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A B S T R A C T   

Lateral flow devices (LFDs) allow for low-cost decentralized testing with a short time to result and are therefore 
an indispensable tool for point-of-care diagnostics. Here, we report on a novel LFD with electrochemical readout 
for the quantitative detection of C-reactive protein (CRP), a known biomarker for inflammation, in filtered 
human saliva and demonstrate the possibility of simultaneous multichannel measurements. The detection of CRP 
is enabled by a sandwich assay with target specific capture antibodies immobilized in a nitrocellulose membrane 
and target specific detection antibodies conjugated to an enzyme label. The subsequent enzymatic reaction leads 
to a product, which can be oxidized by an electrochemical sensor placed on top of the LFD strip and produce a 
concentration dependent and analyte specific electrical current. To optimize the system, single channel sensors 
were used to investigate different conjugate compositions and loads for their effect on assay performance. That 
way, limits of detection (LOD) of 3 and 25 ng/mL were achieved in buffer and filtered saliva, respectively. Then, 
a single sensor with four distinct channels was introduced for the testing of simultaneous multichannel mea
surements. There, the CRP dedicated channel showed a typical concentration dependency (with LODs of 13 and 
55 ng/mL in buffer and filtered saliva, respectively), while the control channel expectedly produced elevated 
signals across all CRP concentrations. The signals corresponding to the other two channels (zeros) remained low 
with no indication of crosstalk, showing the ability to measure multiple locations on the LFD simultaneously and 
thus, paving the way for multiplexing.   

1. Introduction 

Point-of-care (POC) testing plays an increasingly important role in 
health care, both in resource-limited settings as well as in the aging 
societies of industrialized countries. Over the decades, the definition of 
POC evolved from “a medical test that is conducted at or near the site of 
patient care” (Kost, 2002) to a more unified concept, where the function 
(e.g. allowing a diagnosis and/or a change in patient management 
(Schito et al., 2012)) and the way a test device is used (e.g. by an un
trained operator) are also taken into account. Based on this concept, the 
World Health Organization (WHO) developed the ASSURED (Kosack 
et al., 2017) criteria of ideal characteristics for POC tests. ASSURED 
stands for affordable, sensitive, specific, user-friendly, rapid, equi
pment-free and delivered to those who need it. Although, the WHO 
specifically addressed resource-limited settings, to a large extent these 
criteria apply also for POC testing in other application scenarios. 

Fast, simple, cheap and versatile are unique characteristics of lateral 

flow devices (LFDs), which have made them an indispensable tool for 
point-of-care testing (Guo et al., 2021; Mahmoudi et al., 2020; Soh et al., 
2020; Posthuma-Trumpie et al., 2009). The working principle of LFDs 
relies on a capillary flow to transport a liquid sample through a porous 
nitrocellulose matrix. Capture molecules immobilized at predefined 
lines in the nitrocellulose matrix bind target molecules migrating with 
the sample, which leads to a local enrichment of the target molecules. 
The conjugation of the target molecules with a signal generator allows 
qualitative or quantitative transduction of the biochemical reaction to a 
measurable signal. LFDs are developed to be sensitive and specific 
enough to support or indicate a diagnosis with statistical relevance, 
while being optimized for user-friendliness and for the number of op
erations required by the user. Plus, LFDs are small devices that can be 
supplied to and operated in a highly decentralized setup without major 
logistical or environmental burden. Moreover, LFDs can be produced in 
large number which greatly reduces the fabrication costs. 

