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ABSTRACT: Continuous monitoring of acute inflammation can become 5

a very important next step for guiding therapeutic interventions in severely |:l =

ill patients. This Perspective discusses the current medical need for S _g

patients with acute inflammatory diseases and the potential of continuous ™. .| Continuous ) i
biosensing technologies. First, we discuss biomarkers that could help to ~ # % b|ose$nsmg N Time

Potential biomarkers

monitor the state of a patient with acute systemic inflammation based on  Technical challenges  Current technologies
theoretical studies and empirical data. Then, based on the state of the art, B . .

we describe sensing strategies that could be applied for the continuous ¢ L S A"
monitoring of acute inflammatory biomarkers, followed by challenges that '

must be overcome. Nanoswitch-based continuous biosensors enable  * ‘o2 | W y { ’
suitable measurement frequencies but still lack sensitivity, while -

regeneration risks lower sensor reliability. Developments are still needed

in bioreceptors and molecular architectures, regeneration techniques, combined with suitable sampling and sample pretreatment
methods, for bringing continuous biosensing of inflammation closer to reality. Furthermore, collaborations between healthcare
professionals and scientists, regulatory bodies, and biosensor engineers are needed for a successful translation of sensing technologies

from the laboratory to clinical practice.
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B ACUTE SYSTEMIC INFLAMMATORY RESPONSES

Dysregulated Immune Responses in Acute Systemic
Inflammation. Inflammation is an adaptive biological response
resulting from an activated immune system that serves to protect

threat is recognized, an initial inflammatory response starts,
activating effector cells to clear the cause of inflammation and
restore homeostasis.”

The immune system senses and responds through cellular

the body from environmental threats." A protective inflamma-
tory response enforces homeostasis and preserves the structural
and functional integrity of tissues and organs. The activation of
an inflammatory response is caused by perturbations of
homeostasis, leading to signals that relate to the harm caused
by infection or injury. Molecular signals derived from
pathogenic microorganisms are classified as pathogen-associ-
ated molecular patterns (PAMPs). Examples of PAMPs are
lipopolysaccharide (LPS) and lipoteichoic acid, which are
present in the cell walls of Gram-negative and Gram-positive
bacteria, respectively. Also, nonpathogenic causes can generate
inflammation, for example when tissues and cells get damaged,
molecules that are usually found inside cells, like nucleic acids
and actin, are released and are recognized by immune cells as
damage signals. These are classified as damage-associated
molecular patterns (DAMPs). Both PAMPs and DAMPs are
recognized by specific receptors called pattern recognition
receptors, which are ubiquitously present in and on cells. When a
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migration, interaction, and communication, leading to activation
and functional responses. At the same time, negative feedback
mechanisms regulate the activation in order to maintain it
proportional to the threat. Therefore, inflammatory reactions
can be divided into pro-inflammatory processes which help to
maintain and increase inflammation, and anti-inflammatory
processes involved in dampening and terminating inflammation.
Soluble factors such as cytokines and acute-phase proteins are
central to these mechanisms.” However, perturbations of
homeostasis triggered by damage-causing events such as acute
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infection can also lead to immune system dysregulation. This
results in an ineffective clearance and collateral damage, which
increase the amount of PAMPs and DAMPs respectively,
leading to a hyperactivation of the immune system and acute
systemic inflammation.* Such dysregulation occurs, for instance,
in patients developing sepsis, causing 11 million deaths
worldwide each year,” but it can also be induced by adverse
reactions to immunotherapies, medication, trauma related to
surgical procedures, exacerbations of autoimmune diseases, or
burns.

Dynamics in Acute Systemic Inflammatory Responses.
Depending on the causes and consequences of inflammation,
different systemic inflammatory syndromes have been de-
scribed. They can be categorized into two groups based on
symptoms and clinical presentation: Systemic Inflammation
Response Syndrome (SIRS) and Compensatory Anti-inflam-
matory Response Syndrome (CARS). SIRS represents the
primary and excessive pro-inflammatory initial insult, which
arises within hours to days after the insult. It includes conditions
such as sepsis, septic shock, or toxic shock, which are caused by
severe invasive infection.” In extreme cases, disseminated
intravascular coagulation can occur, characterized by general
clotting of blood vessels, which subsequently leads to (multi)-
organ failure and potentially to the death of the patient.® SIRS
can also have noninfectious causes, including cancer immuno-
therapies, resulting in an acute systemic inflammatory response
such as cytokine release syndrome (CRS) or immune effector
cell-associated neurotoxicity syndrome (ICANS), with symp-
toms that range from hallucinations to cerebral edema and
death.””'° The increase in availability and application of cancer
immunotherapies like chimeric antigen receptor (CAR) T cell
therapy has dramatically improved the survival of blood cancer
patients.'" However, due to the high prevalence of syndromes
like CRS and ICANS, which have a prevalence of 20—70%,
understanding their dynamics becomes increasingly impor-
tant.'’

