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ABSTRACT: Osteoporosis is a multifactorial disease influenced by genetic and
environmental factors, which contributes to an increased risk of bone fracture, but
early diagnosis of this disease cannot be achieved using current techniques. We
describe a generic platform for the targeted electrochemical genotyping of SNPs
identified by genome-wide association studies to be associated with a genetic
predisposition to osteoporosis. The platform exploits isothermal solid-phase primer
elongation with ferrocene-labeled nucleoside triphosphates. Thiolated reverse
primers designed for each SNP were immobilized on individual gold electrodes of
an array. These primers are designed to hybridize to the SNP site at their 3′OH
terminal, and primer elongation occurs only where there is 100% complementarity,
facilitating the identification and heterozygosity of each SNP under interrogation.
The platform was applied to real blood samples, which were thermally lysed and
directly used without the need for DNA extraction or purification. The results were validated using Taqman SNP genotyping assays
and Sanger sequencing. The assay is complete in just 15 min with a total cost of 0.3€ per electrode. The platform is completely
generic and has immense potential for deployment at the point of need in an automated device for targeted SNP genotyping with the
only required end-user intervention being sample addition.

■ INTRODUCTION
The possibility of reaching old age while sustaining a good
quality of life is increasingly tangible, and the early detection of
age-associated diseases that can eventually reduce autonomy is
garnering interest. An example of such a disease is
osteoporosis, the most common chronic skeletal metabolic
disease, which is defined by a reduction in bone mass and
microarchitectural deterioration in bone tissues, resulting in an
increased risk of bone fracture.1,2 Bone mass is highly heritable,
with heritability estimates of 0.5−0.85.3,4 Osteoporosis has a
high worldwide incidence affecting ca. 200 million people,5

with the disease and its complications and fragility fractures
incurring substantial global morbidity and mortality.6 Women
are more susceptible to osteoporosis than men, but the
prognosis for men to suffer hip or spine fractures is
increasing.7−9 The disease is one of the most common
among the elderly, affecting over 50% of women and 30% of
men over the age of 50 in Europe,10 with the annual cost of
osteoporotic fractures anticipated to increase to 106 billion
euros by 2050.11,12

Measurement of bone mineral density (BMD) is widely used
for the clinical diagnosis of osteoporosis,13 and dual-energy X-

ray absorptiometry (DXA) is widely used for measuring BMD
and is the most reliable clinical predictor of an osteoporotic
fracture risk.14,15 As defined by the World Health Organization
(WHO), a diagnosis of osteoporosis is reached when the BMD
of an individual, measured by DXA, is 2.5 standard deviation or
more below the average value for young, healthy individuals.7

However, the WHO also recognizes the diversification of
diagnostic criteria for intermediate cases7 due to the
multifactorial nature of the disease, which is conditioned by
several environmental and genetic risk factors.16 Moreover,
DXA devices have low sensitivity, detecting the loss of bone
mineral density when a significant amount of bone is already
lost.17,18
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The discovery of genetic variation loci and the elucidation of
their biological functions are critical to enable a further
understanding of the etiology of osteoporosis and to thus
facilitate the development of new approaches to screen for
osteoporosis.4,19 In recent years, genome-wide association
studies (GWAS) have been used to identify underlying genetic
factors associated with various diseases.9 The aim of GWAS is
the identification of robust (statistically significant and
replicated) associations of single nucleotide polymorphisms
(SNPs) with a specific phenotype.9 In the osteoporosis field,
the Genetic Factors for Osteoporosis (GEFOS) consorti-
um,20−22 the Genetic Markers for Osteoporosis (GENOMOS)
consortium,23 and the UKBIOBANK have performed GWAS
meta-analysis identifying hundreds of loci associated with
BMD measured by DXA or estimated from heel ultra-
sounds.16,24,25 A panel of 15 fracture-associated loci with
bone mineral density was identified and reported in 2018,26

