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Abstract

Precision nutrition is an emerging approach that tailors dietary recommendations based
on an individual’s unique genetic, metabolic, microbiome, and lifestyle factors. β-
hydroxybutyrate (β-HB) is a key ketone body produced during fat metabolism, especially
in states of fasting, low-carbohydrate intake, or prolonged exercise. Therefore, monitoring
β-HB levels provides valuable insights into an individual’s metabolic state, making it an
essential biomarker for precision and personalized nutrition. A smartphone-connected
electrochemical biosensor for single-use, rapid, low-cost, accurate, and selective detection
of β-HB in whole blood and saliva at the Point-of-Care (POC) is reported. A graphite
screen-printed carbon electrode modified with potassium ferricyanide (Fe(III)GSPE) was
used as an electrode platform for the deposition of β-hydroxybutyrate dehydrogenase
(HBDH), nicotinamide adenine dinucleotide oxidized form (NAD+), and chitosan nanopar-
ticles (ChitNPs). An outer poly(vinyl) chloride (PVC) diffusion-limiting membrane was
used to protect the modified electrode. The biosensor showed a linear range in the clini-
cally relevant range, between 0.4 and 8 mM, with a detection limit (LOD) of 0.1 mM. The
biosensor was tested on human blood and saliva samples, and the results were compared
to those obtained with a commercial ketone meter, showing excellent agreement.

Keywords: β-hydroxybutyrate; chitosan nanoparticles; ferricyanide carbon screen printed
electrode; smartphone connected biosensor; precision nutrition

1. Introduction
β-hydroxybutyrate (β-HB) is one of the main endogenous circulating ketone bodies

(KBs), and under normal conditions its blood levels are <0.6 mM. During nutritional ketosis,
its plasma levels range between 0.6 and 1.5 mM, whereas they are usually between 1.5 and
3 mM in hyperketonemia and above 3 mM under diabetic ketoacidosis (DKA) [1]. A ketosis
state is observed in conditions of intense physical exercise, vomiting, or fasting and in type
1 diabetes mellitus patients with insulin deficiency [2]. β-HB is the primary form of KBs
present in blood during the onset of ketosis and DKA. Therefore, accurate detection of b-HB
levels in biological samples is very important for early diagnosis of diabetes and ketonemia.
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Moreover, for individuals following ketogenic or low-carb diets, tracking b-HB levels
ensures optimal ketosis, preventing metabolic imbalances. Various methods have been
developed to detect β-HB concentrations in blood [3], urine (via acetoacetate estimation) [4],
and breath (via acetone detection) [5]. Spectrophotometry, chemiluminescence [6], gas
chromatography–mass spectrometry (GC-MS) [7,8], and liquid chromatography–tandem
mass spectrometry (LC–MS/MS) [9] have been largely reported in the literature. How-
ever, these methods are time-consuming and require special apparatuses, making them
unsuitable for point-of-care (POC) detection.

Electrochemical biosensors may overcome these issues. Most of them reported in the lit-
erature for β-HB detection use HBDH (β-hydroxybutyrate dehydrogenase) enzyme involving
the NAD+/NADH (nicotinamide adenine dinucleotide, oxidized and reduced forms) system,
leading to the production of the electroactive detectable NADH. The inherent problems related
to large overvoltage for the electrochemical oxidation of NADH at conventional solid elec-
trodes have been minimized using different electrode materials [10]. However, the biosensors
reported in the literature based on direct NADH detection led to electrode fouling, due to the
adsorption of the NAD+ dimer reaction products, causing problems of low reusability and
low stability of the biosensor. Therefore, most biosensors for β-HB detection reported in the
literature are “second-generation” biosensors, based on the use of a redox mediator, which
regenerates the enzymatically active NAD+ and is re-oxidized at the electrode surface at a
suitable potential, where contributions of oxidizable blood and saliva constituents, such as
ascorbic acid, uric acid, glucose, and oxygen, are avoided [11–16].

Another critical issue to be considered in the construction of the HBDH-based electro-
chemical platform is the efficient and stable confinement of NAD+/HBDH on the modified
electrode surface. Some authors used CNTs [17], others use one or two layers of chitosan
polymer [18–20] to facilitate the robust immobilization of HBDH/NAD+ biomolecules
through the formation of covalent bonds. Therefore, most recent biosensors are fabricated
through a complex process, where several layers are sequentially deposited on the electrode
surface in order to optimize the anchoring of the mediator, cofactor, and enzyme, thus
increasing the complexity of the system and costs, with a possible sensitivity loss over time.

