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A B S T R A C T   

One of the serious challenges facing modern point-of-care (PoC) molecular diagnostic platforms relate to reliable 
detection of low concentration biomarkers such as nucleic acids or proteins in biological samples. Non-specific 
analyte-receptor interactions due to competitive binding in the presence of abundant molecules, inefficient mass 
transport and very low number of analyte molecules in sample volume, in general pose critical hurdles for 
successful implementation of such PoC platforms for clinical use. Focusing on these specific challenges, this work 
reports a unique PoC biosensor that combines the advantages of nanoscale biologically-sensitive field-effect 
transistor arrays (BioFET-arrays) realized in a wafer-scale top-down nanofabrication as high sensitivity electrical 
transducers with that of sophisticated molecular programs (MPs) customized for selective recognition of analyte 
miRNAs and amplification resulting in an overall augmentation of signal transduction strategy. The MPs realize a 
programmable universal molecular amplifier (PUMA) in fluidic matrix on chip and provide a biomarker- 
triggered exponential release of small nucleic acid sequences easily detected by receptor-modified BioFETs. A 
common miRNA biomarker LET7a was selected for successful demonstration of this novel biosensor, achieving 
limit of detection (LoD) down to 10 fM and wide dynamic ranges (10 pM–10 nM) in complex physiological 
solutions. As the determination of biomarker concentration is implemented by following the electrical signal 
related to analyte-triggered PUMA in time-domain instead of measuring the threshold shifts of BioFETs, and 
circumvents direct hybridization of biomarkers at transducer surface, this new strategy also allows for multiple 
usage (>3 times) of the biosensor platform suggesting exceptional cost-effectiveness for practical use.   

1. Introduction 

Point-of-Care (PoC) bioanalytical or biosensor platforms are posi
tioned to revolutionize diagnostics in environmental, forensics, food 
safety and personalized healthcare (Blum and Coulet, 2019, Chen and 
Bashir, 2023). Their ability to label-free detect molecules exceeds the 
conventional optical-assays based on pre-amplification and labeling 
techniques (Pachauri and Ingebrandt, 2016; Syedmoradi et al., 2019). In 
particular, biologically sensitive field-effect transistors (BioFETs) based 
on low-dimensional transducers such as nanowires (NWs), carbon 
nanotubes and graphene are demonstrated as efficient platforms for 

biological and chemical sensing (Kaisti, 2017; Lu et al., 2018; Pachauri 
et al., 2010). Silicon based BioFET-arrays, especially, due to their high 
technological readiness for circuit integration and proven methods for 
surface modification have successfully demonstrated sustained opera
tion and multiplexing capabilities (Gao et al., 2016; Rani et al. 2016, 
2020). Even as such nanoscale BioFET-arrays, because of their scalable 
fabrication, are ideal for integration of advanced quantitative PoC di
agnostics, several critical challenges remain for their usage in real 
conditions (Holzinger et al., 2014). For example, due to operational 
requirements in biological media, BioFET-arrays face issues related to 
solid-liquid interface, such as non-specific processes influencing 
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receptor-analyte interaction, large biomolecules creating a 
charge-screening layer at the interface, biofouling of the interface etc., 
all of which result in decreased sensitivity and specificity. PoC platforms 
essentially face serious practical limitations, originating from above 
mentioned challenges and result in sensor design bottlenecks to achieve 
technological advancement able to qualify for clinical evaluations. Sci
entific interests in the development of novel strategies to overcome such 
challenges and render PoC diagnostics reliable remains very high, as was 
witnessed during the recent coronavirus disease (COVID) outbreak 
(Morales-Narvaez and Dincer, 2020). Here, quantitative detection of 
disease-linked nucleic acids such as miRNAs, cell-free RNAs with rele
vant clinical concentrations in sub-pico to femtomolar ranges, consti
tutes a critical PoC diagnostics challenge. Detection strategies for such 
analytes generally focus on optimizations of biofunctional layers to 
improve the effective specificity and affinity towards binding of analytes 
(Borghei et al., 2017; Cheung et al., 2020; Ganguli et al., 2018; Ilkhani 
and Farhad, 2018; Janegitz et al., 2017; Kong et al., 2015; Lanche et al., 
2018; Akhavan et al. 2012, 2014). However, limited success of such 
strategies require alternative approaches for analyte-specific signal 
enhancement, that have relied on complex surface modification pro
tocols and operation to achieve any clinical relevance (Dincer et al., 
2017; Kelley, 2017; Vu et al., 2019). 