and a Mendelian randomization approach of bone mineral
density showed a causal effect on fracture risk. As
demonstrated by clinical trials, there was no evidence of a
causal effect for calcium or vitamin D supplementation.27 Out
of the 15 identified fracture risk loci,27 we selected 4 SNPs that
explained the largest proportion of fracture risk and mapped to
genes implicated in bone biology which included WNT16
(rs2908007), RSPO3 (rs10457487), FAM210A (rs4635400),
and SOST (rs2741856) as well as the well-established lactose
intolerance marker (LCT(C/T-13910) polymorphism;
rs4988235) to be implemented in an electrochemical platform
for the detection of SNPs from a fingerpick blood sample,
which could be employed at the point of care and used as a
cost-effective screening tool, coupled with subsequent DXA
analysis, for the early diagnosis of osteoporosis.
A single nucleotide polymorphism represents a variation in a

single nucleotide that occurs at a specific position in the
genome,28 and SNPs are the most significant contributors to
genomic variation among individuals.29 A variety of techniques
have been developed for SNP genotyping, including electro-
phoresis systems such as the cleaved amplified polymorphic
sequence (CAPS), derived CAPS (dCAPS), and allele-specific
(AS-PCR).30 High-throughput SNP-genotyping technologies
have been developed and are employed, including the gene
chip microarray and the competitive allele-specific PCR-based
KAPS platform,31 and genotyping can also be achieved by
sequencing.32 The first SNP array was developed by the
Whiteside Institute together with Affymetrix and was designed
to simultaneously detect almost 1500 SNPs,33 and there are
now hundreds of customizable SNP chips available. However,
the cost of these instruments is significant, and this upfront
investment and subsequent maintenance costs cannot be met
by a majority of laboratories. Furthermore, the slow turn-
around times in obtaining results from centralized sequencing
or microarray facilities is not compatible with rapid clinical
decision making, and the possibility to detect SNPs at the
point of care would facilitate prompt and informed treatment
decisions. A cost-effective, robust, rapid, easy-to-use, and
reliable technology for target-specific low- to middle-scale
genotyping of genome-wide SNPs is desirable.
Isothermal amplification has been exploited for the detection

of SNPs, including approaches exploiting loop-mediated
isothermal amplification (LAMP) for the genotyping of
blood and buccal cells34 as well as an approach using loop-
primer endonuclease cleavage (LEC)-LAMP for the detection
of SNPS in Neisseria meningitidis.35 Further examples include a

competitive fluorophore-labeled probe hybridization assay
following LAMP, which was applied to the detection of an
SNP associated with the clinical response of personalized
peptide vaccination in saliva samples.36 In another report, the
use of loop-primer LAMP was used for the detection of SNPs
in Salmonella enterica serovar Gallinarum biovars Pullorum
and successfully applied in real sample testing of embryos,
livers, and anal swabs from chickens in poultry farms.37 LAMP
has also been used for the duplex detection of Factor V Leiden
and Factor II G20210A variants in whole blood samples38 in a
molecular beacon LAMP format for the detection of BRAF
V600E,39 and further examples of the use of LAMP for the
detection of SNPs has been comprehensively reviewed.40

Isothermal recombinase polymerase amplification (RPA) has
also been exploited for the detection of SNPs, using allele-
specific ligation to discriminate genetic variants related to
cardiovascular diseases,41 which also has been used for the
parallelized detection of the genotyping of four SNPs related to
the treatment of tobacco addiction.42 A forward primer SNP
detection approach using RPA has also been reported, where
removing the reverse primer enhanced discrimination with
single, double, and three scattered mismatches, and this
approach was combined with lateral flow detection of an SNP
that results in pyrethroid resistance in Aedes aegypti
mosquitoes.43 Giant magnetoresistive (GMR) nanosensors
using RPA have been applied to the genotyping of four SNPs
(rs4633, rs4680, rs4818, and rs6269) along the catechol-O-
methyltransferase gene (COMT) in salvia samples.44 Allelle-
specific RPA has been used for the real-time fluorescence
detection of the point mutation encoding hemoglobin S (HbS)
in capillary blood, with the entire assay complete in <30 min at
a cost of <$5.45

A wide range of diverse SNP detection methods have been
developed, including single base extension using fluorescently
labeled chain-terminating dideoxynucleotides (ddNTPs).46−49