This study aims to design a simple, one-layer, low-cost electrochemical biosensor
for sensitive and selective detection of β-HB by using a portable potentiostat directly
connected to a smartphone for POC signal reading. The main target of this work is to realize
an extremely simple electrochemical platform by a single drop-casting step of a mixture
of HBDH/NAD+/ChitNPs on a commercial Fe(III)GSPE. An outer PVC membrane was
added as a protective and diffusion-limiting layer. The developed biosensor allowed the
single-use detection of β-HB on both human blood and saliva samples, thus demonstrating
the potential to fulfill the needs of a health precision nutrition and to move in the direction
of the development of personalized medicine [21].

2. Materials and Methods
2.1. Reagents

The enzyme 3-hydroxybutyrate dehydrogenase (HBDH), at ~3 units/mg protein,
from Rhodobacter sphaeroides was supplied by Roche. 3-hydroxybutyric acid (3-HB, 95%),
free acid (NAD+), β-nicotinamide adenine dinucleotide, reduced disodium salt hydrate
(NADH), chitosan (Chit, low-molecular-weight deacetylated chitin), sodium tripolyphos-
phate (TPP, 85%), glacial acetic acid, potassium ferricyanide (III) (K3[Fe(CN)6], 99.0%),
potassium ferrocyanide (II) (K4[Fe(CN)6], 98.5–102.0%), poly(vinyl) chloride (PVC), tetrahy-
drofurane (THF), and a b-HB assay kit (MAK540-1KT) were obtained from Merck (Milan,
Italy). A BHB ELISA kit was purchased from Abbexa Ltd. (Cambridge, UK). All solutions
were prepared in 0.1 M TRIS and 0.1 M KCl, at a pH of 7.5. High-purity deionized water
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(resistance: 18.2 MΩ cm at 25 ◦C; TOC < 10 µg L−1) (Millipore, Molsheim, France) was
used throughout all the experiments. ChitNPs were synthetized according to a method
described in our previous work [22].

UV-Visible spectra were recorded on a SpectraMax M2e spectrophotometer (Molecular
Devices, Wokingham, UK) with Polystyrene Macro Cuvettes (capacity 4 mL, FisherbrandTM

Fisher Scientific Italia, Milan, Italy), operating at a resolution of 1 nm from 400 to 700 nm.
The reading was carried out at 450 nm and 37 ◦C. The data were successively analyzed
with the SoftMax Pro software 7.0.

2.2. Apparatus

Transmission electron microscopy (TEM) was performed on a JEOL 1200 EX2 (JEOL
USA, Peabody, MA, USA) operating with an acceleration voltage of 150 kV. The size of the
ChitNPs was determined using ImageJ software25 on at least 10 TEM images. Samples for
TEM examination were prepared by drop-casting 10 µL of ChitNP solution onto carbon-
coated copper grids (C200Cu, EMR Resolutions, Sheffield, UK), which left to dry for 24 h
and then stained with 2% phosphate tungsten acid.

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) measurements
were performed by a portable potentiostat (Sensit Smart potentiostat by PalmSens, Houten,
The Netherlands) directly connected to a smartphone. The software used is PSTrace5. The
experiments were carried out with a screen-printed electrode (SPE), consisting of a working
electrode (a potassium ferricyanide-modified graphite SPE (DRP-110FERRI, d = 4 mm,
Metrohm Italiana, Oreggio, Italy) (Fe(III)GSPE)), a silver pseudo-reference electrode, and a
carbon rod auxiliary electrode. The ketone meter was a Wellion Galileo GLU/KET blood
glucose and ketone meter, including strips.

2.3. Biosensor Fabrication

In total, 5 µL of a mixed solution of 10 mM NAD+, HBDH (15 U/mL in 0.1 M PBS,
pH 7.5), and ChitNPs (1 mg mL−1) was drop-casted onto the Fe(III)GSPE and left to dry
overnight at 4 ◦C. Then, 1 µL of PVC of a 2% THF solution was drop-casted and left to dry
at RT. Figure 1 shows a schematic representation of the modified electrode.

Figure 1. Schematic representation of the biosensor: electrode platform, mechanism, and use.
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2.4. Real Samples Analysis

One fingertip whole-blood droplet (∼=10 µL), pricked with a one-shot medical needle,
from three volunteers each was directly drop-casted onto the electrode surface or onto
the ketone meter strip for DPV measurements and ketone meter reading, respectively.
Human saliva samples from the same volunteers were collected in 3 mL tubes. One droplet
(∼=10 µL) was directly drop-casted onto the electrode surface for DPV analysis.

