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A B S T R A C T   

Combating the ongoing COVID-19 pandemic has put the spotlight on nutritional support of the immune system 
through consumption of vitamins C and D. Accordingly, there are urgent demands for an effective on-the-spot 
multi-vitamin self-testing platform that monitors the levels of these immune-supporting micronutrients for 
guiding precision nutrition recommendations. Herein, we present a compact bioelectronic dual sensor chip 
aimed at frequent on-the-spot simultaneous monitoring of the salivary vitamin C and D dynamics. The new 
bioelectronic chip combines a new electrocatalytic vitamin C amperometric assay along with competitive 
vitamin D immunoassay on neighboring electrodes, to perform selective and cross-talk free detection of both 
vitamins in a 10-μL saliva sample within 25 min. The distinct vitamin C or D temporal profiles obtained for 
different individuals after vitamin supplementation indicate the potential of the new bioelectronic chip strategy 
for enhancing personalized nutrition towards guiding dietary interventions to meet individual nutrition needs 
and promote immune system health.   

1. Introduction 

Major organizations, such as the Academy of Nutrition and Dietetics 
and the American Nutrition Association, have recognized the impor
tance of personalized nutrition to support physical, mental, and 
emotional resilience, as well as the need for further research to better 
understand the impact of individual variability on the development of 
possible personalized approaches toward improved public health and 
wellness (Bush et al., 2020; Rozga et al., 2020). Personalized (or preci
sion) nutrition, which aims at the assessment of individual nutritional 
status regarding intake or metabolism of dietary constituents, requires 
tight nutrition-related biomarker monitoring in body fluids. Such 
monitoring is essential to get direct feedback and guidance for sup
porting dietary behavior change (Picó et al., 2019). Precision nutrition 
can be used to tailor nutrient intake based on the individual metabolic 
system to ensure a balanced diet, and to prevent diseases (Ates et al., 
2021; Micha et al., 2017; Picó et al., 2019). With the increasing 
emphasis on precision nutrition there are growing demands for rapid 
reliable low-cost home self-testing to guide dietary and behavioral 

changes (Semptionato et al., 2021; Yu et al., 2020). In this sense, elec
trochemical sensors play the leading role in transferring biosensing ap
proaches to portable meters for tracking nutrition in decentralized 
settings, reflecting their distinct advantages such as speed, inherent 
miniaturization, scalable fabrication, low cost and low power re
quirements (Semptionato et al., 2021). The rapid data acquisition 
associated with such frequent nutrition measurements can be coupled 
with advanced analytical tools, such as machine learning, and related 
simulations to support timely predictions necessary to implement pre
cision nutrition (Verma et al., 2018). The absence of effective drug 
treatments and limited access to vaccines for the ongoing crisis of the 
COVID-19 pandemic have further emphasized the need for 
well-balanced nutrition to support the immune system for ensuring 
protection against harmful substances and pathogens, while reducing 
the risk of chronic or infectious diseases (Ayseli et al., 2020; Calder et al., 
2020; Chowdhury et al., 2020; Gombart et al., 2020; Iddir et al., 2020; 
Im et al., 2020; Jayawardena et al., 2020). In this regard, the intake of 
vitamins C (VC) and D (VD) has been particularly encouraged, since 
their benefits have been closely associated with the improvement of 
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antioxidant status, limitation of oxidative stress, regulation of immune 
functions, and reduction of viral replication (Aranow, 2011; Beard et al., 
2011; Carr and Maggini, 2017; Im et al., 2020; Maggini et al., 2017; 
Padayatty et al., 2003). In fact, there is a growing literature associating 
low body levels of VC and VD with relative immune deficit, higher risk of 
infection, and unfavorable outcomes during viral infections (Arvinte 
et al., 2020; Meltzer et al., 2020; Name et al., 2020; Patterson et al., 
2021; Rondanelli et al., 2018). Accordingly, acute supplementation of 
these micronutrients to high-risk patients or those diagnosed with 
COVID-19 has been used as medical approach to boost the immune 
defense (Abobaker et al., 2020; Ebadi and Montano-Loza, 2020; Hoang 
et al., 2020; Murdaca et al., 2020). VC is the most common vitamin 
associated with prevention and alleviation of viral infections (Padayatty 
et al., 2003). It can reduce the inflammatory mediator cascade man
ifested during COVID-19 infection (Feyaerts and Luyten, 2020). VD has 
received tremendous recent attention and has been established as a key 
player in the function of the immune system by improving the physical 
barrier against viruses and stimulating the production of antimicrobial 
peptides (Bae and Kim, 2020; Jolliffe et al., 2021; Rhodes et al., 2021). 
However, despite the substantial demands for vitamin-fortified products 
and supplements, there are only general dietary guidelines and medical 
recommendations for their proper and personal consumption. 

