network
films*°, phenol red solution® or polyaniline ink (PANI)*,
Molecularlyimprinted polymers (MIPs) represent anon-enzymatic
approach to quantifying sweat urea** (Fig. 2b). Here, electropolym-
erization of 3,4-ethylenedioxythiophene around carbon and gold
nanotubes in the presence of urea molecules, followed by elution of
the embedded urea molecules, forms recognition sites in the MIP.
The electron transfer resistance of a potassium ferricyanide probe
with MIP-covered nanotubes changes upon the recognition of urea
molecules. The sensor has alinear dynamic range of 1-100 mM and a
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limit of detection of 0.1 mM, and in one study, successfully measured
sweat urea concentrations of 14.4 mM, 12.5 mM and 30.3 mM in three
individuals during exercise®*, where the first two values were within
expected ranges for healthy individuals. The third measurement was
high with unknown root cause, suggesting that further evaluation is
required. Reported sweat urea concentration ranges are 2-15 mM*
for healthy individuals and 22-33 mM* for patients with CKD, quanti-
fied by wearable colorimetric enzymatic sensors and standard optical
spectrometric techniques, respectively (Table1).

Uric acid detection. Differential pulse voltammetry is a convenient
approach to detecting uric acid in sweat*>* (Fig. 2c). One study*,
which developed a laser-engraved wearable microfluidic device
for collecting sweat samples generated by exercise, demonstrated
time-sampled monitoring of uric acid levels for a period of 35 min.
Sweat enters the device through theinlet holes and passes into micro-
fluidic chambers that are interfaced with laser-engraved graphene
sensors. Sweat uric acid and tyrosine concentrations are measured
by detecting changes in current induced by application of linear
ramp potential pulses, with detection limits of 0.74 uM and 3.6 uM,
respectively*. In this system, a Bluetooth low-energy (BLE) system
wirelessly transmits the resulting data to a user with a BLE-enabled
device. Controlled human trialsindicate strong correlations between
uric acid concentrations in sweat and plasma and have revealed uric
acid concentrations 0f29-51 uM, 67-87 uM and 80-133 puM for healthy
individuals, patients with gout and patients with hyperuricaemia,
respectively*?, which are somewhat higher than previously reported
concentrations of 10-35 pM*®) and 20-60 pM* for healthy individuals
and uraemic patients, respectively (Table 1). In those studies***, sweat
samples were collected using a plastic container and quantified using
standard enzymatic well plate-based measurements. These discrep-
ancies may result from differences in sweat-sampling methodology,
variability in humans and/or quantification techniques. We expect
future clinical wearable evaluations to provide valuable insights into
the utility of sweat uric-acid concentrations for the monitoring of
kidney health.

Electrolyte detection. Several studies have described wearable
potentiometric sensors based on ion-selective electrodes for con-
tinuous quantification of sweat electrolytes such asK*, Na*, Ca*", Mg
and Fe? (refs. 23,57-61). In one study, a 3D-printed wearable device
that resembled a watch measured sweat potassium concentrations
during exercise”. Those sensors used poly(4-octylthiophene) as
transducing layers, with screen-printed conductive carbon elec-
trodes on polyethylene terephthalate (PET) sheets for electrical
measurements. The reported responses were linear over a range of
concentrations from 0.1 mM to 100 mM and with a detection limit of
0.1 mM?’. The system, mounted on the upper arm, could track sweat
electrolyte concentrations with BLE wireless data communication
for analysis. The platform reported potassium concentrations of
1.65-7.25 mM in a healthy volunteer continuously during 90 min of
exercise, covering physiologically relevant ranges for sweat potas-
sium concentrations. Such wearable sensors will provide a useful
platformfor establishing correlations with disease status in patients
with CKD.

Interstitial fluids
ISF — the extracellular fluid located within the interstitial space
around cells — provides oxygen and nutrients that are required for

cellular metabolic processes®. ISF-based electrochemical sensors
form a well-established basis for continuous glucose monitoring
(CGM), which has been widely adopted in the form of small, wireless,
skin-mounted devices®. Dermal ISF is rich in biomarkers, includ-
ing proteins, metabolites, ions and RNA species, that correlate with
those in blood®***. Microneedles enable continuous electrochemi-
cal monitoring of various biomarkers® in ISF and are of interest
because they penetrate only the dermis and therefore avoid damage
tonervesorblood vessels. Alternative non-invasive methods of access-
ing ISF use reverse iontophoresis to extract ISF from the surface of
the skin®.

Relevance of interstitial fluids for kidney disease

Clinical studies that have used microdialysis® or reverse iontopho-
resis®®® to access ISF have demonstrated the potential of these
approaches to monitor biochemical markers of kidney health. One
study used ISF microdialysate extracts collected every 15minto provide
insightsinto the kinetics of urea concentrationsin 17 patients before,
during and after haemodialysis®. Quantification using established
enzymatic colorimetric ureatests demonstrated that ISF urea concen-
trations decrease during haemodialysis from 30 mM to 11.2 mM. This
trend compares well with that of ureain plasma, where concentrations
change from 29.8 mM to 11.4 mM. 4 h after cessation of dialysis, both
ISF and plasma show increases in urea concentrations to15.0 mMand
14.9 mM, respectively®.

Reverseiontophoresis canalso be used to extract ISF with relevant
biomarkers for monitoring kidney health®®, For example, reverse ion-
tophoresis has been applied to the forearm of 5 healthy individuals
and 18 patients with CKD to enable the analysis of ureain ISF using the
colorimetric, diacetyl monoxime assay®’. The findings demonstrated
clear differencesin ISF urea concentrations between healthy individu-
alsand patients with CKD, with values of 22.3 and 50.7 uM, respectively.
The sensitivity and specificity of this test in distinguishing patients
with CKD from healthy individuals were 83.3% and 75%, respectively*°.
These data also showed that concentrations of urea in ISF correlate
withthosein plasma and support the use of ISF as a diagnostic fluid for
kidney monitoring. Extension of this work to other biomarkers such as
creatinine, uricacid and electrolytes through the use of other sensing
modalities, along with alternative methods of accessing ISF, such as
microneedles, provide additional options for the evaluation of ISF in
the context of kidney health.