Both blood and saliva samples were analyzed at room temperature (25 ◦C), immedi-
ately after collection.

3. Results and Discussion
3.1. TEM Characterization

TEM images revealed the amorphous nature of the ChitNPs, with a spherical form,
homogeneous size distribution, and crystalline structure without aggregates and clusters.
The average diameter turned to be 11.8 ± 3.8 nm (see Figure 2a). After the immobilization
of enzymes and NAD+, an increase in particles size was observed, with a diameter of
154.5 ± 16.9 nm (Figure 2b), remaining within the nanoscale. A similar behavior has been
already reported in the literature for ChitNPs and L-asparaginase [23].

Figure 2. TEM images (left) and size distribution (right) of ChitNPs (a) and ChitNPs/HBDH/NAD+ (b).

3.2. Electrochemical Characterization of the PVC/HBDH/NAD+/ChitNPs/Fe(III)GSPE Platform

Preliminary CV experiments were carried out with the Fe(III)GSPE electrode in the
absence and presence of 5 mM NADH in order to check the electrocatalytic activity of the
Fe(III)GSPE electrode towards NADH oxidation, due to electron shuttling from NADH by
the Fe(III) mediator to the electrode surface (Figure 3). An increase in the anodic current
with a slight reduction in the cathodic peak is observed after adding NADH, compared to
the bare Fe(III)GSPE electrode, indicating that the catalytic process is occurring (Figure 3,
inset). The oxidation peak corresponds to the oxidation of NADH at NAD+, due to
electron shuttling by the Fe(III) mediator from NADH to the electron surface. These results
demonstrate the catalytic ability of the Fe(III)GSPE electrode for NADH oxidation [24].
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Figure 3. CVs of Fe(III)GSPE obtained in the absence (black) and presence (red) of 5 mM NADH.
Inset: zoom in the range from −0.1 to 0.3 V. Experimental conditions: 0.1 M TRIS buffer and 0.1 M
KCl, at pH 7.5 and at a scan rate of 10 mV/s.

Next, CVs were recorded with the PVC/HBDH/NAD+/ChitNPs/Fe(III)GSPE biosen-
sor in absence and presence of 3.0 mM β-HB, in order to demonstrate that the enzymatically
generated NADH from the reaction between β-HB and NAD+, catalyzed by HBDH, effec-
tively reaches the underlying Fe(III)SPE and undergoes electrocatalytic oxidation (Figure 4).
It is releveant to note an increase in both the anodic and cathodic peak current after the
addition of β-HB, with a slight anodic shift in the peak potentials, indicating that the
enzyme is reacting with the analyte with the formation of NADH, which is then re-oxidized
by the Fe(III)mediator. Such behavior is a fundamental prerequisite for the successful
functioning of the β-HB biosensor. The shape of the voltammogram with the two peaks
(Figure 4) demonstrates that the steady-state conditions are not achieved, probably because
of a too low concentration of β-HB or due to the slow kinetics of the enzymatic system,
which do not assure the constancy of the NADH concentration on the electrode surface.

 
Figure 4. CVs of PVC/HBDH/NAD+/ChitNPs/Fe(III)GSPE biosensor in 0.1 M TRIS buffer, 0.1 M
KCl, and NAD+ = 10 mM in absence (dashed line) and in presence (solid line) of β-HB = 3mM.
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3.3. Effect of NAD+ and pH on Biosensor Current Response

In order to optimize the PVC/HBDH/NAD+/ChitNPs/Fe(III)GSPE biosensor re-
sponse, the effect of NAD+ concentration and pH solution were investigated. Figure 5a
shows the dependence of the current responses on the cofactor concentrations, when NAD+

was varied between 4 and 14 mM with a fixed amount of HBDH (15 U/mL) on the electrode
surface, with β-HB added to the solution (3 mM). The optimal NAD+ concentration turned
to be 10 mM. The NAD+ concentration cannot be too low to ensure that it would not be
the rate-limiting factor in the enzymatic reaction between β-HB and NAD+, which would
determine a current decrease in the biosensor response. On the other hand, excess NAD+

would increase the cost of the biosensor. Therefore, a concentration of 10 mM NAD+ was
used in further experiments.
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Figure 5. Effect of the concentration on current response of NAD+ (a) in 0.1 M TRIS buffer and
0.1 M KCl, at pH 7.5, with β-HB = 3 mM, and pH (b) in 0.1 M TRIS buffer and 0.1 M KCl, with
NAD+ = 10 mM and β-HB = 3 mM.

