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I
n 1965, Gordon Moore anticipated that
the number of transistors and memory
devices per unit area on an integrated

circuit would double every year due to the
expansion of information.1 Subsequently,
advances in memory devices, transistors,
and information processors have moved
to microsized dimensions.1,2 The random
access memory (RAM) devices are essential
for microsized computing machines. RAMs
are fast, but they are volatile and energy-
consuming. Si-Flash memory devices repre-
sent prominent nonvolatile data memory3

due to high density and low production
costs but suffer from low endurance and
low write speed and require high voltages
for write operations. Thus, the semiconduc-
tor industry faces many challenges such
as integration limitation, heat induction,
and energy efficiency. To overcome current
limitations, some pioneers of the field
proposed molecular electronics,4,5 which
showed potential for molecular-level size
control and fabrication. Molecular memory

devices such as virus-based particles6 and
protein-based or inorganic molecule-based
devices7�10 have shown promise. However,
the addressability of the systems to fabricate
molecular memory devices with controllable
block assembly utilizing a bottom-up ap-
proach is still limited. Thus, well-defined and
easy to assemble nanostructures are needed.
Bottom-up assembly using proteins or other
macromolecules is more challenging due to
the complexity in structure, folding, and mo-
lecular interaction during assembly. Develop-
ment of nanoscale resistive biomemory11

based on RNA nanotechnology12 could
be an advantageous alternative, especially
due to the recently reported addressable
bottom-up self-assembly property of the
three-way junction of bacteriophage phi29
motor pRNA.13

The concept of RNA nanotechnology was
first proven in 199814 using packaging RNA
(pRNA)15 derived from the bacteriophage
phi29 DNA packaging motor. RNA dimers,
trimers, and hexamers were assembled
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ABSTRACT RNA nanotechnology offers advantages to construct thermally and chemi-

cally stable nanoparticles with well-defined shape and structure. Here we report the

development of an RNA�QD (quantum dot) chimera for resistive biomolecular memory

application. Each QD holds two copies of the pRNA three-way junction (pRNA-3WJ) of the

bacteriophage phi29 DNA packaging motor. The fixed quantity of two RNAs per QD was

achieved by immobilizing the pRNA-3WJ with a Sephadex aptamer for resin binding. Two

thiolated pRNA-3WJ serve as two feet of the chimera that stand on the gold plate. The RNA

nanostructure served as both an insulator and a mediator to provide defined distance

between the QD and gold. Immobilization of the chimera nanoparticle was confirmed with

scanning tunneling microscopy. As revealed by scanning tunneling spectroscopy, the conjugated pRNA-3WJ�QD chimera exhibited an excellent electrical

bistability signal for biomolecular memory function, demonstrating great potential for the development of resistive biomolecular memory and a nano-bio-

inspired electronic device for information processing and computing.

KEYWORDS: RNA nanotechnology . pRNA�quantum dot chimera . biomolecular electronics .
nanoscale resistive biomolecular memory . phi29 DNA packaging motor
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from re-engineered RNA fragments via a bottom-up
assembly,16,17 one of the two nanotechnology ap-
proaches besides the top-down approach. The pRNA
molecule contains two domains, a helical DNA trans-
location domain and an intermolecular interaction
domain.12,13,18 These two domains are connected by
a three-way junction (3WJ) motif, which has been
found recently to be a thermodynamically stable
nanostructure motif.13,19�21 The 3WJ remains intact
even when diluted to picomolar concentration and
remains stable at boiling temperatures22 in the pre-
sence of a strong denaturing reagent.13 The thermo-
dynamically stable properties make the pRNA-3WJ
motif an ideal building block for constructing various
RNA nanoparticles for diverse applications in nano-
medicine and nanotechnology.23 A large number
of other highly ordered RNA structures have been
reported and shown to perform diverse biological
functions.24�32

Here we report the use of exceptionally stable
pRNA-3WJ to design and construct a new bioinorganic
chimera material that displays a bistable resistive
switching biomolecular memory property. The pRNA-
3WJ was specifically conjugated to the streptavidin-
coated quantum dots (QD/STV). The QD/STV/Bio-3WJ-
SH (biotin-3WJ-thio) complex contained one QD as the
head and two thiol-modified 3WJ as feet (Figure 1a)
to stand on the gold plate via covalent binding of
the SH group (Figure 1b).33,34 The pRNA-3WJ served
as an insulator to prevent the QD from direct contact
with the gold (Au) substrate (Figure 1c). This unique

structure of the RNA�QD conjugate shows a resistive
switching property, as confirmed by scanning tunneling
microscopy (STM) and scanning tunneling spectroscopy
(STS) in air (Figure 1d).12,35,36