Fluorescently labeled ddNTPs were also used in approaches
using surface-tethered primers50,51 and in array-based primer
extension (APEX)52,53 as well as alternate array-based
technologies exploiting primer elongation54 and solid-phase
polymerase chain reactions.55 As an alternative to fluorescence
detection, SNP detection technologies based on electro-
chemical detection have been detailed, including an approach
based on DNA-functionalized Cd-MOFs-74 as a cascade signal
amplification probe under enzyme-free conditions for the
detection of an SNP in the p53 tumor suppressor gene56 as
well as the SNP detection based on silicon semiconductors57

and the use of electroactive rather than fluorescent labels for
ddNTPs.58

Electrochemical devices are cost-effective, portable, and
rapid, and we recently exploited these advantages to develop an
approach for the electrochemical detection of an SNP directly
from a fingerprick blood sample, without the need for DNA
extraction or purification, which was completed in less than 20
min.59 This platform is based on isothermal solid-phase
recombinase polymerase amplification, where four identical 5′-
thiolated primers differing only at the terminal 3′ base are self-
assembled onto individual gold electrodes of an array. The
terminal base is designed to bind specifically to the base at the
SNP site under interrogation, and following direct hybrid-
ization with genomic DNA, using carefully optimized
conditions, only the primer with the complementary base is
elongated. To facilitate electrochemical detection, ferrocene-
labeled deoxynucleotides60−62 are incorporated during primer
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elongation, and square wave voltammetry is used to directly
detect which primer has elongated and thus identify the allele
present at the SNP site. In both differential pulse voltammetry
(DPV) and square wave voltammetry (SWV), the faradaic to
nonfaradaic current ratio is drastically increased and there is a
very effective discrimination against the charging background

current, achieving very low limits of detection compared to
cyclic voltammetry.63 However, SWV has the added advantage
that it provides currents up to 4 times higher and considerably
faster responses than DPV. The scan rate of SWV (above 1 V/
s) markedly decreases the analysis time, when compared to the
commonly used DPV scan rate (around mV/s) where faster

Figure 1. Schematic representation of the assay taking SNP 10 as an example for visualization of the different steps. (A) Rapid thermal lysis of the
blood sample, which is combined with the RPA master mix containing the ferrocene-labeled dNTPs and added to the functionalized electrode
array. (B) Schematic of the ferrocene-labeled dNTPs used in this work. (C) Actual picture of the setup: magnified image of the drops containing
the thiolated primer and mercaptohexanol during surface functionalization, sequential assembly of the microfluidic cell, and break-out box
fabricated for SWV measurements. (D) Visualization of the three different possible cases (cases 1 and 2 for homozygous samples and case 3 for
heterozygous samples). The thiolated reverse primers are self-assembled on the gold electrode. Fully complementary base pairing occurs only at the
primer with the terminal base complementary to the base at the SNP site on the genomic double-stranded DNA (dsDNA). Solid-phase primer
elongation was performed using isothermal recombinase polymerase amplification and the electroactive ferrocene-labeled dNTPs (B) are
enzymatically incorporated into the solid-phase amplification product. Following washing and denaturation, electrochemical detection using SWV
is carried out.
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scan rates decrease the sensitivity and resolution of signals.
This is of particular importance for multiplexed electro-
chemical detection.
In first demonstrations of the proof of concept, single SNPs

were identified in DNA extracted and purified from sputum
samples containing Mycobacterium tuberculosis to detect an
SNP associated with rifampicin resistance64 and then in a
fingerprick blood sample to identify an SNP linked with
cardiomyopathy.59

In the present paper, we have extended our generic platform
for the simultaneous detection of the five SNPs identified in
the GEFOS/GENOMOS study.15 This system was first
optimized using synthetic DNA and later tested using extracted
genomic DNA. The effect of blood on the performance of the
solid-phase primer elongation was evaluated, and the results
were finally successfully validated with biobanked blood
samples that had previously been genotyped using SNP-
qPCR and further confirmed using Sanger sequencing. This
platform can be facilely expanded to a plethora of further
applications, and the number of SNPs can be vastly increased
according to the end-user requirements, with the complete
analysis from blood lysis to final read-out completed in less
than 20 min.