Creatinine detection. Microneedles and electrochemical sensors that
use a cascade of enzymatic mechanisms have been used to measure
creatinine concentrations in ISF®’ (Fig. 2d). Specifically, the micronee-
dle body comprised a methacrylated hyaluronic acid, which forms a
non-dissolvable, swellable polymeric matrix. The enzyme mixture,
composed of creatininase, creatinase and sarcosine oxidase, modi-
fied screen-printed electrodes that interfaced with the microneedle
arrays. Amperometric signals from H,0, generated as a result of the
enzymatic reaction with creatinine yielded a linear response across
arange of concentrations from 50 pM to 550 pM with alimit of detec-
tion of 18 uM®’. Application of thisapproach to a mouse model of CKD
induced by intraperitoneal injections of aristolochic acid, demon-
strated anincrease in ISF creatinine concentration from45 pMat day O
to 85 uMat day 21 (ref. 69). Parallel measurements of serum creatinine
concentrations revealed similar increases. These preclinical findings
should motivate human trials to establish the utility of ISF creatinine
assessment for monitoring kidney health.
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Urea detection. Microneedle-based enzymatic sensors also ena-
ble real-time measurement of urea concentrations in ISF using
potentiometric®®’® methods. This approach uses the above-described
platform for creatinine®® but uses urease on the screen-printed elec-
trodes, andyields alinear response for concentrations of1-16 mM with
alimit of detection of 0.49 mM®. Application of this method to mice
with aristolochic acid-induced CKD demonstrated increasing urea
concentrations from 3.8 mM (at day 0) to 7 mM (at day 21).

Other microneedle sensors contain an engineered microcav-
ity on their tip to enable direct ISF sampling’ (Fig. 2e). In one such
example, the working electrode for potentiometric detection of urea
consisted ofamicroneedle electrode array with acoating of Crand Au.
Subsequent coating of the microcavity surfaces with polyaniline
boronic acid (PABA), urease enzyme and Nafion enabled recogni-
tion of urea molecules by the enzyme and sensing of the generated
ammoniaspecies by PABA. The sensor exhibits alinear dynamic range
of 3mM to 18 mM and a limit of detection of 0.9 mM. Evaluation of
this sensor in mouse models indicated increasing potentiometric
responses upon subcutaneous injection of different concentrations
ofureaforadurationof 10 min, designed to simulate increasing urea
concentrations in ISF”°. Extension of these animal model studies®*”°
to humans will provide further insights into the utility of these
microneedle-based ISF ureasensing approaches for monitoringkidney
disease.

Uric acid detection. Platforms® similar to those introduced above for
the detection of creatinine and urea can also detect uric acid through
the use of uricase functionalized working electrodes for amperomet-
ric detection. Sensors of this type exhibit a linear range of 31 uM to
1,000 pM with alimit of detection of 31 uM®’. Application of this sensor
inamouse model of aristolochic acid-induced CKD demonstrated an
increase in uric acid concentrations in ISF from 78 (day 0) to 257 uM
(day 21)®°. Extension of this work to healthy individuals and patients
with CKD will shed more light on the use of ISF uric acid as abiomarker
of kidney health.

Electrolyte detection. Microneedle-based sensor systems that use
ion selective electrodes similar to those described above for sweat
supportreal-time detection of different electrolytes inISF, including
K* (refs. 71-77), Na* (refs. 74-78), Ca** (refs. 74,75,77), Li* (ref. 75) and
CI™ (ref. 75). A 2022 study demonstrated the use of a potentiometric
microneedle-based sensor patch for multiplexed monitoring of these
five species of electrolytes” (Fig. 2f). The process for fabricating the
sensing element used in that study involved coating an array of stain-
less steel microneedles with carbon ink and functionalizing them
with multi-walled carbon nanotubes, followed by drop-casting of
ion-selective membrane cocktails. The linear ranges for each sensor
were 32-100 mM for K*, 32-320 mM for Na*, 10-100 mM for Ca?,
32-100 mM for Li* and 10-320 mM for, CI". The limit of detection
for each of these electrolytes was 15 uM, 18 uM, 3.9 uM, 12 uM and
8.4 uM, respectively. Electrolyte concentration measurementsin rats
indicated average ISF concentrations of 4.3 mM, 147 mM, 1.1 mM and
104.4 mM for K*, Na*, Ca?* and CI, respectively”. Similar measure-
ments in blood and serum samples demonstrated good agreement
between ISF and blood, highlighting the on-body transdermal elec-
trolyte measurement capability of the microneedle patch”™. As for the
above-described biomarkers, studies of patients with kidney disease
areneeded to establish the connection of electrolyte concentrations
to disease conditions.

Tears

Tears are produced by the lachrymal glands, and serve as a protec-
tive layer, lubricator and a cleansing agent on the surface of the eye”.
Diagnostics based on tear biochemistry are of interest owing to the
potential to form direct, non-invasive interfaces with this biofluid for
continuous monitoring of biomarker concentrations. Tears contain
ions, electrolytes, proteins, inflammatory cytokines and other spe-
cies with great potential for health tracking®*®'. Advances in micro-
fluidics and engineering of biocompatible soft materials have led to
the development of integrated contact lenses® **, eyeglasses’*** and
tear patches’® as wearable tear sensors. For example, smart contact
lenses have been developed that use soft, breathable materials with
biosensing capabilities for glucose, electrolytes and hormones®?°-%2,
Alternatives that use lab-on-eyeglasses and tear patches are also of
interest because they do not require direct contact with the eye but
instead collect stimulated tear flows under the eye®*?°.

Relevance of tears for kidney disease

Exploratory clinical investigations based on conventional tear collec-
tion methods® have demonstrated the promise of tear biomarkers
for renal diagnostics. A 1988 study used Schirmer sterile strips as a
paper-based method for collecting tear samples to quantify concen-
trations of urea nitrogen and creatinine concentrations in tears from
30 healthy individuals and 10 patients with kidney failure®. Using estab-
lished colorimetric assays based on urease” and the Jaffe method®®,
concentrations of urea nitrogen were reported to be 3-7.5 mM and
6.8-27 mM for healthy individuals and patients with kidney failure,
respectively, and concentrations of creatinine were 50-125 pM and
130-430 pM for healthy individuals and patients with kidney failure,
respectively. Following dialysis, concentrations of urea nitrogen and
creatinine in the tears of patients with kidney failure decreased to
3.8-16.0 mM and 50-280 pM, respectively. The datarevealed a lin-
ear correlation between tears and blood for both of these chemical
species®, providing support for the notion that tear analytic platforms
could provide a screening platform for kidney disease. As described
below, further studies using state-of-the-art systems for the collection
of pristine tear samples coupled withinsitu biosensors could provide
practical utility for the use of this biofluid.

