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Abstract—Nanopore technology has augmented DNA
sequencing, and nascent nanopore-based technology
breakthroughs may lead to major steps forward in large-scale
molecular analysis (omics) and DNA digital data storage. A
major weakness of current nanopore technologies is the
requisite recording of pico- to nanoampere ionic currents. Such
low currents limit recording bandwidth in large integrated
arrays and impose a limit on how quickly a detectable molecule
can cross, or translocate the pore. The Nanopore Field Effect
Transistor (NPFET) is a nanopore surrounded by a nanoscale
field-effect transistor. The field-effect transistor senses single
molecules translocating through the pore relying on much
larger microampere currents. The NPFET potentially offers
higher bandwidths in large integrated arrays and the breaking
of the nanopore translocation speed limit. Moreover, because
individual electrolyte contacts are not required for NPFETs
they are more easily integrated into large arrays than
nanopores. NPFETs may lead to major strides in high
throughput reading of molecularly encoded information. We
will introduce and elaborate on nanopore FET technology
research for omics and DNA data storage and we will propose
a scaling roadmap that aims to incrementally boost NPFET
molecular read throughput.

I. INTRODUCTION — THE CHALLENGES OF OMICS AND
READING DNA DATA STORAGE

High-throughput next-generation DNA sequencing has
fueled a revolution in genomics, with an ever-increasing impact
on health care including cancer and covid19, and several other
disciplines, such as plant biology and even archaeology[1].
While our understanding of the genome is increasing, we lack
a similar understanding of the proteome, all proteins expressed
by a cell, tissue, or organism at a certain time. High-accuracy
and low-cost readout of our protein make-up is not yet feasible.
Proteomics techniques are centralized in specialized institutes
and are carried out with room-filling equipment run by highly
trained personnel, with queuing and run-times of multiple days.
Its application is limited to research purposes. Moreover, the
limited throughput, dynamic range and limit of detection of the
current mass spectrometry-based proteomics toolset does not
allow to measure the most interesting low abundance proteins
in clinical samples. Furthermore, comprehensive single - cell
proteomics remains a challenge and is of importance to
understand cancer. Moreover, multiomics, the combination of
omics techniques (such as proteomics and RNA-based
transcriptomics) is of growing interest. Meanwhile, silicon

CMOS - based nanotechnology has made its way into DNA
sequencing and has the untapped potential to realize
proteomics-on-chip with high-throughput, high accuracy, and
low-cost read-out.

Proteomics-on-chip techniques that are currently in
development favor a single-molecule approach. Enormous
concentration differences (= large dynamic range) occur in
proteomes. Within a single cell this can be 7 orders of
magnitude [2] (Fig. 1) and in blood plasma [3] (Fig. 2) this can
exceed 10'2. To exceed the mass spectroscopy dynamic range
(10°-10°) by multiple orders of magnitude with a single-
molecule technique one needs to analyze billions of single
molecules. To analyze a sample with 10'> dynamic range in an
hour, billions of molecules per second need to be analyzed.

Some groups focus on measuring the smallest possible
differences on biopolymers and on discriminating single amino
acids or bases. However, to obtain the highest possible single
molecule throughput, requiring such resolution directly for the
electronic readout system may not be beneficial.

The development of DNA data storage is propelled by the
burgeoning drive to store cold data. Cold data, which is
accessed infrequently, and is typically stored on tape, is
growing the strongest of all data tiers [4]. DNA data is a strong
contender for such long-term archival data storage due to its
storage density, durability, low power consumption, low
maintenance and hence low cost of ownership [4]. A key
challenge for DNA memory is reading. Current DNA
sequencing technology is expected to reach $130/gigabyte read
cost within a few years. The IARPA targeted cost is
$1/terabyte/day by 2030 with read and write costs assumed
equal [4]. The human genome (0.75 gigabytes) can currently be
sequenced in ~5 hours with a tabletop machine (Oxford
Nanopore [5]) resulting in 0.3Mbit/s read speeds. The involved
biological nanopore device reads DNA at 400-450 bases per
second. Data read throughput is clearly a major bottle neck for
developing DNA memory.

II. THE NANOPORE FET

The Nanopore FET can be seen as a combination of a
nanopore and an electrolytically gated FET or bioFET. In a
regular solid-state pore, a translocating molecule modulates the
recorded ionic current passing through the pore (Fig. 3). In a
bioFET a molecule docks close (1-10nm) to the FET surface
(Fig. 4) and the molecule’s charge modulates the FET channel
charge and FET current. This Coulomb effect is present if the
molecule is within a Debye length (typically a few nanometers)
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of the FET surface, and the effect can be significant at low
salinity. The nanopore FET, a nanoscale FET with a pore
running through the channel (Fig. 5), senses single molecules
translocating through the pore due to the so-called resistive
divider effect [6]. The FET senses the potential between two
electrolyte resistances of which at least one is modulated by the
passing molecule. The sensing mechanism is hence strongly
related to ionic current modulation in regular solid-state pores,
and sensing remains strong at high salinity. At sufficiently low
salinity also a Coulomb sensing effect as in bioFETs can occur.