■ RESULTS AND DISCUSSION
To carry out the targeted SNP genotyping (Figure 1), a 10 μL
blood sample is diluted 1:5, subjected to rapid thermal
lysis,59,65 and directly used without the need for any further
purification (Figure 1A). The lysed sample is then mixed with
the RPA reagents (Figure 1A) and ferrocene-labeled dNTPs
(Figure 1B) and injected into the channels of an PMMA
microfluidic cell, integrated with a 64-electrode array
previously functionalized with thiolated primers (Figure 1C).
Solid-phase isothermal primer elongation is then allowed to
proceed for a defined time (Figure 1D) at a fixed temperature.
The use of ferrocene-labeled dNTPs (Figure 1B) results in a
surface-tethered elongated primer containing multiple redox
labels for direct electrochemical detection (Figure 1D), using a
break-out box able to record the square wave voltammograms
(SWV) from 64 working electrodes (Figure 1C). It should be
highlighted that the number of electrodes in the array was
defined to be 64 based on the number of channels available in
the commercial Autolab multichannel potentiostat, and using a
64-electrode array and having an electrode for each allele, 2
negative electrodes for each SNP, the maximum number of
SNPs that could be simultaneously used using the 64 electrode
array would be 16. However, developmental work is ongoing
with Labman Automation (U.K.) to produce a portable
potentiostat with a higher number of channels, which would
not only increase the number of SNPs that could be detected
in one assay but also facilitate use at the point of need.
Furthermore, the potentiostat under development has the
potential to be battery operated using a 3000 mAh lithium ion
battery, with an expected lifetime of >3h between charges.
For the present work, the SNPs identified by GEFOS/

GENOMOS in previous GWAS analyses26 with the ultimate
objective of constructing a genetic risk score (GRS) that can
help to identify individuals at the extremes of the fracture risk
distribution (i.e., and very high or very low risk of fracture) as
well as an established Caucasian lactose intolerance marker
were chosen to be detected.66 The subsets of SNPs are
included in Table 1 and are referred to as SNP 10

(rs10457487), SNP 27 (rs2741856), SNP 29 (rs2908007),
SNP 46 (rs4635400), and SNP 49 (rs4988235).

Since humans are diploid organisms, two sets of homologous
chromosomes have the same loci, one allele from the paternal
and the other from the maternal parent. If both alleles are the
same, then the organism is homozygous at that locus or SNP
(e.g., AA or CC), and if they are different, then the organism is
heterozygous at that locus (e.g., AC) (Figure S1). As
schematically depicted in Figure 1D, the homo/heterozygous
nature of the SNP under interrogation was elucidated via the
use of two 5′-thiolated reverse primers, differing only in the
base at the 3′-OH end which is complementary to the SNP to
be detected. To further confirm the result, two additional 5′-
thiolated reverse primers with the same sequence but carrying
an unrelated base at the 3′-OH end were used as negative
controls for each SNP. In the developed isothermal solid-phase
approach, primer elongation is expected only with the
primer(s) with the terminal base complementary to the allele
present at the SNP sites. Following Figure 1D as an example, if
the SNP10 is AA then elongation should be observed only
from a primer terminating with T, and if the SNP10 is CC then
only the primer terminating in G should be extended. If the
SNP10 is heterozygous AC, then the elongation of both of the
primers terminating in T and G should be observed. Negligible
signal should be observed at electrodes modified with primers
terminating in A and T, and these electrodes serve as negative
controls.
Evaluation of Primer and Target Sequences De-

signed for SNP Detection. The primers were primarily
designed in silico with the aim of obtaining similar melting
temperatures (Tm) to facilitate equivalent amplification
efficiency and avoid cross-reactivity between the primers.
Two different software programs were used for the primer
design: Primer Blast software to obtain primers with similar Tm
values and GC content (Figure S2) and to check for cross-
reactivity with nonspecific sequences found in the genome and
Multiple Primer Analyzer software to screen for any potential
self-dimer/primer-dimer formation (Figure S3). Finally, Table
S1 summarizes the primer sets and DNA sequences used for
SNP detection.
The specificity of the primers (Table S1) was then

confirmed using PCR. Different PCR master mixes were
prepared using the combined five forward primers with the
individual reverse primer specific for each SNP to amplify the
synthetic DNA sequences (Table S1). In all cases, a single
band was observed via gel electrophoresis (Figure S4A),
indicating that each synthetic DNA was amplified only with its
specific reverse primer. When the target sequences were tested
using the noncorresponding reverse primers, no band was
observed in gel electrophoresis, confirming the specificity of
the primers. Furthermore, no other bands were observed,
demonstrating that no self-dimers or primer-dimers had
formed during amplification (Figure S4A). This primer