Creatinine detection. A lab-on-eyeglass platform represents one
interesting technology to quantify the concentration of creatinine in
tears using a sensor based on selective interaction of creatinine with
an MOF®. In one study® a source of camphor and menthol placed
under the eye was used to stimulate the production of tears, and a
nose pad structure that contained textile-based hybrid electrodes
absorbed tears foramperometric detection of creatinine (Fig. 2g). The
electrodes consisted of cotton fibre wrapped around flexible copper
wires, coated with carbon black and cuprous nanoparticles. Subse-
quent electrochemical deposition of Cu(ll)-benzene dicarboxylate
(BDC) bound with graphene oxide-Cu(ll) formed the MOF. Creati-
nine diffused into the porous architectures of the MOF and chelated
with cuprous ions through irreversible catalytic binding. The sensor
offered alinear range 0f1.6-2,400 uM for the detection of creatinine,
with a limit of detection of 0.8 uM, with minimal interferences from
dopamine, glycine, urea and uric acid®. A light-emitting diode (LED)
screen, integrated with the lab-on-eyeglass, displayed the results and
aBLE module wirelessly transmitted data to an external device. Testing
on healthy individuals revealed physiologically relevant concentra-
tions of tear creatinine in real time for 8 min, ranging from 50 pM to
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125 uM”, and serum concentrations ranging from 50 uM to 130 pM”,
which agrees with previously reported tear creatinine concentrations
of 50-125 uM®' for healthy individuals and 130-430 pM®' for patients
with kidney disease (Table1). Further studies are needed to determine
the applicability of this platform for these patients and its utility in
establishing a relationship between tear creatinine concentrations
and kidney disease.

Urea detection. Urea can be analysed using the classic Jung method,
which is based on the ability of a chromogenic reagent to form
a coloured complex with urea®. Specifically, the reaction of urea,
o-phthalaldehyde, and primaquine diphosphate produces yellow
complexes. This type of colorimetric assay can be integrated into a
contactlens, in which an integrated microfluidic system routes tears
to reservoirs containing the assays (Fig. 2h). Quantification involves
analysis of digitalimages captured using asmartphone®*. The dynamic
range of urea detection spans 0.078 mMto 2.5 mM, as evaluated with
amodel eye system with spiked artificial tear samples®*. Additional
work is needed to expand the range to that summarized for patients
with kidney disease (Table1).

Uric acid detection. Colorimetric enzymatic assays can also be inte-
grated with sensing platforms on contactlenses for the measurement
of uric acid (Fig. 2i). For example, one microfluidic device formed by
multi-axis femtosecond laser ablation” to include flow valves, resis-
tors, multi-inlet geometries and splitters uses a uricase enzyme-based
sensing reactionto produce allantoin, hydrogen peroxide and CO,, as
summarized by the following chemical reaction:

Uricacid + H,0 + OzuriifeAllantoin +CO0, +H,0, (6)

This reaction is followed by the reaction of 4-amino antipyrine,
N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3,5-dimethoxyaniline and hydro-
gen peroxide in the presence of horseradish peroxidase to produce
ablue dye, which is proportional to the reaction of uric acid. Opti-
cal evaluations enable assessments of urea concentrations with a
linear range of 0.3-1.5 mM and with a sensitivity of 0.1 mM, based
on tests with an artificial eye model®. This range matches expected
requirements (Table 1), but human studies are required to validate
thisapproach.

Electrolyte detection. Various fluorescence-based sensors can
also be used on contact lenses to quantify tear electrolytes such
as K' (refs. 91,100), Na* (refs. 85,89,91,100), Mg*" (refs. 91,100),
Cl (refs.85,91), Zn* (ref.100) and Ca** (refs. 91,100). One such device'*
contains laser-engraved microfluidic channels that collect and route
tears to fluorescent probes. Tear electrolytes are selectively chelated
by probes of varying sizes and chemistries, including crown ether
derivatives for Na" and K%, 1,2 bis(o-aminophenoxy) ethane-N,N,-
N’,N'-tetraacetic acid for Ca*, 5-oxazolecarboxylic acid for Mg?* and
N-(2-methoxyphenyl)iminodiacetate for Zn* ions. Physiologically
relevant detection ranges of 25-100 mM, 1-50 mM, 0.5-1.25 mM,
0.5-0.8 mMand 0.01-0.02 mM can be achieved for Na*, K*, Ca*", Mg*'
and Zn*, respectively. A handheld fluorescence reader, with an inte-
grated light source, battery power source and exchangeable bandpass
filters, interfaces with asmartphone for quantification. Workin humans
isnecessary to validate these measurements and assess their value as
adiagnostic toolin patients with kidney disease.

Saliva

Saliva is produced by the salivary glands and is important for
digestion'®’. As one of the most easily obtained biofluids, contain-
ing arich range of electrolytes, hormones, metabolites, enzymes
and proteins relevant to kidney biomarkers'”'°*, saliva is an attrac-
tive target for biosensing. Current literature on saliva diagnostics
mainly focuses on point-of-care systems'” and on intraoral devices
such as dental retainers'®* (Fig. 2j), mouthguards'®>'°¢ (Fig. 2k) and
pacifiers'” (Fig. 2I).

Relevance of saliva for kidney disease

Several clinical studies have examined the utility of saliva for monitor-
ing kidney health'**™°, Work from the past few years'®® has highlighted
the potential of creatinine measurements in saliva to evaluate patients
at various stages of CKD using an enzymatic colorimetric assay and
saliva captured by spitting. Among 230 patients with CKD, saliva cre-
atinine was 3-19 uM, 3-8 uM, 4-63 pM, 5-222 uM and 72-400 puM for
patients withstage1,2,3,4and 5 CKD, respectively'®®. The results of that
study also established a strong correlation (r=0.82) between serum
and salivary creatinine concentrations. The sensitivity and specificity
of salivary creatinine to distinguish patients with CKD from healthy
individuals are 78.3% and 74%, respectively'*s.

Another clinical study assessed creatinine, uric acid and potassium
in 15 healthy volunteers and 42 patients with CKD'?. Saliva samples
obtained with a cotton swab and rapid centrifugation were analysed
using commercially available kits to enzymatically quantify the con-
centrations of creatinine and uric acid. Potassium concentrations were
assessed by ion-selective potentiometry. Concentrations of these
biomarkers in saliva were 10-20 pM, 60-450 uM and 18-60 uM for
creatinine, uric acid and potassium, respectively, in the control group.
For patients with CKD, salivary concentrations of creatinine, uric acid
and potassium were 15-145 uM, 60-500 pM and 15-70 pM, respec-
tively. Significantly different salivary creatinine concentrationsin the
control and patient groups support the use of this species as a diag-
nostic biomarker. Concentrations of these biomarkers correlate with
thosein plasma. Furthermore, concentrations measured post-dialysis
mirror those in plasma, supporting the use of saliva as a diagnostic
fluid'?. Clinical studies of salivary biomarkers provide motivation for
the development of wearable analytic platforms that use saliva for
monitoring of kidney health.