The effect of pH was studied in the range 4.0–9.0. The results are shown in Figure 5b, with
an optimum pH response obtained at pH 7.5 in TRIS buffer, close to physiological conditions.

3.4. Detection of β-HB with PVC/HBDH/NAD+/ChitNPs/Fe(III)GSPE Biosensor

Figure 6 shows the calibration curve and the DPV responses (inset) obtained with the
biosensor at increasing β-HB concentrations. The calibration plot (black curve) exhibits a
good linear relation (y = 9.64x + 10.47, where y represents the current in µA, and x is the con-
centration of the β-HB solution in mM) in an extended linear range between 0.4 and 8 mM,
with a correlation coefficient of 0.992. The current reaches saturation above 10 mM. The
detection limit (LOD) is estimated to be 0.1 mM, estimated on the 3 Sd/m criteria, where
Sd represents the standard deviation of the background signal and m the slope of the cali-
bration plot, with the sensitivity amounting to 0.79 µA cm−2 mM−1. Figure 6 (red curve)
shows the calibration curve obtained with a similar biosensor constructed by using pristine
chitosan (Chit) instead of ChitNPs, showing lower sensitivity (0.66 µA cm−2 mM−1). By
introducing ChitNPs instead of pristine Chit onto the modified electrode, an enhanced
response for β-HB was observed. Chitosan material, largely employed to enhance sen-
sor’s sensitivity, converted to a nano size, definitely assists in improving properties. The
HBDH/NAD+, immobilized into the porous structure of the ChitNPs through adsorption,
may enable close proximity between sensing components, which promotes faster electron
transfer from β-HB to the electrode surface [19].
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Figure 6. Calibration curve of the β-HB biosensor with ChitNPs (black curve) and pristine Chit (red
curve). Inset: DPV curves of ChitNP-based biosensor.

The apparent Michaelis–Menten constant for the PVC/HBDH/NAD+/ChitNPs/
Fe(III)GSPE biosensor was calculated to be 5.8 mM from the Lineweaver–Burk equa-
tion, showing the high affinity of HBDH, immobilized with NAD+ and ChitNPs, for the
substrate β-HB, thus attesting to the high biocompatibility of the electrochemical plat-
form. The KM value obtained is in agreement with the values reported in the literature for
similar systems [15].

Table 1 shows a comparison with all other biosensors for β-HB detection reported in
the literature. It can be easily noted that the proposed biosensor offers a combination of the
most extended linear range/lower detection limit, which is of extreme importance for its
potential application in clinical settings, where the linear range must be sufficiently large
and within the clinically relevant range of the analyte, maintaining, at the same time, a low
LOD and a good sensitivity.

Table 1. Comparison of biosensor performances with other recent β-HB biosensors reported in the
literature.

Electrode Platform Electrochemical
Signal

Sensing
Modalities

Linear
Range (mM) LOD (µM) Test Samples Ref.

Iridium–carbon
ink/HBDH/NAD+/BSA NADH oxidation Amperometry 0–10 - Bovine serum [25]

CarbonSPE/K3[Fe(CN)6]/
HBDH/NAD+ Mediator oxidation Amperometry 0.01–5.28 14.41 Human blood

and serum [12]

Graphene
nanosheets/CarbonSPE/

ferro-ferricyanide/
HBDH/NAD+/glycerol

Ferrocyanide
oxidation CV 0.00001–0.1

0.25–3.0 0.0002 Spiked bovine
serum [26]

Carbon
SPE/RGO/thionine/

HBDH/NAD+
Thionine oxidation Amperometry 0.01–1 9 Spiked human

serum [14]

Carbon ink/Fe(III)-Fe(II)/
BHDH/NAD+ Fe(II) oxidation CA 0–4 - Human blood [13]

Au coated/carbon
SPE/TBO/HBDH/NAD+/

MWCNTs/Chit/PVC
TBO oxidation Amperometry 0.1–1

1–3 65 Human saliva [19]
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Table 1. Cont.

Electrode Platform Electrochemical
Signal

Sensing
Modalities

Linear
Range (mM) LOD (µM) Test Samples Ref.

Au/GA/BSA/
HBDH/NAD+ NADH oxidation CV 0.6–1 600 Human urine [4]

GSPE/Ru(II)/GO/
HBDH/NAD+ Ru(II) oxidation Amperometry 0.2–2.0 - Bovine serum [16]

Fe(III)GSPE/HBDH/NAD+/
ChitNPs/PVC Fe(II) oxidation DPV 0.4–8 0.2 Human blood

and saliva
this

work

TBO = toluidine blue; MWCNTs = multi-walled carbon nanotubes; Chit = chitosan; BSA = bovin serum albumin;
GA = glutaraldehyde; GO = graphene oxide; RGO = reduced graphene oxide; Ru(II) = ruthenium(II).