For these reasons, current ‘gold standard’s of such low-concentration 
biomarkers (miRNAs, cfRNAs) detection are still centered around 
amplification of the target molecules by quantitative Polymerase Chain 
Reaction (qPCR) combined with a fluorescent probes (Chen et al., 2015; 
Nolan et al., 2006; Viljoen et al., 2005). Although PCR-based approaches 
provide reliable detection, the need for controlled temperature cycling 
and fluorescent labeling, requiring costly and fragile optics, leads to 
increased complexity and costs. With the constant advances in tech
nology, alternatives to PCR amplification have been proposed, including 
isothermal amplification strategies such as LAMP (Loop-Mediated 
Isothermal Amplification), RCA (Rolling Circle Amplification), EXPAR 
(EXPonential Amplification Reaction) (Yao et al., 2014). These ap
proaches solve some of the shortcomings of PCR, such as thermocycling, 
but some significant holdups remain, including an increased propensity 
of non-specific amplification leading to false positives (Feng et al., 

2020). Outbreak of highly contagious COVID-19 once again underscores 
the urgency for diagnostic platforms with smaller footprints, for which 
an optimal solution is to make use of sensor chips based on 
low-dimensional transducers arrays that require minimal sample vol
umes, can operate at constant temperature and require minimal sample 
pre-preparation steps. (Morales-Narvaez and Dincer, 2020). 

PUMAs, that we integrate with electrical biosensors in this work, are 
a type of molecular programs (MPs) that via a network of biomolecular 
circuits, perform complex signal-processing tasks such as bio-oscillators, 
bio-switches, programmable controllers and neural networks (Chen 
et al., 2013; Okumura et al., 2022). Such MPs not only open up possi
bilities to understand cell biology, but also developed innovative stra
tegies for the development of biosensors or molecular robotics using 
synthetic nucleic acids (Komiya et al., 2019). In vitro realization of such 
biochemical circuits employ synthetic DNA as information encoding 
molecules owing to its ability to store information, simple base pairing 
rules, stability and cost-effectiveness (Soloveichik et al., 2010). One 
such remarkable DNA computing framework is the Polymerase Exonu
clease Nickase-Dynamic Network Assembly (PEN-DNA) toolbox, which 
uses a set of oligonucleotides and enzymes forming a variety of dynamic 
molecular circuits. Some examples of PEN-DNA toolbox used for 
detection of DNA or miRNA include three basic steps: (i) selectively 
identifies the analyte of interest i.e. miRNA or DNA, (ii) conversion to 
another sequence, and (iii) amplifies this sequence with a specific 
threshold mechanism to prevent unwanted amplification (Gines et al., 
2020b) such as shown in Fig. 1. The activation/inhibition reactions in a 
PEN-DNA toolbox are catalyzed by a set of enzymes including a DNA 
polymerase, a nickase and an exonuclease. In principle, by adapting the 
sequence of these oligonucleotide templates, the MP can be adapted for 
specific targets or conditions promising versatility for detection of 
multiple targets. However, several concerns persist to employ this 
technology in real life clinical applications. One of them being the lack 
of an easy readout platform that, while reducing the dependency on 
skilled operators, does not compromise on the sensitivity of the 
biosensor platform. 

The novel biosensor strategy as presented in this work integrated 
PUMA in order to amplify the signal transduction by several orders of 

Fig. 1. An overview of the working principle of the Programmable Universal Molecular Amplifier or PUMA based on the PEN toolbox molecular programming 
approach. It is composed of a converter stage and a thresholded amplifier stage. The former is able to convert a DNA/RNA strand to a trigger tailored for the 
amplifier. The latter amplifies with a significant gain the molecular signal while preventing false positives using a pseudo template strategy to overcome the system 
metastable behavior. Finally, the output of the molecular amplifier - a short DNA strand - is detected by via hybridization of PUMA output at the surface of the 
transducer surface modified with a complementary sequence. 
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magnitude, improving the output electrical signal significantly and 
lowering the limit of detection (LOD) so as to match the clinically 
relevant biomarker concentrations. To the best of our knowledge, only a 
few examples in literature describe integration of an isothermal ampli
fication process together with an electrical or electrochemical read-out 
system. One of them concerned the real-time amplification and detec
tion of DNA used for detection of single nucleotide polymorphism from 
P450 Cytochrome variants (Toumazou et al., 2014). However, the 
sensor performance of this BioFET based biosensor platform was limited 
by operation in a low ionic-strength buffer for its pH change based 
monitoring (Toumazou et al., 2013). Also, upon such pH variation, en
zymes (e.g. polymerase) should maintain their activity while performing 
amplification of oligonucleotides. A second example, an integrated LoC 
biosensor able to electrochemically detect RNA and serological host 
antibodies from saliva and blood samples from SARS-CoV-2 positive 
patients (Najjar et al., 2022). The combination of LAMP with electro
chemical CRISPR-Cas12a for implementing high sensitivity and high 
specificity detection strategy, however, required tedious sample prepa
ration steps. The current work focuses on detection of a miRNA 
biomarker Let7a, which is dysregulated in several types of cancers 
including breast, lung, prostate, leukemia (Chen et al., 2022) and colon 
and is known to be down-regulated in Parkinson’s disease (Chen et al., 
2018; Chirshev et al., 2019). The unique integration of the high sensi
tivity BioFET-arrays based on Silicon nanowires (Si-NW) with the 
leak-free isothermal PUMA in a time-encoded approach is demonstrated 
to carry out routine detection of low concentration miRNA in complex 
physiological matrices. 