SIRSs can be accompanied by CARS, a compensatory
response. CARS represents a secondary phase of systemic
inflammation, during which the immune system responsiveness
is significantly suppressed or paralyzed, which can arise within
days to a couple of weeks after the initial insult. Consequently,
such a state can lead to the reactivation of latent infections and
increase the vulnerability to secondary infections, including
opportunistic or hospital-acquired (nosocomial) infections.
This can, in turn, lead to more inflammation and damage.
Sepsis,'> COVID-19"*"* and surgery''® have shown to lead to
immunoparalysis. Together, SIRS and CARS capture the
complexity and dynamics of acute systemic inflammatory
diseases."”

SIRS and CARS can happen sequentially, as sketched in
Figure 1A or partly at the same time as pointed out in Figure 1B.
While helpful in describing the trajectory and pathophysiology
of patients in acute systemic inflammation, the model in Figure
1A is mainly based on observed symptoms.'® Current models
suggest concomitant or co-occurring pro- and anti-inflammatory
mechanisms (see Figure 1B) as this could give maximal efficacy
in removing threats while limiting collateral damage. The lack of
balance between the responses is what causes acute inflamma-
tion disorders. This is supported by changes in cellular
composition and the reprogramming of their behavior, resulting
in anti-inflammatory effects during the initial pro-inflammatory
response.’” The causes of dysregulation do not solely depend on
a high initial response. For example, in the case of sepsis, if the
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Figure 1. (A) Symptom-based model of acute systemic inflammation
with sequential dysregulation. A first pro-inflammatory response
characterized by overactivation of the immune system (SIRS) is
followed by a period of immunoparalysis (CARS). The initial pro-
inflammatory syndrome lasts for hours to days while the following anti-
inflammatory compensation lasts from days to weeks. (B) Symptom-
based model of acute systemic inflammation with concomitant
dysregulation. Inflammation is balanced between both pro- and anti-
inflammatory mechanisms, which act simultaneously. Due to the
dysregulated nature of acute systemic inflammation, the balance can be
lost within the first hours or days, due to overwhelming inflammation or
excessive immunosuppression. (C) Sketch of potential time-profiles of
both pro-inflammatory and anti-inflammatory biomarkers during acute
systemic inflammation.
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Table 1. Potential Biomarkers for the Continuous Monitoring of Acute Inflammation

time scale of

MW potential clinical utility for fluctuations
biomarker (kDa) function in acute inflammation continuous monitoring concentration rangeb (h)

Interleukin 6 228" One of the first cytokines produced upon infection or injury Rapid increase suggests acute sys-  <0.036 to >400 pM*> ™" 0.5-1%7*
directly initiates the production of acute-phase proteins in the temic inflammation, while a de-
liver and indirectly propagates inflammation from a local to a crease can indicate improvement.
systemic state.

Tumor Ne- 52.1*  One of the first cytokines produced upon infection or injury, Persistent increase suggests wor- <0.059 to >58.8 pM*° 0.5—-1%7%

crosis Fac- promoting vasodilation, endothelial activation, and the recruit- sening of inflammation. Increase
tor a ment of immune cells. after peak suggests reactivation of
inflammation.

Interleukin 8 16.8% Cytokine produced early after infection or injury, recruits and Persistent increase suggests wor- <0.625to . 0.5—1%*
attracts neutrophils to the site of infection or tissue injury. sening of inflammation Increase >125 pr"%'“’)z’)3

after peak suggests reactivation of
inflammation.

Interleukin 10 18.5%* Cytokine produced shortly after initial response to infection or Increase suggests the start of anti- ~ <0.054to 0.5—
injury with an anti-inflammatory activity, regulating the immune inflammatory response. Consis- >54 pM”'b"'z’S”’G el
response to preventing excessive damage. tently elevated levels indicate

immunosuppression.