Table 1. Subset of Five SNPs Selected

SNP CHR POS Closest Gene

rs10457487 6 127519234 RSPO3
rs2741856 17 41826839 SOS
rs2908007 7 120962164 WNT16
rs4635400 18 13719510 FAM210A
rs4988235 2 135851076 MCM6
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specificity was again achieved when these tests were performed
using isothermal liquid-phase RPA, where only a single band
was observed when each synthetic DNA was amplified with its
specific reverse primer (Figure S4B).
Proof of Concept of Multiplex Solid Phase Amplifi-

cation. The specificity of primers was subsequently tested by
using solid-phase RPA with colorimetric detection. An
activated maleimide microtiter plate was modified with the
5′-thiolated reverse primers for the detection of five SNPs,
including the β-globin housekeeping gene as a positive control.
A reaction mixture containing the RPA reagents, the five
forward primers, and the synthetic dsDNA targets was added
to the wells, and primer elongation was achieved using
biotinylated dNTPs. Following completion of the isothermal
solid-phase primer elongation, streptavidin-modified HRP was
added to bind to the incorporated biotinylated dNTPs,
followed by addition of the substrate 3,3′,5,5′-tetramethylben-
zidine. As can be seen in Figure S5, there was a clear
differentiation in the signal obtained with the fully comple-
mentary primer as compared to the other primers. While this
colorimetric assay demonstrated the viability of the approach
and the specificity of the designed primers, it effectively
comprises individual reactions for each of the SNPs, and the
electrochemical platform (Figure S6) not only facilitates true
simultaneous, parallelized detection of the SNPs from a single
sample but also reduces the number of washing steps and
avoids the use of sensitive reporter enzymes and substrates.
Furthermore, the volume of the mixture of RPA reactants and
the sample was decreased by ca. 27-fold, from approximately 4
mL to 150 μL (Figure S6B). The interelectrode reproducibility
in the signal is excellent as evidenced by the signal obtained at
each electrode of a 64-electrode array functionalized with 6-
(ferrocenyl)hexanethiol (Figure S7).
The thiolated primers were self-assembled on the surface of

individual gold electrodes of an array following the pattern
outlined in Figure S8. Each set of primers is composed of two

5′-thiolated reverse primers complementary to the specific part
of the genome containing the SNP under interrogation and
differing only in the base at the 3′-OH end, with the terminal
bases designed according to the SNP to be detected. Two
additional negative controls of electrodes functionalized with
5′-thiolated reverse primers with terminal bases not specific to
the SNP were also employed.
Additionally, two positive controls were implemented. The

first positive control was an electrode functionalized with a 5′-
thiolated reverse primer specific for the housekeeping β-globin
gene, and a positive signal obtained at this electrode indicates
correct cell lysis and solid-phase isothermal amplification. For
the second positive control, an electrode was functionalized
with the 5′-thiolated poly-A sequence that should simply
hybridize with an Fc-poly T, which is added together with the
forward primers. A positive signal obtained at this electrode
indicates correct functioning of the electrodes, connectors, and
fluidics.
Optimization of the Simultaneous Detection of Five

SNPs Using the RPA Reaction. In the assay reported here,
the genomic DNA interacts with 20 surface-tethered primers, 4
primers for each of the 5 SNPs, requiring a careful
optimization of the reaction time, temperature, and concen-
trations of the solution-phase forward primers. For optimiza-
tion of the assay, several electrode arrays were functionalized
and housed inside the microfluidic cell (Figure 1C and Figure
S6B), with the RPA carried out with synthetic sequences using
different parameters and the electrochemical signal measured
in the setup shown in Figure 1C and Figure S6D.
The optimum duration of the solid-phase isothermal primer

elongation was observed to be 15 min, with an optimum
applied temperature of 37 °C. The forward primer
concentration played an important role in the kinetics of the
reaction, and the optimum concentrations were determined
(Figure S8). As can be seen in test 1 (Figure S8), the kinetics
of the solid-phase primer elongation reaction are not equal for