2. Material and methods 

2.1. Reagents and chemicals 

All oligonucleotides were purchased from Integrated DNA Technol
ogies, Inc. (IDT) with HPLC purification and suspended/diluted in Tris- 
EDTA buffer (or in nuclease-free water when required) and are sum
marized in Table S1. Template sequences were protected from degra
dation by the exonuclease enzyme by use of 5’ phosphorothioate 
modifications. Vent(exo-) DNA polymerase. Nt.BstNBI and Nb.BsmI 
nicking enzymes and bovine serum albumin (BSA) were purchased from 
New England Biolabs (NEB). A 10-fold dilution of the Nt.BstNBI used 
throughout the experiments was prepared by dissolving the purchased 
stock in diluent A (NEB) supplemented with 0.1% Triton X-100. Gibco 
Fetal Bovine Serum (FBS) was purchased from Fisher and a 10% solution 
(v/v) was prepared in deionized (DI) water to simulate the physiological 
concentration. All other chemicals were purchased from Sigma Aldrich 
and used as received. 

2.2. Preparation of reaction mixture 

The reaction buffer is composed of 20 mM tris-HCl (pH 7.9), 10 mM 
(NH4)2SO4, 10 mM KCl, 50 mM NaCl, 2 mM MgSO4, 6 mM MgCl2, 100 
μM each deoxyribonucleoside triphosphate (dNTP), 0.1% (w/v) Syn
peronic F 104, 2 μM netropsin and BSA (200 μg/ml). The concentration 
of templates was fixed as follows: aT 50 nM, cT 0.5 nM, rT 50 nM, pT 10 
nM (optimized). After addition of the templates to the reaction buffer 
and subsequent homogenization, the enzyme mixture was added which 
consisted of Nb.BsmI (300 U/ml), Nt.BstNBI (10 U/ml), Vent(-exo) (80 
U/ml) and ttRecJ. The mixture was divided into aliquots and spiked with 
different miRNA concentrations. For the control experiments, the same 
mixture was freshly prepared without (1) the miRNA and (2) cT. The 
samples (10 μl volume) were then incubated in a qPCR thermocycler 
(CFX Bio-Rad) for real time fluorescence measurements at 50 ◦C. For the 
electrical measurements, the mixture was incubated in the microfluidic 
chamber assembled over the BioFET-array chips. 

2.3. Programmable universal molecular amplifier (PUMA) 

The operation of the PUMA molecular circuit can be described in 
three steps: conversion of the analyte, thresholded amplification and 
signal transduction. The role of the converter template (cT) is to 
recognize the target miRNA and convert it into trigger strands via 
polymerization and nicking reactions using a polymerase and a nickase, 
respectively. The cT is a dual sequence with a nicking site separating the 
two parts. Once the target miRNA binds to this template, it is elongated 
by the polymerase and cleaved by the nickase (upon dehybridization), 
thus producing new trigger strands, which in turn bind to the autocat
alytic template (aT). aT is a dual-repeat sequence responsible for the 
amplification of the trigger strand by similar polymerization and nicking 
cycles, thereby producing multiple copies of the trigger strand. Expo
nential amplification however is prone to leaks, i.e. non-specific am
plifications occur even in the absence of input trigger strands over time. 
To avoid this self-start, a fixed concentration of pseudo template (pT) is 
introduced which is fully complementary to the trigger strand on its 3′ 
end. The aT is trimmed by 2 nucleotides to reduce its affinity towards the 
trigger (Montagne et al., 2016). The pT is designed such that the last few 
nucleotides are not complementary to the trigger strand and it lacks a 
nicking site. As a result, after hybridization of the trigger, extension by 
the polymerase, and release, the newly elongated strand cannot trigger 
an aT template, nor can it be cleaved thus removing it from the ampli
fication cascade. This neutralization is controlled by the ratio of aT/pT 
such that after a certain point (fixed by pT concentration), this reaction 
is saturated and amplification occurs. An exonuclease is also added to 
the system to degrade the input and output strands, keeping the system 
out of equilibrium and in a dynamic state. The templates are protected 
against this degradation pathway by using 5’ phosphorothioate 
modifications. 