The nanopore FET has been experimentally demonstrated
in 2012 [6] and has taken many forms [7-13]. The nanopore
FET’s primary device-level advantage is its potential high >
100 MHz bandwidth with sufficient signal-to-noise ratio
(SNR). This has been studied theoretically [8] but is yet to be
proven experimentally. At low frequencies, the SNR in regular
solid-state nanopores will be superior to the SNR of the
nanopore FET [8]. However, at high frequencies where
capacitive noise currents dominate the regular pore signal,
FETs can improve the maximum bandwidth with SNR > 5, up
to 100 MHz [8]. The second key advantage is the superior
integrability of nanopore-FETs into large-scale arrays.

For the Nanopore-FET device as shown in Fig. 5 and
operated at low salinity both a resistive divider effect and a
Coulomb effect occur. A simulated translocation signal is
shown in Fig. 6 [14]. The resistive divider effect by itself results
in a typical sigmoid curve shape as in the case of Fig. 6 (bottom)
for a neutral particle for which no Coulomb effect is present.

III. BARCODE MOLECULES

DNA nanostructures containing a barcode [15] have been
proposed to enable nanopore-based read-out of a highly
multiplexed assay as for omics and of DNA data. Instead of
reading out the individual bases of DNA as commonly done for
assays making use of DNA barcodes at present, these structural
DNA barcodes have larger molecular structures introduced
along a double-stranded DNA backbone to encode a barcode.
These larger structures enable read-out with solid-state pores,
which are typically less sensitive than their biopore
counterparts used for sequencing DNA, but which can offer
substantially higher translocation speeds. In the work by the
Keyser group [15][16] the DNA origami method is used to
create the barcode molecules. See molecule in Fig. 8.

IV. SCALING ROADMAP

Here, we propose a scaling roadmap (Fig. 8) for molecularly
encoded data coupled to a Nanopore-FET high-throughput
read-out. As in hard drives or tape, the roadmap is characterized
by the bit density on the medium and we derive the scaling of
the NPFET reader. Importantly, despite the larger molecular
structures on the barcode molecules, the NPFET reader with its
high bandwidth allows much higher read throughput than
regular solid-state pores or biopores (see Fig. 9) by reading
freely translocating barcodes at high translocation speed. The
bit length along the DNA backbone is defined in base pairs or
monomers. The bit length is scaled down progressively starting
here at ~200 base pairs or ~70nm. As in CMOS scaling a “red
brick wall” is discerned for future nodes where issues such as
Brownian motion may hinder further scaling. To allow reading
downscaled barcode molecules, the NPFET reader will be

scaled along (Fig. 10). The increasing NPFET array size will
boost throughput further. Barcode molecule concentration will
co-determine how frequently molecules are captured and
translocate. For optimal throughput, the translocation duration
preferably dominates the wait time between successive
translocating barcode molecules. To realize high-throughput
omics the proteome is converted to structural barcodes which
are isolated in a purified mixture for quick read-out by an
NPFET array (Fig. 7). Proteomics assays that translate the
protecome to DNA sequences already exist or are in
development such as e.g., Somalogic [17] and Encodia [18]
assays. Progress in DNA data read throughput promises to
boost the dynamic range of omics techniques and contributes to
materializing DNA memory.

V. RECENT WORK AND OUTLOOK

In our recent simulation work making use of a dedicated
nanofluidic nanodevice simulator [19] we have investigated the
NPFET signal due to molecular structures as a function of
separation to determine resolution (Fig. 11). Moreover, based
on this simulator we also reveal that sensitivity can be boosted
exponentially by increasing cis-trans bias [20] (Fig. 12).

We have fabricated and characterized nanopores (Fig. 13
[21]), bioFETs [22] and a Nanopore-FET milestone device,
which has an opened nanopore but does not have a bottom
reservoir yet. See Fig. 15-16 for process flow and TEM images.
On this milestone device we obtain excellent electrolytically
gated FET transfer and output characteristics (Fig. 17, 18)
demonstrating a low subthreshold swing of 67mV/decade,
indicating excellent device quality. Simulations (Fig. 19, 20)
show that the obtained low subthreshold swing can only be
obtained if the nanopore is wetted. Next step is the electrical
demonstration of the full NPFET.

In sum, the nanopore-FET promises to enable progressive
increases in molecularly encoded data read throughput far
beyond what is possible at present.
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Fig. 1. Schematic of the number of different
protein species present at different concentrations
in a typical cell illustrating the concentration
dynamic range of a cell. Typical Mass
Spectroscopy (MS) measurable concentration
dynamic range indicated by the arrow.
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Fig. 2. Concentration vs. cumulative amount of
different protein species (x-axis) illustrating the
concentration dynamic range of proteins in blood
plasma. Plasma can have dynamic ranges exceeding
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Fig. 5. [Illustration of the nanopore FET, an
electrolytically gated FET with a nanopore running
through its channel.
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Fig. 3. The solid-state nanopore. A voltage is applied
between a cis- and trans electrolyte (top and bottom fluidic
chamber resp. separated by the nanopore) Electrophoresis
drives a DNA molecule from cis to trans. The passing
molecule modulates the ionic current running through the
pore.
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Fig. 10 Indicative NPFET feature size downscaling along  Fig. 11 Simulated NPFET signal for two

the proposed roadmap.

positively charged labels (molecules) separated
by varying & for the NPFET structure shown in
Fig. 5. The two labels can be resolved if
& > min(L/2,Hs;) with L the pore height and Hg;
the semiconductor height.
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Fig. 12 An exponential sensitivity (Smax) boost can
be obtained with the NPFET by increasing cis-
trans bias [20] for the NPFET structure shown in
Fig. 5.
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