CHAPTER 16

WEARABLE TECHNOLOGIES AND BIOSENSORS
FOR EARLY SEPSIS DETECTION
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16.1. Wearable Biosensor Technologies and Working Principles

Wearable biosensors are devices that detect and monitor patients’ biochemical,
physiological or vital signs in real time. Often integrated into fabrics, patches
or smartwatches that are in contact with the body, they enable the continuous
tracking of parameters such as heart rate, respiratory rate and blood levels of
substances like glucose or lactate."® Data collected from these devices can be
analyzed using artificial intelligence to predict risks and provide early warnings,
even before symptoms appear.*

Today, various types of wearable biosensors are available. These sensors detect
specific biological and biochemical functions in the body and transmit the results
as electronic signals.” The most commonly used types include electrochemical,
optical, and piezoelectric biosensors.

Electrochemical biosensors detect biochemical substances such as glucose
and lactate using electrochemical methods, transmitting their concentrations as
electrical impulses. Glucometers are a well-known example of this type of sensor.
Figure 1 illustrates the working principle of electrochemical sensors.

Optical biosensors identify biomolecules by monitoring changes in light
absorption, fluorescence, or emission. Devices such as pulse oximeters, which
measure blood oxygen saturation, operate on this principle.

Piezoelectric biosensors convert physical variables such as weight and pressure
into electrical signals and are often used to monitor physiological activities such
as respiration.
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Figure 1. Working principle of electrochemical sensors

Accuracy, flexibility, and seamless integration are essential features of wearable
biosensors, and recent technological advancements have made these possible.®

Microfluidics, for instance, enables the non-invasive and safe collection
of bodily fluids such as sweat, saliva, and interstitial fluid. This allows for the
continuous monitoring of electrolytes, glucose, lactate, and other biomarkers.
Flexibility is also important for comfort and prolonged use. The materials used in
these devices are usually thin and lightweight, enabling them to conform to the
skin while maintaining functionality when bent or stretched.”

Incorporating nanomaterials such as graphene and carbon nanotubes can
further enhance the sensitivity and selectivity of biosensors.® These materials enable
more precise detection of biomarkers at lower concentrations, thereby increasing
measurement accuracy. Wireless technologies such as Bluetooth and Wi-Fi support
real-time monitoring and remote data access by enabling communication between
biosensors and mobile devices.’?

Overall, these technological innovations make wearable biosensors more
reliable, comfortable, and efficient.

The performance and effectiveness of wearable biosensors depend largely on
the materials used in their construction.'” Common materials include polymers,
nanomaterials, and smart textiles. Nanometric materials such as carbon nanotubes,
graphene, and metal nanoparticles can significantly improve the sensitivity and
specificity of biosensors. Their large surface area enhances interactions with
biomolecules, enabling detection at very low concentrations."!
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Smart textiles incorporate conductive fibers or materials into fabric, facilitating
the development of inconspicuous, comfortable biosensors. Due to their lightness
and flexibility, these textiles are ideal for monitoring physiological parameters
such as heart rate and muscle activity.'* Technological advances now enable the
miniaturization of biosensors without compromising their functionality.

Power sources and data transmission are also critical components of these
devices. Lithium-ion batteries are commonly used as they offer long-term
operation without frequent recharging."”

16.2. The Role and Applications of Biosensors in Sepsis Diagnosis

Sepsis is defined as an unregulated immune response to infection, which can
lead to organ failure. It affects approximately 48.9 million people globally each
year, resulting in around 11 million deaths.'*"> With a fatality rate of up to 40%,
early diagnosis and treatment are of the utmost importance.'®

However, the non-specific and variable presentation of sepsis often delays
diagnosis and treatment. Although blood cultures and biochemical tests are
commonly used, they have long turnaround times and a risk of false negatives,
which complicates early identification.'” Therefore, efforts are ongoing to develop
highly sensitive technologies that enable earlier detection.