Considering the importance and need of maintaining balanced levels 
of VC and VD, in general, there are urgent demands for developing 
effective bioelectronic sensors for their rapid and reliable self- 
monitoring in decentralized settings. Recently, efforts related to 
decentralized multi-marker self-monitoring have led to the development 
of a dual-analyte biosensor platform for simultaneous detection of key 
diabetes biomarkers in undiluted body fluids (Vargas et al., 2019; Vargas 
et al., 2020). Several electrochemical and optical devices for individual 
measurements of VC or VD have been reported (see Table S1 in Sup
plementary Information), yet the challenge of single-device 

simultaneous VC-VD has not been addressed. Among the electro
chemical approaches, these include flexible wearable and point-of-care 
enzymatic amperometric sensors for dynamic changes of VC in sweat, 
tears, saliva, urine, or blood (Sempionatto et al., 2020; Zhao et al., 
2021). Similarly, electrochemical VD immunosensors were recently 
described based on electrodes modified with different nanomaterials 
(Carlucci et al., 2013; Chauhan et al., 2018; Chauhan et al., 2019; Kaur 
et al., 2020; Sarkar et al., 2018), with only one study involving an assay 
of body fluid (serum) (Kaur et al., 2020). The sophistication of trans
duction has limited the use of optical approaches for direct VD detection 
in biological fluids (Prante et al., 2019; Di Meo et al., 2020), with only 
few examples described smartphone-assisted optical approaches applied 
solely in diluted (Walter et al., 2020) or filtered serum samples (Lee 
et al., 2014). Therefore, the development of integrated bioelectronic 
devices for reliable and rapid decentralized multiplexed VC and VD 
assessment in body fluids remains an unmet challenge. A selective and 
reliable dual marker sensor system, capable of conveying timely infor
mation to the consumer or patient by concurrently monitoring both 
vitamins, is essential to address VC and VD deficiencies while optimizing 
nutrition care for preventing illness and improved recovery. Such 
simultaneous self-testing would benefit from the use of non-invasive 
biofluids, such as saliva, and provide convenience for the user. 

This paper reports the first disposable VC-VD bioelectronic sensor 
chip capable of fast on-the-spot simultaneous vitamin detection in a 10- 
μL saliva sample in less than 25 min. This VC-VD strip detection system 
was realized by integrating different (electrocatalytic and immuno
assay) detection principles on a single chip platform (Fig. 1). The 
rational chip design and optimized dual sensing protocol resulted in 
reliable and rapid simultaneous detection of VC and VD in a single saliva 
sample droplet, with no apparent cross-talks between the neighboring 
electrocatalytic and bioaffinity sensors. This novel dual sensing 
approach combines in a single device and protocol the simultaneous 

Fig. 1. The concept of VC-VD Dual Chip 
for personalized nutrition monitoring. A) 
Images of the lab made sputtered chip con
sisting of two Au-sputtered electrodes, 
employed as working electrodes (WE), and 
an Ag/AgCl electrode acting as a joint 
reference/counter (RE/CE), along with the 
digital monitoring. B) Schematic diagram of 
the localized VC and VD detection on a sin
gle sensor chip, showing the immobilized 
TTF and anti-VD antibody for direct 
competitive immunoassay allowing selective 
VC and VD detection, respectively. C) Anal
ysis protocol: VC is first measured (+0.1 V, 
60 s), followed by 20 min incubation of the 
sample supplemented with the HRP-labeled 
VD and electrochemical detection by chro
noamperometry (− 0.1 V, 2.5 min) using the 
H2O2/HRP/TMB redox probe. D) The con
ceptual idea of interindividual variability in 
responding to VC and VD micronutrients 
administration: distinct VC and VD temporal 
variation profiles for two different subjects 
(i, ii).   
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detection of both vitamins, simplifying dramatically the operation and 
instrumentation involved in existing individual VC and VD assays. 
Ascorbic acid (VC) and 25-Hydroxyvitamin D3 (VD) were selected in 
this work as well-established markers to evaluate the dynamic profiles of 
these vitamins (Heureux, 2017). The main goal of this work focused on 
the successful monitoring of VC-VD physiological changes in undiluted 
saliva, in order to establish personalized temporal profiles after intake of 
dietary supplements. The distinct temporal profiles recorded for 
different subjects illustrate the interpersonal variability based on 
metabolism, background, and environmental exposure. By replacing 
existing lab-based blood vitamin assays, and corresponding 
sample-to-answer time delays, the new biochip provides attractive 
on-the-spot assessment of dose-response temporal vitamin profiles. Such 
timely assessment of the nutrition status can facilitate personalized 
recommendations and interventions to meet individual nutrition needs 
and enable optimal nutrition status towards enhanced immune system 
health. 

2. Material and methods 

2.1. Equipment and instruments 

All electrochemical characterization and data acquisition was per
formed with electrochemical EmStat3 Blue potentiostat (Palmsens, The 
Netherlands) controlled by PSTrace software provided by PalmSens. A 
Barnstead Thermolyne (Type 16,700 Mixer) vortex for homogenization 
of the solutions, pH/ISE meter (Orion Star A214 model) and IEC CL31R 
Multispeed centrifuge from Thermo-Scientific were used. 