Two modes of PUMA functioning have been performed within this 
study. The first one was carried out to optimize experimental conditions, 
where a reporter template (rT) captures the amplified trigger strands to 
provide a real time fluorescent signal read by PCR instrument. The rT 
consists in a hairpin-shape probe with a FAM fluorophore on its 5′ end 
and conjugated to a BHQ1 quencher on the 3’ end such that fluorescence 
is observed only when the beacon is in an open configuration upon 
hybridization with the trigger strands and elongation by the polymerase. 

The second mode was to realize the direct electrical readout of the in 
situ amplified trigger strands from the PUMA captured by the comple
mentary strand immobilized over BioFET-arrays for high sensitivity 
electrical transduction. The intention is to be able to detect ultra-low 
concentrations of the target analyte via the continuous production of 
trigger strands such that their final concentration exceeds the detection 
threshold limits of the electrical readout. 

2.4. Fabrication, modification and characterization of nanoscale ISFETs 

The BioFET-arrays made of Si NWs were fabricated to enable a dip- 
chip configuration, which allows measurements in bulk solution, as 
well as an easy integration of fluidics on top. The sensor chip measured 
10 mm in length and 5 mm in width. The detailed nanofabrication 
process together with surface modification is described in supplemen
tary material (S3 to S5). 

3. Results and discussion 

In this study, we achieve a fully integrated electrical biosensor 
incorporating PUMA-based isothermal oligonucleotide amplification 
with BioFETs in a versatile format while carrying out electrical detection 
of amplicons in a real time quantitative readout (Fig. 2). The operation 
of the PUMA is carried out inside the fluidic reservoir assembled on top 
of the BioFET as illustrated in Fig. 2a and b. This approach presents 
several advantages over the conventional affinity based detection using 
BioFETs. First, most of the time, an off-device pre-amplification of 
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nucleotide sequences is performed using PCR which is sensitive to 
interference factors present in complex samples (blood, serum etc.), thus 
leading to experimental artifact and worse amplification efficacy 
(Schwarzenbach et al., 2011). In addition, from the perspective of PoC 
use, the PCR thermocycler requirements are not ideal and thereby giving 
rise to emergence of isothermal amplification (Feng et al., 2020; Gines 
et al., 2020a). In addition, in a conventional FET-based biosensor, the 
quantitative analysis is based on the shift in threshold voltage (Vth) of 
the device, which is subject to drift with respect to ambient conditions 
and to device-to-device variations. This makes calibration of sensor 
signals compulsory and prevents the reuse of devices without regener
ation of the biofunctional layer. In case of PUMA, a sharp increase of the 
output sequence concentrations upon the presence of trigger strand 
leads to a significantly larger shift in threshold voltage. The onset of 
PUMA-based amplification occurs at different times depending on the 

initial concentration of the analyte. Owing to this time evolution of the 
threshold shift due to the amplification in our system, concentration of 
the target analyte can be interpreted in a time-encoded manner. 

We assessed the performance of PUMA based on the PEN-DNA 
toolbox for the real-time detection of Let-7a miRNA using a standard 
qPCR instrument using a fluorescence label tagged reporter sequence 
(Fig. 3). The optimized reaction mixture was spiked with different 
concentrations of miRNA ranging from 10 fM to 1 nM. The obtained 
fluorescence intensities were normalized and the fluorescence curves 
exhibited a typical exponential amplification behavior. miRNA con
centrations as low as 10 fM could be detected within a reasonable time 
duration. The quantification of this real-time detection is carried out in 
terms of the amplification time (Cq) for various concentrations of 
miRNA as shown in Fig. 3b. No change in the intensity of the negative 
control in the absence of target was observed until approximately 175 