Procalcitonin 14.5°”  Involved in the amplification of the immune response, mostly Initial spike suggests bacterial in- <3.85 to o 6—24°
induced by PAMPs. Common inflammatory marker with a fection. Gradual decrease can >7690 pM*H3$36:58=61
relatively long half-life (~24 h). guide antibiotic therapy.

C-reactive Pro- 2313 Produced in the liver in response to IL-6 stimulation. Binds to Persistent or rising levels may <8.7 to o 1-24*

tein pathogens and damaged cells to facilitate their clearance by indicate ineffective therapy. >4350 nM 535658

immune cells. Most common inflammatory marker with a

relatively long half-life (~19 h).

Gradual decrease indicates re-
sponse to therapy.

“Molecular weights refer to native, multimeric forms. bConcentration range in both healthy and diseased.

initial inflammatory response cannot effectively eliminate the
infection, the sustained stimulation by PAMPs will exacerbate
the immune response. Alternatively, when the anti-inflammatory
mechanisms are not able to control the initial pro-inflammatory
response, the collateral damage that ensues might be able to
sustain it with the release of DAMPs, also leading to
dysregulation. Further categorizations into “endotypes” (sub-
types of a disease condition) based on different patterns, has
been extensively studied in sepsis patients, based on physical
symptoms, flow cytometry data, transcriptomics and/or
proteomics; see a summary by van der Poll et al."” Other than
sepsis, endotypes in COVID-19"" and trauma®' patients have
also been described, suggesting that the concept of endotypes
can be generalized for other acute systemic inflammation
disorders. However, these endotypes are based on symptomatic
and molecular fingerprints and do not yet take into account how
a patient’s condition can progress through different stages,
leading to further heterogeneities in clinical presentation.””*’
This calls for methodologies to better quantify and analyze the
time dependencies of patient conditions in case of acute
systemic inflammation.

Need for Continuous Monitoring of Acute Systemic
Inflammation. The mix of pro- and anti-inflammatory
mechanisms leads to overlapping characteristics of physical
symptoms such as heart rate, blood pressure, respiratory rate,
and body temperature, which implies that it is impossible to
determine or predict the transition from a pro-inflammatory to
an immunoparalysis state based solely on these symptoms.
However, the symptoms are caused by underlying cellular and
molecular mechanisms that can be used as biological indicators
or biomarkers with fluctuating levels during difterent stages of
acute systemic inflammation, as shown in Figure 1C. The graph
sketches how levels of pro- and anti-inflammatory biomarkers
could fluctuate in different phases of the disease. Biomarkers are
indicative and potentially predictive of the immune status and
will be discussed more thoroughly in the next section.

In acute settings, extensive analyses such as multiplex
measurements of biomarkers and immune cell phenotypes are

not performed, because the analysis techniques require
specialized personnel and centralized laboratory facilities,
which give long turnaround times, are not available 24/7, and
in many hospitals are not available at all. Therefore, preventive
treatments are based on generalized guidelines and lack
personalization,”"** not taking into account the heterogeneity
of the conditions. As a result, some patients are given treatments,
that were, in retrospect, not needed, unsuitable, or even harmful
due to secondary effects.”®”’ During an acute systemic-
inflammatory response, a patient’s condition can change from
mild to life-threatening in a matter of hours. A proactive protocol
is therefore needed to prevent severe organ damage and
mortality. Sensing systems, able to continuously monitor the
immune-inflammatory dynamics, could give much more
information than single-time point data of the immune state.
This may guide physicians in applying the correct therapy at the
right time, using the increase and decrease in the concentration
of biomarkers for the personalization of therapies, potentially
filling an important gap in present-day patient care.

Biomarkers for Monitoring Acute Systemic Inflamma-
tion. To monitor the dynamics of acute systemic inflammation,
the most suitable biomarkers are the soluble factors involved in
immune signaling, like cytokines and acute phase proteins.
These are secreted and, hence, are easily accessible for
measurements from bodily fluids.*** ™" Despite the large
number of extracellular molecules involved in regulating the
immune system, not all are suitable as biomarkers for predicting
or monitoring the inflammatory state of a patient or for
discriminating between a normally regulated and dysregulated
response. An ideal biomarker must be produced early in the
acute inflammatory response, be present throughout the
different stages and have a short half-life, with the concentration
rising and falling with progression of the disease.

