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An optically-gated AuNP–DNA protonic transistor†
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Bio-interface transistors, which manipulate the transportation of

ions (i.e. protons), play an important role in bridging physical

devices with biological functionalities, because electrical signals

are carried by ions/protons in biological systems. All available ionic

transistors use electrostatic gates to tune the ionic carrier density,

which requires complicated interconnect wires. In contrast, an

optical gate, which offers the advantages of remote control as well

as multiple light wavelength selections, has never been explored

for ionic devices. Here, we demonstrate a light-gated protonic

transistor fabricated from an Au nanoparticle and DNA (AuNP–

DNA) hybrid membrane. The device can be turned on and off com-

pletely by using light, with a high on/off current ratio of up to 2

orders of magnitude. Moreover, the device only responds to

specific light wavelengths due to the plasmonic effect from the

AuNPs, which enables the capability of wavelength selectivity. Our

results open up new avenues for exploring remotely controlled

ionic circuits, in vivo protonic switches, and other biomedical

applications.

The electronic transistor has been playing a key role in
modern electronics. In general, signals are carried by electrons
in these solid state devices. In contrast, in biological systems,
electrical signals are conducted through ions/protons instead
of electrons.1 Numerous examples include: V-ATPase-driven
proton pumps that acidify intracellular organelles,2 HVCN1
voltage-gated proton channels for proton transport into phago-
somes,3 light induced proton transport through a cell mem-
brane to catalyze ATP synthesis4–6 and so on. Thus, in order to
interface with biological systems, spatially and temporally con-

trolled delivery of ions/protons is desirable.7–10 Towards this
end, ionic transistors have been recently developed to control
ion transport,11–15 which have been successfully utilized in
biomedical applications including regulating Ca2+ signaling in
neuronal cells,16 modulating nerve impulses17 and in vivo
recordings of brain activity.18 Currently, all of these ion transis-
tors use a voltage gate to tune the ionic carrier density. On the
other hand, optical signals offer the advantages of remote
control and wavelength selectivity.19–21 Therefore, a new type
of protonic transistor made of smart materials sensitive to
light will allow us to use light to remotely control the propa-
gation of electrical signals in biological systems.

Here, we demonstrate, for the first time, an optically-gated
protonic transistor, using a light-sensitive smart material, an
AuNP–DNA hybrid membrane. AuNPs possess numerous
unique optical properties.22,23 For instance, the absorption
peak of an AuNP can be tuned precisely from visible to near-
infrared (near-IR) regions by changing the size and shape of
the AuNP.23–25 In addition, an AuNP transforms the photons
absorbed to heat efficiently (efficiency close to 100%).26 On the
other hand, DNA that encodes genetic information is a natu-
rally occurring polyelectrolyte. The phosphate groups on the
DNA backbone have an ionization pKa as low as 1.5,27,28

making DNA an effective proton donor and carrier. The
ionized proton can be conducted through a network of hydro-
gen bonded water molecule chains12,29 that act as proton con-
ducting channels, which is formed along the DNA back-
bone.30,31 In addition, DNA is easily modified with a variety of
different chemical groups, including thiol groups, making
attachment to the surface of the AuNPs convenient. Moreover,
previous reports have indicated that DNA or DNA–metal com-
plexes can mediate charge transport.32,33 Whether DNA can
also be utilized to mediate proton transfer has not been
explored.

Our device utilizes each of these unique properties of
AuNPs and DNA (Fig. 1a and b). The current flow comes from
transport of the protons in the membrane, which can be
efficiently modulated by remote light illumination. The
photons, mainly absorbed by the AuNPs, can effectively tune
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proton density in the membrane, by changing the hydration
and ionization level of DNA molecules. More interestingly, the
device only responds to specific light wavelengths because of
the plasmonic effect from the AuNPs, which offers wavelength
selectivity in this optically-gated protonic transistor. Since
AuNPs can be easily tuned to absorb near-IR light that can
penetrate tissues efficiently,20 our device has the potential to
be used in biological systems for in vivo sensing and actuation
applications.