Fig. 2. Integration of PUMA based augmentation of signal transduction for detection of trace biomarkers. On the left side (a), a classical Si-NW based BioFET based 
detection set-up is shown. The target hybridizes directly with the probe immobilized on the nanowire. The sensitivity is limited by processes and phenomena such as 
diffusion limited mass transfer at physiological conditions and Debye screening, respectively. The quantitative analysis of the analyte concentration is based on 
calculating the shift in threshold values (V1 and V2). On the right side (b), this new approach is shown where the target triggers the isothermal PUMA. The PUMA is 
triggered highly specifically upon the presence of the analyte and generates output of small sequences in an exponential amplification manner. These exponentially 
amplified output sequences hybridize at the receptor-modified BioFETs in real-time. The effective concentration of PUMA-output sequence concentration reaches 
about 100s of nM, thereby guaranteeing detection even in complex physiological samples. The initial analyte concentration is no longer encoded in the absolute value 
of the threshold shift detected but in the time response (T1 and T2) itself thus making quantification more robust. 

Fig. 3. The PUMA validation was carried out in a real-time PCR thermocycler with various amounts of target RNA ranging from 10 fM to 10 nM and negative controls 
without miRNA (NC) and without cT (with 10 pM miRNA). (b) The time-based encoding of the initial concentration can be seen on the successive starting times (Cq) 
of the exponential phase of the amplifier which shows a Limit of Detection under 10 fM. 
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min. Furthermore, to substantiate the specificity of the molecular pro
gram for its target analyte, another control experiment was carried out 
without addition of the cT in the reaction mixture. Absence of amplifi
cation for an extended period suggested that the PUMA is unable to 
trigger without the cT specific to the target. In order to validate the role 
of the pT in generating a leak-free mechanism, real time PCR detection 
of a fixed concentration of miRNA (10 pM) and a negative control was 
carried out in the presence of different concentrations of pT (Fig. S6). 
The effect of pT can be clearly seen as the detection of self-start due to 
non-specific amplifications. For a fixed concentration of miRNA of 
10pM, self-start is delayed up to 50 min while increasing pT concen
tration from 4 to 10 pM (figure S6 a). In the case of negative control, self- 
start is delayed up to 3 h with increasing concentration of pT from 4 pM 
to 10 pM (figure S6 b). Beyond this point, which can be tuned, saturation 
of the leak absorption reaction occurs and amplification initiates even in 
the absence of target analyte, thus suggesting that the incorporation of a 
thresholding mechanism through pT is crucial for leak-free operation of 
the DNA circuit. From this, the best experimental conditions for PUMA 
were determined for further experiments. In particular, we examined the 
feasibility of monitoring this reaction using the integrated electrical 
sensing platform wherein we utilize the BioFETs. First, we carried out 
the conventional DNA detection using BioFETs to evaluate the LoD. 
Sensor measurements were performed with various concentrations of 
trigger DNA using the primary reaction buffer (i.e. reaction mixture 
without the templates and enzymes) added to the microfluidic reservoir 
on top of the receptor-modified BioFET-arrays. The sample was spiked 
with increasing concentrations of trigger DNA and the transfer charac
teristics were examined. The field-effect behavior of BioFETs was 
analyzed every few mins at a fixed drain-source bias (Vds) of − 0.2 V 
while sweeping the gate voltage (Vg) from − 0.8 V to 0 V in steps of 
− 0.05 V. The Vth of the BioFET was calculated by plotting the trans
conductance vs Vg and extrapolating the linear portion of the field-effect 
curve. The BioFETs used here being p-type enhancement mode devices, 
show no output (OFF state) for a given Vds until an accumulation of 
charge-carriers (holes) occurs in the device channel. Switching them ON 
requires application of a negative bias at the gate, known as the gating- 
effect. In BioFETs, the gating effect is realized across a solid-liquid 
interface where an ionic electrical double layer (EDL) forms an elec
trochemical gate and exerts an electrical double layer capacitance 
(EDLC) on the device (Pachauri and Ingebrandt, 2016). The change in 
Vth at different concentrations of trigger DNA is represented in supple
mentary information (Fig. S9). Increase in concentration of the trigger 
DNA is followed by increased hybridization at the surface of Si NW, 
inducing more negative charge, thus delineating the shift in Vth. The 
LoD was assessed and found to be 1 nM. The results are comparable to 
reports in literature performed in similar high ionic strength solutions 
(≥100 mM). Once we proved that our BioFET platform is able to detect 
increasing trigger DNA concentrations, we further study the possibility 