RESULTS AND DISCUSSION

Experimental Design. In this study, the QDwas used as
a semiconducting material to charge and release the
electrons. Au was used as a substrate to measure the
electric signal. The resistive switching memory utilized
the QD, pRNA-3WJ, and Au to study the memory func-
tion. QD and Au substrates were separated by pRNA-
3WJ,which servedboth as a connector to thebridge and
as a partition to prevent the contact between QD and
Au substrates while keeping them at an appropriate
distance. The pRNA-3WJ served as an insulator between
the QD and Au block (Figure 1c). The pRNA-3WJ and
QD were conjugated with a specific binding ratio, with
two RNAmolecules attached to one QD, thus serving as
feet standing on the Au block. The STM experiment was
conducted to detect the pRNA-3WJ/QD conjugate on
the surface, and the tip was positioned onto the pRNA-
3WJ/QD conjugate. The electric potential was applied to
the pRNA-3WJ/QD conjugate by utilizing the STS setup,
thereby monitoring the resistive switching memory
function.

Construction of the RNA�QD Chimera Containing a QD as the
Head and the pRNA-3WJ Motif as the Feet To Stand on the Gold
Substrate. Five steps were carried out to conjugate QDs
with pRNA-3WJ: (1) assemble the 3WJ nanoparticles
that contain two functional modules: a biotin and a

Figure 1. Schematic diagram of the experimental design. (a) Site-specific conjugation method for the QD/STVQD/STV/
Bio-3WJ chimera nanoparticle, (b) constitution, (c) expected structure, and (d) function.
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Sephadex binding RNA aptamer (SEPapt) (Figure 2a,b);
(2) immobilize this SEPapt/Bio-3WJ RNA nanoparticle
onto Sephadex resin; (3) incorporate the QD/STV to the
Bio-3WJ immobilized on Sephadex resin; 4) dissociate,
by urea/EDTA, and purify the QD/STV/Bio-3WJ-b
(Figure 2c); (5) reassemble the QD/STV/Bio-3WJ-SH
chimera (Figure 2e).

The Sephadex aptamer and biotin did not hamper
the formation of the 3WJ. The SEPapt/Bio-3WJ was
immobilized onto the Sephadex surface through
aptamer recognition. A similar method using an RNA
aptamer for RNA nanoparticle affinity purification has
been reported.37,38 QD/STV was conjugated to SEPapt/
Bio-3WJ by incubation, and the complex of QD/STV/
Bio-3WJ-b was finally eluted from the Sephadex col-
umn by adding denaturing reagent to disturb the
folding of the Sephadex aptamer and the association
of three strands among the 3WJ. The agarose gel in
Figure 2c (lane 2) shows the eluted QD/STV/Bio-3WJ-b.
In comparison to physical mixture of QD/STV and Bio-
3WJ-b (lane 3), the purified QD/STV/Bio-3WJ-b showed
a clear single band and slower migration (lane 2). The
binding ratios between QD/STV and Bio-3WJ-b were
titrated (Figure 2d)42 and found to be 1:2. Presumably,
this ratio originated from the steric hindrance between
Bio-3WJ on the Sephadex resin and QD/STV. Once the

Bio-3WJ-b bound to the Sephadex resin surface, the
accessibility of Bio-3WJ-b to QD/STVwas confined. This
was due to the spatial configuration of streptavidin
that has four biotin binding sites distributed as two
pairs that face two directions. Only two biotin binding
sites are accessible to Bio-3WJ-bwhen it is immobilized
on Sephadex G100 because the other two sites are
not accessible to Bio3WJ-b, and the spherical nature
of the QD makes the other sites too far away to
reach the 3WJ-b. In comparison to the QD/STV and
Bio-3WJ-b physical mixture, the Sephadex aptamer-
based conjugation method provides the site-specific
and stoichiometry-defined conjugation. Furthermore,
the reassembly of QD/STV/Bio-3WJ-SH formation was
confirmed by 2% native TBM agarose gel (Figure 2e).
Lane 3 shows the reassembled QD/STV/Bio-3WJ-SH,
and lane 2 shows the QD/STV/Bio-3WJ-b. The STM
images, height analysis, and surface roughness anal-
ysis of the conjugates indicated that the QD/STV/Bio-
3WJ-SH chimera was well immobilized onto the Au
substrate (Supporting Information Figure S1).