Uric acid detection. One study reported the development of a sen-
sor in the form of a mouthguard that included an enzymatic electro-
chemical sensor for the real-time quantification of salivary uric acid'*®
(Fig. 2k). The sensor uses uricase as the recognition element and a
Prussianblue carbon electrode as the transducer, and detects salivary
uricacidwithalinear range of 50 uM to 1,000 pM and stability of up to
4 h (ref.106). The amperometric sensor is coupled with miniaturized
instrumentation electronics that include a potentiostat, microcon-
troller and a BLE wireless communication system for real-time data
acquisition and communication. Benchtop testing based on saliva
samples from a healthy volunteer and a patient with hyperuricaemia
reported uric acid levels of 178.5 puM and 822.6 uM, respectively'®.
Salivary concentrations of uric acid in the patient with hyperuricae-
mia were also higher than those reported from benchtop validation
studies in healthy controls'® (Table 1). In addition, salivary uric acid
concentrations in the patient decreased to 300 pM following a 5-day
treatment course of allopurinol, a drug that lowers high uric acid
concentrationsin blood.
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Electrolyte detection. A 2022 study reported the development of a
bioelectronic pacifier device that includes ion-selective electrodes
for the continuous monitoring of sodium and potassium concentra-
tions in the saliva of neonates'”. The device captures saliva samples
through aninlet hole located at the tip of the pacifier that leads to a
microfluidic channel to theionsensors. The deviceincludes a flexible
circuit with BLE wireless communication and a rechargeable battery,
and sensor stability has been demonstrated over 10 h. The ion sensor
detects salivary sodium and potassium concentrations with a linear
range of 1-100 mM'”". Studies in the neonatal intensive care unit show
that the sensor can detect sodium concentrations of 6-9 mM'”” and
potassium concentrations of 4-5mM'”’ continuously in real time for
1h. Theseresults are physiologically relevant considering previously
reported values of 6-217 mM"*"? and 3-18 mM" for salivary sodium
and potassium concentrations, respectively (Table1).

Challenges and future directions

Sensor performance

Concentrations of kidney-related biomarkers in peripheral biofluids are
often lower than those in serum? (Table 2). Hence, efforts to develop
practical technologies must consider the performance parameters
that are physiologically relevant for the respective biofluids* and
place the context of use for the various technologiesintoalaboratory
medicine quality and consistency framework. As peripheral biofluids
contain unique mixtures of biochemicals®, transduction or detection
mechanisms may be adversely affected by biofouling (with proteins,
mucin, peptides or enzymes), interference from redox-active molecules
(suchaspH, uricacid, ascorbicacid or acetaminophen) and other spe-
cies (such as salt and bilirubin). Contamination from debris, blood,
sebum and other species that are often present in biofluids can also
hinder biomarker measurements. Improvements in device and sen-
sorarchitecturestoreduce theseinterferences, along withinnovative
contaminant-free biofluid collection strategies, are critical for reliable
biosensor performance.

Another difficulty associated with the use of wearable devices for
clinically relevant assessments compared with the evaluation of sam-
ples collected and separately evaluated in laboratory environments is
thatstable, accurate operation must occur under dynamic and poorly
controlled conditions. Variationsin secretion rates and volumes, skin
temperature, body orientation and motion, together with variations
in environmental conditions such as lighting, humidity and ambient
temperature, canlead toinaccuracies®. Advances in biosensing assays,
engineering designs and calibration techniques provide routes to
addressing these issues.

Biocompatibility

Wearable devices must, of course, be biocompatible, safe and
comfortable®*®, These requirements can be challenging for contact
lens platforms because the human eye is highly sensitive to foreign
objects'. However, even the intra-oral operating environment in the
context of saliva sensors imposes somerestrictions, as the device and
sensing materials may readily dissolve in saliva or be swallowed'"'?,
For minimally invasive sensors such as microneedles that penetrate the
skin, localized irritation, infection, inflammation and heating can be
problematic®**>%*, By contrast, skin-interfaced microfluidic devices for
sweat analytics suffer less from these limitations, as evident from the
many human trials reported in the literature. Continued development
of non-invasive, non-toxic and fully miniaturized sample collection
techniques, biosensing assays and electronic components are expected

to provide more comfortable, safe and painless experiences for users
in the future’®,

Clinical studies and correlations with blood

Most studies of wearable devices for the evaluation of kidney biomark-
ers haveinvolved proof-of-concept demonstrations on simple animal
models or asmall number of healthy individuals®. Inaddition, human
research using biofluids sampled from sensitive sites, such asthe eye,
the interstitial space and the mouth, is particularly limited. In these
cases, validation studies often involve artificial biofluids in benchtop
settings or animalmodels, which have some, albeit limited, relevance to
humantears, ISF and saliva chemistry. Future work is therefore needed
to determine the biocompatibility, wearability and accuracy of these
methods in scaled human studies.

Many factors affect the concentrations of biomarkersin biofluids,
such as the use of stimulation methods, the method used to partition
the biomarker from blood, and the metabolic action of the secreting
glands®*”. In the case of sweat, several stimulation methodologies are
available™ including sauna, exercise and pharmacological approaches.
Each method produces different rates of sweating, biomarker con-
centrations and pH. Partitioning of a biomarker in these and other
cases depends on multiple factors, including the time elapsed since
stimulation as well as the secretion rate and volume of the biofluid.
Establishing correlations of biomarker concentrations to blood in a
manner thataccounts for these various factors isimportant for clinical
utility in renal monitoring®®.

Towards continuous monitoring of biomarkers

Currently, most wearable biosensors provide a single-point read-out
of biomarker concentrations®****3*57115_ Although these devices have
potential as convenient point-of-care tools for routine monitoring
of key biomarker concentrations, biosensors that can take continu-
ous measurements have even greater value*>’07>95104106107 Typjcal
methodologies for wearable continuous biosensing involve the use
of enzymes or electrochemical sensors to detect metabolites*>7%>10¢
orion-selective electrodes to detect electrolytes™°*'”7, Alternative
schemes such as those that use active reset aptamer-based sensors™®,
antibody or aptamer-based molecular switches"”"® and microflu-
idic real-time ELISAs™ are emerging as potential candidates for
continuous sensing of proteins or hormones. Several challenges
exist for these and related technologies, such as biofouling, inter-
ference from redox-active molecules, complicated sample prepa-
ration methodologies, the need for precise tuning of the affinity of
biorecognition elements and the need for continuous biofluid sam-
pling. However, strategies that overcome these challenges will have
broad value in monitoring not only kidney health but many other
conditions.