3.5. Reproducibility, Stability, and Selectivity

The reproducibility of our biosensor was calculated to be 2.3 and 4.8 % (n = 5), in terms
of the relative standard deviation (RSD) of the slopes and the intercept of the calibration
curves obtained with five (n = 5) different electrodes, modified in exactly the same way.
The RSD values obtained confirmed the good reproducibility of the proposed system.

Then, the stability of the β-HB biosensor was determined by testing the DPV responses
of the proposed biosensor, stored dry at 4 ◦C for 1 month and monitored at regular intervals
of 5 days. As a result, the biosensor was quite stable, maintaining >98% of its initial response
after 10 days and >90% after 1 month (Figure 7a). The excellent stability is probably due
to the bio-nanocomposite including ChitNPs, enzymes, and NAD+, which avoid enzyme
denaturation, allowing the maintenance of good catalytic properties.
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Figure 7. Stability (a) and selectivity (b) of the PVC/HBDH/NAD+/ChitNPs/Fe(III)GSPE biosensor.
AA = ascorbic acid; GLU = glucose; LAC = lactate; AP = acetaminophen; UA = uric acid; AC = acetone;
AcAc = acetoacetic acid.

Lastly, the selectivity of the proposed biosensor was assessed by studying the effects
of the most common interferent compounds present in blood and saliva. In particular,
DPV responses were recorded in a solution containing 500 µM of β-HB, ascorbic acid
(AA), glucose (GLU), lactate (LAC), acetaminophen (AP), uric acid (UA), acetone (AC), and
acetoacetic acid (AcAc). The results are reported in Figure 7b and show that the relative
responses obtained for all compounds tested were weak under the testing conditions. In
particular, the responses to ascorbic acid and uric acid, which are the interferents present in
higher amounts in biological samples, were only 2.5% and 5.6% when the β-HB response
was taken as 100%, attesting to the high selectivity of the biosensor.

Moreover, 500 µM of cholesterol and the amino-acids L-leucine, L-lysine, L-valine,
L-isoleucine, L-methionine, L-threonine, L-glutamine, and L-glutamate have been tested
and no significant current signal occurred, attesting no interference from these substances.
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The high selectivity of the biosensor is also assured by the PVC permselective outer
membrane deposited on top of the modified electrode [27].

3.6. Detection of β-HB in Human Blood and Saliva

The proposed biosensor was tested in the human capillary whole blood of three
volunteers, one following a normal diet and two following a very-low-calorie ketogenic
diet. The results are reported in Table 2, with a comparison with those obtained on the
same individuals with a commercial ketone meter [28] and a conventional ELISA reference
method. They showed excellent agreement with both methods (% difference ≤ 10%), with
slightly lower values recorded with the biosensor, as the red cells in capillary whole blood
may hinder the diffusion of β-HB onto the electrode surface, thus lowering the current
response. It is interesting to note that the standard deviation values obtained with our
biosensor are lower than those obtained with the commercial ketone meter (Table 2) [29].

Table 2. Comparison of β-HB detection with the proposed biosensor in whole blood and saliva with
a commercial ketone meter and a conventional ELISA reference method.

Human
Sample

Human Blood and Saliva b-HB Concentration (mM)

Biosensor *
(Blood)

Ketone Meter *
(Blood)

Biosensor *
(Saliva)

ELISA
(Blood)

ELISA
(Saliva)

1 0.2 ± 0.1 0.2 ± 0.2 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1

2 1.1 ± 0.2 1.2 ± 0.3 1.0 ± 0.2 1.1 ± 0.2 0.9 ± 0.1

3 1.6 ± 0.2 1.7 ± 0.3 1.5 ± 0.2 1.7 ± 0.2 1.4 ± 0.2

* Every test for each patient was repeated 3 times (N = 3). The value reported in Table 2 is the average value.