Figure 2. Square wave voltammograms obtained after optimization of the concentration of the five forward primers (FwP) for the simultaneous
detection of the five SNPs related to osteoporosis using isothermal solid-phase primer elongation and dNFcTPs. The β-globin gene was also
included as a positive control of the RPA reaction.
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every SNP. Using a 0.5 μM forward primer concentration, the
positive primers for SNP 10 and 49 are fully discriminated
from negative primers but not for SNP 27, SNP 29, and SNP
46. The differentiability was improved for SNP 27 and SNP 29
by decreasing the concentration of their forward primers to
0.25 μM (test 2) while maintaining the concentration of the
forward primers of SNP 10 and 49 at 0.5 μM, and the
concentration of the forward primer for SNP 46 had to be
further decreased to 0.125 μM (test 3). The optimum
concentration of forward primers (Figure 2) was thus 0.5
μM for SNP 10 and SNP 49, 0.25 μM for SNP 27 and SNP 49,
and 0.125 μM for SNP 46, and these concentrations were used
in all further experiments. In normal PCR/solution-phase RPA,
either the salt concentration or primer concentration can be
optimized to achieve equal amplification efficiency. Indeed, we
have previously observed that with a range of diverse targets
that there are some sequences that are amplified using RPA
much more rapidly and efficiently than others, but we have not
been able to find an explanation for this as there appears to be
no correlation between amplification rates and the GC content
of the melting temperature of target/primers.67 As with
multiplexed amplification, a common salt concentration has
to be used, and the concentrations of the forward primers were
used to achieve equal amplification efficiency.
Validation of Multiplexed Electrochemical Detection

of SNPs Using Isothermal Solid-Phase Primer Elonga-
tion with Biobanked Samples. The effect of the blood
matrix was primary evaluated. The genomic DNA was
extracted and purified using a NucleoSpin blood kit to
eliminate the complex blood matrix from a panel of five
representative whole blood samples containing different SNPs.
The signal obtained following solid-phase primer elongation
was compared to that obtained with the original blood sample,
which had been thermally lysed and used without purification.
The results obtained fully agreed with each other in terms of
SNP identification, and the intensity of the signals was very
similar (Figure 3 is included as an example of one of the
samples and Figure S9 is included for the other four),
highlighting that there is negligible matrix effect of the whole
blood on the solid-phase isothermal primer elongation reaction
and electrochemical detection of the surface-tethered ampli-
con.
Having demonstrated that the whole blood matrix has a

negligible effect on the signal and in no way affects the
identification of the SNP, the remaining whole blood samples
were processed using rapid thermal lysis, followed by
isothermal solid-phase primer elongation, and the elongated
primers were detected electrochemically (Figure S10).
Corroboration of the Developed Approach with Two

Reference Methods (TaqMan Fluorogenic 5-Exonu-
clease Assay and Sanger Sequencing). The electro-
chemical platform for the detection of SNPs was primarily
validated using the SNP-specific TaqMan fluorogenic 5-
exonuclease assay, an assay routinely used in clinical
laboratories for the detection of SNPs, and was the assay
employed at the Medical University of Graz. This assay
requires prior cell lysis, DNA extraction, and purification, and
individual assays need to be carried out for each SNP to be
studied. The assay mix contains the TaqMan probes specific
for each SNP, which were labeled with 2′-chloro-7′-phenyl-1,4-
dichloro-6-carboxy-fluorescein (VIC) for allele 1 and 6-
carboxyfluorescein (FAM) for allele 2 and the allelic

discrimination plots used for genotyping (Table S2, Figure
S11).
To further confirm the identification of the SNP under

interrogation, the whole blood samples were sequenced using
automated Sanger sequencing. In order to demonstrate that
the DNA obtained following thermal lysis matched the DNA
extracted and purified, five samples were sequenced, and as can
be seen in Figure 4, a perfect correlation in the sequencing