Electrical Properties of QD/STV/Bio-3WJ Hybrid Nanoparticle.
To confirm the resistivememory property of the pRNA-
3WJ/QD chimera at the nanoscale, the QD/STV/Bio-
3WJ-SH chimera was immobilized onto a Au substrate
at a dilute concentration. The electrical properties of

Figure 2. Assay for the assembly of the pRNA-3WJ/QD chimera. (a) Two-dimensional structure of the biotinylated pRNA-3WJ
containing an aptamer that can bind Sephadex G100. (b) Native polyacrylamide gel with ethidiumbromide staining showing
the assembly of the RNA structure in (a). Lane 1 is the DNA ladder. (c) Native agarose (2% TBE) gel image with ethidium
bromide staining (left panel) and Cy5 fluorescence emission (right panel) showing the purified QD/STV/Bio-3WJ-b. Lane 1 is a
100 base pair DNA ladder. (d) Native agarose gel imaged with ethidium bromide staining (left panel) and Cy5 fluorescence
emission (right panel) to titrate the copy number of Bio-3WJ-b binding to each QD/STV complex using a Sephadex G100
immobilization method. (e) Native agarose gel with ethidium bromide staining shows the reassembled QD/STV/Bio-3WJ-SH
chimera after reconjugation. Lanes labeled in red letters show a purified complex, and lanes labeled in black letters show the
physical mixture.
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the QD/STV/Bio-3WJ-SH chimera were examined by
STS. To compare the electrical property of individual
molecules, the thiol-modified pRNA-3WJ and QD/STV
were adsorbed onto the Au substrate. I�V curves of
eachmoleculeweremeasured at room temperature by
positioning the conductive tip on top of the sample.
Figure 3a�d shows electrical I�V properties of Au,
thiol-modified pRNA-3WJ, QD/STV, and the QD/STV/
Bio-3WJ-SH chimera. In the case of bare Au, only a linear
I�V characteristic (Ohmic behavior) was observed
(Figure 3a). The bare Au substrate shows the general
metallic conductor (linear) property. However, pRNA-
3WJ-SH (Figure 3b) exhibits the nonlinear I�V proper-
ties. Presumably, thesebiomoleculesprovide theenergy
band gap that makes the semiconducting behavior39

and show the rectifying properties in the two-terminal
system. Thus, it is hard to observe any resistive change
effect in these molecules.

(1) Pt tip//pRNA-3WJ//Au substrate

When the QD/STV was adsorbed onto the Au sur-
face, a slight resistive switching property was observed
during the potential sweep (Figure 3c). It seems to form
a double-tunnel junction configuration, such as the
QD/STV/conducting Au substrate.

(2) Pt tip//QD/STV//Au substrate

Although a slight hysteresis is observed in the I�V

curve of QD/STV, which depends on various factors
such as the donor�acceptor pair or Schottky barrier
effects, it mainly depends on the air gap between
the tip and molecule.40 The QD/STV/Au system shows
a slight resistive switching property of the metal/
molecule/metal tunneling junction, and the ON/OFF
ratio was very weak and fluctuated. So it is difficult to
use for resistive biomemory applications.

However, the QD/STV/Bio-3WJ-SH chimera shows
a distinctive effect compared to QD/STV. The electrical
bipolar switching behavior was observed. Presumably,
the observed electrical bistability of the conjugated

QD/STV/Bio-3WJ-SH chimera originated from the con-
jugation of pRNA-3WJ and QD/STV rather than an
electronic phenomenon caused by either one of the
two nanomaterials composing the chimera.

