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Abstract
In the era that we seek personalization in material things, it is becoming increasingly clear that the individualized manage-
ment of medicine and nutrition plays a key role in life expectancy and quality of life, allowing participation to some extent 
in our welfare and the use of societal resources in a rationale and equitable way. The implementation of precision medicine 
and nutrition are highly complex challenges which depend on the development of new technologies able to meet important 
requirements in terms of cost, simplicity, and versatility, and to determine both individually and simultaneously, almost in 
real time and with the required sensitivity and reliability, molecular markers of different omics levels in biofluids extracted, 
secreted (either naturally or stimulated), or circulating in the body. Relying on representative and pioneering examples, this 
review article critically discusses recent advances driving the position of electrochemical bioplatforms as one of the winning 
horses for the implementation of suitable tools for advanced diagnostics, therapy, and precision nutrition. In addition to a 
critical overview of the state of the art, including groundbreaking applications and challenges ahead, the article concludes 
with a personal vision of the imminent roadmap.
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Introduction

In these days when we seek individuality in everything: con-
sumer products, movie services, music, etc., it is not surpris-
ing that the quest for personalization in medicine, therapy 
and nutrition would be more important than ever. But this is 
also a particularly relevant need, given the disturbing context 
in which we live, beginning to see the light of day after the 
COVID pandemic, and with Brexit, the Russian invasion of 
Ukraine and rising inflation.

There is increasingly strong evidence that if we advance 
in research, management, and implementation of precision 
medicine, therapy, and nutrition, we will assure a longer 
and higher quality of life, a more rational use of resources 
and, in addition, we will have at our disposal the right to be 
participants in our self-care [1].

According to recent trends, both research and implemen-
tation of precision medicine, therapy, and nutrition (under-
stood not as the development of unique treatments or diets 
for each individual but the application of those available 
that best suit to the unique characteristics of each individ-
ual) involves both the identification of markers at different 
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molecular levels and the development of disruptive tech-
nologies that allow their multidetermination and valida-
tion. It is widely accepted that the individual variability, 
the heterogeneity of certain diseases, and the absence of 
exclusive markers demand their multiplexed determination 
even at the multiomic level to improve the accuracy in the 
diagnosis, prognosis, and therapy. There are contexts that 
require developing a photograph with the highest possible 
resolution (maximum pixels) to obtain an accurate image of 
what is in front of us. The technologies pursued must also 
be affordable, easy to use, extremely versatile in design and 
application, sustainable, capable of analyzing human fluids 
both outside and in the body and ideally in real time, con-
tinuously, without the need for reagents or calibrations and 
in any environment.

In this context, the unprecedented evolution of electro-
chemical bioplatforms and instrumentation in recent years 
has positioned them as tools that come very close to being 
able to meet all these requirements.

Considering this state of the art, the purpose of this 
review article is to discuss, based on selected cutting-edge 
examples, the unique opportunities and advances that elec-
trochemical biosensors offer to advance in sustainable and 
affordable precision medicine, therapy, and nutrition for 
everyone. Although some recent reviews and editorials of 
interest have echoed the potential of biosensors in precision 
therapy [2] and of wearable biosensors in precision medi-
cine [3] and nutrition [4] to our knowledge none of them 
jointly discusses the potential of electrochemical biosensing 
in the three fields (medicine, therapy, and nutrition), which, 
moreover, we consider of particular relevance because of 
their indisputable interrelation. This critical review fills this 
important gap and concludes by highlighting, from a some-
what more personal perspective, the challenges and future 
prospects to be faced.

Electrochemical bioplatforms: bringing 
precision to medicine and nutrition

Electrochemical bioplatforms, with a letter of introduction 
demonstrating high success for the determination of a wide 
range of molecular markers relevant in different fields, pos-
sess unique features comprising simplicity, high sensitivity 
and selectivity, cost-effectiveness, rapid response, ability 
to be highly customizable and adaptable, inherent minia-
turization, scalable manufacturing, use of energy-efficient 
instrumentation, easy adaptation for wireless data transfer, 
implementation on different types of substrates, and integra-
tion into portable or indispensable (smart-phone/watches) 
devices [4]. The versatility they have allows providing 
point-of-care multi-omics biomarker profiling on complex 
and poorly treated samples, requiring shorter assay times 

and smaller sample quantities than other leading technolo-
gies available for centralized determination of proteomic, 
glycomics, transcriptomic, and epigenetic biomarkers [5]. 
It is important to note that some developments have shown 
potential to provide real-time information in a single-step, 
high frequency, reversible, reagentless, calibration-free way, 
and to operate continuously for several hours in complex raw 
matrices both in flow and in vivo [6]. All these singularities 
position electrochemical bioplatforms as suitable alterna-
tives to address the challenges posed today by research and 
implementation of precision medicine, therapy, nutrition, 
and agriculture [7].

The unprecedented advances that bioelectroanalytical 
methods have undergone in recent years and that, as will be 
seen in the following sections, have allowed bringing preci-
sion to our lives, have been assisted, among other things, by:

i) Advances in the design and fabrication of electrochemi-
cal substrates in terms of use (reusable or disposable 
screen-printed electrodes [8–10]), fabrication materials 
(paper, food, or ingestible products [11], plastic, textile, 
polymeric) and properties (superwettable [12], flexible 
and stretchable [13]) and the progress in miniaturized 
bioelectrochemical electronics [14, 15] that have com-
bined seamlessly into new electrochemical sensor for-
mats: wearables [3, 16–19], implantable [20], micronee-
dle-based [21], etc.

ii) The production and application of new bioreceptors 
including biomolecular switches [6, 22], natural cell 
membranes [23] or those obtained through innovative 
technologies (HaloTag [24–26], phage-display [27] and 
targeted mutation [28]), overcoming the limited com-
mercial availability or the problems that conventional 
strategies for their production/purification/storage may 
present, and even allowing the discrimination of viral 
variants.

iii) The development of new strategies to correct the base-
line drift experienced by electrochemical responses in 
vivo [29–34] and to develop calibration-free electro-
chemical biodevices [35].

iv) The preparation of surfaces with antibiofouling proper-
ties that allow both direct determination and continuous 
operation in undiluted biofluids [36–38] by exploiting the 
use of Self Assembled Monolayers (SAMs) that mimic 
the surface of cell membranes [29, 35], directly cell mem-
branes [23], or transient polymeric coatings [39].

It is this empowerment in properties and opportunities 
that has allowed electroanalytical bioplatforms to make 
inroads and demonstrate pioneering applications to assist 
in precision medicine, therapy, and nutrition. The follow-
ing sections critically discuss the rationale and remarkable 
merits of the breakthroughs that have come to light in the 
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last years inviting us to believe that precision in medicine 
and nutrition are achievable by electrochemical biosensing 
of molecular markers.