Palladium (Pd) electrode pairs, with various channel gaps,
were patterned on a transparent quartz substrate, using con-
ventional optical lithography and metal deposition processes.
When exposed to hydrogen, the palladium electrode reacted
with hydrogen to form PdHx, which served as the proton
source.34–36 DNA functionalized AuNPs were carefully dropped
on the device and dried in air to form an AuNP–DNA mem-
brane (Fig. 1c), bridging the PdHx electrodes. The surface mor-
phology of the AuNP–DNA membrane was characterized by
atomic force microscopy (AFM). The AFM image indicates that
the AuNPs were well separated from each other without
forming AuNP aggregates (Fig. 1d). The good separation was
due to the DNA corona layer on the AuNP. The DNA corona
served as the buffer region to prevent AuNP aggregation and
inhibit electrons conduction between the AuNPs.37

The PdHx electrodes are critical for our protonic transistors
as they serve as both the source and the receiver for photon

transport.38 The function of PdHx was confirmed by using
gold electrodes and Pd electrodes as controls, respectively. For
devices with similar dimensions, minimal protonic current
was detected for both gold and Pd electrode devices (Fig. 2a
and S1a & Table S1†). On the other hand, the current increased
133-fold when the electrodes were converted from Pd to PdHx

(Fig. 2a & Table S1†). These results suggested that the PdHx

indeed functioned as the proton source and the current was
derived from the proton conduction, rather than electron
conduction. In addition, a minimum protonic current change
was observed when replacing the AuNP–DNA membrane with
the AuNP–PEG membrane, further indicating that DNA is an
efficient proton donor and carrier (Fig. S1b†). Moreover, the
AuNP–DNA film demonstrated a linear relationship between
the resistance and channel length of the device (Fig. 2b). The
measured data can be fitted by the following equation:

R ¼ A� Lþ B

where R is the total resistance, L is the channel length, A is the
coefficient for the channel resistance of protons in the AuNP–
DNA membrane, and B is the contact resistance. Through
fitting, the values of A and B for devices with Pd (PdHx) electro-
des were found to be 1.3 (0.0084) and 4.5 (0.0381) GΩ, respect-
ively. The channel resistance and contact resistance for Pd
electrodes were found to be around 155-fold and 118-fold

Fig. 1 Schematic illustration and characterization of the AuNP–DNA protonic transistor. (a) A PdHx source and drain were patterned on top of the
transparent quartz. The AuNP–DNA membrane was formed between the source and drain. Green light (532 nm) was used as the optical gate to
control the on and off states of the device. (b) Protons were ionized from the phosphate group of the DNA and conducted through the network of
hydrogen bonded water molecule chains formed along the DNA molecules. (c) Microscopy image of the AuNP–DNA protonic transistor (device was
placed on top of silicon wafer to enhance the contrast). (d) Atomic force microscopy (AFM) image of the AuNP–DNA membrane.
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larger than those for the PdHx electrode, which further con-
firms the superior function of the PdHx for proton transport.

While DNA is an excellent source and carrier for proton
transport, DNA thin films have very weak optical absorption
(Fig. 3a). The coupling of AuNPs with DNA significantly
enhances the optical response by orders of magnitude
(Fig. 3a). In particular, the plasmonic effect from these
AuNPs23 offers a sharp absorption peak at ∼560 nm. We
observed a small shift of the absorption peak wavelength
between dried AuNP–DNA films (562 nm) and AuNP–DNA
solution (525 nm, Fig. S2†), which could be due to the plasmo-
nic coupling of dried AuNPs in close proximity.39

This AuNP–DNA hybrid membrane is a perfect smart
material for optically-gated protonic transistors, since it
possesses both a high optical response and high proton
conductivity. We found that our protonic transistor was very
sensitive to the power density of illumination light (wavelength
532 nm). At a relatively low illumination power density of
20 mW mm−2, the device was fully turned off, with a current
on/off ratio up to 27 (Fig. 3b, black circles and yellow circles).
This on/off ratio is 9 times higher than that of the first proto-
nic transistor with electrostatic gating.12 In addition, the
current was readily tuned by using different light intensities
(Fig. 3b, red, blue, cyan and pink circles). More interestingly,

Fig. 2 Protonic conductivities of the devices with different electrode contacts. (a) Measured protonic current as a function of the voltage bias for
the devices with Pd (blue line and insert) and PdHx (black line) electrodes. (The channel length was fixed at 3 μm.). (b) Measured resistance as a func-
tion of the channel length for devices with Pd and PdHx electrode contacts.

Fig. 3 Characterization of the optically gated AuNP–DNA protonic transistor. (a) Measured absorption spectra curves of the AuNP–DNA and DNA
membranes on quartz. (b and c) Measured current vs. bias characteristics of the protonic transistor under different illumination light intensities at
wavelengths of 532 nm (b) and 785 nm (c), respectively. (d) Measured device real-time current response curve under intermittent light illumination
(20 mW mm−2, bias was fixed at 1 V) at a wavelength of 532 nm.
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the device only responded to specific wavelengths. When
785 nm light was used as the illumination source, minimal
effects on the protonic conductivity were observed, demon-
strating the specific wavelength selectivity of the device
(Fig. 3c). The wavelength selectivity is due to the fact that
AuNPs effectively absorb light at 532 nm, while having
minimum absorption at 785 nm (Fig. 3a). AuNPs transform
the absorbed photons to heat with an efficiency close to
100%,26 resulting in a drastic protonic conductivity change in
532 nm light, not in 785 nm light. To measure the device
responsiveness under the illumination of 532 nm light, a real
time protonic current was monitored. The results indicated
that the current dropped close to zero within 0.3 seconds
when the light was switched on (Fig. 3d, green arrows), and
recovered within 4 seconds after the light was switched off
(Fig. 3d, blue arrows). Our devices possess fast optical
responses, simple device fabrication processes, and high
repeatability (Fig. S3†), which will enable numerous potential
applications.