The biosensor also allowed the non-invasive detection of β-HB in human saliva
(Figure 8, Table 2), where β-HB concentration is known to be slightly lower but with
similar temporal trends [19]. A small anodic shift in peak potential is registered for saliva
(Figure 8, blue curve) and blood (Figure 8, red curve) samples, compared to PBS (Figure 8,
black curve). In this case, the results obtained with the biosensor were compared only
to those obtained with the ELISA test (Table 2), showing good agreement between the
two methods (RSD% values < 12), indicating a satisfactory accuracy, thus suggesting the
possible use of the proposed biosensor in the assay of β-HB in both human capillary blood
and saliva samples.
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Figure 8. DPV curves of 1 mM β-HB (black curve), human sample 2 saliva (blue curve), and human
sample 2 blood (red curve).
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4. Conclusions
A disposable PVC/HBDH/NAD+/ChitNPs/Fe(III)GSPE biosensor was demonstrated

to successfully work for POC β-HB detection in both human blood and saliva. It shows
favorable analytical features, including an extended linear range in the clinically relevant
β-HB range, high sensitivity, good reproducibility, and good stability, which, together with
its ease of use and short response time (20 s), make the proposed biosensor a suitable
device for β-HB measurements that can be easily used by both patients and health care
professionals. The low cost of preparation of the biosensor is another key aspect of this
device. The cost of a single screen-printed electrode after the proposed modification is
calculated to be < 3 EUR, cheaper than the cost of a single strip used for measurements
with the commercial ketone meter employed in this study (. . .. . .EUR). Moreover, the smart
phone-connected biosensor allows patients to upload and store the data, essential for tight
nutrition tracking, thus enabling the nutritionist to customize a personalized, effective,
and sustainable diet, which is the main goal of a precision nutrition approach. Lastly, the
biosensor has also been successfully tested for β-HB detection in saliva, allowing safe and
non-invasive testing compared to the discomfort of finger pricks in blood analysis.

Author Contributions: Conceptualization: R.A. and M.C.; data curation: C.T.; formal analysis: C.T.;
funding acquisition: M.C., R.A. and A.L.; methodology: C.T.; supervision: R.A.; validation: M.C.;
writing—original draft: R.A.; writing—review and editing: R.A. and D.G. All authors have read and
agreed to the published version of the manuscript.

Funding: The work was supported by PRIN 2022-202285HFZY.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and the protocol was approved by the Ethics Committee of PRIN2022 prot. 202285HFZY
on 31 March 2022.

Informed Consent Statement: Written informed consent was obtained from the participants to
publish this paper.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Wallace, T.M.; Matthews, D.R. Recent advances in the monitoring and management of diabetic ketoacidosis. QJM Int. J. Med.

2004, 97, 773–780. [CrossRef] [PubMed]
2. Laffel, L. Ketone bodies: A review of physiology, pathophysiology and application of monitoring to diabetes. Diabetes Metab. Res.

Rev. 1999, 15, 412–426. [CrossRef]
3. Sempionatto, J.R.; Montiel, V.R.V.; Vargas, E.; Teymourian, H.; Wang, J. Wearable and mobile sensors for personalized nutrition.

ACS Sens. 2021, 6, 1745–1760. [CrossRef] [PubMed]
4. Go, A.; Park, S.R.; Ku, Y.; Sun, M.; Yeon, S.; Lee, J.-K.; Lee, S.W.; Lee, M.-H. Highly sensitive electrochemical sensor for diagnosis

of diabetic ketoacidosis (DKA) by measuring ketone bodies in urine. Sensors 2021, 21, 4902. [CrossRef]
5. Del Caño, R.; Saha, T.; Moonla, C.; De la Paz, E.; Wang, J. Ketone bodies detection: Wearable and mobile sensors for personalized

medicine and nutrition. TrAC Trends Anal. Chem. 2023, 159, 116938. [CrossRef]
6. Tabata, M.; Totani, M. A chemiluminescence-flow injection analysis of serum 3-hydroxybutyrate using a bioreactor consisting of

3-hydroxybutyrate dehydrogenase and NADH oxidase. Anal. Biochem. 1995, 229, 133–138. [CrossRef]
7. Kimura, M.; Kobayashi, K.; Matsuoka, A.; Hayashi, K.; Kimura, Y. Head-space gas-chromatographic determination of

3-hydroxybutyrate in plasma after enzymic reactions, and the relationship among the three ketone bodies. Clin. Chem. 1985, 31,
596–598. [CrossRef]

8. Avogaro, A.; Bier, D.M. Contribution of 3-hydroxyisobutyrate to the measurement of 3-hydroxybutyrate in human plasma:
Comparison of enzymatic and gas-liquid chromatography–mass spectrometry assays in normal and in diabetic subjects. J. Lipid
Res. 1989, 30, 1811–1817. [CrossRef]

https://doi.org/10.1093/qjmed/hch132
https://www.ncbi.nlm.nih.gov/pubmed/15569808
https://doi.org/10.1002/(SICI)1520-7560(199911/12)15:6%3C412::AID-DMRR72%3E3.0.CO;2-8
https://doi.org/10.1021/acssensors.1c00553
https://www.ncbi.nlm.nih.gov/pubmed/34008960
https://doi.org/10.3390/s21144902
https://doi.org/10.1016/j.trac.2023.116938
https://doi.org/10.1006/abio.1995.1389
https://doi.org/10.1093/clinchem/31.4.596
https://doi.org/10.1016/S0022-2275(20)38227-4