Implantable devices

Although wearable sensors enable non-invasive and often facile data
collection, some renal complications?’?such as transplant rejection
and viral infections can result in highly localized symptoms within
the kidney. In these cases, biomarkers of kidney dysfunction may not
be present in sufficient concentrations in peripheral biofluids and
changesinthe physical properties of the kidney (such as temperature,
morphology or stiffness) may not manifest as gross external or systemic
symptoms. Intheseinstances, local measurements of the biophysical
properties of the kidney through the use of implanted devices may
offer enhanced sensitivity in detecting early disease onset.
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Most implantable devices for monitoring the local properties of
the kidney consist of a probe that contains the core sensing component
(forexample, LEDs or photodiodes for optical measurements and tem-
perature sensors or heaters for thermal measurements) connected to
anelectronics module that includes circuitry for signal transduction,
with either wireless data communication or wired data acquisition
electronics (Table 3, Fig.1). The size of the probe and electronics mod-
ule are limited by manufacturing technologies and the power source
(forexample, the battery), respectively. Device-operating lifetimes for
battery-powered devices are governed by the power consumption and
sampling frequency of the measurement; battery-free power transfer
approaches (such as ultrasound'” or magnetic inductive coupling'**)
circumvent the limitations of abattery but require an external source to
power the device. These devices can be secured to the kidney through
the use of sutures, bioresorbable barbs and/or van der Waals adhesion
forces and contain biocompatible encapsulation materials'> % includ-
ing parylene-C, polyimide andsilicones. Specific examples of implant-
able technologies that can be used to monitor kidney perfusion during
surgery, AKI, kidney transplant rejection and kidney cryopreservation
are discussed below.

Local tissue oxygenation as a measure of perfusion

Regional measurements of tissue oxygenation (StO,) can offer insights
into vascular health'*'?°, Such data can help to prevent surgical com-
plications, such as renal artery or vein thrombosis (typically <1% inci-
dence) and renal artery stenosis (1-10% incidence), that can occur
during transplantation. These and other types of complications can
result in graft loss even up to a few years post-operation®°. In similar
contexts, ischaemia-reperfusion injury (IRI) can cause acute tubular
necrosis and delayed graft function upon reoxygenation of the tissue'™'.

A 2022 study reported the development of a wireless, implant-
able optoelectronic device for continuous monitoring of StO, in
the kidney'. In addition to local measurements of StO,, the device
could detect the pulsatile component of blood flow (heart rate) and
respiration rate. The device comprises a flexible optical probe for
near-infrared spectroscopy (NIRS) measurements, using two micro-
scale LEDs (p-LEDs) with peak emission wavelengths of A, = 660 nm
(red) and A, =850 nm (near-infrared), respectively, and two micro-
scale photodiodes (p-PDs) (Fig. 3a). The probe connects to a flexible
battery-powered module with electronics for sensing and wireless data
transfer to any ‘smart’ portable device via Bluetooth (Fig. 3).

NIRS relies on the absorption of red light by deoxyhaemoglobin
(Hb) and that of near-infrared light by oxyhaemoglobin (HbO,). The
two 1-PDs, separated laterally by 4 mmand 7 mm from the LEDs, enable
spatial probing of tissue volumes of approximately 95.3 and 178 mm?
for thered and near-infrared wavelengths, respectively. Increasing the
distance between the p-LED and p-PD increases these volumes. The
multi-wavelength and multi-detector design enables calculations of
StO, withasingle external calibration:
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whereeg, or HbO,, A, or A,is the specific molar extinction coefficient
for Hb or HbO, at A, or 4,, i, is the tissue absorption coefficient and k

isan unknown constant that is cancelled out during the calculation of
StO,. By contrast, a single LED and PD probe architecture requires
baseline calibration with the initial StO, at ¢ = 0 and knowledge of total
haemoglobin concentration (Cy,):
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A bioresorbable barbed structure that surrounds the probe,
formed with an FDA-approved bioresorbable polymer (PLGA), supports
safe removal of the device after the intended use period (-1 month).
Probes with barbs exhibit a ~40% reduction in translation distance
within the tissue compared with those without barbs over a 4-week
period, as confirmed through X-ray CT in rat models. Dissolution of the
barbs occurs within 10-14 days after implantation, consistent with a
reductionin pullingforce to -0 N, thereby facilitating device removal
without damage to adjacent tissues. Rat modelsimplanted with barbed
devices exhibited no difference in toxicity indices compared with
control animals with sham surgeries.

The utility of the device hasbeen demonstratedin a porcine kidney
model of IRI (Fig. 3c). Fast Fourier transformations of the StO, data
revealed thatthe heartrate (1.7-2.5 Hz) and respiratory (-0.3 Hz) signals
disappeared during vessel occlusion, serving as a binary indication
ofthe loss of blood flow (Fig. 3d). Although this in vivo work was con-
ductedinanesthetized pigs, the use of such devicesin ambulatory set-
tings must address uncertainties in the measured StO, that result from
motion (for example, through algorithms'*** or the use of additional
electromechanical sensorssuch as accelerometers, gyroscopes™**, or
pressure™ or strain sensors****). Challenges in monitoring StO, across
chronictimescalesinclude the need to eliminate drifts in the signals'”’
resulting from changes in the optical or physical properties of the
surrounding tissue (for example, fibrotic tissue or other foreign body
responses, thickening of the renal capsule) and the need to engineer
the dissolution time”*"*° of the barbs to reach timescales (-few years)
required for monitoring of post-surgical vascular health.

Thermal sensing of microvascular flow on the near-surface
of kidney tissue
Analogous to optoelectronic probes'®, thermal flow sensing probes
have been developed to assess microcirculatory flow on the surface of
thekidney as an indication of perfusion'*’. The dimensions of the probe
are comparable with a 12-gauge biopsy needle (-2 mm in diameter).
The probe itself contains a surface mount (SMT) heater, surrounded
by a circular thin-film heat spreader on the back side of a polyimide
flexible printed circuit board (fPCB), and four SMT thermistors spaced
atdifferent lateral distances from the heater (#1, directly underneath
the heater to #4, ~-8 mm from the heater), on the front side of the fPCB
(Fig.3e). Measurements from thermistor #4 are relatively insensitive to
the heater temperature and enable measurements of changes in ambi-
ent temperature. Subtracting changes in temperature captured by
thermistor #4 from those obtained from thermistors #1-3 minimizes
the effects of ambient temperature. Similar to the above-described
optoelectronic probe'?, the thermal probe contains bioresorbable
barbs (Fig. 3f) for anchoring underneath the renal capsule; a sepa-
rate electronics module contains sensing and BLE communication
circuitry.