to follow the dynamic profile of amplification. To do so, an experiment 
was designed by first employing the autocatalytic exponential amplifi
cation of the trigger strands (Fig. 4). The objective of this study was to 
ascertain the ability of the BioFETs to monitor the amplification and 
subsequent degradation of the trigger strands. A reaction mixture 
similar to the one used for PCR was prepared but without miRNA and cT. 
Instead, a fixed concentration of trigger strand (1 nM) was added to 
initiate amplification on the aT (50 nM). To check the reversibility of the 
system using the BioFETs, the concentration of dNTPs or oligonucleotide 
“fuel” in the mixture was reduced (10 μM) to consume them rapidly and 
observe the amplification and subsequent degradation of the trigger 
strands in a shorter time. Fig. 4b illustrates the outcome of this inves
tigation in comparison to the corresponding experiment using the 
fluorescent readout (Fig. 4a). It can be observed that the ΔVth does not 
change until approximately 20 min i.e. until the amplification initiates. 
As the autocatalytic template starts amplifying the trigger strands pre
sent in the mixture, these strands bind to the complementary DNA strand 
attached to the BioFET. Further amplification of trigger strands leads to 
an increase of hybridized DNA and hence, accumulation of negative 
charge on the BioFET. Consequently, an increase in the density of 
negative surface charges at the solid-liquid interface translates into 
lower negative bias at the gate required to switch the BioFET ‘ON’. As a 
result, a shift of field-effect curves towards a positive bias occurred. 
Next, Vth increases before it reaches a maximum where most of the 
trigger strands are produced and hybridized. It is important to note that 
since the system is working at 50 ◦C, the produced trigger strands 
(melting temperature, Tm ~ 35 ◦C) are at a temperature higher than 
their Tm and hence, in a continuously changing state of hybridization 
and denaturation (Wong and Melosh, 2009). This allows for the moni
toring of a time varying concentration of strands in solution as can be 
seen in Fig. 4. In fact, the molecular circuit is a dynamic system where 
the produced strands are degraded by the exonuclease, which explains 
the behavior of Vth beyond this point. Indeed, the dNTPs begin to 
exhaust and the exonuclease degrades the existing trigger strands and 
Vth begins to fall and tends to reach its original value. A similar exper
iment was carried out in the qPCR thermocycler to investigate the ex
pected behavior of the PUMA. It is interesting to observe that the 
BioFET’s responses are consistent and hence, validated with the 
real-time amplification in qPCR (Fig. 4a). The time taken for the 
amplification to commence is nearly the same in both cases, with the 
BioFETs exhibiting signal change earlier than the qPCR. Both techniques 
require a sufficient amount of trigger strands to bind to the comple
mentary strand in order to generate an electrical/optical signal. The 
slight difference in the temporal behavior of PCR and BioFET mea
surements can be attributed to a number of factors such as variation in 
temperature control, variation in surfaces in contact with the MP etc. 
Correspondingly, as the trigger strands become scarce due to degrada
tion and dNTP exhaustion, the optical signal starts to decline, which is 

Fig. 4. A comparison of the PUMA based detection followed by (a) standard fluorescence readout performed in a qPCR machine with a total DNA reporting strategy, 
and (b) BioFET based readout. Here, the molecular program encodes for an exponential amplifier triggered by a 1 nM DNA trigger strand. The amplifier is being run 
with very little oligonucleotide “fuel” and reaches a peak then decays upon fuel exhaustion. The slight difference in onset time is most likely due to temperature 
control limitation in the BioFET set-up. 
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also observed in the electrical response. Further details including the 
transfer characteristics and the stability of the BioFET platform with 
time and temperature can be found in the supplementary material 
(Supplementary Fig. S8). These results support the high potential of this 
system to successfully detect dynamic amplification and degradation of 
the trigger strands. Based on that, we then moved to the ultrasensitive 
detection of miRNA. 