Sensors 2025, 25, 4336 11 of 11

9. Sørensen, L.K.; Rittig, N.F.; Holmquist, E.F.; Jørgensen, K.A.; Jørgensen, J.O.L.; Møller, N.; Johannsen, M. Simultaneous
determination of beta-hydroxybutyrate and β-hydroxy-β-methylbutyrate in human whole blood using hydrophilic interaction
liquid chromatography electrospray tandem mass spectrometry. Clin. Biochem. 2013, 46, 1877–1883. [CrossRef]

10. Khorsand, F.; Darziani Azizi, M.; Naeemy, A.; Larijani, B.; Omidfar, K. An electrochemical biosensor for 3-hydroxybutyrate
detection based on screen-printed electrode modified by coenzyme functionalized carbon nanotubes. Mol. Biol. Rep. 2013, 40,
2327–2334. [CrossRef]

11. Forrow, N.J.; Sanghera, G.S.; Walters, S.J.; Watkin, J.L. Development of a commercial amperometric biosensor electrode for the
ketone D-3-hydroxybutyrate. Biosens. Bioelectron. 2005, 20, 1617–1625. [CrossRef] [PubMed]

12. Li, G.; Ma, N.Z.; Wang, Y. A new handheld biosensor for monitoring blood ketones. Sens. Actuators B Chem. 2005, 109,
285–290. [CrossRef]

13. Guo, J. Smartphone-powered electrochemical dongle for point-of-care monitoring of blood β-ketone. Anal. Chem. 2017, 89,
8609–8613. [CrossRef] [PubMed]

14. Martínez-García, G.; Pérez-Julián, E.; Agüí, L.; Cabré, N.; Joven, J.; Yáñez-Sedeño, P.; Pingarrón, J.M. An electrochemical enzyme
biosensor for 3-hydroxybutyrate detection using screen-printed electrodes modified by reduced graphene oxide and thionine.
Biosensors 2017, 7, 50. [CrossRef]

15. Shimomura, T.; Sumiya, T.; Ono, M.; Ito, T.; Hanaoka, T.A. A novel, disposable, screen-printed amperometric biosensor for ketone
3-β-hydroxybutyrate fabricated using a 3-β-hydroxybutyrate dehydrogenase-mesoporous silica conjugate. Anal. Bioanal. Chem.
2013, 405, 297–305. [CrossRef]

16. Veerapandian, M.; Hunter, R.; Neethirajan, S. Ruthenium dye sensitized graphene oxide electrode for on-farm rapid detection of
beta-hydroxybutyrate. Sens. Actuators B Chem. 2016, 228, 180–184. [CrossRef]

17. Moonla, C.; Reynoso, M.; Casanova, A.; Chang, A.Y.; Djassemi, O.; Balaje, A.; Abbas, A.; Li, Z.; Mahato, K.; Wang, J. Continuous
ketone monitoring via wearable microneedle patch platform. ACS Sens. 2024, 9, 1004–1013. [CrossRef]

18. Zhang, X.; Xia, Y.; Liu, Y.; Mugo, S.M.; Zhang, Q. Integrated wearable sensors for sensing physiological pressure signals and
β-hydroxybutyrate in physiological fluids. Anal. Chem. 2022, 94, 993–1002. [CrossRef]

19. Moonla, C.; Del Caño, R.; Sakdaphetsiri, K.; Saha, T.; De la Paz, E.; Düsterloh, A.; Wang, J. Disposable screen-printed electrochemi-
cal sensing strips for rapid decentralized measurements of salivary ketone bodies: Towards therapeutic and wellness applications.
Biosens. Bioelectron. 2023, 220, 114842. [CrossRef]

20. Teymourian, H.; Moonla, C.; Tehrani, F.; Vargas, E.; Aghavali, R.; Barfidokht, A.; Tangkuaram, T.; Mercier, P.P.; Dassau, E.; Wang,
J. Microneedle-based detection of ketone bodies along with glucose and lactate: Toward real-time continuous interstitial fluid
monitoring of diabetic ketosis and ketoacidosis. Anal. Chem. 2020, 92, 2291–2300. [CrossRef]