Precision medicine: diagnosis, monitoring, 
and therapy

Although "precision medicine" and "personalized medi-
cine" are considered interchangeable terms differing only 
in the moment they emerge intime, with the aim of the term 
"personalized"does not mislead in thinking about the develop-
ment of unique treatments for each individual, it is now consid-
ered more appropriate to speak of precision medicine or PM.

While PM is not a new concept, in recent years it has 
gained more importance and momentum supported with 
the help of world leaders such as the former U.S. President 
Barack Obama, who in early 2015 announced the "Preci-
sion Medicine Initiative", with a mission to "bring us closer 
to curing diseases like cancer and diabetes, and give us all 
access to the personalized information we need to keep us 
and our families healthy" [20].

Thus, PM is defined as the prevention, investigation and 
treatment of diseases taking into account individual vari-
ability [40, 41]. This personal fingerprint is considered to 
include genetic and molecular biomarkers (preferably pre-
sent in samples that can be taken frequently and minimally 
invasive that reflect biological alterations with prognostic 
or predictive value), phenotype, environment, and lifestyle.

Therefore, this approach should make it possible to clas-
sify individual patients into subpopulations differing in their 
susceptibility to a given disease, prognosis and response 
to treatment. This classification seeks to adapt treatments 
(in terms of type, dose and timing of application) to the 
attributes and/or stage of the disease of each individual, 
thus improving their efficacy and minimizing unnecessary 
adverse effects.

It is also important to emphasize that the fact that a 
patient can access to this type of medicine is a right that 
makes him/her aware of his/her self-care and enjoy a longer 
and better quality of life and, in the eyes of society, implies 
a more rational and economical use of resources.

The importance of PM, more established so far in onco-
logic diseases, is increasing also in other types of diseases 
involving genetic abnormalities and individual biological 
particularities such as neurodegenerative and infectious dis-
eases. However, although PM is already leading to higher 
survival rates in cancer patients with worse prognosis, its 
implementation in egalitarian healthcare is conditioned by 
the deployment of innovative, affordable technologies that 
allow the identification, validation and determination of new 
biomarkers, as well as novel tools (informatics, computa-
tional and artificial intelligence) enabling precise patterns 

and profiles of each individual and their disease, and by the 
approval of ethical and regulatory issues.

The advances demonstrated in recent years by electro-
chemical bioplatforms for the simple, rapid, and reliable 
determination of molecular markers of accepted clinical 
relevance in different biological fluids and for the identifi-
cation of new molecular signatures suggest that these biode-
vices undoubtedly have much to say and contribute both in 
research and in the implementation of precision medicine, 
encompassing the diagnosis, prognosis, and follow-up of 
diseases. Table 1 summarizes relevant characteristics of a 
representative sample of the recent developments expressly 
aimed to contribute to precision medicine through the deter-
mination of target biomarkers.

As can be deduced from the information in Table 1, bio-
platforms constructed in disposable, paper-based, flexible 
and wearable formats have been reported for the rapid and 
reliable single or simultaneous determination of biomol-
ecules, such as β-hydroxybutyrate (HB), cholesterol, glu-
cose, insulin, phenylalanine, cortisol, and ferritin which are 
of clinical relevance in prevalent diseases such as diabetes 
mellitus (DM), diabetic ketoacidosis (DK), diabetic ketosis 
acid (DKA), phenylketonuria, anemia, and cardiovascular 
diseases. To achieve the required selectivity many of the 
strategies employ catalytic bioreceptors while only a few use 
affinity bioreceptors such as antibodies [44, 47] and aptam-
ers [45, 56]. It is important to highlight the use of aptamer 
switches [45], which belong to the group of the so-called 
biomolecular switches [45], exploited in the development 
of reagentless self-generating signal electrochemical biosen-
sors, based on altering the efficiency with which the redox 
reporter approaches the electrode surface upon binding of 
the recognition element to the target analyte [57, 58]. Table 1 
also shows that many bioplatforms have been applied to 
the direct determination of biomarkers in sparingly treated 
extracted biofluids (blood, saliva, serum, and tears), and 
some biodevices developed in wearable formats have been 
applied for on-body analysis of interstitial fluid (ISF) and 
sweat, using iontophoretic systems [50], microneedle-based 
formats [53], or taking advantage of the fast sweat rate on 
the fingertip [51]. Electrochemical transduction is mostly 
performed by amperometry but voltammetry [44, 48, 49, 
56] and label-free approaches [48, 56] have also been used.

Importantly, the developed bioplatforms provide analyti-
cal characteristics compatible with their clinical applicabil-
ity and have demonstrated to be useful for the analysis of 
blood and saliva samples of patients with DKA [42] and 
hyperlipidemia [46] and ISF of patients with DM [50] in 
research settings.

It is noteworthy that the developed bioplatforms allow 
operating in biofluids [39] or on-body [50] for prolonged 
times. This ability relies, for example, on the use of transient 
methacrylate-based coatings, with different dissolution times 
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at specific pH values, leading to delayed exposure of the 
fresh transducer surface [39]. Indeed, the excellent protec-
tive properties imparted by these temporary coatings were 
exploited to ensure the biocatalytic activity of edible enzy-
matic electrochemical biosensors (manufactured with food 
or ingestible products) in media with extreme pH values 
such as gastrointestinal fluids [43].

Due to their relevance and novelty, the disposable biosen-
sor chips reported by Wang’s team (at UCSD) for double 
determination of cortisol and insulin in a single microliter of 
untreated samples (whole blood, saliva, and serum) in less than 
30 minutes combining in the same platform catalytic and affin-
ity bioassays [44] or immunoassays based on different formats 
(sandwich and competitive) and enzymatic tracers (alkaline 
phosphatase, ALP, and horseradish peroxidase, HRP) (Fig. 1) 
[47], deserve special attention. The same team prepared a 
simple touch-based fingertip sweat electrochemical enzy-
matic biosensor to track glucose in combination with a new 
algorithm that addresses for personal variations and does not 
require sweat stimulation. The biosensor allowed simple one-
time personal pre-calibration and translation of sweat response 
to blood concentration (Fig. 2a) [51] and the preparation of 
the first multimodal epidermal patch combining acoustic and 
electrochemical sensors for the on body simultaneous testing 
of hemodynamic (blood pressure, BP, and heart rate, HR) and 
metabolic (glucose, lactate, alcohol, and caffeine) biomarkers 
(Fig. 2b) [52]. The same group participated in the develop-
ment of a wearable integrated microneedle array coupled with 
a custom smartphone app for data capture and visualization for 
the simultaneous on body monitoring of lactate and glucose, 
or alcohol and glucose in ISF (Fig. 3) [54].

Also noteworthy is the non-invasive wearable stress patch 
reported by Singh et al. [56] for real-time and continuous (up 
to 90 min) cortisol monitoring using a pseudoknot-assisted 
aptamer.