Figure 3. Square wave voltammograms recorded in 0.1 M Sr(NO3)2 +
0.1 M glycine pH 3 for the electrochemical detection of the five SNPs
in extracted and purified genomic DNA from a human whole blood
sample and in the same blood sample to evaluate the matrix effect.
The SNP-related primers are highlighted in different colors (red for
primers ending in T for SNPs A, blue for primers ending in C for
SNPs G, and green for primers ending in G for SNPs C) while the
negative primers are represented by black and discontinuous traces).
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results was obtained, which were in agreement with the results
obtained using the developed electrochemical platform. In
addition, using these five samples, both strands of the DNA
were sequenced using forward and reverse primers to validate
the SNP detected (Figure 4). The presence of a single peak in
the chromatogram represents a homozygous SNP (e.g., SNP
10 forward primer: CC), while the two peaks indicate a
heterozygous SNP (e.g., SNP 29 forward primer: AG). Finally,
the SNP detected from the forward strand was corroborated by

the complementary base identified from the reverse strand
(e.g., SNP 10 forward primer: CC; SNP 10 reverse primer:
GG).
Bioedit software was used to check the resulting sequences

and the chromatograms (Figure S12), while Blastn software
was used to align the obtained sequences with the reference
sequence from the synthetic DNA, demonstrating greater than
the 90% similarity between both sequences (Figure S13).

Figure 4. Chromatograms of Sanger sequencing results of the sample shown in Figure 3. The SNP is highlighted with an arrow. The presence of a
single peak in the chromatogram represents a homozygous SNP (e.g., SNP 10 forward primer: CC), while the observation of two peaks indicates a
heterozygous SNP (e.g., SNP 29 forward primer: AG).
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Table 2 summarizes the results obtained (shown visually in
Figures 3, 4, S9, S10, S11, S12, and S13) with automated
Sanger sequencing, the TaqMan fluorogenic 5-exonuclease
assay, and electrochemical detection. As can be seen, there is a
100% correlation among the results obtained using the three
techniques, thus validating the results obtained with the
electrochemical platform developed for SNP genotyping.
Osteoporosis is highly polygenic and heritable, with

heritability ranging from 50 to 80%; however, only a useful
combination of genetic variants will be able to demonstrate
clinical efficiency in the prediction of patients at risk.68 The
four SNPs selected from the GWAS studies have been shown
to be associated with up to a 10% increase in fracture risk and
have been mapped to genes clustering in pathways known to
be relevant to bone biology.69 For instance, SOST and
WNT16 are two of the key regulators of bone remodeling,70,71

have been robustly associated with low bone mineral density,
and have led to 10 and 6% increases in fracture risk,
respectively.69,72 RSPO3 has been shown to regulate vertebral
trabecular bone mass and bone strength in mice and fracture
risk in humans73 and was associated with up to a 5% increase
in fracture risk. FAM210A as a novel bone pathway has been
shown to influence the structure and strength of both muscle
and bone74 and has been shown to be associated with up to a
5% increase in fracture risk. Furthermore, the well-established
lactose intolerance marker (LCT(C/T-13910)) is of immedi-
ate diagnostic as well as therapeutic value for the potential
users, as clinical congruence with lactose malabsorption is very
high.75 Therefore, peroral supplementation with lactose-free
calcium in individuals with lactose intolerance can be
immediately recommended to avoid gastrointestinal malab-

Table 2. Correlation between the SNP Detected by the Genomic Sensor (EC) Using Whole Blood Samples and Reference
Methods: TaqMan Fluorogenic 5-Exonuclease Assay (Taq-man) and Sanger Sequencing (S.Seq.)

SNP

rs10457487 rs2741856 rs2908007 rs4635400 rs4988235

Sample ID↓ EC Taq-man S.Seq EC Taq-man S.Seq EC Taq-man S.Seq EC Taq-man S.Seq EC Taq-man S.Seq

1 CC CC CC GG GG GG AG AG AG GG GG GG AA AA AA
2 AC AC AC GC GC GC AG AG AG AA AA AA AG AG AG
3 AC AC AC GG GG GG AA AA AA AA AA AA AG AG AG
4 CC CC CC GC GC GC AG AG AG AG AG AG AA AA AA
5 CC CC CC GG GG GG AA AA AA AG AG AG AG AG AG
6 AA AA AA GG GG GG AG AG AG GG GG GG AG AG AG
7 CC CC CC GG GG GG AG AG AG GG GG GG AA AA AA
8 CC CC CC GG GG GG AA AA AA AA AA AA AG AG AG
9 AA AA AA GG GG GG GG GG GG AA AA AA AA AA AA
10 AC AC AC GG GG GG AG AG AG AG AG AG AG AG AG
11 CC CC CC GG GG GG AA AA AA AA AA AA AG AG AG
12 AC AC AC GG GG GG AA AA AA AG AG AG AG AG AG
13 AA AA AA GG GG GG AG AG AG AA AA AA AG AG AG
14 AC AC AC GG GG GG AA AA AA AG AG AG GG GG GG
15 AC AC AC CC CC CC AA AA AA GG GG GG AG AG AG