21. Moore, J.B. From personalized nutrition to precision medicine: The rise of consumer genomics and digital health. Proc. Nutr. Soc.
2020, 79, 300–310. [CrossRef] [PubMed]

22. Gigli, V.; Tortolini, C.; Capecchi, E.; Angeloni, A.; Lenzi, A.; Antiochia, R. Novel amperometric biosensor based on tyrosi-
nase/chitosan nanoparticles for sensitive and interference-free detection of total catecholamine. Biosensors 2022, 12, 519.
[CrossRef] [PubMed]

23. Baluchi, A.; Homaei, A. Immobilization of L-asparaginase on chitosan nanoparticles for the purpose of long-term application. Int.
J. Biol. Macromol. 2024, 257, 128655. [CrossRef] [PubMed]

24. Otero, F.; Mandal, T.; Leech, D.; Magner, E. An electrochemical NADH biosensor based on a nanoporous gold electrode modified
with diaphorase and an osmium polymer. Sens. Actuators Rep. 2022, 4, 100117. [CrossRef]

25. Fang, L.; Wang, S.-H.; Liu, C.-C. An electrochemical biosensor of the ketone 3-β-hydroxybutyrate for potential diabetic patient
management. Sens. Actuators B Chem. 2008, 129, 818–825. [CrossRef]

26. Chick, S.; Kachouei, M.A.; Knowlton, K.; Ali, M.A. Functionalized graphene-based biosensors for early detection of subclinical
ketosis in dairy cows. ACS Appl. Mater. Interfaces 2024, 16, 51932–51943. [CrossRef]

27. Christie, I.M.; Treloar, P.H.; Vadgama, P. Plasticized poly(vinyl chloride) as a permselective barrier membrane for high-selectivity
amperometric sensors and biosensors. Anal. Chim. Acta 1992, 269, 65–73. [CrossRef]

28. Weissenbacher, S.; Yang, C.-Y.; Kuan, T.-C.; Demircik, F.; Hanna, M.; Pfützner, A. System accuracy assessments with a blood
glucose meter with combined glucose and β-hydroxybutyrate measurement capabilities. Expert Rev. Mol. Diagn. 2019, 19,
1043–1048. [CrossRef]

29. Moore, A.R.; Holland-Winkler, A.M.; Ansley, J.K.; Boone, E.D.H.; Schulte, M.K.O.R. Reliability and diagnostic performance of a
new blood ketone and glucose meter in humans. Sports Nutr. Rev. J. 2021, 18, 6. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.clinbiochem.2013.08.011
https://doi.org/10.1007/s11033-012-2314-4
https://doi.org/10.1016/j.bios.2004.07.009
https://www.ncbi.nlm.nih.gov/pubmed/15626617
https://doi.org/10.1016/j.snb.2004.12.060
https://doi.org/10.1021/acs.analchem.7b02531
https://www.ncbi.nlm.nih.gov/pubmed/28825471
https://doi.org/10.3390/bios7040050
https://doi.org/10.1007/s00216-012-6494-5
https://doi.org/10.1016/j.snb.2016.01.028
https://doi.org/10.1021/acssensors.3c02677
https://doi.org/10.1021/acs.analchem.1c03884
https://doi.org/10.1016/j.bios.2022.114891
https://doi.org/10.1021/acs.analchem.9b05109
https://doi.org/10.1017/S0029665120006977
https://www.ncbi.nlm.nih.gov/pubmed/32468984
https://doi.org/10.3390/bios12070519
https://www.ncbi.nlm.nih.gov/pubmed/35884322
https://doi.org/10.1016/j.ijbiomac.2023.128655
https://www.ncbi.nlm.nih.gov/pubmed/38065449
https://doi.org/10.1016/j.snr.2022.100117
https://doi.org/10.1016/j.snb.2007.09.066
https://doi.org/10.1021/acsami.4c07715
https://doi.org/10.1016/0003-2670(92)85134-R
https://doi.org/10.1080/14737159.2019.1662300
https://doi.org/10.1186/s12970-020-00404-2

	Introduction 
	Materials and Methods 
	Reagents 
	Apparatus 
	Biosensor Fabrication 
	Real Samples Analysis 

	Results and Discussion 
	TEM Characterization 
	Electrochemical Characterization of the PVC/HBDH/NAD+/ChitNPs/Fe(III)GSPE Platform 
	Effect of NAD+ and pH on Biosensor Current Response 
	Detection of -HB with PVC/HBDH/NAD+/ChitNPs/Fe(III)GSPE Biosensor 
	Reproducibility, Stability, and Selectivity 
	Detection of -HB in Human Blood and Saliva 

	Conclusions 
	References