The mechanism for the light induced protonic conductivity
change was then investigated. Since AuNPs efficiently con-
verted the absorbed light to local heat,26 and since DNA
hydration was essential for DNA ionization to generate
protons, we hypothesized that the light induced local AuNP
temperature change produced the conductivity change. To test
this hypothesis, we changed the temperature both globally and
locally. When the global temperature was increased, the proto-
nic current also increased (Fig. S4a†). However, when the
device was only heated from the bottom, the protonic current
dropped dramatically (Fig. S4b†). Since the device was kept in
an 80% humidity chamber, when increasing the global temp-
erature, more water molecules tended to absorb onto the DNA,
which led to increased DNA ionization, proton transfer and
proton current. However, when only the local device tempera-
ture was changed, while the global temperature was main-
tained the same, it caused the water molecules to quickly dis-
associate from the phosphate and DNA bases, which led to
decreased DNA ionization, proton transfer and proton current.
These results indicated that the local temperature change was
responsible for the current change.

Numerous applications can be envisioned using a light
gated protonic device. As a simple demonstration, we used
light to turn off light. The protonic device was packaged, and

then connected with an amplifier and a light-emitting diode
(Fig. 4a). When the illumination light was off, the current
going through the device was amplified and the diode was on
(Fig. 4b). On the other hand, when the illumination light was
remotely shone onto the device, the current going through the
device was dropped by 27-fold and the diode was successfully
shut off (Fig. 4c).

In conclusion, we have demonstrated an optically-gated pro-
tonic transistor based on an AuNP–DNA membrane.
Interestingly, Gorodetsky and coworkers40 have demonstrated
a photochemical doped protonic transistor, where upon light
illumination, more protons would be released from a small
proton donor (8-hydroxypyrene-1,3,6-trisulfonic acid), resulting
in an increased proton conductivity. On the other hand, the
protonic current of our device was well tuned down upon
remote light illumination. In addition, the device only
responded to specific light wavelengths, which was enabled by
the plasmonic effect of the AuNP. By designing AuNPs with
different light absorptions,23 our device could be potentially
used in light based computing. Moreover, by using infra-red
absorption AuNPs, our device can be designed for remotely
controlled protonic switches and other bio-interfacial
applications.

Methods
DNA functionalized AuNP preparation

Thiolated ssDNA (DNA sequence 5′ SH-TTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT, IDT DNA) was reduced
by TCEP (Sigma) to activate the thiol group. The activated ssDNA
was purified using the Bio-spin column (Biorad) and then added
to the solution of 15 nm AuNPs (Ted Pella). Sodium chloride solu-
tion (final concentration 500 mM) was added to the AuNPs to
minimize the charge repelling effect between DNAs to maximize
DNA coating on the AuNPs. DNA functionalized AuNPs were
washed thoroughly with milli-Q water by repeated centrifugation
to remove free salt ions in solution.

Device fabrication and characterization

Metal electrodes (Au and Pd) were patterned using convention-
al optical lithography, metal evaporation and lift off processes.
DNA functionalized AuNPs were carefully dropped on the

Fig. 4 The demonstration of a light switch using our optically gated protonic transistor. (a) Schematic drawing of the electrical circuit. (b) Light
emitting diode (LED) was on when the illumination light was off. (c) LED was turned off when the illumination light was shone onto the device.
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device and dried in air to form an AuNP–DNA membrane. The
absorption spectrum of the AuNP–DNA membrane was
measured by using a UV-Vis-NIR spectrometer (Shimadzu).
The morphology of the AuNP–DNA membrane was imaged by
using an AFM-3100. PdHx electrodes were obtained by soaking
Pd electrodes in a sealed measuring/humidity chamber with
H2 (1 atm) overnight. Laser diodes (532 nm and 785 nm,
Thorlabs) were used to illuminate the protonic transistors, for
gating effect characterization. Electrical measurements were
carried out using the Keithley 4200 station (Keithley) at room
temperature and 80% relative humidity in a humidity
chamber, with samples located in a probing station.
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