2.2. Chemicals and reagents 

All the reagents used were of the highest available grade. Commer
cial phosphate buffer solution (1.0M), potassium chloride (KCl), 11-mer
captoundecanoic acid (MUA), 6-mercapto-1-hexanol (MCH), 1-ethyl-3- 
(3-(dimethylamino)propyl) carbodiimide (EDC), N-hydrox
ysuccinimide (NHS), ethanolamine hydrochloride (≥%99), 2-(N-mor
pholino)ethanesulfonic acid (MES) and sodium dodecyl sulfate (SDS), 
tetrathiafulvalene, glutaraldehyde solution (50%), low molecular 
weight chitosan, acetone, uric acid, L (+)-ascorbic acid (VC), acet
aminophen, 25-Hydroxyvitamin D3 (VD), retinol (vitamin A), thiamine 
hydrochloride (B1), riboflavin (B2), pyridoxine hydrochloride (B6) and 
vitamin B12 were obtained from Sigma-Aldrich. HPLC grade 2-propanol, 
sodium hydroxide (NaOH) and Tween-20 were acquired from Fisher 
Scientific. Pure ethanol was purchased from KOPTEC. 3,3′,5,5′-tetra
methylbenzidine (TMB) substrate was obtained from Neogen (Enhanced 
KBlue TMB Substrate, Neogen Life Sciences, USA). Recombinant human 
IgG1 25-OH vitamin D2&D3 antibody (D23HC, V00202) (CAb) and 25- 
OH vitamin D3-HRP Conjugate (T00102) (HRP-VD) were purchased 
from GenScript. 

Details about the solutions preparation, thin film Au-sputtered chips 
fabrication, VD immunostrip fabrication and immunoasay protocols, 
VC-VD Dual chip fabrication and analysis protocols, human saliva 
samples and commercial vitamins table samples used are described in 
detail in Supporting information. 

3. Results and discussion 

3.1. Simultaneous vitamin C-D dual biosensor chip: design and operation 

The realization of a compact, low-cost and user-friendly dual bio
electronic microchip with integrated catalytic and immunochemical 
sensing approaches enabling fast, on-the-spot simultaneous detection of 
VC and VD, performed in a 10-μL saliva sample droplet, requires careful 
attention to fabrication, operational and detection challenges. These 
challenges include: i) the distinctive surface chemistries requirements of 
catalytic and the immunoassay-based sensors; ii) the distinctly different 

principles and time scales of the 2 assays; iii) the largely different 
physiological concentrations of VC (μM) and VD (nM), and their distinct 
pharmacological dynamics, and related sensitivity, selectivity and speed 
requirements; iv) the requirements for reproducibility and miniaturi
zation of a sensor platform capable of multiplexed detection in a 10-μL 
saliva sample; v) and potential cross-talks between the adjacent sensors. 
These challenges have been successfully addressed by judicious opti
mization of the fabrication and analytical protocols. The working prin
ciple of the resulting dual VC-VD sensor chip is illustrated in Fig. 1. The 
metal-sputtered bioelectronic chip consists of two Au working electrode 
(WE) transducers for detecting VC and VD analytes, along with a central 
joint Ag/AgCl reference/counter electrode (RE/CE) (Fig. 1A). The spe
cific VC and VD assays rely on different surface modification strategies 
of the 2 neighboring gold transducers, and involve precise spatial sep
aration of the neighboring electrodes and use of ultra-low reagent vol
umes. The VC electrode fabrication involved the modification of the WE1 
surface with the electron transfer-mediator TTF, confined within a chi
tosan and glutaraldehyde film for highly selective enzyme-free VC 
detection. The VD electrode fabrication involved the immobilization of a 
VD-specific capture antibody (CAb) onto WE2 through covalent attach
ment to the carboxylic groups of the 11-mercaptoundenoid acid (MUA)/ 
6-mercapto-1-hexanol (MCH) mixed self-assembled monolayer (SAM) 
for VD molecule recognition (Fig. 1B). Lastly, the dual monitoring of 
both vitamins in a single saliva sample drop was performed through 
convenient temporal separation of the transduction steps toward cross- 
talk free measurements and VD immunoreaction accomplishment. 
Fig. 1C illustrates the sequential analysis protocol applied, including the 
different recognition reactions and electrochemical reactions involved 
in the simultaneous detection of VC and D in the same saliva sample 
within 25 min. For this, a 10 μL-drop of saliva containing HRP-tagged 
VD (HRP-VD) was placed on the sensor chip covering the entire elec
trode area. VC was measured amperometrically at +0.1 V on WE1 by 
direct oxidation using TTF as catalyst within the first 60 s, followed by 
an additional 20 min incubation for the competition reaction of the 
target VD and the HRP-VD for the binding sites of the CAb immobilized 
on the WE2 surface. The subsequent chronoamperometric readout (− 0.1 
V, 2.5 min), via H2O2/HRP/TMB redox probe, produced a cathodic 
current corresponding to the HRP-catalyzed reduction of H2O2, which is 
inversely proportional to the VD concentration in the sample. Such 
simple protocol ensures frequent and accurate simultaneous tracking of 
vitamins C and D levels in the same saliva droplet, towards establishing 
personal vitamin metabolism profiles and formulating personalized di
etary interventions that meet individual nutritional needs (Fig. 1D). 