The most common type of LFD relies on gold or latex nanoparticles 
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used as signal indicators. The agglomeration of these nanoparticles in 
the capture lines creates a colored band, which is visually assessed 
(O’Farrell et al., 2009) by the user, usually resulting in a simple yes/no 
result. A quantification of this colorimetric result is possible using op
tical LFD readers, which convert the degree of coloring to an analyte 
concentration (Urusov et al., 2019; Cheng et al., 2017; Parolo et al., 
2013a, 2013b). Further transduction methods for LFDs include fluo
rescent (Borse and Srivastava, 2019; Chen et al., 2018; Cai et al., 2018; 
Cheeveewattanagul et al., 2017; Wu et al., 2018), chemiluminescence 
(Zangheri et al., 2015), Raman spectrocopy (Kim et al., 2021; Fu et al., 
2016) and electrochemical approaches (Akanda and Ju, 2018; Ruiz-
Vega et al., 2017; Zou et al., 2012; Wang et al., 2011; Sinawang et al., 
2016; Du et al., 2012; Yoon et al., 2003). Also the use of thermal cameras 
(Jia et al., 2019) or magnetic field fluctuations (Taton et al., 2009) has 
been investigated. Table 1 provides an overview on these different signal 
transduction methods uses in lateral flow devices. 

Although most lateral flow devices detect single target analytes, 
there are also examples of multiplexed LFDs allowing the detection of 
several target analytes at the same time. Examples include commercially 
available drug of abuse screening LFDs using colorimetry (D2rug Abuse 
Mult, 2021) or quantitative assays using magnetic particle quantifica
tion (Guteneva et al., 2019). LFDs can be developed for almost any 
bodily fluid relevant for medical diagnostics (Koczula and Gallotta, 
2016), such as whole blood, serum, plasma, saliva, nasal secretions, 
urine and sweat among others. Saliva in particular, is a matrix that 
gained importance in medical diagnostics over the past decade (Mala
mud, 2011; Pink et al., 2009), and even more during the ongoing 
pandemic of SARS-CoV-2 (Wang et al., 2020, 2021; Suleman et al., 
2021). 

Saliva offers several great POC advantages: it is readily available in 
comparison to whole blood or serum (Kaufman and Lamster, 2002; Sri 
Santosh et al., 2020), contains many relevant biomarkers and, more 
importantly, its sampling procedure is highly convenient because of its 
noninvasiveness, speed and it being stress free for the patient (Aro et al., 
2017; Khan et al., 2017), making it an easy and cost efficient way to 
collect probes. On the other hand, saliva is also associated with a few 
major challenges. In addition to saliva complex composition and un
usual physical properties, biomarkers are typically found at a much 
lower concentration than in blood, which necessitates highly sensitive 
measurement methods. Moreover, the amounts of analytes found in 
saliva are not always correlated to their counterpart in blood (Bel’skaya 
et al., 2020), which can complicate accurate diagnostics. Finally, 
drinking or eating before taking a salivary test or even a lack of oral 
hygiene are all contaminations that can affect the reliability and per
formance of the diagnostic device. Nevertheless, saliva stays a relevant 
biofluid as it has been used to develop a wide variety of diagnostic tests 
to detect proteins (C-reactive protein (Dillon et al., 2010), ferritin 
(Gawaly and Alghazaly, 2020)), hormones (cortisol (PETERS et al., 
1982), aldosterone (Hubl et al., 1983)), antibodies (Ada et al., 2020), 
viruses (COVID-19 (Santana et al., 2020; Fabiani et al., 2021), HIV 
(Tamashiro and Constantine, 1994), hepatitis A (Parry et al., 1989)), 
microbes (H.pylori (Li et al., 1996), Shigella (Schultz et al., 2020)) or 
even drugs (Drobitch and Svensson, 1992). 

A major limitation of conventional LFDs is associated with the lack of 
sensitivity, which is particularly problematic with saliva samples and 
their inherent lower analyte concentrations. Owing to their electrical 
output signal and high sensitivity, electroanalytical sensing techniques 
are suited to overcome these limitations. These detection methods can 
easily be interfaced with readily available electronic read-out units such 
as smartphones or computers, which paves the way not only for mini
aturization and system integration but also and especially for quanti
tative POC diagnostics. Moreover, electrochemical methods do not rely 
on external factors such as varying lighting conditions or on the non- 
linear behavior of imaging sensors. Previous work underlines the 
pertinence of the combination between saliva and electrochemistry, for 
example with the successful detection of cortisol (Kämäräinen et al., 
2018), tetrahydrocannabinol (Stevenson et al., 2019) or lithium ions 
(Suherman et al., 2019) using different electrodes and approaches. 