Although the COVID-19 pandemic experienced at global 
level gave rise to a huge boom of promising electroanalytical 
biotools for assisting in its detection and control, it is worth 
highlighting the multiplexed bioplatforms reported by Gao's 
team [49] and by the Pingarrón/Campuzano and Barderas 
teams [28] for the management of SARS-CoV-2 infection.

Gao's group proposed a fast, wireless, remote, high 
sampling frequency, multiplexed telemedicine platform 
involving immunoassays performed at low-cost laser-
engraved graphene electrodes, capable of detecting with 
the same device three key aspects of the disease viral load 
(nucleocapsid, N, protein, as a viral carrier), the immune 
response (IgM and IgG antibodies against the S1 virus) 
and the severity of the disease (inflammatory biomarker 
CRP). The approach demonstrated its reliability for the 
analysis of blood and saliva samples from infected and 
uninfected individuals (Fig. 4a) [49]. The other highlighted 
bioplatform for the detection of SARS-CoV-2 [28] imple-
mented competitive immunoassays on the surface of mag-
netic microparticles (MBs) modified with commercial N 
protein or ectodomains of spike (S) protein produced by 
targeted mutation and was applied to the determination of 
N- and S-specific IgGs, IgMs and IgAs in serum (Fig. 4b). 
This SARS-CoV-2 electroanalytical biotool was able to: 
(i) reliably discriminate in 75 min infected from non-
infected patients using 1000-fold diluted sera; (i“) "quan-
tify" natural and/or acquired immunity after infection and/

Fig. 1  Dual immunochip for 
the determination of cortisol I 
and insulin (I): i) Actual image 
of the chips using a three-elec-
trode Au sputtered system; ii) 
Schematic of the implemented 
immunoassays involving dif-
ferent formats and enzymatic 
tracers (competitive/ALP for C 
and sandwich/HRP for I); and 
iii) Immunoreaction and trans-
duction processes monitored 
by chronoamperometry (+0.4 
V in the presence of 1-naph-
thyl phosphate (1-NPP) for C 
and −0.1 V in the presence of 
3,3´,5,5´-tetramethylbencidine 
(TMB)/H2O2 for I). Reproduced 
from [47] with permission
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or vaccination processes, which allows both to evaluate the 
effectiveness of vaccination programs and to implement 
individualized vaccination strategies in time and dose; (iii) 
evaluate the humoral immune response against any variant 
that may emerge by in-house expressing its S ectodomain; 
and (iv) identify the variant responsible for the infection.

The identification of new molecular signatures is con-
sidered essential to advance in the precision medicine 
for prevalent diseases. In this context, the work carried 
out by the group of Barderas and Pingarrón/Campu-
zano reported MBs modified with antigens of different 
nature identified by proteomics (circulating antigens, 

Fig. 2  a) Bloodless fingerstick 
sweat glucose biosensor: i) 
Portable potentiostat attached to 
the biosensor; ii) image of the 
biosensor and fingertip showing 
the sweat glands; iii) Sche-
matic of the tactile biosensor 
showing the substrate (polyeth-
ylene terephthalate, PET), the 
screen-printed sensor, and the 
insulating and polyvinyl alcohol 
(PVA) layers; and iv) schematic 
showing the collection of sweat 
from the fingertip, through the 
PVA layer, to the working elec-
trode and schematic enzymatic 
and electrochemical reactions 
occurring at the electrode. b) 
Multimodal epidermal patch 
that combines acoustic and 
electrochemical enzymatic 
biosensors for on body simulta-
neous testing of hemodynamic 
and metabolic biomarkers. 
Illustrations of sensor place-
ment for blood pressure (BP) 
and enzymatic chemical sensors 
for ISF and sweat. Reproduced 
from a) [51] and b) [52] with 
permission

i) ii)

iii) iv)

a)

b)

i) ii) MNeedle
sensor

Epidermis 

Dermis 

Subcutaneous
tissueSENSOR 1

RE

SENSOR 2

CE

Fig. 3  Wearable integrated microneedle array for the simultaneous 
on body monitoring of lactate and glucose, or alcohol and glucose 
in ISF: i) Sensor patch attached to a user’s arm; and ii) Cross-sec-
tional illustration of the sensor patch with the microneedles piercing 

the skin to reach the epidermis, along with the configuration of the 
microelectrodes on the multiplexed sensor component and scale-free 
image of the close-up cross-section of the microneedle/skin interface. 
Reproduced from [54] with permission
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exosomal, peptides and proteoforms) and produced by 
HaloTag [59, 60] and phage display [61] technologies, 
which were coupled to disposable multiplexed electro-
chemical platforms, for the determination of the cor-
responding serum autoantibodies (AAbs). The applica-
tion of these bioplatforms to the analysis of cohorts of 
healthy individuals and patients diagnosed with cancer 
and Alzheimer disease (AD) showed the usefulness of 

new characteristic signatures comprising AAbs against 
eight circulating tumor antigens [24], fifteen exosomal 
tumor antigens (Fig. 5) [25], or four proteoforms of p53 
and p63 proteins [26], for the early diagnosis of patients 
with CRC and premalignant lesions of this neoplasm, as 
well as the signature involving AAbs against six peptides 
(four phage-deployed and two aberrant) for preclinical 
identification of AD [27].

Fig. 4  a) Wireless platform using disposable and flexible laser-
engraved graphene arrays for the rapid and multiplexed electrochemi-
cal detection of SARS-CoV-2 nucleocapsid (N) protein, the antibod-
ies generated by the immune system against N protein (N-specific 
IgGs and IgMs) and CRP. b) Multiplexed amperometric bioplatform 
able to quantify total and isotype N- and spike (S)-specific anti-

SARS-CoV-2 serum immunoglobulins (Igs) and to analyze the global 
and isotype-specific immune response of COVID-19 convalescent 
and vaccinated individuals, as well as to detect neutralizing antibod-
ies specific to protein S of variants of concern. Reproduced from a) 
[49] and b) [28] with permission
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One of the important concepts of PM is to select ‘the 
right drug for the right patient at the right dose and time’, 
what is known as precision therapy [2, 32]. Indeed, inap-
propriate drug dosing is another challenging issue facing 
the society and is one of the main causes of complications 
in antibiotic treatment. For example, more than 40,000 acute 
kidney injuries per year are reported because of tobramycin 
and vancomycin administration, with a treatment cost of 
more than 5 billion dollars per year in the United States [62].

The first step toward individualized pharmacotherapy is 
therapeutic drug monitoring (TDM), i.e., the clinical meas-
urement of medication in a human body fluid (e.g., blood, 
saliva, or urine) at certain time intervals during treatment [2].