3.2. Vitamin D immunostrip: analytical performance 

In order to ensure the successful implementation of the VD biosensor 
for reliably tracking the dynamically-changing salivary status of this key 
nutrition marker, we initially tested and developed the immunoassay for 
VD detection using a single analyte chip design shown in Fig. 2A. This 
VD immunosensor consisted of two Au-sputtered electrodes operating as 
the working (WE) and joint reference/counter (RE/CE) electrodes. 
Factors affecting the performance of the VD immunostrip were sys
tematically optimized, with most favorable conditions obtained using an 
antibody concentration of 50 μg mL− 1, immobilization time of 60min, a 
HRP-VD concentration of 200 ng mL− 1, and a competition reaction time 
of 20 min (Fig. S1; Table S2). 

The sensing performance of the resulting immunostrip was demon
strated for detecting 50 ng mL− 1 VD increments in PBT buffer (0.1 M 
phosphate buffer solution supplemented with 0.02% Tween-20 (PBT), 
pH 7.4) (Fig. 2B) and saliva (Fig. 2C). Low VD concentration changes 
resulted in well-defined current signals along with highly linear cali
bration plots (shown in the corresponding insets; R > 0.99). The limits of 
detection (LODs) of 29 ng mL− 1 (290 pg/1.20x10− 2 IU) and 12 ng mL− 1 

(120 pg/4.80x10− 3 IU) estimated in PBT buffer and saliva, respectively 
(Table S3), indicate the suitability of this VD biosensing approach for 
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saliva monitoring (Costantini et al., 2020; Hussein et al., 2020; Sari 
et al., 2021a; Sari et al., 2021b). The high sensitivity recorded for the 
saliva matrix reflects the effectivity of the mixed SAM-based surface 
chemistry used in the immunosensor preparation, which minimizes 
non-specific adsorption effects and related electrode biofouling in this 
complex biological fluid (Campuzano et al., 2019; Gooding et al., 2003). 
It is also worth highlighting that, although several electrochemical 
immunoplatforms have been described for detecting VD (Carlucci et al., 
2013; Chauhan et al., 2018; Chauhan et al., 2019; Kaur et al., 2020; 
Sarkar et al., 2018), the present study is the first work reporting the 
direct VD detection in undiluted human saliva samples. The operational 
parameters of the developed VD immunosensor were evaluated in PBT 
buffer solutions. The reproducibility of the measurements was assessed 
by measuring the response to 100 ng mL− 1 using 6 different immuno
strips fabricated using the same protocol (Fig. 2D). The resulting relative 
standard deviation (RSD) of 4.3% confirms the high reliability of the 
chip fabrication and corresponding immunoassay protocol. Moreover, 
the storage stability of the CAb-modified sensors was studied for a 12 
electrode-batch fabricated in the same day and stored at 4 ◦C. As seen in 
the stability graph in Fig. 2E, the immunostrips tested at 6 days intervals 
over a 30-day period, display negligible changes in the response for 100 
ng mL− 1 VD, supporting the suitability of the VD biosensor for large 
scale production. In addition, we evaluated selectivity of the VD 
immunostrip toward common saliva constituents and commonly used 
vitamins in dietary supplementation. As illustrated in Fig. 2F, the pres
ence of the vitamins A, B1, B2, B6, B12 and C, uric acid or 

acetaminophen, resulted in negligible contributions, proving the reli
able specific VD detection in the presence of these potential interferents. 
Such high selectivity of the VD reflects the judicious choice of the spe
cific antibodies and detection conditions. 

Following the VD sensor optimization and characterization, we 
explored the applicability of the developed immunoplatform for short- 
term monitoring of dynamic VD body levels by direct analysis of 
saliva samples after consumption of VD-enriched products. Different 
single doses, ranging from 1000 to 10,000 IU, were tested using the same 
subject at seven-day intervals in order to maintain similar basal levels 
for all the trials. Saliva samples were collected from the volunteer before 
and 30 min after taking the corresponding dose of commercial VD tab
lets (as 25-Hydroxyvitamin D3). The results, displayed in Fig. 2G, 
illustrate that the current difference (Δi), before and after the pill intake, 
was proportional to the corresponding dose, except for 10,000 IU, for 
which a slight increase of the signal variation was obtained. Such cur
vature reflects physiological limitations to absorb large amounts of VD 
(Garland et al., 2011). Additionally, the new sensor was used to evaluate 
the immediate bioaccumulation of VD by consecutive multiple dosage 
(results (Fig. S2) and relative discussion are provided in detail in Sup
porting information). These findings demonstrate the potential of the 
VD immunostrip to reliably track VD status in saliva, to identify dosage 
and absorption yield upon analysis of the delta-current signal response. 
It is important to mention that 25-Hydroxyvitamin D biomolecule in 
saliva is expected to be unbound of vitamin D binding protein, and 
therefore the VD status in saliva represents free 25-Hydroxyvitamin D 