Biosensors have emerged as a promising alternative for the rapid and accurate
diagnosis of sepsis and the continuous monitoring of patients. Technologies
that can detect biomarkers such as procalcitonin, C-reactive protein (CRP) and
interleukins have advanced significantly.'”® For instance, optical sensors using
aptamer-based techniques show high specificity in detecting molecules like CRP.”

Despite these advances, the clinical application of biosensors is still limited
by issues such as regulatory approval, licensing and inconsistent performance
across different patient groups. Figure 2 illustrates the principle of electrochemical
aptamer-based biosensors.

Nanotechnology-based biosensors have gained prominence in the early
detection of sepsis. These biosensors leverage the unique properties of
nanomaterials such as gold nanoparticles (AuNPs), graphene and quantum dots
to enable real-time detection with high sensitivity and specificity, particularly for

PCT and CRP."
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Figure 2. Principle of electrochemical aptamer-based biosensors

Papafilippou et al. used AuNPs, quantum dots and magnetic nanoparticles as
multifunctional tools for pathogen detection and biomarker quantification. When
integrated with surface-enhanced Raman spectroscopy (SERS) or colorimetric
analysis, these nanoprobes facilitate rapid, label-free signal generation, making
them suitable for clinical and point-of-care applications.?

Zhou et al. explored smart magnetic probes and microfluidic-integrated
sensors with enhanced sensitivity and real-time imaging capabilities.”’ Pant
et al. used electrochemical biosensors incorporating ZnO nanotubes, carbon
nanofibres and AuNPs to detect CRP and PCT. This approach achieved ultra-
low detection limits (down to 0.05 ng/mL), high specificity and compatibility
with portable devices.”” However, complex fabrication processes and durability
issues remain challenges.

Vasconcelos et al. introduced platforms based on quantum dots and
immunomagnetic particles for the detection of multiple sepsis biomarkers
using very small sample volumes. This approach is particularly valuable in
neonatal care, where limited sample volumes allow the simultaneous analysis
of multiple targets.”
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Li et al. designed a battery-free soft wearable wound dressing system (WDS)
that enables wireless, real-time monitoring of wound conditions and PCT levels.
This system can also accurately measure wound pH and temperature, facilitating
early sepsis detection.?

Wang et al. developed a fully integrated microneedle patch for minimally
invasive, transdermal lactate monitoring in interstitial fluid. Featuring a diffusion-
limiting polymer membrane, the patch enables the accurate, continuous tracking
of lactate levels and connects to a smartphone interface for real-time data access.
This portable platform shows promise for use in low-resource settings.”

Xu et al. created wearable microneedle patches with carbon nanotube interfaces
for in vivo electrochemical cytokine monitoring. The device demonstrated a
detection limit of 0.54 pg/mL and identified cytokine surges within one to four
hours, making it suitable for the early detection of cytokine storms.*

Koeneman et al. designed a wearable system that detects early signs of sepsis
by continuously monitoring heart rate variability and tachycardia.”

Nesle et al. introduced a wearable device for monitoring high-frequency fever
in paediatric cancer patients, enabling earlier detection of sepsis at home.?

Kuhn et al. developed a wearable system that tracks heart rate, ECG, SpO,,
respiratory rate, blood pressure, body temperature and sleep. Data are wirelessly
transmitted to a smartphone, integrated with hospital Wi-Fi and stored securely
in the cloud for further analysis.”

16.3. Current Challenges and Future Perspectives

While these developments show strong potential, several barriers must
be overcome for clinical implementation. These include signal interference,
difficulties with validation, inconsistent patient responses, high production costs
and safety concerns relating to nanomaterials such as graphene and quantum dots.

Future research should therefore focus on creating biosensors that are sensitive,
specific, affordable, durable and easy to use in clinical settings.