Recent studies have estimated that improvements in the 
accuracy of TDM methods is particularly relevant in the 
case of the most severely ill patients, as they are more prone 
to present metabolic alterations and have the narrowest 
therapeutic margin [31]. Such TDM accuracy can reduce 
these adverse outcomes by threefold. Nowadays, antibiotics 
are dosed according to the patient’s body weight without 
considering the high inter/intrasubject variations (the way 
drugs are absorbed and eliminated in the body and how 
the body responds to drugs) [31, 34, 62–64]. Because of 
these individualized dose-response characteristics of drugs, 

precision therapy is recently considered a new paradigm 
aimed at personalizing dosing to increase therapeutic effi-
cacy and minimal toxic effects [64]. Indeed, it is well known 
that the success of antibiotherapy, crucial for patient safety 
and recovery, is largely dependent on the ability to maintain 
blood antibiotic concentrations within a safe therapeutic 
range tailored to the patient’s unique pharmacokinetic/phar-
macodynamic response [65]. This is compounded because 
the analytical methods used to monitor patient-specific phar-
macokinetics, based on blood draws followed by subsequent 
laboratory analysis, involve invasive/resource-intensive, and 
high-cost procedures that require hours or days to return 
pharmacokinetic estimates based on only one or two plasma 
drug measurements and, therefore, inadequate to allow 
timely intervention [31, 34, 62, 66].

Therefore, the development of new reliable, rapid, and 
inexpensive tools that can aid precision therapy by monitor-
ing patients' personal pharmacokinetics at the bedside would 
facilitate the access to less toxic drug regimens with a higher 
probability of efficacy, the selection of alternative agents to 
antibiotics (thus minimizing antimicrobial resistance) and to 
ensure the safe and efficient delivery of drugs characterized 
by narrow therapeutic windows (range of plasma concen-
trations over which a molecule is therapeutically effective 

MeV visualization Amperometric responses

Bioplaform

AA

TAA

HaloTag
Tech

Exo-TAAs

CRC

Exo-AAs

CRC
exosomes

Fig. 5  Multiplexed biosensing platforms to identify a novel signa-
ture comprising fifteen AAbs against tumor-associated antigens from 
exosomes released by colorectal cancer (CRC) cells and tissue sam-

ples with high diagnostic ability to discriminate healthy individuals 
from CRC patients and individuals with premalignant CRC lesions. 
Figure drawn by authors
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without causing significant adverse effects) or with highly 
complex and time-varying optimal plasma cycles to the most 
critically ill patients. All this would lead to major improve-
ments in the quality of life of large groups of patients, mini-
mize the side effects of drugs and reduce patient recovery 
times, healthcare costs and the prevalence of multidrug 
resistance [31, 34, 64].

Electrochemical bioplatforms have showed important 
advances in this direction, allowing continuous, real-time 
monitoring of blood drug levels, and providing an unprec-
edented avenue for improved TDM and, more generally, 
personalized, high-precision delivery of pharmacological 
interventions [31, 64]. Table 2 summarizes relevant features 
of the electrochemical bioplatforms reported for assisting 
precision therapy by tracking drugs in body fluids.

As it can be seen, two types of bioreceptors, aptamer 
switches and penicillin binding proteins (PBPs), have been 
used to meet the stringent demands of these applications. 
The aptamers have been used for the selective determina-
tion of irinotecan, vancomycin, tobramycin, doxorubicin, 
kanamicin, gentamicin, methotrexate, or cocaine and the 
bacterial proteins for the determination of ß-lactam antibi-
otics including penicillins (piperacillin) and cephalosporins 
(cefuroxime and cefazolin).

Bioplatforms using PBPs exploit direct competitive for-
mats in which the drug to be detected competes for binding 
to the PBP with a biotin-labeled analog which is further 
labeled with a commercial enzyme conjugate of streptavi-
din or avidin and glucose oxidase (GOx). Transduction is 
performed by amperometrically detecting  H2O2 generated 
by enzymatic oxidation of glucose on a Pt electrode. These 
strategies were successfully applied in plasma and untreated 
blood samples. It is remarkable that one of these platforms 
is proposed for finger-prick testing [65], which allows sam-
ples to be processed more easily and quickly than traditional 
methods and can be safer and more convenient, particularly 
for certain types of patients such as pediatric, neonatal, and 
elderly patients for whom blood collection by venipuncture 
is difficult [65]. Another of these strategies has been imple-
mented in a multiplexed microfluidic biosensing platform 
that allows the simultaneous determination of viral load (E 
and RdRP viral RNAs genes using CRISPR/Cas-powered 
assays) and ß-lactam antibiotic in nasal swabs and serum 
samples, respectively, of COVID-19 infected patients, thus 
allowing near real-time assessment of the therapy effective-
ness on the treated infection (Fig. 6) [70].

Importantly, all the reported bioplatforms using aptamer 
switches have been shown to be able to provide real-time 
information in a single step, reagentless, and in a continuous 
way, even in vivo (most of them in jugular vein of live rats 
but also implanted in rat brain [67]). They exploited the use 
of antibiofouling SAMs to modify the electrode surface [29, 
35] and chronoamperometric [69] or (mostly) voltammetric 

detection of the redox mediator to which the aptamer is con-
jugated. It is important to note that to eliminate the drift in 
electrochemical responses occurring in vivo deployments, 
these methods imply response treatments such as kinetic 
differential measurements (KDM) [30–34] (Fig. 7a) or the 
construction of a hypothetical baseline using an exponen-
tial equation which describes the readout drift pattern in the 
biofluid [62].

Aptamer switches-based bioplatforms have been used to 
develop calibration-free electrochemical biodevices [31, 35, 
69], a closed-loop, feedback-controlled delivery system [68] 
and have recently been implemented in microneedle elec-
trode arrays for in vivo determination in the ISF of a rodent 
(Fig. 7b) [33]. Aptamer switch-based bioplatforms are gen-
eralizable to the detection of a wide range of therapeutic 
agents as they are independent of the chemical or enzymatic 
reactivity of their targets [34].

We cannot end this section without highlighting the rea-
gentless technology proposed for electrochemical biomolecu-
lar analysis using a double-stranded DNA, containing at its dis-
tal end an antibody that recognizes the target analyte, as well 
as a redox reporter that generates an electrochemical response, 
covalently immobilized on an electrode surface and called 
recently as molecular pendulum biosensors [71–73] with 
great potential for precision medicine and therapy. By apply-
ing a positive potential to the sensor interface, the negatively 
charged DNA pendulum is pulled towards the electrode surface 
and, when the target analyte binds to the antibody, the kinetics 
of the pendulum slows down [74]. This approach has dem-
onstrated, in connection with chronoamperometric detection, 
applicability both to detect a wide range of proteins, related to 
stress, allergy, cardiovascular health, inflammation, COVID-19 
infection and cancer, varying in charges, sizes and molecu-
lar weights, in various body fluids, including saliva, urine, 
tear fluid, blood, and sweat and to continuous and real-time 
in vivo measurements [71]. All these proteins were detected 
using the same reversible mechanism by simple substitution 
of the recognition antibody conjugated to the double-stranded 
DNA linker, indicating the versatility of this strategy to achieve 
user-friendliness without sacrificing sensitivity or universal-
ity, making it particularly attractive for multiplexing purposes.