Fig. 2. VD electrochemical immunostrip 
characterization. A) Homemade sputtered 
sensor platform for single determination 
consisting of two Au-sputtered electrodes, 
employed as working (WE) and reference/ 
counter (RE/CE) electrodes, respectively, 
along with the immunoreaction and trans
duction processes involved in the VD 
sensing. Chronoamperometric responses of 
the immunosensor to increasing VD con
centrations from 0 (a) to 200 ng mL− 1 (e) in 
50 ng mL− 1 increments in buffer B) or saliva 
C). D) Reproducibility of the immunoassay 
for 100 ng mL− 1 VD standards. D) Storage 
stability at 4 ◦C of the VD Immunostrip: 
monitoring of the resulting variation of in
tensity between the electrochemical re
sponses obtained for 0 and 100 ng mL− 1 of 
VD over a 30-day period after its fabrication. 
F) Immunosensor responses in the analysis 
of PBT (white bar), 100 ng mL− 1 VD (orange 
bar), and 500 μM of each interferent in the 
absence (i) or presence of 100 ng mL− 1 VD 
(ii): vitamins A (pink bars), B1 (dark green 
bars), B2 (yellow bars), B6 (red bars), B12 
(purple bars), uric acid (U.A.) (light blue 
bars) and acetaminophen (Ace.) (light green 
bars). G) Amperometric responses of the VD 
immunoplatform in the analysis of saliva 
samples collected before (black lines) and 
30 min after taking i) 1000 (red line); ii) 
2000 (blue line); iii) 5000 (orange line) or 
iv) 10,000 IU (green line) of VD pill (as 25- 
Hydroxyvitamin D3) and v) the corre
sponding variations of intensity. Dots and 
bars represent the mean and the error bars 
represent the standard deviation of the 
measurements performed with three 
different chips in B, C and F. (For interpre
tation of the references to colour in this 
figure legend, the reader is referred to the 
Web version of this article.)   
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(Higashi et al., 2008). Additionally, since a moderate and statistically 
significant correlation between salivary and serum 25-Hydroxyvitamin 
D has been reported (Sari et al., 2021a), the detection of VD in saliva 
holds considerable promise as reference for VD screening. 

3.3. Salivary vitamin D monitoring: toward personalized immune support 

Considering that precise VD administration depends upon the unique 
characteristics of each individual and their nutritional and health status 
(Griffin et al., 2021; Rastogi et al., 2020; Tarazona-Santabalbina et al., 
2021), the use of the VD immunostrip as analytical tool to identify 
personal needs and guide appropriate vitamin dosage, was evaluated. 
Accordingly, we studied the VD pharmacokinetic profile of four different 
subjects by analyzing the stimulated saliva samples collected before and 
every 20 min after the intake of a single 10,000 IU VD pill; Fig. 3B. In 
order to estimate the change in the VD signal in saliva (Δi), the differ
ence between the responses obtained before and after the VD pill intake 
was measured for each subject. As expected, the resulting signal varia
tions were proportional to the dynamically-changing salivary VD levels. 
Because salivary and serum vitamin D levels have been shown to be 
correlated (Bahramian et al., 2018), such an approach could be used to 
estimate its status in the human subject. The corresponding temporal 
profiles displayed in Fig. 3B v-viii) suggest the distinct VD assimilation 
and metabolism, achieving maximum VD signals upon 20–40 min after 
pill intake, followed by decreasing signal with time. We observed highly 
significant signal change (Fig. 3B vii) or practically steady signal be
tween 40 and 120 (Fig. 3B v), 40 to 60 (Fig. 3B vi) or 20–60 min (Fig. 3B 
viii), as function of each subject. Therefore, the different profiles ob
tained for the four volunteers for the same VD3 dose illustrate the po
tential of the device to guide precise administration according to each 
subject’s absorption kinetics and dietary habits toward enhanced 
personalized nutrition and care. In order to further evaluate the reli
ability of the immunosensor measurements, control experiments were 

carried out by conducting the same temporal profile study protocol i) 
without VD3 supplementation (Figs. S3A and C) or by ii) using chips 
non-modified with the CAb for detection after taking 10,000 IU VD3 pill 
(Figs. S3B and D). The absence of significant current variations in both 
controls indicates the high specificity of the VD immunostrip and its 
potential for monitoring salivary VD dynamic changes. 

In order to maintain adequate VD body levels for optimal immune 
system health, frequent VD status measurement is necessary. General 
recommendations for the administration of VD doses higher than 10,000 
IU over short time periods to patients with SARS-COV2 infection to 
minimize the symptoms, and daily intake of 800–4,000 IU of VD for long 
time periods for the healthy population have been proposed (Griffin 
et al., 2021; Jolliffe et al., 2021). However, personalized approaches 
considering precise dosage and administration period duration while 
performing close VD monitoring can be essential in critical scenarios 
such as immunosuppressed and obese patients, or subjects with malab
sorption issues (Rastogi et al., 2020; Tarazona-Santabalbina et al., 
2021). With this in mind, we proceeded to monitor long-term VD bio
accumulation by intermittent tracking of the vitamin levels every two 
days (Fig. 3C i) or weekly (Fig. 3C ii). For this purpose, the VD mea
surements in saliva samples were carried out during daily 2,000 IU VD 
administration continued for 5 days (Fig. 3C i), or over 4 weeks (Fig. 3C 
ii), tracking VD status prior to, in the course of (yellow area) and after 
finishing the VD administration. Note that the saliva samples were 
collected at least 1 h before the daily intake of VD in order to consider 
only basal VD level. The change in the VD signal in saliva (Δi) was 
estimated by measuring the difference between the current signals 
corresponding to the start day of administration and that obtained on 
the day of testing. The results obtained show a significant increase of VD 
levels in saliva over the first days of daily oral administration (Fig. 3C i), 
compared to basal levels recorded before, and the steady stabilization of 
the values during the following weeks (Fig. 3C ii). Such behavior is in 
agreement with previous studies based on serum VD status monitoring 