The above-described device records the temperature change of
the surface of the kidney from thermistors #1-4 as a function of time
while the heater locally warms the tissue to no more than 4 °C of the
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Fig.3|Implantable sensors for monitoring tissue perfusion. a, Schematic of
the constituent layers of a near-infrared spectroscopy (NIRS) probe. The probe
consists of a pair of u-LEDs (light-emitting diodes) and p-PDs (photodiodes)
electrically connected to a flexible printed circuit board (PCB). The sensing
structure is coated on all sides by a biocompatible, insulating polymer
(Parylene-C). Abioresorbable barb structure made of PLGA is attached to the
device on the opposite side of the optical sensing components. b, Optical image
of awireless, optical sensing device, consisting of an NIRS probe (single LED and
photodiode array) and a Bluetooth low-energy (BLE) module for data transfer,
which also contains sensing electronics. ¢, Schematic of the porcine model of
ischaemia-reperfusioninjury depicting the location of the NIRS device on the
kidney. The NIRS device isimplanted underneath the renal capsule.d, In vivo
measurements of tissue oxygenation saturation (StO,) on a porcine kidney
during periods of ischaemia and reperfusion. e, Optical image of a thermal flow

probe for measurements of local tissue perfusion (flow rate) in comparison with
a#12 needle. The thermal flow probe consists of a resistive heater soldered to the
back side of a flexible printed circuit board (fPCB) and four thermistors soldered
to the front side of the fPCB, one directly above the heater, separated by the
coredielectric layer of the fPCB, polyimide (PI), and the other three thermistors
at different distances away from the heater. f, Schematic of the layers of the
thermal flow probe. The probe consists of heaters and thermistors electrically
connected to a fPCB, coated by insulating Pl and bioresorbable barbs made of
cellulose acetate (CA) on the top and bottom. g, In vivo measurements of renal
cortical flow rate in a porcine model of ischaemia-reperfusioninjury to the
kidney. ‘R’ denotes recovery, ‘I’ denotes ischaemia and ‘C’ denotes congestion.
Parts a-d are adapted fromref. 130, CCBY 4.0 (https://creativecommons.org/
licenses/by/4.0/). Parts e-g are adapted with permission fromref. 141, Elsevier.
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initial temperature, consistent with FDA guidelines on the safety of
clinical devices. The temperature change measured by each thermistor
relates to the flow rate u according to

AT~ dR/K F(r)

1+0.76s. /%

where gis the thermal power per unit area delivered to the tissue by a
heater of known radius R, ris the separation between the thermistor
and the centre of the heater, kis the effective thermal conductivity of
the tissue, sis the volume fraction of blood in the tissue, aq,;4 is the
thermal diffusivity of the fluid, and F (%) is a non-linear function
describing the geometry of the heater and sensor. Values of ¢, R and
rdepend on the device geometry; s, k and a4 are from the literature
or measured experimentally; and AT is measured by the device. Thus,
uisthe only unknown. The perfusion w can be obtained fromthe value
of u, following

R (10)

— uAvesseIs

w=— (11)
where A ... represents the effective total cross-sectional area of the
microvascularblood vessels and Vis the total tissue volume. Validation
of the analytical model (Eqs. 10,11) was achieved using a 3D-printed
model of microvascular tissue comprising ~100-pm-diameter channels
formed in a poly(dimethylsiloxane) (PDMS) matrix. A syringe pump
introduced a flow of water into the channels at known flow rates; the
analytical model showed good (-1:1) agreement with anin vitro model
for microvascular flow, hence validating the device design and analysis
approach.

In vivo experiments in a porcine kidney determined a blood flow
rate, u value of 0.9 + 0.2 mm/s during reperfusion. The correspond-
ing value of perfusion w (35 + 11 ml/100 ml min) is consistent with
those of transplanted kidneys. During ischaemia and congestion,
uvalues of 0.03 +£ 0.01 and 0.04 + 0.01 mmy/s, respectively, indicate a
near absence of perfusion (Fig. 3). Although this in vivo demonstration
highlights the potential value of monitoring perfusion during solid
organ transplantation, further work must consider the possibility of
time-dependent variationsins, K, and ay,o.q in the tissue. Integration
withother sensors such as those for StO, may mitigate uncertaintiesin
uand wvalues by offering real-time, empirical estimates of the volume
fraction of blood in tissue, s.

Temperature

Inaddition to thermal measurements of perfusion, we have reported'*
the development of afully implantable bioelectronic system that meas-
ures local kidney temperature for applications in kidney transplant
rejection (Fig. 4a). The device containsasmall (0.3 x 0.7 mm?), ultrathin
(0.22 mm) stretchable thermal probe (up to an elastic limit of ~20%)
comprising a thin film of gold (100 nm), insulated by a layer of poly-
imide (10 pm) and silicone (100 pum) on either side (Fig. 4b). Similarly
to the above-described optoelectronic and thermal probes'*'*, this
probe connectstoabattery-powered electronics module that contains
circuitry for sensing and communication via BLE.

The device switches between two modes of operation. The tem-
perature mode relies on a linear change in the resistance of the gold
filamentary sensor'** with temperature, whereas the thermal conduc-
tivity moderelies on the transient plane source method, where current
(-1.7 mA) passing through the sensor for ~22 s results in local heating
(by no more than 2 °C above the initial temperature of the tissue).

The changeintemperature at the surface of the kidney (AT) during this
heating period relates to ky;4,¢, Using the relationship

ATkkidney =f [a_tj
2gR R?

where Ris theradius of the sensor, tis the heating time, a is the tissue
thermal diffusivity and f is a non-linear function given by

t\ 2gqR r~ ) d
! (%j B % /; {[/1 (X)]Zerf(x,\/gj} XL;

where/,(x) is the first-order Bessel function of the first kind and erf(x)
isthe error function.

Equation 12 contains an additional factor of 2 to account for the
surrounding tissue medium inside the body, in contrast to that used
for the above-described thermal sensor'** (Eq.10), where the device s
exposedtoairononeside (k,;, = 0.02 W/m-K). Local kidney temperature
(Tiianey) isametric for tissue inflammatory response, whereas thermal
conductivity of the kidney (Kyqney) S€TVes as a measure of perfusion.
In this work, we demonstrated that k4., for a rat with a single kidney
is-2 x that withbothkidneys (ky;4ne, = 0.33 W/m-K), asmight be expected.

Isogeneic and allogeneic rat models of kidney transplantation with

different major histocompatibility complexes resultin graft acceptance
oracuterejection, respectively (Fig. 4c). Using our bioelectronic sen-
sor, we reported a surgical recovery period over -2 days, followed by
the emergence of anormal circadian rhythm (frequency f=1perday)in
Twaney thereafter forisogeneic transplants, signifying anormal, healthy
response, similar to that of control animals without transplantation.
However, in allogeneic transplants we observed a ‘bump’ feature in
Tyianey Of magnitude ~0.6 °C, which started -3 days after transplantation.
At the onset of this bump, values of serum BUN and creatinine were
within the normal range. During days 5-6, the temperature of alloge-
neic kidneys fell steeply by —0.5 °C per hour to-30-32°C, concurrent
with a marked change in animal behaviour and motion and elevated
values of BUN and creatinine. The histological morphology of the kid-
neyindicated rejection both at the onset of the bump feature onday 3
and the during the sharp decline on days 5-6, indicating the ability of
temperature to identify rejection in advance of changes in BUN and
creatinine. Complementary experiments involving the continuous
administration of immunosuppressive therapy to recipient rats with
allogeneic transplants demonstrated a similar but smaller (-0.15 °C)
‘bump’ feature in Tig,e,, along with ultradian rhythms at frequencies
f=2and 3 per day (Fig. 4d). These ultradian rhythms are higher fre-
quency rhythmsthanthe circadianrhythm, occurring twice and three
times per day, respectively. In our study, these rhythms could be used
to detect kidney transplant rejection with 100% accuracy and with a
true-positive rate of 100%. By contrast, the corresponding assessments
of serum creatinine had an accuracy of only 54% and a true-positive
rate of 17%. Although the underlying cause of these ultradian rhythms
is not well known, related rhythms appear in cases of inflammatory
bowel disease (IBD)', in which variations in intestinal temperature
correlate with serum concentrations of inflammatory cytokines'. Of
note, T cell activity is responsible for both the progression of IBD**° and
acute kidney graft rejection'?.