(3) Pt tip//QD/STV/Bio-3WJ-SH//Au substrate

Figure 3d shows the resistive switching effect of the
QD/STV/Bio-3WJ-SH chimera, which can be observed
when trace and retrace linear voltage scans are applied
from 0 to�3.0 V and�3.0 to 0 V, respectively. Initially,
the I�V curve of the chimera shows a low conductivity
state, and this state was defined as “OFF”. When the
potential reaches 1.8 V, where an abrupt increase in
conductivity occurs, this is defined as the “ON” state.
This state indicates a transition of the chimera mole-
cule from an initial OFF state to an ON state that is
equivalent to the “writing” process in a digital resistive
memory device. The high conductive state was re-
tained over 1.8 V. Thus, the threshold voltage (VTh)
for switching is 1.8 V. When a negative voltage is
applied continuously, the chimera molecule remains
in the ON state until 0.3 V. Then, it returns to the low
conductivity state (OFF state). This reverse voltage
state is equivalent to the “erase”process in thememory
device. Moreover, additional experiments were carried
out to analyze the characteristics of current�distance
characteristics (I�s) (Supporting Information Figure S2),
and that of its derivatives is explained in the Supporting
Information (Figure S3 and Table S1).

Resistive Biomemory Characteristics of the QD/STV/Bio-
3WJ-SH Hybrid. To investigate the resistive switching
mechanism based on trap and release of charge,
biomemory function was analyzed. Figure 4a describes
the I�V characteristics of QD/STV/Bio-3WJ-SH when a

Figure 3. I�V plot of the QD/STV/Bio-3WJ-SH chimera on
the (a) Au surface, (b) thiol-modified pRNA-3WJ on the Au
surface, (c) QD/STV adsorbed on the Au surface, and (d) re-
assembled QD/STV/Bio-3WJ-SH chimera on the Au surface.

Figure 4. I�V characterization of the electrical bistability
behavior. (a) I�V characteristics of the QD/STVQD/STV/
Bio-3WJ-SH chimera on Au, exhibiting electrical bistability
behavior where the current transition from low (OFF state)
to high (ON state) and from low resistance to high resistance
shows the memory effect. (b) Plot of ln(I)�V1/2 fit for
low conducting state, which was attributed to thermionic
emission; (c) ln(I)�ln(V) fit for the high conductance state.
The magnitudes of current and voltage have been plotted
to show the reverse bias section of the characteristics. (d)
Retention time and stability test of the QD/STV/Bio-3WJ-SH
chimera on the Au substrate.

A
RTIC

LE



LEE ET AL. VOL. 9 ’ NO. 7 ’ 6675–6682 ’ 2015

www.acsnano.org

6679

bias voltage is applied from þ3 to �3 V. As shown in
the figure, the device starts switching to a conductive
state (ON state) when the applied voltage is þ1 V,
with a sharp increase in the current, and remains in that
state until the reverse voltage is applied. The device
shows electrical hysteresis behavior that is an essential
feature of bistable devices. State “1” and state “0”
correspond to the relatively high current (ON state)
and the relatively low current states (OFF state), re-
spectively. The bistable transition from the OFF state to
the ON state is equivalent to the “writing” process in a
digital memory cell. After transition is achieved, the ON
state remains in the device even after power is turned
off. In presence of the QD/STV/Bio-3WJ-SH chimera
system, the CdSe core in the QD and the pRNA-3WJ are
separated by a large energy gap ZnS semiconductor
tunneling barrier. The pRNA-3WJ behaves as the
charge donor during the conductivity switching, allow-
ing charge transfer to the lower-energy core.40�43 We
assume that an electric-field-induced charge transfer
mechanism between the polyanionic pRNA-3WJ and
the QD core is responsible for the observed electrical
bistability of QD/STV/Bio-3WJ-SH chimeras. Figure 4
shows a study of the conduction mechanism in both
the ON and OFF states of the RNA�QD chimera.
To understand the conducting mechanism through
the device, the I�V curves of this device in both states
were analyzed in terms of theoretical models.

The plot of log(I) as a function of V1/2 (Figure 4b)
was fitted to a straight line, which suggests that the
conduction mechanism is probably due to thermionic
emission. Therefore, the conduction mechanism in the
low conductivity state is dominated by charge injec-
tion from the electrode to the pRNA-3WJ. A linear curve
was obtained between log(I) and V1/2 (Figure 4b) from
0 to 0.7 V for the device in the OFF state. The I�V

relationship in theOFF state of theQD/STV/Bio-3WJ-SH
chimera could be explained with the injection-
dominated thermionic emission model.41 Accordingly,
current density (J) at a particular filed F (=V/d) is
given by