Electrochemical biosensors operate by converting the binding of molecules
such as PCT or CRP into electrochemical signals, thereby enabling quantitative
detection. They use voltammetry, potentiometry, amperometry or impedance-
based techniques, and are often functionalized with nanomaterials to enhance
electron transfer and surface activity. Aptamers or antibodies provide specific
binding to biomarkers, producing changes that can be measured using cyclic
voltammetry (CV), differential pulse voltammetry (DPV), chronoamperometry,
potentiometry or electrochemical impedance spectroscopy (EIS). !
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Studies indicate that aptamer-based biosensors can be as sensitive as, or more
sensitive than, antibody-based assays for detecting IL-6, CRP, and TNF-0.*
Graziani et al. developed universal aptamers that target bacterial peptidoglycan,
enabling the broad-spectrum detection of both Gram-positive and Gram-negative
bacteria. Aptamers that target entire bacterial cells (e.g. S. aureus, E. coli and K.
pneumoniae) have demonstrated greater specificity and faster response times than
conventional immunoassays.®"**

Given that the risk of mortality increases by 7.6% for every hour that sepsis
diagnosis is delayed, biosensors offer substantial value in time-critical environments
such as emergency departments. Moreover, aptamers enable real-time monitoring
and wireless signal transmission. Liu et al. created aptamer-based platforms using
AuNPs and GO to detect pathogens at concentrations as low as 100 CFU/mL and
cytokines in complex matrices.***

From 2020 to 2025, research into electrochemical aptamer-based biosensors
accelerated. Aptamers offer advantages such as chemical stability, low cost and
easy integration. These biosensors are used to detect acute-phase proteins (e.g.
C-reactive protein (CRP)), cytokines (e.g. interleukin-6 (IL-6) and tumour
necrosis factor-alpha (TNF-a)), procalcitonin  (PCT), microRNAs, and
lipopolysaccharides (LPS).'

Firoozbakhtian et al. achieved CRP detection in eight minutes, while
Whitehouse et al. developed a reagent-free, single-step sensor for detecting CRP
in under one minute.*

IL-6 quantification has also progressed. Diacci et al. used an OECT platform
with AuNPs and aptamers.*® Sdnchez-Salcedo et al. designed a cost-effective,
stable EIS aptasensor. Ondevilla et al. created a rapid, multiplexed biosensor that
can detect IL-6, TNF-0 and miR-155 in under five minutes.”’

Hybrid strategies have also emerged. For example, Yang et al. combined
aptamers and antibodies on AuNPs to detect PCT in the range of 10-100 ng/mL
(R* = 0.9937).% Alvandi et al. constructed an FET biosensor using MXene-GO
composites for the sensitive and stable (30 days) detection of E. coli and LPS.?’

As early biomarkers, LPSs have clinical significance. Mobed et al. and Zhu etal.
developed aptasensors capable of detecting LPS and differentiating serotypes.***!
Wang et al. used PBA-functionalized graphene to detect LPS with a limit of 3.9
fg/mL.*> Yu et al. employed dual amplification electrochemical strategies to detect

LPS at 0.25 fg/mL.®

Furthermore, Liu et al. developed a magnetic electrochemical aptasensor that targets
HSP70, a stress protein associated with sepsis. This biosensor could detect HSP70 in
concentrations ranging from 10 pg/mL to 200 ng/mL, outperforming ELISA.*

Despite their strengths, biosensors face challenges such as limited
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multiplexing, poor reproducibility and a lack of real-world validation. Table
1 summarizes the advantages and disadvantages of nanotechnology-based and
electrochemical biosensors.

To ensure the broader adoption of biosensors and wearable technologies in
daily life and clinical practice, the limitations must be addressed through expanded
multidisciplinary research.

Table 1. Advantages and Disadvantages of Nanotechnology-Based and Electrochemical
Biosensors (Adapted from reference no 14)

Biosensor Type Advantages Disadvantages

- Limited long-term
durability - Optical
transduction can

be affected by

sample complexity

and conditions -
Biocompatibility issues -
High production cost

- High sensitivity, specificity, and real-time data
acquisition - Rapid detection - Compatibility
with portable devices - Requires very small sample
volume - Capability for multiplex detection of
sepsis biomarkers

Nanotechnology-
based biosensors

- Eliminate ethical concerns related to animal-
based antibody production through in vitro
synthesis of aptamers - Cost-effective - Chemically
and thermally stable - Easily integrated into
Electrochemical electronic interfaces - High speed and efficiency -
biosensors Tunable binding dynamics and rapid adaptability
to emerging pathogens or biomarker variants

- Require surface
modification and signal
amplification strategies

- Real-time monitoring, miniaturization, and
wireless signal transmission - Homogeneous and
wash-free assay formats

213



Precision Medicine in Sepsis: From Biomarkers to Bedside

10.