Fig. 3. VD monitoring in saliva after oral 
administration of VD pills. A) Schematic 
diagram of the followed workflow from the 
pills intake to collection and analysis of 
saliva samples. B) VD profile in saliva ob
tained for different subjects: chro
noamperometric responses obtained in the 
detection of VD in stimulated saliva before 
(black lines) and after (20–120 min) taking 
10,000 IU VD pill (as 25-Hydroxyvitamin 
D3) for four subjects (i‒iv) and the corre
sponding saliva VD temporal profiles of each 
individual (v‒viii). C) VD temporal profile 
in stimulated saliva during daily adminis
tration of 2,000 IU VD pill (as 25-Hydroxyvi
tamin D3) over a period of i) 5 days or ii) 4 
weeks. Yellow area denotes the days a) or 
weeks b) during which VD was administered 
daily. (For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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(Biancuzzo et al., 2010; Tangpricha et al., 2003). Following these series 
of vitamin D administration, we observed in both cases the progressive 
decrease of VD levels over time, which was consistent with previous 
observations of the kinetics of vitamin D metabolism in the literature 
(Armas et al., 2004; Tangpricha et al., 2003). These results demon
strated the practical applicability of the VD immunosensor for 

intermittent measurement of salivary VD levels, proving the potential of 
the developed methodology to guide precise tailoring of vitamin D 
administration according to the vitamin absorption degree registered 
with the sensor. Similarly, such attractive performance illustrates the 
sensor ability to identify optimal dosage and prevent accidental over
dosing, which has both safety and economic implications. 

Fig. 4. VC-D Dual Chip characterization. A) Homemade sputtered dual sensor chip and schematic diagram of the localized VC and VD measurements on a single 
chip. Chronoamperometric responses of the dual chip to increasing B) VC concentrations from 0 (a) to 800 μM (i) in 100 μM increments or C) VD concentrations from 
0 (a) to 200 ng mL− 1 (e) in 50 ng mL− 1 increments in buffer. D) Chronoamperometric responses of the VC sensor in the measurement of PB (white bar), 500 μM VC 
(blue bar), and 500 μM of each interferent in the absence (i) or presence of 500 μM VC (ii): vitamins A (pink bars), B1 (dark green bars), B2 (yellow bars), B6 (red 
bars), B12 (purple bars), uric acid (U.A.) (light blue bars) and acetaminophen (Ace.) (light green bars). E) Cross-talk evaluation of the dual chips in the analysis of VC- 
D mixture solutions. Chronoamperometric responses to various combinations of VC-D concentrations: i) absence of both markers; ii) 200 μM VC; iii) 100 ng mL− 1 VD; 
and iv) 200 μM VC and 100 ng mL− 1 VD. Evaluation of the dual chips by measuring F) increasing VC concentrations in the presence of a fixed VD level (i‒iii) or G) 
increasing VD concentrations in the presence of a fixed VC level (iv‒v). Dots or bars represent the mean and the error bars represent the standard deviation of the 
measurements performed with three different chips. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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3.3.1. Vitamin C-D dual biosensor chip: integration and cross-talk study 
After successful evaluation of the VD immunostrip, we implemented 

the VD biosensor along with the VC electrocatalytic sensor in the dual 
vitamin sensor microchip. The electrode design and sensor modification 
are illustrated in Fig. 4A. The VD antibody was immobilized on WE2 
using the optimized protocol previously discussed, and the VC sensor 
consisted of the WE1 electrode modified with the TTF mediator, chitosan 
and glutaraldehyde. VC electrocatalytic sensor optimization on metal- 
sputtered dual chips and analytical performance are described in 
detail in Supporting information. 

Following the VC-TTF-Au sensor characterization, the sensing per
formance of the dual VC and VD sensors was interrogated in the indi
vidual measurement of 100 μM VC increments (Fig. 4B) or 50 ng mL− 1 

VD increments (Fig. 4C) prepared in PBT buffer solution supplemented 

with the optimized HRP-VD concentration. The calibration curves 
showed linear response in the concentration ranges tested and LODs of 
28 μM (4.9 ng/9.80x10− 5 IU) and 25 ng mL− 1 (250 pg/1.0x10− 2 IU) for 
VC and VD, respectively (Table S4), suitable to follow-up VC and VD 
body levels. Note that such analytical characteristics suggest that the 
transference of the VD biosensor from the single detection immunostrip 
to the compact dual chip was successfully realized without negative 
impact on the immunosensor performance. 