This paper aims at combining the specificity of immunoassays with 
the sensing power of electrochemical reactions into an LFD for the 
measurement of biomarkers in saliva. More specifically, we report the 
implementation of an electrochemical assay on an LFD platform for the 
quantitative detection of C-reactive protein (CRP) in saliva. CRP is a 
biomolecule used as biomarker for inflammation (Pepys and Hirschfield, 
2003). It can be found in blood (103–104 ng/mL) (Okamura et al., 1990) 
as well as in saliva, however in much lower amounts (102 to 103 times 
less) (Floriano et al., 2009; Ouellet-Morin et al., 2011). In our approach, 
CRP quantification is achieved by capturing the protein with a specific 
antibody and relaying an electrical signal using the enzymatic activity of 
streptavidin-alkaline phosphatase (SALP), which is conjugated to a 
biotinylated detection antibody specific for CRP, with respect to the 
substrate ascorbic acid monophosphate (AAP). The latter reaction pro
duces ascorbic acid, which is an electroactive molecule that can be 
readily oxidized into dehydroascorbic acid (dAA) by the action of a 
sufficiently large electrical potential. Ultimately, the oxidation turnover 
is dependent on the amount of CRP captured and induce a concentration 
dependent electrical signal. The goal of this study is to achieve con
centration dependent and relevant quantitative signals for CRP in saliva. 
Additionally, a multi-electrode sensor will be used to assess the multi
plex capabilities of the developed electrochemical lateral flow setup. 
The choice to use screen-printed sensors is motivated by their inherent 
high flexibility in their design and printing substrate as well as for their 
low price per unit achievable when considering high volume 
manufacturing. 

2. Materials and methods 

2.1. Materials and LFD fabrication 

Streptavidin-coupled Alkaline phosphatase (SALP) was purchased 
from Roche (art. 11093266910) at a stock concentration of 750 U/mL. 
Monoclonal mouse anti-human CRP antibody (art. MAB17071), bio
tinylated mouse monoclonal anti-human CRP antibody (dAB) (art. 
BAM17072) and goat anti-mouse IgG antibody (art. AF007) were pur
chased from R&D Systems. Human CRP (art. C1617), L-ascorbic acid 
(art. 33034), L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate 

Table 1 
Summary of possible signal transduction methods for quantitative LFDs with respective target and linear range.  