To do so, we have thereafter implemented the PUMA system with the 
BioFETs for the detection of Let-7a miRNA. Supplementary Fig. S7 dis
plays the field-effect curves for the nanoISFET at different time intervals 
corresponding to the molecular program containing a fixed concentra
tion of Let-7a miRNA. The reaction mixture spiked with 10 pM miRNA 
was added into the microfluidic chamber over the FET and temperature 
was set to 50 ◦C. The transfer characteristics were then recorded every 
10 min. Until this point, the Si NW channel is fully depleted of charge 
carriers and hence, no current flows. Beyond a certain bias at the gate, 
further accumulation of charge carriers results in electrical conduction, 
and a measurable drain current Id output which first increases linearly 
before attaining a maximum saturation (Poghossian and Schoning, 
2014). When the measurements were repeated every 10 min, there was 
negligible shift in the transfer characteristics suggesting that there is no 
change in the surface charges at the surface of the BioFET. This behavior 
was expected owing to the fact that amplification was absent during this 
time and the single stranded DNA probe attached to the Si NW remained 
non-hybridized. A very good stability of the DNA immobilized on the 
BioFET platform together with the absence of electrical device drift at 
RT and 50 ◦C and for different times have been confirmed (Supple
mentary Fig. S7). At around 40 min, a large shift was observed in the 
characteristics equivalent to a shift in the Vth. This can only be 
accredited to the conversion of Let-7a miRNA into trigger strands fol
lowed by their amplification in the PUMA, which in turn binds to the 
probe DNA probes immobilized on the surface of Si NW. Further, Vth 
continued to decrease for 15 min after which a saturation was achieved. 

The response of the PUMA on BioFET has been encoded in time in 
Fig. 5 and compared with the corresponding measurement in PCR. A 
control experiment was carried out on the BioFET without the miRNA in 
solution and the results are also shown in Fig. 5a. The measurements 
were carried out up to 60 min without any significant shift in Vth, as 
expected since no amplification occurs in the absence of miRNA. We 
have already seen in PCR measurements that negative control does not 
amplify for at least 3 h, owing to the pT in solution. It is interesting to 
observe the agreement between the BioFET and PCR measurements in 
terms of onset of amplification of trigger stands and the absence thereof 
(in negative control). This correlation establishes the ability of the 
PUMA integrated with BioFETs to successfully detect the presence of 
sub-nanomolar miRNA concentrations and distinguish the signal from a 
negative control. As expected, this value is lower than the concentration 
of trigger DNA demonstrated to be detected using a conventional BioFET 
measurement. 

As the PUMA-BioFET platform relies on the hybridization of PUMA- 
output sequences with the complementary strands functionalized onto 
the Si-NW surface, two biosensor configurations can be realized: (i) 
producing the trigger strands via the PUMA separately and introducing 
them to the BioFET for hybridization, or (ii) a simultaneous production 
of trigger strands via PUMA and detection by BioFET-array in a single 
pot. Although the former can address certain technological issues such 
as heating the BioFETs during sensor operation, the latter is far simpler 
and easier to implement. Furthermore, the one pot approach gives ac
cess to the time-encoded amplification behavior, which is a robust way 
to establish initial concentration of the analyte of interest. It is important 
to mention here that this detectable analyte concentration is not the 
sensor platform’s LoD and is merely a concentration chosen to validate 
the proposed experimental idea and observe the results in a reasonable 
time. In addition, conventional FET sensors operate at room temperature 
and it is a well-established fact that the sensitivity of a DNA sensor de
creases at temperatures higher than the melting temperature of the DNA 
strand since a lesser percentage of complementary strands are in a hy
bridized state at these temperatures. 

Here, the PUMA-BioFET system is versatile since we can adapt to 
concentration changes in the solution due to its dynamic nature as 
demonstrated by these measurements. In the near future, seamless 
integration of temperature feedback and control, fluidics set-up, and 
automated readout towards longer sensor signal recordings will allow us 
further assessing the capabilities of the novel platform realized here 
towards the detection of biomarkers with trace concentrations. The fact 
that the results can be interpreted in time-domain, compensates for any 
drift in the absolute values of Vth, especially in the case of reusability of 
the devices. Washing steps to regenerate the sensor surface followed by 
multiple uses tend to shift the absolute value of threshold voltage of the 
device but such a time encoding can overcome this issue. While other 
combinations of isothermal amplification and electrical readout have 
already been reported such as RCA and LAMP with electrochemical 
detection (Gosselin et al., 2017), they lack the versatility of our 
approach being unable to easily apply the range of analytes as discussed 
above and as well to be easily multiplex in a single reservoir. There have 
been previous attempts to utilize ISFETs for detection of PCR amplified 
products but these platforms relied on off-chip amplification (Bronder 
et al., 2018) which make PoC use difficult to implement. 