Precision nutrition

It is well known that an inadequate nutritional status can 
have profound long-term implications on physical and 
mental health. Conversely, an optimal nutritional intake, 
adapted or combined with specific nutrients such as vita-
mins (A, B6, B12, C, D3 and E) and minerals (zinc and 
iron), can boost the immune system, making the popula-
tion less prone to certain diseases or helping to minimize 
their effects.

2162 Campuzano S. et al.
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Currently the recommendations of physicians and dieti-
tians continue to be the most widely used way to maintain 
optimal nutritional condition and prevent nutritional imbal-
ances. These guidelines are based on population averages 
and overlook interpersonal variability, conditioned by 
genetic factors, lifestyle, microbiome composition, etc., 
which can greatly influence the desired results. This is the 
reason why recently precision nutrition, which aims to 
formulate precision dietary interventions and recommen-
dations by tailoring nutrition according to the distinctive 
needs and/or sensitivities of each individual, has been gath-
ering strength. This new approach is considered to have the 
potential to minimize, control and/or prevent the effects of 
food allergies and other chronic diseases such as obesity, 
diabetes, hypertension, celiac disease, cardiovascular dis-
eases, etc., improving the expectations and quality of life of 
the population [4].

While strict control of nutrient/allergen content and food 
quality is the first step, close monitoring of biomarkers indica-
tive of risky, adequate, or deficient nutrient intake is consid-
ered indispensable to ensure precision nutritional care.

Recent advances in digital nutrition technology, including 
mobile calorie counting apps and wearable motion tracking 
devices, lack the ability to monitor nutrition at the molecular 
level that requires the development of individualized nutri-
tional strategies.

In this context, in situ monitoring of nutritional biomark-
ers in food and human body fluids using electrochemical bio-
platforms is particularly attractive for providing personalized 
nutritional information [4]. Because of the great versatility 
of applications and developments, this type of biodevices 
have great interest for preventing nutritional imbalances and 
assessing compliance with nutrient intake and absorption 
dynamics. Moreover, their compatibility with multiplexed 
and/or multi-omics determinations make them as particu-
larly suitable for these purposes considering the complexity 
and diversity of analytes involved in nutritional status and 
derived diseases [4].

However, despite the tremendous potential that electro-
chemical biosensors have unfolded in recent years in preci-
sion medicine and antibiotherapy, their incursion into track-
ing and guiding nutrition has emerged only recently and with 
a limited number of contributions.

Although it is possible to assist personalized nutrition 
by determining the molecular biomarker in the food to be 
ingested or directly in the biofluids, this review only dis-
cusses the bioplatforms used to determine molecular mark-
ers in body fluids. However, it is important to remark that 
electrochemical bioplatforms have been employed for the 
detection of allergens and food adulterations at the protein 
[75, 76] and genetic [77, 78] levels. Due to the higher integ-
rity of DNA with respect to proteins during food processing, 

Fig. 6  Microfluidic biosensing platform for the simultaneous determination of viral load and ß-lactam antibiotic in nasal swabs and serum sam-
ples, respectively, of COVID-19 infected patients. Reproduced from [70] with permission
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the development of electrochemical bioplatforms allowing 
the identification of genomic DNA from current allergens, 
such as mustard [78], and other targets derived from little 
explored plant and animal organelles, such as chloroplast 
and mitochondrial DNA [77], should be highlighted in this 
field. The flexibility showed by these biotools to detect aller-
genic targets, regardless of their omics level, origin (plant or 
animal) and type of organelle (nucleus, mitochondrion, or 
chloroplast), together with the versatility in format, design, 
and use, as well as the simplicity and capacity for in situ 
and multiplexed quantification allowed by current electrode 
substrates and electrochemical instrumentation, make elec-
trochemical bioplatforms very promising tools for advancing 
precision nutrition.

Focusing on the bioplatforms reported for the determina-
tion of molecular markers related to personalized nutrition 
in biofluids, it is important to distinguish between those 
that have faced the determination of the molecular marker 
in the biofluid in a decentralized manner [79–84] or directly 
on the body (stimulated sweat) [82, 83]. Despite the variety 
of markers of interest contributing to individualized nutri-
tion which include, among others, essential amino acids, 
vitamins, sugars, and specific immunoglobulins produced 

by the immune system against food allergens, most of these 
electrochemical bioplatforms reported for the determina-
tion of dietary biomarkers in bodily fluids interrogated vita-
mins. However, it is important to note that because of the 
dependence of the targets on nutrition, most of the works 
discussed in the precision medicine section, for example 
those reported for the determination of glucose, ketone bod-
ies (KBs), ferritin, and cholesterol, can also find application 
in personalized nutrition.

An electrochemical immunosensor was reported by 
Kaur et al. [79] and an aptasensor was described by Wad-
hwa et al. [80] for the determination of vitamin D in real 
human serum samples. Both are label-free bioplatforms 
that exploited the immobilization of bioreceptors on 
electrode substrates modified with nanomaterials (AuPt 
NPs on APTES-FTO electrode for the immunosensor and 
GQD-Au hybrid particles on a gold microelectrode for the 
aptasensor) providing LOD values of 0.49 pg  mL-1 and 
0.84 ng  mL-1 using DPV and impedimetric transduction, 
respectively.

Wang's team at UCSD tested in a pioneer way elec-
trochemical chips for the decentralized determination of 
vitamins (vitamins C and D) in easily accessible biofluids 

Fig. 7  Electrochemical aptamer-based sensor involving a mixed mon-
olayer of aptamers dually labeled with thiol and methylene blue (MB) 
and mercaptohexanol (MCH) self-assembled on gold wires a) or nee-
dles b) for in vivo continuous, real-time monitoring of methotrexate 

a) and rinotecan b) in live rats. c) In both cases electrochemical trans-
duction is performed measuring the oxidation signal of MB by SWV. 
Reproduced from a) [34] and b, c) [33] with permission
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(untreated saliva, tears, and sweat samples) [81, 82] by 
exploiting integrated catalytic, enzymatic or immunochemi-
cal sensing strategies. This team developed an ascorbate oxi-
dase (AAOx) enzymatic biosensor and measured changes in 
the reduction current of the oxygen cosubstrate for the rapid 
in vitro determination of vitamin C in untreated raw saliva 
and tears or in stimulated sweat following pill or juice intake 
using disposable strip or skin-worn formats, respectively 
(Fig. 8) [82]. The same team reported the first example of a 
dual bioelectronic chip for tracking simultaneously vitamins 
C and D in saliva by integrating different (electrocatalytic 
and immunoassay) detection principles on a single chip 
platform. The bioelectronic sensor chip was able to perform 
rapid in situ detection of both vitamins in a 10-μL saliva 
sample in less than 25 minutes [81].