TRANSDUCTION METHOD TARGET LINEAR RANGE REFERENCES 

Colorimetric Human IgG 0–500 ng/mL Parolo et al. (2013b) 
Fluorescence E. coli 50-104 cfu/mL (Cheeveewattanagul et al., 2017; Wu et al., 2018) 
Chemiluminescence Cortisol 0.3–60 ng/mL Zangheri et al. (2015) 
Raman spectroscopy HIV-1 DNA 0.008–64 ng/mL Fu et al. (2016) 
Electrochemical (voltammetry) NS1 protein 1–25 ng/mL Sinawang et al. (2016) 
Electrochemical (voltammetry) Troponin I 0.1–1 ng/mL Du et al. (2012) 
Electrochemical (electrochemiluminescence) Legionella antigen 2–104 ng/mL Yoon et al. (2003) 
Thermal E. coli 2*104-2*107 cfu/mL Jia et al. (2019) 
Magnetic Interferon gamma 12–1000 pg/mL Taton et al. (2009)  
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(AAP) (art. A8960), Sodium Chloride (art. 71376) and Trizma hydro
chloride (art. 93363) were obtained from Sigma-Aldrich. The latter salts 
were used for the buffer preparation, which followed the recommen
dations of the supplier for SALP as well as supported by the literature 
(James et al., 2002) and is a 100 mM Tris-HCl and 150 mM NaCl mixture 
adjusted at pH 7.5 with NaOH 4 M for enzyme dilution and to 9.0 to run 
the LFDs. Bovine serum albumin fraction V (BSA) was acquired from 
Merck (art. 112018). Lateral flow strips were prepared by laminating the 
nitrocellulose membranes (Merck Millipore, Hi-Flow Plus HFC180UB 
40 mm × 300 mm) onto backing cards obtained from Kenosha 
(KN–V1080.217, 80 mm × 300 mm), which are used for physical sup
port for the nitrocellulose membrane and the connected pads. The 
conjugate pad is placed on the backing card with a 1 mm overlap with 
the membrane. The sample pad is applied by keeping a similar overlap 
with the conjugate pad. LFD are then cut from the backing card in 
approximately 3.3 mm wide stripes using a manual guillotine (Dahle 
562). Antibody lines were deposited at a concentration of 1 mg/mL on 
the nitrocellulose using a line dispenser (ClaremontBio, Model: ALFRD) 
coupled to a syringe pump to achieve a dispensing rate of 1 μL/cm. The 
capture line for CRP is printed using the monoclonal mouse anti-human 
CRP antibody, while the control line is printed using the goat anti-mouse 
IgG antibody from R&D Systems. Once printed, the membranes were 
dried at room temperature for 60 min and stored at 4 ◦C in a closed 
plastic bag together with desiccant until further use. The glass fiber 
conjugate pad (Merck Millipore, GFCP103000, 10 mm × 300 mm) and 
the cellulose fiber sample pad (Merck Millipore, CFSP173000 17 mm ×
300 mm) were prepared as follow: the enzyme-labeled conjugate was 
prepared by mixing amounts of dAB with SALP using Tris buffer at pH 
9.0 as diluent. After mixing the two components, the solutions were 
incubated for 60 min at room temperature to achieve complete 

streptavidin-biotin binding. Conjugate pads were then fully soaked with 
this solution and dried at room temperature overnight. Sample pads 
were fully soaked with in a solution containing 100 mM AAP with 1% 
(w/v) BSA in Tris buffer at pH 9.0 and dried at room temperature 
overnight. Following the lamination of the conjugate and sample pad, 
the membranes were cut into strips with a width of approximately 3.3 
mm and stored in a container with a bag of desiccant at 4 ◦C until further 
use. For the preparation of filtered saliva samples, full saliva was filtered 
using a syringe filter (Pall Acrodisc 25 mm Syringe Filter, GxF/0.45 μm 
GHP-Membrane, PN AP-4559) and spiked with CRP. A visual inspection 
of the conjugate binding to the test and control line is achieved by using 
a color developer (Thermo Fisher, art. 34042), in which the strips are 
soaked after running them with the sample and drying them for at least 
1 h. 

2.2. Electrochemical LFD principle 

The LFD described in this paper used C-reactive protein (CRP) as 
analyte in a sandwich type immunoassay involving one capture and one 
control line, which were printed on a nitrocellulose surface using anti- 
CRP and anti-IgG antibodies, respectively. When a sample is applied 
on the sample pad (Fig. 1A), the liquid migrates toward the opposite end 
of the strip by capillary action. The sample pad contains the electro
chemically inactive substrate (AAP), which is dissolved in the sample 
liquid. Next, the liquid enters the conjugate pad containing the detection 
antibody bound to an enzymatic label. As the sample passes the conju
gate pad, the conjugate binds to the CRP present in the sample. Further 
downstream, the liquid reaches the CRP-specific capture line, where the 
CRP-conjugate assemblies bind to the CRP-specific capture antibodies. 
Conjugates passing the CRP-specific capture test line are enriched in the 

Fig. 1. A Schematic illustration of the electrochemical lateral flow device. B Chemical equation describing the enzymatic dephosphorylation of 2-phospho-L-ascorbic 
acid (AAP) into L-ascorbic acid (AA) and its subsequent oxidation into dehydro-L-ascorbic acid (dAA), which is the reaction used to generate an electrical signal at the 
electrode in the electrochemical LFD. C and D are pictures of the single electrode electrochemical measurement setup with the LFD strip before and after mounting 
the electrochemical sensor, respectively. E Screen-printed sensor used for multiple simultaneous measurements experiments. From left to right: counter electrode, 
reference electrode and working electrodes 1–4. 
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control line situated after the test line. The enzyme, now locally enriched 
on the lines of the respective capture antibodies, converts AAP into AA, 
thus locally augmenting the generation of electroactive material. An 
electrochemical sensor is positioned with its working electrode right 
above the test line. That way an analyte specific current can be measured 
by applying an oxidizing voltage to the working electrode turning AA 
into dehydroascorbic acid (dAA) (Fig. 1B). 