The standard matrix for measuring inflammatory biomarkers
is blood. Some biomarkers are present in less invasive matrices,
such as interstitial fluid®* and saliva.®> However, the low
correlations of protein biomarker levels between blood and
saliva®® and the time delay between interstitial fluid and blood
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Figure 2. (A) Sensing principle of electrochemical aptamer-based biosensing (E-AB). The binding of a biomarker molecule to the aptamer induces a
conformational change bringing the redox reporter closer to the electrode surface, increasing the measured current. Reproduced from ref 82. Copyright
2009 American Chemical Society. (B) Biosensing by particle motion (BPM), exemplified for a competitive sensor format. The particle is
biofunctionalized with antibodies, and the surface is biofunctionalized with a biomarker-analogue. The particle is attached to the surface by a dsDNA
tether. In the absence of biomarker molecules, the particle has a high probability to be in a bound state, due to the affinity of the antibodies to the
biomarker-analogue. In the presence of biomarker, biomarker molecules bind to the antibodies, which increases the probability that a particle is in an
unbound state. The state of the particle is determined by monitoring its xy-positions and motion properties using video microscopy. In the bound state,
the motion of the particle is more restricted than when it is in the unbound state. Reproduced from ref 89. Copyright 2022 American Chemical Society.
(C) Forster resonance energy transfer (FRET) nanoswitch biosensor. A biomarker analogue with acceptor fluorophore (red) is connected by a flexible
DNA tether to an antibody labeled with donor fluorophores (green). In the absence of biomarker molecules, the analogue remains attached to the
antibody, so the donor and acceptor fluorophores are in close proximity and allow FRET to occur. With an increase in biomarker concentration, the
fluorescence emitted by the acceptor fluorophore decreases while the emission by the donor fluorophore increases, as the biomarker competes with the
analogue for binding to the antibody. Reproduced with permission from reference 90. Copyright 2023 Science. Created with BioRender.com.
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related to the patient’s inflammatory state.

There is limited data on time-dependent fluctuations of
soluble protein biomarkers in the context of inflammatory
diseases. One of the reasons is that high-frequency measure-
ments are expensive and take significant time on present-day
analyzers. Furthermore, the current state of technology does not
easily allow to perform studies on time-dependent and patient-
dependent dynamics of the immune system. Furthermore, the
present-day analytical infrastructure is not suited for continuous
monitoring, which we think is the most important reason for the
limited amount of clinical data on biomarker dynamics.
Nevertheless, valuable insights into biomarker dynamics are
available from research using the human endotoxemia
model.””~* The model studies are based on injecting healthy
human (male) volunteers with endotoxins which induce an
acute immune reaction with a controlled starting point and
continuous access to the subjects, allowing frequent sampling
and the reconstruction of biomarker dynamics. Based on the
potential to serve as proxies for a patient’s immune status,
biomarkers are listed in Table 1. The listed biomarkers,
cytokines or acute phase proteins, are directly involved in
acute inflammation. Using data from clinical studies and the
aforementioned experimental human endotoxemia model, the
concentration ranges and time scale of fluctuation (how fast
significant changes in concentration are observed) are indicated.
It is, however, important to note that there is a larger pool of

52,71,72
>#7L72 goluble

potential biomarkers (e.g, interferon 7,”° ferritin,
urokinase plasminogen activator receptor’’). The lack of
empirical data on their time-dependent fluctuations is the

main reason why they are not listed in Table 1.