An illustrative example is the wearable electrochemical 
enzyme biosensor to selectively determine vitamin C in dif-
ferent biofluids (sweat, urine and blood) [83]. The biosensor 
used a gold electrode modified with gold nanostructures, 
 LiClO4-doped conductive polymer, and a membrane immo-
bilized with AAOx. The enzymatic oxidation of vitamin 
C was monitored by amperometry, and the biosensor was 
employed for tracking concentration changes in sweat and 
urine profile after vitamin C intake and for longitudinal stud-
ies of the correlation of sweat and urine vitamin C with 
blood concentrations.

Disposable electrochemical bioplatforms have been 
developed for the reliable determination of food allergen-
specific IgE and IgG4 in serum [84]. The strategy relied 
on the implementation of indirect immunoassays on the 
surface of magnetic microsupports captured on the surface 
of disposable electrode surfaces to perform amperometric 

transduction and was tuned for the determination of ovalbu-
min-specific immunoglobulins in children allergic to eggs. 
The bioplatform allowed the determination of both isotypes 
without matrix effect after a serum dilution (50 or 1000-fold 
depending on the Ig class) in an optimal time of 90 min that 
can be reduced to 10 min if necessary.

Remarkable notes, challenges, and personal 
prospects

The great advances occurred in different disciplines (elec-
trode substrate and electronics fabrication, miniaturization, 
bioengineering, etc...) in recent years and their perfect 
combination have allowed the development of cutting-
edge electroanalytical biotools, with the ability to monitor 
in a sensitive, selective, simple, continuous, and almost 
real time way, molecular markers directly in the biological 
fluids extracted or secreted either naturally or stimulated 
from the body or circulating in it. These advances make us 
to believe that precision medicine, therapy, and nutrition 
is not a utopia and that if we continue to advance together 
in different areas, it is possible that in a near future our 
phones or smart watches will have these biotools integrated 
to ensure our welfare.

Although the advances occurred in recent years seem 
like giant steps, reaching the goal is neither close nor easy. 
However, the unquestionable individual and social benefits 
of doing so and the empowerment of the spirits when see-
ing what has been advanced in such a short time are the best 
fuels to stay on track and achieve precision in our lives.

Fig. 8  Tattoo patch type biosensor using the AAOx enzyme for the chronoamperometric determination of vitamin C in stimulated sweat. Repro-
duced from [82] with permission
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Electrochemical biotools have surprised by using edible 
electrode materials or cell membranes as bioreceptors and 
providing reliable information of an individual or multiple 
nature in near real time, without the need for calibration and 
continuously, even moving the analysis in the laboratory to 
our body with wearable or implantable formats.

In recent years we have been privileged witnesses to 
the application of electrochemical biosensor platforms for 
the analysis of naturally occurring sweat on a fingertip, of 
biological fluids with denaturing pH values such as gastro-
intestinal pH or of two analytes in a single microliter of 
untreated biofluid in less than 30 minutes and of others that 
have emerged in a record time to address the unexpected 
COVID-19 pandemic. Among the latter, are the biosensors 
developed to evaluate different key aspects of the disease 
such as viral load, immune responses, and the severity with 
which the infection is experienced, as well as the “quantifi-
cation” of natural and/or acquired immunity after infection 
and/or vaccination processes, and the identification of the 
variant responsible for the infection and the evaluation of 
the degree of protection against any variant that may arise.

The versatility of these bioplatforms seems to have no 
limit and they have, for example, integrated in the same chip 
catalytic and affinity bioassays or immunoassays with dif-
ferent formats and enzymatic tracers. Also, they have been 
successfully coupled with acoustic sensors to allow the 
simultaneous determination of hemodynamic and metabolic 
biomarkers.

The ability of using antigens of different nature, identi-
fied by directed proteomics including circulating or exoso-
mal antigens, peptides, proteoforms, etc., and produced by 
technologies such as HaloTag or phage display, allows the 
identification and the diagnostic value assessment of new 
molecular signatures comprising 6-15 AAbs for the early 
and minimally invasive detection of diseases as cancer and 
Alzheimer.

No less relevant are considered the opportunities provided 
by electrochemical biodevices for improving TDM using fin-
ger-prick testing or implanted in live rats in connection with 
aptamer switches or bacterial antibiotic-binding proteins, or 
for the advances in the still less explored precision nutrition.

So far, the use of electrochemical bioplatforms in pre-
cision nutrition is mainly focused on the determination of 
vitamins in extracted or secreted body fluids. This may be 
justified because many biomarkers such as glucose, KBs, 
ferritin, and cholesterol are of interest in both medicine and 
precision nutrition, and they have been sold by the former, 
probably more fashionable field. Nevertheless, it does not 
question their potential to revolutionize also individualized 
nutrition.

As a result of these relentless advances, a multitude of 
challenges are blossoming, among which we can highlight 
the need for these devices to demonstrate their usefulness 

outside the research laboratories, the need for addressing 
the correlation between the molecular markers concentra-
tions provided by these biodevices in fluids such as saliva 
and sweat with the concentrations in blood and the need 
for validation with much larger cohorts of individuals in 
different environments and by different users, which goes 
through the involvement of several partners (e.g. industry, 
hospitals, and government body agencies) and specific work-
flows and infrastructures. So far, the featured bioplatforms 
have provided data on only a limited realistic number of 
samples (which is required after development in the course 
of academic proof of concept and for publication in peer-
reviewed scientific journals) and with this it is assumed that 
the theory works for the proposed application, and this is too 
much to assume. The overcoming of these challenges will 
be decisive in awakening in producers, users, and society, in 
general, the interest, motivation, and conviction necessary 
to continue empowering these devices and facilitating their 
translation into daily lives.

Combining the advances, challenges to be faced and our 
experience, we envision a challenging and exciting road-
map for these cutting-edge electroanalytical biotools, work-
ing in close collaboration with, among others, electronic 
engineers, biostatisticians, biotechnologists, clinicians, and 
nutritionists.

Precision medicine must exploit the panoply of avail-
able bioreceptors (antibodies, aptamers, peptides, etc.), 
in addition to enzymes, for the detection of molecular 
markers other than metabolic markers and belonging to 
different omics levels of both proven and as yet unproven 
clinical relevance, to identify molecular signatures that 
contribute to improve the resolution of each patient’s snap-
shot. Due to the infancy and complexity of the subject 
matter, it is not reasonable at this time to rely on specific 
biofluids or to demand particular biotools operation, or 
performance characteristics beyond simplicity, reliability, 
versatility, and affordability. All these aspects will have to 
be agreed upon on a case-by-case basis, considering multi-
ple factors such as application, environment, user profile, 
etc. It is precisely the versatility of the electrochemical 
bioplatforms design what allows the menu to be left open 
to the consumer's taste.

To impart greater precision to the therapy it would be 
interesting to address with these bioplatforms the joint 
detection of the drug and other markers related to the effi-
ciency and/or toxicity of the therapy (markers of infection, 
inflammation, renal function, etc.) in order to “hit the bull’s 
eye” with the most appropriate therapy for each patient.