2.3. Electrochemical measurements procedures 

2.3.1. Linear sweep voltammetry 
Linear sweep voltammetry was carried out using a single channel 

sensor (BVT, Type AC1.W1.R1) connected to an Autolab PGSTAT-101 
potentiostat (Metrohm AG, Switzerland) using the following parame
ters: scan range from − 0.3 to 0.5 V and scan rate 0.05 V/s. For these 
measurements, the sensor was positioned face up and 200 μL of sample 
was deposited at its surface in a way to form a drop that covered all 
sensor electrodes. The measurement was started using the software and, 
when finished, the sample was removed with an absorbent paper and the 
sensor cleaned with deionized water for further use. 

2.3.2. Chronoamperometric measurements 
Two distinct types of electrochemical sensors were used to obtain an 

electrochemical readout from the LFDs. For single-channel measure
ments on the CRP-selective capture line, a commercially available 
screen-printed sensor with a 2 mm diameter round shaped gold working 
electrode, a ring-shaped gold counter electrode, and a ring-shaped Ag/ 
AgCl reference electrode (BVT, Type AC1.W1.R1) was used (see Fig. 1C). 
Multi-channel measurements were performed with a screen-printed 
sensor with four-line shaped carbon working electrodes with 2 mm 
pitch, one carbon counter electrode and one AgCl reference electrode on 
PRT foil, fabricated by SCIO Holding GmbH, Austria (Fig. 1E). For a 
better handling, the sensors were attached to dedicated holders, which 
allowed a precise positioning of with respect to the LFD by means of 
guiding pins on the base plate and holes in the sensor holder. After 
placing the LFD on the measuring platform (Fig. 1C), the sensor holder 
was brought in place above the LFD and fixed with screws (Fig. 1D). The 
chronoamperometric measurement procedure with a working electrode 
potential of 0.4 V was started together with the application of 100 μL of 
sample liquid on the sample pad. After the completion of the measure
ment, the sensor holder was removed, the LFD discarded, and the sensor 
briefly washed with deionized water and dried in a nitrogen stream for 
the next measurement. With this procedure, the same sensor is used for 
each measurement of a concentration dependence. The repeatability of 
the sensors was tested by measuring the chronoamperometric response 
to a solution of 100 mM ascorbic acid in Tris buffer pH 9.0 applied on the 
sensor surface. The coefficients of variation for measuring this target and 
washing in between measurements is 5 and 8% (n = 7), for the BVT and 
the multi-channel screen-printed sensor, respectively. Single-channel 
measurements were performed using a Autolab PGSTAT-101 potentio
stat (Metrohm AG, Switzerland), while a 4-channel polypotentiostat 
EmStat3 4WE (Palmsens BV, the Netherlands) was used for the simul
taneous multiple measurements. 

2.4. Data analysis 

The chronoamperometric currents measured at a defined time after 
sample application are the concentration dependent signals measures 
that were considered for further data analysis. The signals were analyzed 
using a sigmoidal four-parameters fit (Holstein et al., 2015). For each 
concerned data set, the sigmoidal four-parameters function was fitted to 
evaluate the data. In the formula below, a, b, c and d are the fitting 
parameters, C the concentration of analyte, and S the measured signal. 

S=
a − d

1 + (
log(C)

c )
b + d 

The limit of detection (LOD) is calculated by taking the average of a 
zero-calibrator set of measurements plus three time its standard devia
tion and solving the fitted model for C. All calculations were made using 
OriginPro 2021b (v9.8.5.204), the models were fitted using the Leven
berg Marquardt algorithm. The parameters obtained after fitting are 
displayed in table T1 of the supplementary material. 