Table 3. Simple Quantitative Index of the Genetic Predisposition to Bone-Related Risks (SQI)a

SNP→

SNP10 SNP27 SNP29 SNP46 SNP49

Sample
ID↓

Sex
(f = female/m = male)

Age
(year-
s) rs10457487 R(A)=C rs2741856 R(A)=G rs2908007 R(A)=A rs4635400 R(A)=A rs4988235 R(A)=G SQI

1 f 62 CC GG AG GG AA 5
2 m 65 AC GC AG AA AG 6
3 f 44 AC GG AA AA AG 8
4 f 61 CC GC AG AG AA 5
5 f 67 CC GG AA AG AG 8
6 m 67 AA GG AG GG AG 4
7 f 62 CC GG AG GG AA 5
8 f 58 CC GG AA AA AG 9
9 |f 56 AA GG GG AA AA 4
10 f 62 AC GG AG AG AG 6
11 m 72 CC GG AA AA AG 9
12 f 62 AC GG AA AG AG 7
13 f 60 AA GG AG AA AG 6
14 f 57 AC GG AA AG GG 8
15 f 63 AC CC AA GG AG 4

aRisk alleles are underlined. The SQI was not weighted for its allelic effect sizes. The higher the number of risk alleles, the higher the theoretical
genetic predisposition.
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sorption by common milk products containing lactose in
patients at risk for osteoporosis.
Finally, the use of genotyped SNPs is maximized when

constructing a so-called polygenic risk score.76 Although the
sum of trait-associated alleles was not weighted for their
effective sizes, a simple quantitative index of genetic
predisposition to bone-related risks was established. Table 3
summarizes the SNP detected with the risk alleles highlighted
in bold and underlined. The higher number of present risk
alleles can be considered to reflect a higher genetic
predisposition. The polygenic risk score assists in the
identification of individuals with high genetic susceptibility to
developing osteoporosis (in this case, 2 of the 15 samples are
shown in Table 3 and Figure S14).

■ CONCLUSIONS
A generic platform for the simultaneous electrochemical
detection of multiple single nucleotide polymorphisms
(SNPs) via solid-phase isothermal primer elongation has
been successfully implemented. Five SNPs associated with an
increased risk of developing osteoporosis and a risk of fracture
were detected in 15 blood samples, with the results validated
using both a TaqMan SNP-specific fluorogenic 5-exonuclease
assay and Sanger sequencing. It has been demonstrated that
the blood matrix has no effect on the assay performance or the
electrochemical detection. The generic platform is robust and
can be used directly with thermally lysed blood samples with
no need for DNA extraction or purification, with the entire
assay from the addition of the lysed sample to the readout of
the results being complete in just 15 min, with the cost per
SNP, on a laboratory scale, including the cost of the electrode
array, microfluidics, and all reagents being ca. 0.3€. The
heterozygous versus homozygous nature of the SNP is robustly
determined, with results further confirmed by negative and
positive controls. While in the work reported here, the assay
was carried out in triplicate for each of the immobilized
primers, the use of the negative controls was demonstrated to
be robust enough to eliminate the need for triplicate readings,
and thus 4 electrodes per SNP is adequate, with 2 positive
controls per array and using the 64 electrode array 15 SNPs
could be simultaneously detected. The reported platform is
completely generic in nature and can be used for any
application requiring SNP genotyping. The number of SNPs
can be facilely expanded to a higher number of SNPs simply by
increasing the number of electrodes per array, which can be
defined by the end-user requirements, with no impact on cost/
SNP or assay time, and is currently limited by the number of
channels available with commercial potentiostats. A potentially
battery-operatable portable potentiostat, measuring L 146 × W
85 × H 88 mm3, capable of simultaneous detection of all 64
electrodes in less than 7 s has been developed by Labman
Automation, which has the ability to scale up to 128, 256
electrodes, etc. and will be employed in future work for the
implementation of the assay at the point of need.
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