Nutrition, like precision medicine, cries out for these 
bioplatforms to enter it hand by hand with other biorecep-
tors and to determine markers other than vitamins, sugars 
and fats, such as those related to food allergies and intoler-
ances (e.g. specific immunoglobulins).
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It is important to note that, although in this review arti-
cle, and for simplicity, they have been discussed indepen-
dently, the interconnection between nutrition, medicine, 
and precision therapy, which is exemplified very well in 
the consumption of foods with components for which we 
are particularly sensitized, would require studying and 
implementing them together with this type of biodevices.

With the development of these new biotools, and the 
access to all the expected individualized, objective, and 
quantitative information provided in a sustainable and equal 
manner, we no longer have excuse to get involved in our 
self-care by doing everything in our power to live longer and 
better and to ensure a rational use of limited social resources.

Let’s keep dreaming that in not too many years we will 
have the possibility of choosing to implant intelligent 
microneedle patches, like the currently used by a large part 
of the population with DM, that work for precision nutrition 
and medicine, so that we will all live longer and better.

Acknowledgements The financial support of PID2019-103899RB-
I00 (Spanish Ministerio de Ciencia e Innovación), and PMP22/00084, 
PI17CIII/00045, PI20CIII/00019 and PI22/00727 (AES-ISCIII) co-
founded with FEDER funds Research Projects and the TRANSNA-
NOAVANSENS-CM Program from the Comunidad de Madrid (Grant 
S2018/NMT-4349) are gratefully acknowledged.

Author Contributions Writing—review and editing, S.C., R.B., 
M.T.M.-C., Á.A. and J.M.P.; funding acquisition, S.C., R.B., M.T.M.-
C. and Á.A. All authors have read and agreed to the published version 
of the manuscript.

Funding Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature.

Data availability Not applicable.

Declarations 

Conflict of interest The authors declare no competing interests

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Ahmed MU, Saaem I, Wu PC, Brown AS. Personalized diag-
nostics and biosensors: a review of the biology and technology 

needed for personalized medicine. Crit Rev Biotechnol. 
2014;34(2):180–96.

 2. Dincer C, Bruch R, Wirth S, Schumann S, Urban GA. Biosen-
sors and personalized drug therapy: what does the future hold? 
Expert Rev Precis Med Drug Dev. 2017;2(6):303–5. https:// doi. 
org/ 10. 1080/ 23808 993. 2017. 13956 91.

 3. Ji W, Zhu J, Wu W, Wang N, Wang J, Wu J, Wu Q, Wang 
X, Yu C, Wei G, Li L, Huo F. Wearable sweat biosensors 
refresh personalized health/medical diagnostics. AAAS Res. 
2021;2021(9757126):19. https:// doi. org/ 10. 34133/ 2021/ 97571 26.

 4. Sempionatto JR, Ruiz-Valdepen ̃asMontiel V, Vargas E, Teymour-
ian H, Wang J. Wearable and mobile sensors for personalized 
nutrition. ACS Sens. 2021;6:1745–60.

 5. Campuzano S, Barderas R, Yáñez-Sedeño P, Pingarrón JM. Elec-
trochemical biosensing to assist multi-omics analysis in precision 
medicine. Curr Opt Electrochem. 2021;28:100703. https:// doi. org/ 
10. 1016/j. coelec. 2021. 100703.

 6. Downs AM, Plaxco KW. Real-time, in vivo molecular monitoring 
using electrochemical aptamer based sensors: Opportunities and 
challenges. ACS Sens. 2022;7:2823–32.

 7. Kim M-Y, Lee KH. Electrochemical sensors for sustainable pre-
cision agriculture—A Review. Front Chem. 2022;10:848320. 
https:// doi. org/ 10. 3389/ fchem. 2022. 848320.

 8. Dincer C, Bruch R, Costa-Rama E, Fernández-Abedul MT, 
Merkoçi A, Manz A, Urban GA, Güder F. Disposable sensors 
in diagnostics, food, and environmental Monitoring. Adv Mater. 
2019;31:1806739. https:// doi. org/ 10. 1002/ adma. 20180 6739.

 9. Singh S, Wang J, Cinti S. Review—An overview on recent progress 
in screen-printed electroanalytical (bio)Sensors. ECS Sensors Plus. 
2022;1:023401. https:// doi. org/ 10. 1149/ 2754- 2726/ ac70e2.

 10. Barros Azeredo NF, Ferreira Santos MS, Sempionatto JR, Wang 
J, Angnes L. Screen-printed technologies combined with flow 
analysis techniques: moving from benchtop to everywhere. Anal 
Chem. 2022;94:250–68.

 11. Kim J, Jeerapan I, Ciui B, Hartel MC, Martin A, Wang J. Edible 
electrochemistry: Food materials based electrochemical sensors. 
Adv Healthcare Mater. 2017;6:1700770. https:// doi. org/ 10. 1002/ 
adhm. 20170 07.

 12. Zhu Q, Yang Y, Gao H, Xu L-P, Wang S. Bioinspired superwet-
table electrodes towards electrochemical biosensing. Chem Sci. 
2022;13:5069–84.

 13 Yang X, Cheng H. Recent developments of flexible and stretchable 
electrochemical biosensors. Micromachines. 2020;11:243. https:// 
doi. org/ 10. 3390/ mi110 30243.

 14. Yin L, Lv J, Wang J. Structural innovations in printed, flexible, 
and stretchable electronics. Adv Mater Technol. 2020;5:2000694. 
https:// doi. org/ 10. 1002/ admt. 20200 0694.

 15. Yu Y, Nyein HYY, Gao W, Javey A. Flexible electrochemi-
cal bioelectronics: The rise of in situ bioanalysis. Adv Mater. 
2020;32:1902083. https:// doi. org/ 10. 1002/ adma. 20190 2083.

 16. Tu J, Torrente-Rodríguez RM, Wang M, Gao W. The era of digital 
health: A review of portable and wearable affinity biosensors. Adv 
Funct Mater. 2020;30:1906713. https:// doi. org/ 10. 1002/ adfm. 
20190 6713.

 17. Xu C, Yang Y, Gao W. Skin-interfaced sensors in digital medicine: 
from materials to applications. Matter. 2020;2:1414–45.

 18. Mahato K, Wang J. Electrochemical sensors: From the bench to 
the skin. Sens Actuators B Chem. 2021;344:130178. https:// doi. 
org/ 10. 1016/j. snb. 2021. 130178.

 19. Sempionatto JR, Lasalde-Ramirez JA, Mahato K, Wang J, Gao W. 
Wearable chemical sensors for biomarker discovery in the omics 
era. Nat Rev Chem. 2022;6:899–915.

 20. Gray M, Meehan J, Ward C, Langdon SP, Kunkler IH, Murray A, 
Argyle D. Implantable biosensors and their contribution to the 
future of precision medicine. Vet J. 2018;239:21–9.