Requirements for Continuous Biosensing of Acute
Inflammation. Biosensors that would continuously monitor
the fluctuations of biomarkers during acute systemic inflamma-
tion have certain performance requirements. Time-related
performance requirements for these biosensors are the
monitoring frequency in relation to biomarker fluctuations,
and the delay time of the sensor in relation to the medical
process. Based on the Nyquist-Shannon sampling theorem,”*
the monitoring frequency should be at least twice the highest
fluctuation frequency of the biomarker in order to be able to
capture relevant changes. The delay time of the biosensor is the
difference between the time at which a biomarker concentration
is reported by the biosensor and the time at which the patient
had that biomarker concentration in their body.”> The delay
time should be short enough not to hinder the medical process,
so less than the allowed waiting time before medical action is
taken. Another essential characteristic relates to the operational
lifetime, ie. the length of time during which the biosensor
operates continuously without interruption or maintenance.
The operational lifetime of a suitable sensor should be longer
than critical disease episodes of patients. As such, we define
continuous biosensors as sensors that specifically sense a
biomarker with a frequency greater than twice the fluctuation
time, have a delay time that is short compared to the time until
medical action, and have an operational lifetime that is long with
respect to typical critical disease episodes of patients. Based on
the limited data available on the fluctuations of inflammatory
biomarkers, we assume that the frequency of measurement
should be more than once per 30 min for most biomarkers, the
delay time should be less than 30 min, and the operational
lifetime should be more than 12 h (Table 1). Biosensors should
reliably measure concentrations above the baseline and be
sensitive enough to report significant changes in concentration.
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Table 2. Properties of the Reversible Nanoswitch-Based Continuous Sensing Methods Sketched in Figure 2

biosensing
concept measured molecules
Electrochemical Cocaine, doxorubicin, kanamycin, gentamicin,

aptamer-based
sensor (E-AB)

vancomycin, tobramycin, phenylalanine, irino-
tecan, procaine, ampicillin, methotrexate,
thrombin, ATP, neutrophil gelatinase-associ-
ated lipocalin

Biosensing by par- DNA, thrombin, creatinine, cortisol, glycoalka-
ticle motion loids, tumor necrosis factor @, lactoferrin

tors.

FRET nanoswitch ~ Digoxigenin, cortisol, thrombin, cAMP

Demonstrated for many small molecules. E-AB
sensors have been integrated on wires and micro-
needles. Suited for wearable sensing devices. Animal
studies have been demonstrated.

Sensors have been integrated on optical fibers.
sensing Demonstrated with antibodies and aptamers as
bioreceptors.

advantages challenges references

Specific aptamer conformation ~ 81—88,
switching properties are re- 91-99
quired. Challenges for pro-
teins and very low concen-
trations.

Particles give large optical signals. Detection method ~ Combine low-concentration bi- 75, 77, 89,
with single-molecule resolution, for measuring low

(BPM) concentrations (nanomolar, picomolar). Demon-

strated with antibodies and aptamers as biorecep-

omarkers with reversibility. 100—109
Nonspecific interactions of
particles and surface need to

be low.

Fluorophores can be susceptible 90, 110,
to photobleaching. FRET sig- 111
nals can be small.

Signal parameters such as the rate of change, can then be used for
identification of acute systemic inflammation.

Rigorous testing protocols are needed to quantify the time-
related performance of continuous biosensors. These include
exposure of the biosensor to repeated increasing and decreasing
step changes of biomarker concentrations, and studies of the
concentration measurement precision and accuracy over long
time spans.”®”’® Finally, ELISA and bead-based immunoassays
remain gold-standard methods for measuring inflammatory
biomarkers. Correlation studies of biosensor data to gold
standards are a key step in technology development and in the
translation process toward clinical research and clinical practice.

Continuous Biosensor Development, State-of-the-
Art. Biosensing is a large field of science wherein many
technological approaches are being studied, with different
bioreceptors, molecular constructs, detection methods, device
principles and sampling methods. Biosensing systems typically
consist of two parts: a part that is reused (the reader unit) and a
part that is replaced (the cartridge or the sensor front-end).
Traditional biosensors require a new cartridge for every new
sample. In contrast, continuous sensors receive samples and
measure continuously in one and the same cartridge. The
dominant transduction methods used in continuous sensors to
translate biomolecular interactions into measurable signals are
electrochemical and optical.””*® Electrochemical methods
measure currents that relate to enzymatic conversion, redox
currents, or changes of charge. Optical methods measure
properties like refractive index, fluorescence, or scattering. In
this Perspective, we do not intend to review the whole field of
biosensing. Instead, we describe three examples of technologies
that have been developed over the past years, making strides
toward enabling continuous measurements of biomarkers at low
concentrations. The three examples make use of nanoswitch
principles, where molecular binding causes a switching behavior
that can be electrically or optically measured, see Figure 2.
Nanoswitches are an upcoming concept for continuous
biosensing because such sensors can operate without consuming
or producing any reagents, so they are, in principle, suited for
long-term use. A redox-based nanoswitch principle for
continuous biosensing was demonstrated by Plaxco et al. in
2005 and named electrochemical aptamer-based sensor (E-
AB).”" The sensor consists of an aptamer immobilized on a gold
surface and labeled with a redox reporter. Upon target binding, a
conformational change occurs, inducing a change in the distance
between the redox reporter and the sensor surface, see Figure
2A.% This was used to measure cocaine, with real-time
measurement in the high micromolar range. Over the past 20
years, the technology has steadily developed, and many research