In order to validate the ability of the PUMA-BioFET approach for PoC 
use with clinically relevant samples, it is imperative to investigate the 
performance of the platform in a physiological sample. Detection of the 
target miRNA in such a sample was evaluated by performing the mea
surements in serum. The PUMA was first performed in PCR with four 
different FBS dilutions – 1x, ½ x, 1/10x and 1/100x to evaluate the 
required level of dilution of Fetal Bovine Serum (FBS) for optimal 
operation (Supplementary Fig. S10). We observed that, although the 
PUMA operation was hindered in the presence of 1x FBS, higher di
lutions yielded an expected PUMA behavior. Consequently, a 10-fold 

Fig. 5. Operation of PUMA for the detection of miRNA. (a) Time encoded electrical measurements for the PUMA with 10 pM miRNA and negative control (No 
miRNA) using Si-NW based BioFETs, and (b) the corresponding qPCR measurements. 
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dilution of the FBS solution (10%) was used as the media for preparing 
the PUMA, and then spiked with miRNA such that the concentration of 
miRNA in the final reaction mixture was 10 pM. A control was also 
prepared simultaneously without using the miRNA. Fig. 6 compares the 
threshold voltage shift in 10 pM miRNA with the negative control in FBS. 
The positive sample shows a significant threshold voltage shift vali
dating the possibility to use this detection strategy in clinical samples. 
The absence of any noticeable shifts in case of the negative control 
suggests that the PUMA-BioFETs undergo a sustained operation in serum 
samples without significant risk of biofouling. 

It is worth observing that the low-dimensional electrical transducers 
such as Si-NWs, graphene, etc. often face limitation in performances due 
to instabilities related to the solid-liquid interface and biofunctional 
layers, where it is difficult to ensure technological readiness for their 
successful translation to clinical diagnostics(Kumar et al., 2019). Our 
PUMA augmented BioFETs strategy here, for being independent from 
the absolute sensor response of the nanoscale transducer is expected to 
allow a built in advantage for multiple reuses. To test this, we performed 
a biosensor measurement 3 times in a row on a single device with a 
sample rinsing procedure in between the repeats. The Vth shift as well as 
the time at the onset of amplification were monitored (Supplementary 
Table S2) as in previous experiments. While a significant shift in the 
absolute Vth value was observed with subsequent hybridization and 
re-hybridization, the shift in Vth and, more importantly, the amplifica
tion onset time was stable and within the experimental errors. In fact, 
when PUMA is repeated in qPCR multiple times it gives an error of ±5 
min so the variation observed in the electrical measurements is well 
within this error. Thereby, we show that the platform can be reused at 
least 3 times without any significant degradation. It is anticipated that 
the system is capable of target detection in a complex sample with 
minimal pre-treatment, for instance cell lysate or waste-water for PoC 
applications. The LoD was improved by integrating the PUMA giving 
rise to a leak-proof million-fold molecular amplification. Since the sys
tem is isothermal, it is easier to deploy and thanks to the electrical signal 
readout, it can be miniaturized into a handheld device. The biosensor is 
capable of multiplexed target (DNA and/or miRNA) detection since the 
PUMA can be adapted for different analytes by a simple change of the 
converter template (Gines et al., 2020a). 

4. Conclusion 

A unique strategy for easy and rapid detection of challenging ana
lytes such as trace miRNA biomarkers is demonstrated by integrating a 

programmable universal molecular amplifier (PUMA) with BioFET- 
arrays and establishing a miniaturized biosensor platform. The 
isothermal PUMA approach presented in this work eliminates back
ground amplification and is extremely versatile, since redesigning the 
template can reprogram it for any target of interest. The ability of PUMA 
to perform analyte-specific detection was first established by fluorescent 
monitoring of Let-7a miRNA down to 10 fM, which is a common 
biomarker for cancer and neurodegeneration. Then after, the ability of 
the BioFET platform to follow the amplification and degradation of the 
molecular signal in real time was confirmed by evaluating the shifts in 
threshold voltage. We have shown that the platform was stable over long 
duration at elevated temperatures and was able to detect 10 pM miRNA 
while differentiating it from the negative control. Let-7a miRNA were 
successfully converted into trigger strands for subsequent amplification, 
allowing their electrical detection in physiological buffers and serum 
samples. The proposed platform holds the potential to be a fully inte
grated handheld electrical biosensor platform with a simple readout 
mechanism without compromising on the sensitivity and selectivity for 
detection of multiple target analytes. In future, the versatility of this 
system will be explored by applying to detect distinct categories of 
biomarkers such as signalling proteins, cell-free DNA, other miRNAs etc. 
and their multiplexing. Further down the line, this system also makes it 
possible to transduce molecular reaction networks to an electrical signal 
which upon integration with an electrical to molecular transducer can 
make a bidirectional communication possible towards realization of 
biohybrid processors. 
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