J ¼ AT2exp
φ(e3=4πε)1=2F1=2

KT

" #

where A is a constant, φ is the barrier with the
electrode, e is the electronic charge, ε is the permittivity
of the active material, and T is the temperature. In
Figure 4b, the plot of ln(I) versus V1/2 was fitted to a
linear model with mostly similar slopes, which aligns
with the suggested model.41 The y-axis intercept de-
pends on the barrier height with the electrode. This
suggests that the OFF current is controlled by charge
injection from the Pt electrode, which is due the
difference in the energy levels. Thus, an energy barrier
between the Pt electrode and the QD/STV/Bio-3WJ-SH
layer and the charge injection through the energy

barrier dominate the conduction mechanism. It was
varied with the active material in the biomemory
device, for example, the streptavidin-coated ZnS shell
thickness on CdSe or the pRNA-3WJ conjugated with
the nanoparticles. This could be due to a decrease
in the effective band gap of the core�shell nano-
particles that determines the barrier height with the
electrode.

In the case of the ON state, the I�V relationship is
changed for the pRNA-3WJ�QD chimera, which shows
Ohmic behavior, a linear relation was also observed
from the plot of log(I) as a function of log(V) in the
high conductivity state, as shown in Figure 4c. From
this plot, it can be observed that a space-charge-
limited conduction (SCLC) emission is likely to be the
conduction mechanism in the high conductivity state.
The current flows through a pRNA-3WJ�QD chimera
conduction path. The space-charge-limited current is
given by the Mott-Gurne law10

J ¼ 8εμν2

9d3

where μ is the carrier mobility and d is the thickness.
The higher bias voltage helps overcome the high

band gap ZnS cap potential barrier by tunneling and
injects electrons into the CdSe core. When a threshold
voltage is reached (i.e., 1.8 V), the applied potential
enables tunneling into the CdSe core, causing a high
conductance switch. Hysteresis was observed in return
scanning from high to low bias, suggesting the pre-
sence of a small amount of charge storage in the QD
core. Increase in potential induced strong SCLC be-
causemore injection carriers from the electrode results
in more accumulated carriers at the interface between
the electrode and RNA. Therefore, we can hypothesize
that the current conduction changed from an injec-
tion-dominated mechanism in the low conductivity
state to a charge-injection-dominatedmechanism in the
high conductivity state. It is assumed that the charge
transfer process is the result of the charge-donating
ability of theRNA,which enables theobservedbistability
behavior while it also provides a direct pathway to the
charge transfer phenomenon. Therefore, a charge trans-
port mechanism occurs during the transition between
the conducting states. This proposed mechanism is
similar to that of the devices using other materials,
related to charge acceptor anddonorbehaviors ofmany
bistable resistive memory devices.44,45

To confirm the stability of the pRNA-3WJ/QD chimera
for use as a resistive biomemory device, the retention
time test of pRNA-3WJ/QD chimera layer was conducted
using STS. The I�V curve of the QD/STV/Bio-3WJ-SH
chimerameasurementwas conducted at room tempera-
ture (Figure 4d). The potential sweep cycleswere applied
to determine the write and erase voltages for the device
ON and OFF states, respectively. The retention time
test was continued to 13 days in air, after which the
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QD/STV/Bio-3WJ-SH chimera interface was becoming
damaged and degraded through joule heating and
contaminating the chimera molecule during the opera-
tion of the device.

CONCLUSION

In summary, we report the development of the
pRNA-3WJ/QD chimera nanoparticle using an RNA
aptamer-based method for the resistive biomolecular
memory application. The pRNA-3WJ motif was
redesigned to introduce both the Sephdaex G100-
recognized aptamer and the biotin strand. The
Sephadex G100 aptamer-based conjugation method
provides a specific binding ratio between QD/STV and

Bio-3WJ. This unique bioinorganic chimera nano-
particle exhibits electrical bistability at the nanoscale
for the resistive biomolecular memory function, and
this electrical property was well retained for 13 days.
The present study shows that the use of the QD/STV/
Bio-3WJ-SH chimera provides the possibility of biomo-
lecular electronic apparatus application. The QD/STV/
Bio-3WJ-SH chimera displayed potential for applica-
tions in next-generation nonvolatile nano-bioelectronic
devices. In the near future, the RNA�inorganic chimera
materials can be further developed into candidates
for nano-bioelectronic devices such as information
storage devices, logic gates, processing devices, and,
eventually, nano-biocomputing systems.