11.

12.

13.

14.

15.

16.

17.

214

REFERENCES

Vo DK, Trinh KTL. Advances in wearable biosensors for healthcare: current trends, applications,
and future perspectives. Biosensors. 2024;14(11):560. doi:10.3390/bios14110560.

Kim J, Campbell AS, de Avila BEE, Wang J. Wearable biosensors for healthcare monitoring.
Nat Biotechnol. 2019;37:389-406. doi:10.1038/s41587-019-0045-y.

Zeng X, Peng R, Fan Z, Lin Y. Self-powered and wearable biosensors for healthcare. Mater
Today Energy. 2022;23:100900. doi:10.1016/j.mtener.2021.100900.

Un KC, Wong CK, Lau YM, Lee JCY, Tam FCC, Lai WH, et al. Observational study on
wearable biosensors and machine learning-based remote monitoring of COVID-19 patients.
Sci Rep. 2021;11:4388. doi:10.1038/s41598-021-82771-7.

Windmiller JR, Wang J. Wearable electrochemical sensors and biosensors: a review.

Electroanalysis. 2013;25:29-46. do0i:10.1002/elan.201200349.

Chen G, Zheng J, Liu L, Xu L. Application of microfluidics in wearable devices. Small
Methods. 2019;3:1900688. doi:10.1002/smtd.201900688.

Wang C, Xia K, Wang H, Liang X, Yin Z, Zhang Y. Advanced carbon for flexible and wearable
electronics. Adv Mater. 2019;31:1801072. doi:10.1002/adma.201801072.

Jayathilaka WADM, Qi K, Qin Y, Chinnappan A, Serrano-Garcia W, Baskar C, et al.
Significance of nanomaterials in wearables: a review on wearable actuators and sensors. Adv
Mater. 2019;31:1805921. doi:10.1002/adma.201805921.

Salim A, Lim S. Recent advances in noninvasive flexible and wearable wireless biosensors.
Biosens Bioelectron. 2019;141:111422. doi:10.1016/j.bios.2019.111422.

Yang T, Xie D, Li Z, Zhu H. Recent advances in wearable tactile sensors: materials, sensing
mechanisms, and device performance. Mater Sci Eng R Rep. 2017;115:1-37. doi:10.1016/j.
mser.2017.02.001.

Yao S, Swetha P, Zhu Y. Nanomaterial-enabled wearable sensors for healthcare. Adv Healthc
Mater. 2018;7:1700889. doi:10.1002/adhm.201700889.

Scilingo EP, Gemignani A, Paradiso R, Taccini N, Ghelarducci B, De Rossi D. Performance
evaluation of sensing fabrics for monitoring physiological and biomechanical variables. IEEE

Trans Inf Technol Biomed. 2005;9:345-52. doi:10.1109/TITB.2005.854506.

Reid RC, Mahbub I. Wearable self-powered biosensors. Curr Opin Electrochem. 2020;19:55-
62. doi:10.1016/j.coelec.2019.10.002.

Tan LL, Mohamad NS. Electrochemical aptamer-based biosensors for sepsis diagnosis:
recent advances, challenges, and future perspectives (2020-2025). Biosensors. 2025;15:402.
doi:10.3390/bios15070402.

Goh EL, See KC, Chua WL. Call for a Singapore national action plan for sepsis
(SNAPS): stop sepsis, save lives. Ann Acad Med Singap. 2024;53:43-7. doi:10.47102/
annalsacadmedsg.2023286.