Additionally, the selectivity of the VC toward saliva constituents and 
possible interferent vitamins usually included in multi-vitamin com
plexes was extensively studied in buffer solution (Fig. 4D and 
Figs. S5C–D) and saliva samples (Figs. S6C–E). The sensor presented 
negligible response for vitamins A, B1, B2, B6, B12, uric acid and acet
aminophen upon cyclic voltammetry and chronoamperometry analysis 

Fig. 5. Application of the VC-VD Dual Chip in saliva for personalized nutrition. A) Schematic diagram of the analysis of saliva samples with the VC-VD Dual 
Chip. Chronoamperometric responses of the dual chip to increasing B) VC concentrations from 0 (a) to 800 μM (e) in 200 μM increments or C) VD concentrations 
from 0 (a) to 200 ng mL− 1 (e) in 50 ng mL− 1 increments in stimulated saliva. Saliva VC & VD temporal profiles obtained using the VC-VD Dual chip developed after 
taking 2,000 IU VD (as 25-Hydroxyvitamin D3) (D), 1,000 mg VC (as ascorbic acid) (E) or both sequentially at 1-h time intervals (F). Dots connected by lines 
represent the Δi obtained for each analysis time. G) Variation of electrochemical responses of the VC-VD Dual chip in the analysis of saliva 30 min after intake of: i) 
1,000 mg VC pill, ii) 2,000 IU VD pill, iii) vitamin B complex pill, iv) vitamin B complex and 1,000 mg VC pills, v) vitamin B complex and 2,000 IU VD pills, vi) 
multivitamin pill 1 (500 mg VC and 2,000 IU VD) or vii) multivitamin pill 2 (1,000 mg VC and 5,000 IU VD). Dots or bars represent the mean and the error bars 
represent the standard deviation of the measurements performed with three different chips in B, C and G. 
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in both media and proved the reliable VC detection in the presence of 
these potential interferents, indicating the exquisite selectivity of the VC 
sensing approach selected. 

In order to demonstrate the practical feasibility of dual sensor chip 
for the joint VC and VD detection in the same 10-μL sample drop, 
different mixtures solutions of the target vitamins prepared in PBT 
buffer were analyzed. Fig. 4E–G shows the responses obtained for VC 
and D using the dual sensor chips in the analysis of various VC-VD 
mixture concentrations: solutions containing combinatorial levels of 0, 
200 μM VC, and 100 ng mL− 1 VD (Fig. 4E); or increasing VC concen
trations (0–400 μM) in the presence of a fixed 100 ng mL− 1 VD level 
(Fig. 4F) or increasing VD concentrations (0–200 ng mL− 1) in the 
presence of a fixed 200 μM VC level (Fig. 4G). The well-defined 
amperometric signals obtained in relation to the concentration of each 
target indicate no apparent cross-talk between the neighboring immune- 
and catalytic VD and VC sensors on the biochip and using the same 10-μL 
sample droplet. In addition, the reproducibility of four dual sensor chips 
in the measurement of a 200 μM VC and 100 ng mL− 1 VD mixture so
lution was evaluated (Fig. S8). The RSD values of 3.1 and 1.5% obtained 
for VC and VD, respectively, confirm the high reproducibility and 
robustness of the biochip fabrication and operation, as well as of the 
adapted sequential detection of both vitamins in a single dual sensor 
chip in less than 25 min. 

3.4. Probing vitamin C-D salivary changes under vitamins administration 

Since the consumption of multi-vitamin complexes contributing 
different amounts of each vitamin is quite common, the real scope of the 
developed dual sensor chip was evaluated for the follow-up of the dy
namic changes of both vitamins by direct measurement of the saliva 
after the administration of different commercial dietary supplements. 
First, with the aim of assessing the sensing performance regarding 
simultaneous VC and VD nutritional markers monitoring in this biofluid 
with the dual chip and hence the suitability of the approach to detect 
relevant physiological levels, the amperometric responses of the dual 
chip to increasing VC concentrations ranged from 0 to 800 μM in 200 μM 
increments (Fig. 5B) and VD concentrations from 0 to 200 ng mL− 1 in 50 
ng mL− 1 increments (Fig. 5C) were recorded, as displayed in Fig. 5. The 
similar analytical performance obtained, compared to those previously 
described in PBT buffer solutions (Table S4) and the achieved LODs of 
84 μM (14.8 ng/2.96x10− 4 IU) and 17 ng mL− 1 (170 pg/6.80x10− 3 IU) 
for the VC and VD sensors, respectively, confirmed the suitability of the 
dual biochip approach for the direct analysis of undiluted raw human 
saliva samples. Such sensitivity could easily be tailored to move towards 
other biological specimens or pharmacological requirements through 
the use of nanomaterials or varying the assay time and volume. In 
addition, the applicability of the dual sensor biochip for close simulta
neous VC and D salivary fluctuant levels tracking after vitamins 
administration was evaluated. Accordingly, we studied the VC and D 
pharmacokinetic profiles of three subjects after: single intake of 2,000 IU 
VD pill (Fig. 5D); single intake of 1,000 mg VC pill (as ascorbic acid) 
(Fig. 5E); or the intake of the same doses of both vitamins sequentially at 
1-h time intervals (Fig. 5F). Note that assays of the saliva samples were 
realized right after sample collection in order to prevent salivary 
ascorbic acid degradation (Sharifian and Nezamzadeh-Ejhieh, 2016). 
Distinct temporal profiles were traced by measuring saliva samples 
collected at 0, 30, 90 (Fig. 5D and E), 150, 210 and 270 min (Fig. 5F) 
after intake, as displayed in Fig. 5D–F. The Δi values reflect the corre
sponding change in the VC or VD levels in saliva, and were estimated as 
the differences between the responses recorded for both VC and VD 
markers with the dual chip in a single 10 μL-drop of saliva sample 
collected before (time 0), used as basal signal reference, and at the 
indicated times after supplement intake. As can be observed in the 
resulted variation plots, the individual and concomitant rise and drop of 
salivary VC and VD levels, reported by the sensor chip responses (Δi) 
obtained, due to single vitamin or alternate vitamin D and C 