3. Results & discussion 

3.1. Detection principle and time trace 

In a first step, we investigated the electrochemical properties of the 
assay components to determine a suitable potential window for the 
detection of the product of the enzymatic reaction. The linear sweep 
measurements plotted in Fig. 2A show that a minimum potential of at 
least 0.1–0.2 V is required to effectively oxidize AA, which is also in line 
with what is found in literature (Sapper et al., 1982; Deakin et al., 1986; 
Matsui et al., 2015). Compared to Tris buffer, containing no electro
chemically active components, the signal in saliva remains on the same 
low level for potentials below 0.4 V, but shows a significant rise for 
higher voltages. To achieve effective oxidation of AA while keeping the 
electrochemical response from saliva at a minimum, we therefore chose 
0.4 V as potential for the chronoamperometric measurements. 
Furthermore, no signal rise is observed for 100 mM AAP in buffer, 
indicating that AAP is not electrochemically active by itself. The con
version of AAP to AA is demonstrated by mixing AAP with 7.5 U of ALP 
for 10 min prior to the measurement, after which a strong electro
chemical response from AA is observed. In other words, electrical saliva 
signals (grey line) do not interfere with the measurement of the result of 
the enzymatic reaction (green line). This leads to the possibility to 
measure a reaction specific electrical signal during the assay, despite the 
presence of saliva. 

Following the electrochemical system suitability testing, the concept 
of the immunoassay is tested. To this end, a set of measurements was 
performed using LFDs with a single printed test line of CRP-specific 
antibodies and a single channel electrode. In total, six different CRP 
concentrations were used for the evaluation. Fig. 2B shows the corre
sponding time traces of the chronoamperometric measurements, where 
t = 0 denotes the application of the sample liquid on the LFD. The 
temporal evolution of the curves can be interpreted in the following 
way: the first event is a sharp rise in current at 100 s related to the liquid 
reaching the electrode. The migrating liquid is already loaded with 
electroactive AA because of the enzymatic reaction that started earlier in 
the conjugate pad. As the liquid continues its way through the strip, the 
current continues to rise until about 400 s, when the liquid reaches the 
end of the membrane and causes the flow to halt. Without further AA 
supply from the conjugate pad, the current first drops and then gradually 
stabilizes to a slow and steady linear decrease after approximately 600 s, 
after which the current reflects the amount of conjugate immobilized 
below the electrode and thus the CRP concentration in the sample. 

3.2. Optimization of conjugate composition 

As the conjugate formed by the enzyme (SALP) and the CRP detec
tion antibody (dAB) is an essential part of the assay, the impact of 
various combinations of SALP and dAB on the assay performance were 
investigated. For this purpose, chronoamperometric measurements over 
900 s were performed for LFDs carrying different amounts and compo
sitions of the conjugate. Fig. 3 shows the electrochemical signal of 
different sets of LFDs and indicates where a concentration dependent 
signal has been observed. The first three experiments were made with 
increasing total amount of material in the conjugate pad, while keeping 
the ratio between SALP and dAB constant. With higher loading, the 
dynamic range and the resolution increased reaching the range of in
terest between 1 and 10 ng/mL for the third iteration. To assure that the 
assay was not hampered by an excess of unbound SALP or dAB, two 
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additional assays with constant amount of SALP but different amounts of 
dAB were performed. This further increased the dynamic range of the 
assay. Optimum conditions were reached for assay number five with an 
SALP to dAB ratio of 0.9 U/ng. These assay parameters were used for all 
subsequent experiments. Additionally, the stability of the dried form of 
the SALP was investigated (Fig. S1 in the supplementary data) over eight 
months while stored at 4 ◦C. There was no statistical change (two sample 
t-test with pooled variance, p (x ≤ T) = 0.255) in the enzymatic activity 
for AAP dephosphorylation over that time. Meaning that the SALP can 
be prepared and stored for a long period of time without losing in ac
tivity and potentially hurting the assay performance. 