Kumar NR, Balraj TA, Kempegowda SN, Prashant A. Multidrug-resistant sepsis: a critical
healthcare challenge. Antibiotics (Basel). 2024;13:46. doi:10.3390/antibiotics13010046.

Samuel L. Direct-from-blood detection of pathogens: a review of technology and challenges. ]
Clin Microbiol. 2023;61:¢00231-21. doi:10.1128/jcm.00231-21.



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Wearable Technologies and Biosensors for Early Sepsis Detection

Trzeciak A, Pietropaoli AP, Kim M. Biomarkers and associated immune mechanisms for early
detection and therapeutic management of sepsis. Immune Netw. 2020;20:¢23. doi:10.4110/
in.2020.20.e23.

Hosseinniay S, Rezayan AH, Ghasemi F, Malekmohamadi M, Taheri RA, Hosseini M, et
al. Fabrication and evaluation of optical nanobiosensor based on localized surface plasmon
resonance of gold nanorod for detection of CRP. Anal Chim Acta. 2023;1237:340580.
doi:10.1016/j.aca.2022.340580.

Papafilippou L, Claxton A, Dark DB Kostarelos K, Hadjidemetriou M. Nanotools for
sepsis diagnosis and treatment. Adv Healthc Mater. 2021;10:¢2001378. doi:10.1002/
adhm.202001378.

Zhou C, Liu Y, Li Y, Shi L. Recent advances and prospects in nanomaterials for bacterial sepsis
management. ] Mater Chem B. 2023;11:10778-92. doi:10.1039/d3tb02220j.

Pant A, Mackraj I, Govender T. Advances in sepsis diagnosis and management: a paradigm
shift towards nanotechnology. ] Biomed Sci. 2021;28:6. doi:10.1186/s12929-020-00702-6.

Vasconcelos I, Santos T. Nanotechnology applications in sepsis: essential knowledge for
clinicians. Pharmaceutics. 2023;15:1682. doi:10.3390/pharmaceutics15061682.

Li J, Huang X, Yang Y, Zhou J, Yao K, Li ], et al. Wearable and battery-free wound dressing
system for wireless and early sepsis diagnosis. Bioeng Transl Med. 2023;8(6):e10445.
doi:10.1002/btm2.10445.

Wang Q, Molinero-Fernandez A, Wei Q, Xuan X, Konradsson-Geuken A, Cuartero M, et
al. Intradermal lactate monitoring based on a microneedle sensor patch for enhanced in vivo
accuracy. ACS Sens. 2024;9(6):3115-25. doi:10.1021/acssensors.4c00337.

Xu J, Yang B, Kong J, Zhang Y, Fang X. Real-time monitoring and early warning of a cytokine
storm in vivo using a wearable noninvasive skin microneedle patch. Adv Healthc Mater.

2023;12(18):¢2203133. d0i:10.1002/adhm.202203133.

Koeneman M, Koch R, van Goor H, Pickkers P, Kox M, Bredie S. Wearable patch heart
rate variability is an early marker of systemic inflammation during experimental human

endotoxemia. Shock. 2021;56(4):537-43. doi:10.1097/SHK.0000000000001827.

Nessle CN, Flora C, Sandford E, Choi SW, Tewari M. High-frequency temperature monitoring
at home using a wearable device: early fever detection in febrile neutropenia. Pediatr Blood
Cancer. 2022;69(9):¢29835. doi:10.1002/pbc.29835.

Kuhn SO, Gibb S, Griindling M. The role of the Corsano CardioWatch in continuous vital
sign monitoring for early sepsis detection. Crit Care. 2025;29(1):144. doi:10.1186/s13054-
025-05365-z.

Liu L, Han Z, An E Gong X, Zhao C, Zheng W, et al. Aptamer-based biosensors for the
diagnosis of sepsis. ] Nanobiotechnol. 2021;19:216. doi:10.1186/s12951-021-00959-5.