groups have been making contributions. Examples of recent
developments are strategies for reducing sensor fouling in
blood,”** the usage of reference zones to compensate for signal
decay,®” the increase of the signal-to-noise ratio by using
nanoporous gold electrodes® and the use of xenonucleic acids®’
to increase the lifetime of the biosensor. An example of a result is
the measurement of procaine, in vivo, in the brains of freely
moving rats.**

Continuous biosensing based on particle switching was
presented in 2018 by Prins et al. Biosensing by particle motion
(BPM) is a continuous sensing technology with hundreds to
thousands of biofunctionalized particles that interact with a
biofunctionalized sensing surface. The microparticles and sensor
surface are functionalized with bioreceptors such as DNA or
antibodies, and the motion behavior of the particles is tracked by
video microscopy. Changes in particle motion are detected and
the switching of the particles between unbound and bound
states depends on the analyte concentration in solution, see
Figure 2B for a competition-type BPM sensor. The method has
single-molecule resolution because single-molecule interactions
cause detectable changes in particle motion. Small molecules,
such as creatinine and cortisol (in the concentration range of yM
and nM, respectively), and macromolecules, such as single
stranded DNA (pM concentration range), have been measured
with response times ranging from minutes to hours, 001104108
A cortisol BPM immunosensor” was demonstrated that
measures applied concentration changes with a time constant
of 90 s”° and sensor stability has been studied over days.'”

Forster resonance energy transfer (FRET) in nanoswitches
has been developed for continuous biosensing by Soh et al.”’
The nanoswitches contain fluorescent donors and acceptors, a
linker molecule, and a site for specific binding of the analyte. The
fluorescence signal changes upon analyte binding, see Figure 2C
for a competition-type sensor. The monitoring of digoxigenin
and cortisol (both nM-mM range) was shown in undiluted
plasma, with a response time of approximately 5 min. The
sensitivity can be tailored by tuning the affinity of the molecular
competitor. To provide a platform suitable for continuous
monitoring, the researchers immobilized nanoswitches on the
surface of a fiber-optic sensor. Continuous FRET-based sensors
have also been developed based on aptamer switches with
tunable kinetic and thermodynamic properties.' '

Although major advancements have been made in the
development of continuous biosensors, it is not yet possible to
continuously measure inflammatory biomarkers in blood with
the necessary sensitivity and time characteristics to fill the
diagnostic gap in acute systemic inflammation disorders. The

https://doi.org/10.1021/acssensors.4c02569
ACS Sens. 2025, 10, 4-14


pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.4c02569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

main challenges that need to be overcome for this application are
discussed below.

B CHALLENGES FOR CONTINUOUS BIOSENSING IN
ACUTE INFLAMMATION

Improving Bioreceptors for Nanoswitches. Different
possibilities exist when choosin$ a bioreceptor. Antibodies and
their fragments,''* nanobodies''* and aptamers have been used
as bioreceptors in biosensors. However, their application toward
continuous biosensing requires a change in paradigm. One of the
main challenges in developing continuous biosensors is the
paradox of affinity requirements. High affinities are required for
low limits of detection, which contrasts with the low affinities
required for spontaneous release of biomarker molecules, which
is necessary for fast response times. In the past, the development
and screening of bioreceptors was focused on high affinity, slow
dissociating antibodies and aptamers, which makes it difficult to
attain reversibility."'*"''® To obtain the required sensitivity with
high specificity and low affinity, in silico protein''’~'*" and
aptamer'*”'*" rational design or a combination of both,"'" in
combination with directed evolution'”” can be used to
complement current methods. Sensing principles, such as the
examples mentioned in Table 2, can build on these improved
bioreceptors to further enhance the capabilities of continuous
biosensors.