By comparison with 7y;4,e,, measurements of k4., do not display
clear indications of graft rejection. The kidney’s glomerular filtra-
tion rate may overshadow a change in perfusion from the rejection
response. Further work is needed to elucidate the changes that occur

12)

(13)
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Fig. 4 |Implantable temperature sensors for monitoring kidney transplant
health. a, Opticalimage of a fully implantable, wireless system comprising a
multimodal, stretchable thermal probe connected to an electronics module.

b, Schematic of the layers of the thermal probe. A100-nm-thick layer of gold
(Au) forms the core sensing layer and is coated on either side by a10-pum layer

of polyimide, which chemically protects the sensing layer from fluids and
mechanically isolates it from mechanical motion. The entire sensing structure is
coated in a100-pm-thick layer of alow-modulus formulation of silicone, ‘Ecoflex.
Gold pads on the sensor are connected to a pair of multi-stranded wires by way
of aflexible printed circuit board (PCB) and solder joints. The solder joint is
electrically insulated with polyimide and coated in the same Ecoflex material,
which serves as asoft interface to the tissue. ¢, Schematic of the rat model of
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kidney transplantation for isogeneic (Lewis donor and recipient) and allogeneic
(ACldonor and Lewis recipient) transplants. The native kidneys, which have been
removed, areindicated by ‘x’. d, Temperature of the kidney as a function of time
foranisogeneic transplant (top) and allogeneic transplant treated with FK506
(tacrolimus) 1 mg/kg for 7 days post-transplantation (bottom). 15, xxx; F1, xxx.

e, Schematic of kidney freeze-thaw cycles via nano-warming (inductive) and
traditional convective heating approaches. f, Maximum gradient in temperature
across the kidney during nano-warming and convective heating approaches.
***P<(0.001; two-tailed, unpaired t-test; error bars, s.e.m. Cor, cortex; hil, hilum;
med, medullar; out, outside the kidney. Parts a-d are adapted with permission
fromref.142, AAAS. Parts e and fare adapted fromref. 156, CC BY 4.0 (https://
creativecommons.org/licenses/by/4.0/).

inrenal blood flowin various locations of the kidney during rejection.
Promising areas for additional study include the application of similar
sensing approaches for other types of rejection, including chronic
rejection'* and antibody-mediated rejection'®, and for other types of

organ transplants, such as liver**’ and lung™°. Moreover, the ultradian

rhythms and ‘bump’ feature observed here may not be unique to renal
graft rejection; future work should explore temperature variations
related to other renal, adjacent-organ, or systemic conditions.

Nature Reviews Nephrology | Volume 21| July 2025 | 443-463

458


http://www.nature.com/nrneph
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Review article

Temperature and thermal conductivity measurements on the
kidney surface also have utility for monitoring the re-warming and
perfusion of cryopreserved organs™'*° — a critical procedure that is
performed prior to transplantation. Two studies have reported a vit-
rification and ‘nano-warming’ technique, where alternating magnetic
fields induce heating in low-toxicity cryoprotective agents (CPA) and
silica/polyethylene glycol-coated iron oxide nanoparticles within the
organ. This approach enables uniform, rapid warming of the kidney
prior to transplantation'* (Fig. 4e). Placement of fibre optic tem-
perature probesin the hilum, medulla, cortex and outside the kidney to
record temperature distributions demonstrated that nano-warmed kid-
neysyielded much smaller temperature gradients than those induced
by convective warminginawater bath (<25°C and >40 °C, respectively)
(Fig. 4f). Suchuniformity isimportant to prevent cracking of the tissue
from thermal stress. Awarming rate thatis too slow could alsoresultin
icecrystallization, further highlighting the importance of temperature
monitoring during the freeze-thaw process.

Rats that received nano-warmed kidneys showed statistically
significant differences in levels of serum creatinine and other bio-
markers (potassium, pH, HCO,, pCO, and lactate) ~10-15 days post-
transplantation compared with those of rats transplanted with fresh,
control transplants. At day 30, serum and urine biomarkers exhibited
normalvalues; renal histology was similar between nano-warmed and
fresh kidneys. These findings suggest that nano-warming could pro-
vide a potential solution for donor kidney loss in organ banking, with
opportunities for continued study with large animals and assessment
of long-term graft survival.

Challenges and future opportunities

Sampling error. Sensors, like biopsies, have the advantage of detect-
ing changes occurring at specific locations on the kidney*. However,
they both suffer from sampling error when the diseased tissue is distant
fromthe measurementsite. Toreduce this error, adevice with multiple
probes or larger sensing areas is needed to capture adequately large
sample areas.

Sensitivity and specificity. For a particular sensing approach, high
specificity and high sensitivity are both necessary for reliable detec-
tion of disease onset'”. Confounding factors canimpact specificity; for
instance, inaddition to AKl orkidney transplant rejection, diet can alter
serum creatinine levels"®. A device that is engineered with high specific-
ity for only a particular disease may fail to identify the onset of other
conditions that require medical attention. Because any warning sign can
prompt further clinical evaluationto enable appropriate intervention,
measurement sensitivity is the most significant enabler of early disease
detection. Increasing sensor resolution and engineering device designs
thatenable signal collection without influence from unrelated factors
(for example, motion artefacts and environmental conditions) may
improve measurement sensitivity. Use of acombination of biomarkers

may help toimprove the specificity of particular sensors'*.

Foreign body reactions. Evaluating foreign body reactions (FBRs) to
devices implanted in large animals for varying durations would help
to determine the feasibility of implantable devices for the monitor-
ing of acute and chronic conditions. FBRs can involve the formation
of foreign body giant cells, which attempt to break down the foreign
material; the formation of fibrotic capsules that isolate the device from
the surrounding tissue; and chronic inflammation™*'*°, These adverse
reactions can impede device functionality and/or cause damage to

surrounding tissues and pain or discomfort to the patient. In one
study', FBRs affected 43 0f 292 (-15%) of patients who had received an
implanted pacemaker and/or aprostheticjoint. Patients withimplanted
pacemakers who experienced an FBR had lower survival rates than
those without detectable FBR. Chronic FBR hasbeenreported inhuman
cochlearimplantsin response to their platinum electrodes and other
materials, contributing to hearing loss, a reduction in the dynamic
stimulationrange of the device and areduced battery life due to higher
electrode impedences'®.