Graziani AC, Stets MI, Lopes ALK, Schluga PHC, Marton S, Ferreira IM, et al. High-
efficiency binding aptamers for a wide range of bacterial sepsis agents. ] Microbiol Biotechnol.

2017;27:838-43. d0i:10.4014/jmb.1611.11004.

Saad M, Faucher SP. Aptamers and aptamer-coupled biosensors to detect water-borne

pathogens. Front Microbiol. 2021;12:643797. doi:10.3389/fmicb.2021.643797.

Das B, Franco JL, Logan N, Balasubramanian P, Kim MI, Cao C. Nanozymes in point-of-care
diagnosis: an emerging futuristic approach for biosensing. Nano-Micro Lett. 2021;13:193.
doi:10.1007/s40820-021-00717-0.

215



Precision Medicine in Sepsis: From Biomarkers to Bedside

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

216

Firoozbakhtian A, Rezayan AH, Hajghassem H, Rahimi F, Ghazani MF, Kalantar M, et al.
Buried-gate MWCNT FET-based nanobiosensing device for real-time detection of CRP. ACS
Omega. 2022;7:7341-9. doi:10.1021/acsomega.1c07271.

Whitehouse WL, Lo LHY, Kinghorn AB, Shiu SCC, Tanner JA. Structure-switching
electrochemical aptasensor for rapid, reagentless, single-step nanomolar detection of C-reactive

protein. ACS Appl Bio Mater. 2024;7:3721-30. doi:10.1021/acsabm.4c00061.

Diacci C, Burtscher B, Berto M, Ruoko TP, Lienemann S, Greco P, et al. Organic electrochemical
transistor aptasensor for interleukin-6 detection. ACS Appl Mater Interfaces. 2024;16:61467-
74. d0i:10.1021/acsami.3c12397.

Sénchez-Salcedo R, Miranda-Castro R, de-Los-Santos-Alvarez N, Lobo-Castafién M],
Corrigan DK. Comparing nanobody and aptamer-based capacitive sensing for detection of
interleukin-6 at physiologically relevant levels. Anal Bioanal Chem. 2023;415:7035-45.
doi:10.1007/s00216-023-04973-4.

Yang B, Tian F Yu H. Gold-antibody-aptamer complexed electrochemical sensing surface
for septic arthritis biomarker determination. Heliyon. 2024;10:¢34677. doi:10.1016/j.
heliyon.2024.e34677.

Alvandi H, Asadi F, Rezayan AH, Hajghassem H, Rahimi E. Ultrasensitive MXene-GO field-
effect transistor biosensor for rapid detection of endotoxin and whole-cell E. coli in serum.

Anal Chim Acta. 2025;1348:343816. doi:10.1016/j.aca.2025.343816.

Mobed A, Hasanzadeh M. Environmental protection based on nanobiosensing of bacterial
lipopolysaccharides: material and method overview. RSC Adv. 2022;12:9704-24. doi:10.1039/
D1RA09393B.

Zhu R, Qin E Zheng X, Fang S, Ding ], Wang D, et al. Single-molecule lipopolysaccharide
identification via nanopore readout. Biosens Bioelectron. 2023;240:115641. doi:10.1016/j.
bios.2023.115641.

Wang S, Shen F, Li G, Yang Q, Huang X, Ding X, etal. Sensitive detection of lipopolysaccharides
using phenylboronic acid-functionalized graphene. Microchem J. 2025;209:112884.
doi:10.1016/j.microc.2025.112884.

Yu W, Yu S, Zhang F, Xu Q, Zhang X, Kong J. Ultrasensitive electrochemical sensor for
lipopolysaccharide detection catalyzed by perylenetetracarboxylic diimide. Anal Chim Acta.
2025;1352:343926. doi:10.1016/j.aca.2025.343926.

Liu R, Li Y, Liu Y, Wang Y, Si Q, Agyapong DAY, et al. A highly sensitive and reusable
magnetic nano-electrochemical biosensor for detection of heat shock protein 70. Chem Eng J.
2025;505:159860. doi:10.1016/j.cej.2025.159860.