3.3. Single channel measurements 

Saliva is a complex medium for immunoassays. It contains a number 
of different proteins such as mucins and enzymes, which not only in
crease viscosity (Noiphung et al., 2018) but also can interfere with the 
binding of antibodies (Fulton et al., 1989) and influence the diffusion of 
molecules in it. Depending on the analyte, other types of influences from 
the oral cavity (e.g. microbial flora, cavities) (Miočević et al., 2017) may 
also affect the assay performance. In order to minimize the effects of the 
sample matrix on the assay performance, more or less complex sample 
pretreatment procedures involving dilution or centrifugation of saliva 
are common (Mitchell and Lowe, 2009), and various collection pro
cedures (Kidd et al., 2009; Mohamed et al., 2012) and collection devices 
have been developed. To stay in line with the goal to keep the use of the 
assay simple, we restricted the saliva preparation to a filtering step as 
described in section 3.1. Fig. 4 shows a comparison of the calibration 
curves achieved in buffer and filtered saliva. A clear CRP dependence is 
observed in both cases. The most striking difference between the two 
curves is the reduction of the measured electrical current in saliva by 
roughly a factor of 2.5. We attribute this reduction to the higher vis
cosity of the saliva samples, which hinders the diffusion of the product to 
the electrode surface. Furthermore, the LOD increases from 3 ng/mL in 
buffer to 25 ng/mL in saliva. 

3.4. Evaluating multiplexing capabilities 

The simultaneous measurement capabilities of the system were 
investigated using an electrochemical sensor with four working elec
trodes (Fig. 1E). The first of these working electrodes were aligned with 
the CRP-specific capture antibodies on the nitrocellulose, while the third 
working electrode was aligned with the anti-mouse antibody line 
(control). Working electrodes 2 and 4 covered untreated areas on the 
nitrocellulose strip. Fig. 5A and B plot the chronoamperometric mea
surement results for different CRP concentrations in Tris buffer and 
filtered saliva, respectively. The CRP-specific signals show a similar 
behavior as already shown in the previous single-channel measure
ments. Comparing the signals in buffer and filtered saliva, the linear 
domain is reduced by a factor 10 on both the upper and lower end, and 
the estimated LOD increases from 13.5 in buffer to 55 ng/mL. The signal 
decrease for high CRP concentrations (>104 ng/mL) is attributed to the 
Hook effect (Schiettecatte et al., 2012). Therefore, the corresponding 

Fig. 2. A Linear sweep voltammograms for Tris buffer pH 9.0, ascorbic acid monophosphate (AAP), ascorbic acid (AA) and AAP mixed with streptavidin alkaline 
phosphatase (SALP). B Single channel chronoamperometric measurements in LFDs with different CRP concentrations in buffer, the applied voltage is 0.4 V. 

Fig. 3. CRP concentration dependence in LFDs with varying conjugate 
composition and conjugate load. Data points represent the current after 900 s 
from the sample application. SALP stands for Streptavidin Alkaline Phospha
tase, dAB for detection antibody (biotinylated). 
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data points were not considered for the mathematical fitting. 
Regarding the control line, the electrochemical signal is elevated for 

all CRP concentrations confirming the occurrence of binding events at 
this location. At higher concentrations, the signal is reduced as an im
mediate consequence of the high binding occurrence at the test line (see 
Supplementary Fig. S2). To achieve a higher degree of saturation across 
the CRP range, higher amounts of conjugate (SALP and dAB) would have 
to be used. However, more SALP would also increase the baseline signal 
(see Fig. 3), which would worsen the performance of the assay. Instead, 
we use the properties of this signal as a dynamic control: the elevated 
signal at all concentrations allows to confirm the proper migration and 
binding of the conjugate at the control line, similarly to a classical 
control. However, in this case the difference of signal between both 
extremes also enables to verify the interaction of the conjugate with CRP 
as its signal decreases with an increased CRP content. 