Approachesto reducing FBRsinclude mechanical matching of the
device to the surrounding tissue of the host'®*; reducing theimplantsize
and/or optimizing device geometry'*’; smooth texturing of theimplant
surface'”’; theincorporation of biocompatible encapsulation materials;
andthedelivery of anti-inflammatory drugs local to the tissue-implant
interface toinhibitinflammatory activity and fibrosis™’. Bioresorbable
devicesareattractive for relatively short-termor acute applications, as
they naturally degrade within the body without the need for separate
surgeries for device removal; they may also prevent the formation of
fibrotic capsules. However, the rate of material degradation and type of
by-products formed during the process of dissolution and resorption

164

may influence the development of FBRs"**.

Glossary

Amperometric

An electroanalytical technique
that measures current generated
by the oxidation and reduction
of an electroactive biological
analyte.

Aptamer-based molecular
switches

Molecular mechanisms by which
aptamers bind to the target and
undergo structural conformational
changes.

Aptamer-based sensors
A biosensor category that uses
short, single-stranded DNA or
RNA to specifically bind to target
analytes.

Electrochemistry

The study of the relationship
between electrical and chemical
processes, often applied to
biosensors for detection of target
analytes.

Impedance

An electroanalytical technique
that measures changes in the
electrical impedance of an
electrode surface in the presence
of the target molecule.

Interpenetrating polymer
network

Polymer chains, comprising two or
more networks, that are interlaced at
molecular scales.

lontophoresis

An electrical technique that passes

a weak electrical current through

the skin to deliver ions or drugs for
extraction of sweat or interstitial fluid.

Polyaniline ink

A highly conducting polymeric
ink, frequently used for biosensing
applications.

Potentiometric

An electroanalytical technique

that measures electrical potential
as an analytical signal generated by
an electrochemical reaction.

Surface-enhanced Raman
scattering

A signal ampilification technique
that enhances Raman scattering by
surface roughness for detection of
target analytes.

Ultradian rhythms
Biological cycles that occur with
periods shorter than 24h.
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Device operating lifetimes. Powering devices on chronic timescales
(that is, several months to decades) is a key challenge for the transla-
tion of implantable devices. Implantable devices with batteries™® are
bulky, have limited capacity, and pose arisk of rapid discharge and/or
overheating and leaching of internal battery components into the body
inthe event of abreach of encapsulation or other device failure. In min-
iature devices (<1 cm in any dimension) with low-power applications
and optimized electronic power consumption, batteries can operate
within the bodies of small animals for several months'*, Rechargeable
batteries and accompanying wireless recharging circuitry'® can circum-
vent the limited operating lifetimes of conventional non-rechargeable
batteries but have the drawbacks of increased device size and the
challenge of radio-frequency power attenuation in the body.

Implantable devices thatare powered wirelessly through near-field
communication (NFC) with thin (<1 mm) form-factors can operate
effectively insmall animal models and non-human primates>'®, How-
ever, the radio-frequency coil antennas that are required for these
devices occupy considerable lateral areas. Moreover, attenuation
of radio-frequency power once implanted and the requirements for
alignment between the transmission antenna and receiving antenna
canleadto power loss and/or insufficient power delivery to the device.
In addition, this approach requires constant proximity of the patient
andimplanted device to an external powering antenna for continuous
data collection. A 2021 study reported the development of a highly
miniaturized implantable temperature sensor (<0.1 mm®) powered via
ultrasound'?, The advantages of this device were its small size and its
longevity, butits requirement for an external ultrasound power source
represents alimitation.

In addition to power sources, selection of appropriate encap-
sulation materials that prevent biofluid ingress into the device and
prevent FBRs are necessary to prolong the functionality of implanted
devices'. Often, the requirements for biocompatibility, mechanical
matching with surrounding tissue and fluid impenetrability represent
conflicting parameters for any one encapsulation material. Layered
encapsulation structures that seal or protect the internal device elec-
tronics and underlie subsequent layers that interface with the tissue
may be a potential area for future exploration.

Alternate sensing approaches. Beyond the above-described chal-
lenges, future researchinimplantable devices for monitoring of kidney
health should explore additional sensing approaches, including tis-
sue mechanical properties (such as elastic modulus)'®” and/or other
semi-invasive approaches to monitoring processes such as trans-
plant rejection, as has been described for the granzyme-B sensitive
nanosensor'®®, That study used anintravenously injected nanoparticle
that accumulates at the site of the graft and is cleaved by granzyme B
generated in the graft tissue, releasing a fluorescent indicator that is
filtered by the kidney into the urine. The sensor has high sensitivity and
specificity for granzyme B, which is a direct byproduct of cytotoxic
T cellsactivated during acute rejection. Although that study involved
demonstrations in skin allografts, it has potential for use in kidney
allografts. Some limitations of this approachinclude areliance on the
kidney tofilter the cleaved nanosensor (where the filtration capabilities
of the kidney during renal graft rejection may be compromised); the
requirement for off-site urinalysis; and a discrete 2-day measurement
cycle to enable full clearance of background fluorescence from the
urine. Similar to the above-described implantable thermal approaches,
the device may also not be specific to allograft rejection, as granzyme
B canalso be produced as aresult of viral infections such as BK virus.

Conclusions

Advances inmicroelectronics, biosensing and microfabrication tech-
niques form the basis of awide range of wearable biochemical sensors
and implantable electronics for health care monitoring applications,
including systems that target kidney-relevant biomarkers. These plat-
forms have strong potential to improve patient health and satisfaction
by reducing the frequency of hospital visits for blood draws and by
providing information on daily fluctuations in the health status of a
patient. They may enhance our understanding of kidney disease at
early stages as well progression to kidney failure, and may also aid
the real-time identification of crucial events to facilitate pre-emptive
disease intervention.

These devices are a strong focus of contemporary research, and
translational opportunities for the use of wearable devicesin the near
term, and implantable devices in the long term, show promise for
improved health care outcomes for patients with kidney disease. Future
biosensing systems that integrate biosensors with advanced bioelec-
tronic engineering schemes will likely improve the capabilities of the
platforms summarized here. Examination of bio-signal variations in
response to treatment may enable closed-loop operations for preci-
sion dosing. Commercial translation offers strong potential to increase
overall patient well-being, to reduce costs associated with kidney
monitoring and treatment, and to provide invaluable biochemical
information that canimprove clinical decision makingin the treatment
of kidney disease.

Published online: 29 April 2025
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