Reversibility by Sensor Regeneration. Alternatively,
reversibility can be achieved by regenerating the sensor by
breaking the bonds between analyte and bioreceptor molecules.
Dissociation of intermolecular bonds can be done chemically,
using an elution buffer, or nonchemically through methods
based on acoustic fields (e.g., ultrasound waves), magnetic fields,
electrical fields, electrical currents, light or temperature changes,
for example.'”*™"*° Regeneration methods may expand the
range of suitable bioreceptors for continuous biosensing,
including those with strong binding affinities. However, the
regeneration will require an extra step in the sensing process that
can introduce variabilities and may affect the long-term stability
of the bioreceptors. Studies will aim to understand the
underlying mechanisms, develop suitable sensor integrations,
and characterize the regeneration effectiveness, reproducibility,
and long-term stability of sensors with a variety of bioreceptors.

Sensor Stability with Blood as the Measurement
Matrix. One of the most important hurdles to overcome is
the complexity of blood as the measurement matrix. Nonspecific
adsorption of proteins present in blood, like albumin, globulins,
lipoproteins, and fibrinogen, can create a layer on the sensing
surface. As part of the coagulation process in blood, fibrinogen is
converted to fibrin by thrombin, and a fibrin mesh starts to form
that can trap biomolecules and even cells.*'*” Furthermore,
protein- and nucleic acid—based bioreceptors can be degraded
by proteases and nucleases present in blood. These phenomena
can lead to changes in the sensor signal that are not related to the
binding of the biomarker.

The sampling method should provide long-term and
continuous access to blood, while allowing low volumes to be
sampled. Peripherally inserted central venous catheters, are an
example of an existing clinical tool that could be adapted for
continuous sampling. Continuous sample pretreatment may be
achieved utilizing a microdialysis probe'’® or a filtering
chamber,"*® which reduces the complexity of the measurement
matrix prior to contact with the biosensor surface. Furthermore,
the sensor may be protected using antifouling layers and using

degradation resistant bioreceptors in order to increase the
. oo 83,84,87,129,130
operational lifetime.””*"%""*

B CONCLUSION AND OUTLOOK

We described the background and burden of acute systemic
inflammation and explained why mortality rates are still high.
Current analytical technologies do not meet the clinical
requirement to monitor inflammatory responses for timely
and effective therapy guidance. Continuous biosensors have the
potential to improve personalized therapy for patients suffering
from these heterogeneous disorders for which accurate treat-
ment requires perfect timing. However, several hurdles still need
to be overcome. Sensitive and continuous measurements are
challenging due to the low concentrations of the potential
biomarkers. Bioreceptor development is key and can benefit
from advances in screening technologies and in silico design.
Biosensors based on nanoswitches are being developed and hold
great promise for achieving high-frequency measurements of
soluble biomarkers. Regeneration methodologies may also
enable continuous biosensing while raising challenges on long-
term use and integration. Combining continuous biosensors
with current medical equipment will require significant attention
and the sensors will need to be integrated with reliable sampling
methods. Another major hurdle is the compatibility with blood
as measurement matrix. The intrinsic complexity of blood needs
to be addressed as it can be an impediment for achieving
accurate long-term measurements. Continuous sample pretreat-
ment and sensor surface modifications are some of the solutions
that can help to mitigate this problem.

Ideally a continuous biosensing technology would be modular
and suited for a wide variety of biomarkers. However, the
different sizes of the biomarker molecules, their biochemical
properties, concentration ranges and fluctuation times will
require different sensor implementations, e.g. with different
types of bioreceptors, coupling methods, and antifouling layers.

Thus, the biosensors should be developed with a specific
biomarker application in mind, to tailor the requirements and
specifications of the biosensors to the clinical need. This requires
collaborations between healthcare professionals, biomedical
researchers, and biosensor engineers. The availability of
continuous biosensors will aid investigations into immune
dynamics and will reveal characteristic time-dependencies of
biomarker levels that can be used for real-time clinical feedback.
The resulting information can be used to design and develop
continuous sensors that can be applied to improve the
monitoring and treatment of patients. This positive feedback
loop of knowledge, where continuous biosensors enhance our
understanding of acute systemic inflammation disorders and, in
turn, support the development of applicable continuous
biosensing technologies, is expected to solve important
diagnostic and therapeutic challenges for patients with acute
systemic inflammatory disorders.
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