Finally, WEs 2 and 4 signals, where there are no capture molecules, 
remain low across all CRP concentrations, which indicates that the in
dividual working electrodes act independently of each other, and that 
there is no crosstalk between neighboring regions on the strips. This 
opens the possibility to detect additional target molecules by imple
menting other target specific capture and detection antibodies. Addi
tionally, this also means that no sign of nonspecific interactions between 

the capture molecules for CRP and saliva was found. 
The discrepancy between the LODs measured with single (Fig. 4) and 

multi-channel (Fig. 5) sensors can be explained with the difference of the 
working electrode area between both experiments, which use different 
sensors. We have shown that an increase in electrode area (supple
mentary material, Fig. S3) is associated with a greater standard variation 
for a set of measurements. Therefore, the change in LOD observed be
tween both sensors is expected because of the variation introduced due 
to a larger electrode. 

Moreover, the assay has potential for further improvement. The work 
by Young Kyoung Oh et al. (2014) provides with a good example. Their 
quantitative lateral flow includes an innovative approach involving a 
three-lines system, merging a direct and a competitive assay. The 
advantage is that low CRP concentrations are measured with the 
competitive assay, while the direct assay takes care of the higher values. 
This approach ensures a consistent signal over a large dynamic range. 
Given the ability to measure more than one line at the time with our 
LFD, this concept could potentially be adapted. There also exist other 
options for improvement such as the use of a robust same preparation 
procedure for saliva or the use of different types of nitrocellulose 
membranes, sample and conjugate pads, sensor geometries, conjugate 
additives, or the application of diverse blocking agents. 

4. Conclusion 

A quantitative electrochemical LFD was developed and subsequently 
investigated regarding its potential for CRP quantification in saliva. In 
doing so, the voltametric and chronoamperometric experiments allowed 
to establish a proper potential for the detection of the enzymatic prod
uct, to verify the suitability of the electrochemical system and to sub
sequently demonstrate a CRP concentration dependent signal. Then, the 
conjugate composition was investigated by looking at the effect of 
different combinations of SALP and dAB, which lead to improvements in 
dynamic range and sensitivity by a factor 103. Single channel electrode 
measurements with Tris buffer and saliva highlighted the importance of 
a salivary sample pre-treatment procedure for obtaining a reliable assay. 
The added complexity of saliva (complex, physical properties, lower 
concentrations) lead to lower electrical current and slightly worse per
formances, however still in a relevant range. Subsequently, the system 
was tested with a sensor comprising four working electrodes allowing 
the measurement at up to four different locations on the nitrocellulose 
membrane. The sensor was able to simultaneously measure concentra
tion dependent signals on two different working electrodes using Tris 
buffer and saliva. It was demonstrated that the LFD system can return 
concentration dependent signals in saliva with the possibility to measure 
several targets simultaneously. Furthermore, this study showed that this 
technology has the potential to be adapted into a multiplexing (up to 
four targets) electrochemical lateral flow device, which could be further 
enhanced into a fully portative device for POC applications. 

Fig. 4. Single channel experiments with spiked amounts of C-reactive protein 
(CRP) in Tris buffer pH 9.0 and filtered saliva. Each data point is taken from a 
chronoamperometric measurement at t = 900 s and represents the average of n 
= 3 with according to errors bars. The dashed lines represent the average signal 
of a set of blank measurements (non-spiked saliva) of n = 5 plus three time its 
standard deviation. The parameters obtained after fitting of the datasets 
following section 3.4 and used for calculations are provided in table T1 of the 
supplementary material. 

Fig. 5. Endpoint current at t = 900 s for different 
concentrations of CRP on a screen-printed sensor with 
four working electrodes positioned above capture 
antibodies for specific molecules: WE1: CRP, WE2: no 
capture molecules, WE3: control, WE4: no capture 
molecules. Each CRP concentration represents an 
average with n = 3. The dashed bars represent the 
average signal of a set of blank measurements (n = 5) 
plus three time its standard deviation. The parameters 
obtained after fitting of the datasets following section 
3.4 and used for calculations are provided in table T1 
of the supplementary material. A Data obtained when 
measuring CRP in Tris buffer pH 9.0. B Data obtained 
when measuring CRP in filtered human saliva.   
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