2169Pursuing precision in medicine and nutrition: the rise of electrochemical biosensing at the…

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/23808993.2017.1395691
https://doi.org/10.1080/23808993.2017.1395691
https://doi.org/10.34133/2021/9757126
https://doi.org/10.1016/j.coelec.2021.100703
https://doi.org/10.1016/j.coelec.2021.100703
https://doi.org/10.3389/fchem.2022.848320
https://doi.org/10.1002/adma.201806739
https://doi.org/10.1149/2754-2726/ac70e2
https://doi.org/10.1002/adhm.2017007
https://doi.org/10.1002/adhm.2017007
https://doi.org/10.3390/mi11030243
https://doi.org/10.3390/mi11030243
https://doi.org/10.1002/admt.202000694
https://doi.org/10.1002/adma.201902083
https://doi.org/10.1002/adfm.201906713
https://doi.org/10.1002/adfm.201906713
https://doi.org/10.1016/j.snb.2021.130178
https://doi.org/10.1016/j.snb.2021.130178


1 3

 21. Teymourian H, Tehrani F, Mahato K, Wang J. Lab under the skin: 
Microneedle based wearable devices. Adv Healthcare Mater. 
2021;10:2002255. https:// doi. org/ 10. 1002/ adhm. 20200 2255.

 22. Parolo C, Idili A, Heikenfeld J, Plaxco KW. Conformational-
switch biosensors as novel tools to support continuous, real-
time molecular monitoring in lab-on-a-chip devices. Lab Chip. 
2023;23:1339–48.

 23. Vargas E, Zhang F, Ben Hassine A, Ruiz-Valdepeñas Montiel V, 
Mundaca-Uribe R, Nandhakumar P, He P, Guo Z, Zhou Z, Fang 
RH, Gao W, Zhang L, Wang J. Using cell membranes as recogni-
tion layers to construct ultrasensitive and selective bioelectronic 
affinity sensors. J Am Chem Soc. 2022;144:17700–8.

 24. Garranzo-Asensio M, Guzmán-Aránguez A, Povedano E, 
Ruiz-Valdepeñas Montiel V, Poves C, Fernandez-Aceñero MJ, 
Montero-Calle A, Solís-Fernández G, Fernandez-Diez S, Camps 
J, Arenas M, Rodríguez-Tomàs E, Joven J, Sanchez-Martinez M, 
Rodriguez N, Dominguez G, Yáñez-Sedeño P, Pingarrón JM, 
Campuzano S, Barderas R. Multiplexed monitoring of a novel 
autoantibody diagnostic signature of colorectal cancer using 
HaloTag technology-based electrochemical immunosensing plat-
form. Theranostics. 2020;10(7):3022–34.

 25. Montero-Calle A, Aranguren-Abeigon I, Garranzo-Asensio M, 
Poves C, Fernández-Aceñero MJ, Martínez-Useros J, Sanz R, 
Dziaková J, Rodriguez-Cobos J, Solís-Fernández G, Povedano E, 
Gamella M, Torrente-Rodríguez RM, Alonso-Navarro M, de los 
Ríos V, Casal JI, Domínguez G, Guzman-Aranguez A, Peláez-
García A, Pingarrón JM, Campuzano S, Barderas R. Multiplexed 
biosensing diagnostic platforms detecting autoantibodies to 
tumor-associated antigens from exosomes released by CRC cells 
and tissue samples showed high diagnostic ability for colorectal 
cancer. Engineering. 2021;7:1393–412.

 26. Montero-Calle A, Garranzo-Asensio M, Torrente-Rodríguez RM, 
Ruiz-ValdepeñasMontiel V, Poves C, Dziakova J, Sanz R, Diaz 
del Arco C, Pingarrón JM, Fernández-Aceñero MJ, Campuzano 
S, Barderas R. p53 and p63 proteoforms derived from alternative 
splicing possess differential seroreactivity in colorectal cancer 
with distinctive diagnostic ability than the canonical proteins. 
Cancers. 2023;15:2102. https:// doi. org/ 10. 3390/ cance rs150 72102.

 27. Valverde A, Montero-Calle A, Arevalo B, San Segundo-Acosta P, 
Serafin V, Alonso-Navarro M, Solis-Fernandez G, Pingarron JM, 
Campuzano S, Barderas R. Phage-derived and aberrant HaloTag 
peptides immobilized on magnetic microbeads for amperometric 
biosensing of serum autoantibodies and Alzheimer’s disease diag-
nosis. Anal Sens. 2021;1:161–5.

 28. Torrente-Rodríguez RM, Montero-Calle A, San Bartolomé C, 
Cano O, Vázquez M, Iglesias-Caballero M, Corral-Lugo A, 
McConnell MJ, Pascal M, Mas V, Pingarrón JM, Barderas R, 
Campuzano S. Towards control and oversight of SARS-CoV-2 
diagnosis and monitoring through multiplexed quantitative elec-
troanalytical immune response biosensors. Angew Chem Int Ed. 
2022;61:e202203662. https:// doi. org/ 10. 1002/ anie. 20220 3662.

 29. Li H, Dauphin-Ducharme P, Arroyo-Currás N, Tran CH, Vieira 
PA, Li S, Shin C, Somerson J, Kippin TE, Plaxco KW. A Biomi-
metic phosphatidylcholine-terminated monolayer greatly improves 
the in vivo performance of electrochemical aptamer-based sen-
sors. Angew Chem Int Ed. 2017;56:7492–5.

 30. Arroyo-Currás N, Somerson J, Vieira PA, Ploense KL, Kippin TE, 
Plaxco KW. Real-time measurement of small molecules directly 
in awake, ambulatory animals. PNAS. 2017;114:645–50.

 31. Dauphin-Ducharme P, Yang K, Arroyo-Currás N, Ploense KL, 
Zhang Y, Gerson J, Kurnik M, Kippin TE, Stojanovic MN, Plaxco 
KW. Electrochemical aptamer-based sensors for improved thera-
peutic drug monitoring and high-precision, feedback-controlled 
drug delivery. ACS Sens. 2019;4:2832–7.

 32. Idili A, Arroyo-Currás N, Ploense KL, Csordas AT, Kuwahara 
M, Kippin TE, Plaxco KW. Seconds-resolved pharmacokinetic 

measurements of the chemotherapeutic irinotecan in situ in the 
living body. Chem Sci. 2019;10:8164. https:// doi. org/ 10. 1039/ 
c9sc0 1495k.

 33. Wu Y, Tehrani F, Teymourian H, Mack J, Shaver A, Reynoso 
M, Kavner J, Huang N, Furmidge A, Duvvuri A, Nie Y, Laffel 
LM, Doyle FJ III, Patti M-E, Dassau E, Wang J, Arroyo-Currás 
N. Microneedle aptamer-based sensors for continuous, real-time 
therapeutic drug monitoring. Anal Chem. 2022;94:8335–45.

 34. Chamorro-Garcia A, Gerson J, Flatebo C, Fetter L, Downs AM, 
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