administrations were satisfactorily recorded. 
Similarly, the physiological changes of both vitamins under various 

scenarios of administrating commercial multi-vitamin complexes were 
evaluated (Fig. 5G). For this purpose, we measured the response ob
tained in assays of saliva samples collected from one volunteer before 
and 30 min after the intake of 1,000 mg VC pill (i), 2,000 IU VD pill (ii), 
vitamin B complex pill (iii), vitamin B complex and 1,000 mg VC pills 
(iv), vitamin B complex and 2,000 IU VD pills (v), multivitamin 1 pill 
(500 mg VC and 2,000 IU VD) (vi), and multivitamin 2 pill (1,000 mg VC 
and 5,000 IU VD) (vii) in intervals seven days apart in order to keep 
similar basal levels for all the trials (pills composition listed in Table S5). 
Fig. 5G shows that similar signal changes for the same doses of vitamins 
taken individually or along with a vitamin B complex for VC (i vs iv) and 
VD (ii vs v), along with the absence of significant changes for individual 
vitamin B complex intake (iii). This figure shows also the distinct signal 
changes for the multivitamin supplements (vi-vii) according to the VC 
and/or VD dosage. These results illustrate the ability of the dual VC-VD 
bioelectronic chip for simultaneous tracking of both vitamins levels 
during their combined consumption without cross talk or interferences 
from other vitamins and essential elements. Such attractive performance 
demonstrates the suitability of the dual vitamin biochip for tracking 
closely the intake of multivitamins as a function of the dose or com
mercial trademark employed. Such capabilities of the VC-VD bio
electronic chip are particularly useful for guiding consumers in the 
establishment of personalized food consumption routines or toward 
decision-making on certain supplement commercial products and 
brands based on cost and health benefit. 

4. Conclusions 

Addressing the growing needs for personalized nutrition and boost
ing the immune system, in wake of the COVID-19 pandemic, this work 
reports the first example of a decentralized electrochemical VD immu
nostrip for on-the-spot detection of salivary VD profiles and the first 
example of a dual bioelectronic chip for tracking simultaneously VC and 
VD in saliva. The attractive analytical performance and operational re
quirements have facilitated the reliable application of these bio
electronics chips for successfully monitoring physiological 
concentration ranges and pharmacological dynamics changes in un
treated human saliva samples. Both assays are characterized with high 
selectivity in the presence of other vitamins, coexisting saliva constitu
ents or dietary supplements. The disposable VD immunostrip offered 
rapid tracking of salivary VD profiles as a function of the dose ingested, 
the time course after administration or for periodic follow-up. VC and 
VD dynamic fluctuations have also been monitored simultaneously 
under different intake scenarios. The different signals obtained for 
different subjects using specific dosages along with their distinct tem
poral profiles, indicate the potential of such a decentralized sensing 
approach for the accurate and frequent assessment of the subject’s in
dividual dose-response relationship towards guiding personalized 
nutrition. 

These advances have been realized by judicious integration on the 
same biochip of fundamentally different catalytic and immunochemical 
sensing approaches for multiplexed vitamins tracking. This novel dual 
sensing strategy combines VC and VD measurements into a single pro
tocol and device to simplify greatly the operation and instrumentation 
required in the current individual vitamin determination methods. The 
integration of different recognition and electrochemical detection 
principles in a single user-friendly sensor chip and the tailored design 
and fabrication can facilitate the broader scope of this technology for 
simultaneous assays of these and other relevant vitamins screening. The 
inherent miniaturization and scalability of the new sensing chip tech
nology facilitate low-cost strip fabrication and reduces the volume of 
corresponding bioreagents, resulting in a multiplexed vitamin test with 
an estimated cost of disposable consumables of below 5 US$. The ability 
to miniaturize and integrate the dual-chip bioassays into microfluidic 
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systems would further simplify the saliva sampling and analysis work
flow or handheld mobile electrochemical devices offers considerable 
promise for effective at-home self-testing of vitamin status. To advance 
this technology, future research should focus on the standardization of 
the developed methodology beyond following temporal profiles towards 
as quantitative sensing approach, along with critical validation against 
gold standard clinical reference methods in larger reference populations. 
Future efforts will broaden the scope of our approach to additional body 
fluids (particularly serum) and to other relevant molecular forms of VD 
found in commercial supplements, particularly 25-OH VD2 (considering 
that the present antibody is specific to both 25-OH VD3 and VD2 forms). 
The widespread use of such mobile nutrient biosensing technology has 
potential to provide access to nutrition monitoring at remote settings 
and can thereby improve nutritional support for low-income individuals 
prone to weak immune system. By replacing existing lab-based vitamin 
assays, whose sample-to-answer time can take days and require dis
comforting invasive sampling such as blood draw or finger-pricking, the 
new decentralized, affordable, rapid, and non-invasive sensing tech
nology represents a step forward in creating access to timely nutritional 
status information and will promote personalized nutritional in
terventions for strengthening the immune system. 
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