MATERIALS AND METHODS

Materials. The grain-controlled ultraflat Au substrate (Platypus
template-stripped gold chips) was purchased from Platypus
Technologies (USA) for STM and STS. Mica was purchased from
TedPella (USA) for atomic forcemicroscopy. After immobilization,
the substrate was washed with diethylpyrocarbonate (DEPC)-
treated water (Sigma-Aldrich, USA) and then dried with N2 gas.
The QD/STV (CdSe�ZnS, 655 nm) nanoparticles were purchased
from Life Technology (USA). The Sephadex G100 resin was
purchased from Sigma-Aldrich (USA). The binding buffer
(50 mM HEPES, 150 mM NaCl, 10 mM MgCl2 3 6H2O) and the
elution buffer (4 M urea, 5 mM EDTA) were prepared for
conjugation. Milli-Q water (DDW >18 MΩ) was used for all
experiments.

In Vitro Synthesis and Purification of pRNA-3WJ. The pRNA-3WJ-a
and 50-end biotin-labeled pRNA-3WJ-b (Bio-3WJ-b), DNA 3WJ-b,
and 50-end thiol-labeled pRNA-3WJ-c (SH-3WJ-c) were chemi-
cally synthesized by Integrated DNA Technologies (USA) (see
Supporting Information Table S1). A Sephadex G100 binding
RNA aptamer sequence was added to the 30-end of pRNA-3WJ-c
(Figure 2a).35 The Sephadex G100 RNA aptamer 3WJ-c (SEPapt-
3WJ-c) was then synthesized by in vitro transcription of the
corresponding DNA template by T7 RNA polymerase.12,36

Construction of the pRNA-3WJ Nanoparticle with Sephadex Aptamer
and Biotin. The pRNA-3WJ nanoparticle with the Sephadex
aptamer and biotin (SEPapt/Bio-3WJ) was assembled by anneal-
ing three corresponding RNA strands at equalmolar ratio in TMS
buffer (40 mM Tris-HCl, 10 mMMgCl2, 100 mM NaCl) by heating
at 80 �C for 5 min, followed by slowly cooling to 4 �C at a rate of
2 �C/min on aMaster cycle thermocycler (Eppendorf, Germany).
The nanoparticle assembly was confirmed by 8% native poly-
acrylamide gel prepared in TBM buffer (89 mM Tris, 200 mM
boric acid, 5 mM MgCl2, pH 7.6). About 0.2 μg of RNA samples
was loaded into each lane. After being run at 80 V at 4 �C for 2 h,
the RNA nanoparticles were visualized by fluorescence signal or
ethidium bromide staining, with images captured by Typhoon
FLA 7000 (GE Healthcare, UK).

RNA Aptamer-Based Conjugation between QD/STV and Bio-3WJ. The
RNA aptamer-based conjugation technique was carried out
for the production of the pRNA-3WJ/QD chimera (Figure 1a).
The first step is to immobilize the SEPapt/Bio-3WJ complex onto
the Sephadex G100 resin through the aptamer recognition
reaction. Simply, the SEPapt/Bio-3WJ complex (1 μM)wasmixed
with the Sephadex G100 resin (50 mg) in binding buffer and
incubated for 12 h at 4 �C with shaking. The SEPapt/Bio-3WJ
complex immobilized to the G100 resins was then washed
three times by centrifugation with binding buffer. Then,
300 μL of 400 nM streptavidin-coated QD (QD/STV, CdSe/ZnS,
655 nm) was added with gentle shaking at 4 �C in the dark
for 6 h. The QD/STV was bound to the SEPapt/Bio-3WJ complex
that was immobilized on G100 resins through streptavidin
and biotin interaction. Unreacted QD/STV was washed out

by centrifugation with binding buffer three times. Finally, the
QD/STV/Bio-3WJ-b was released from G100 resins by adding
elution buffer containing 4 M urea and 5 mM EDTA with gentle
mixing for approximately 30 min; this step was repeated
five times to increase the recovery yield. Then, the QD/STV/
Bio-3WJ-b fragment andSEPapt/3WJ-c andDNA3WJ-a fragments
were dissociated in elution buffer to separate the QD/STV/
Bio-3WJ-b and other 3WJ fragments fromG100 resins. The eluent
containing QD/STV/Bio-3WJ-b was purified using an Amicon
Ultra centrifugal filter (MWCO 10K, Millipore, USA). QD/STV/
Bio-3WJ-b was reassembled into QD/STV/Bio-3WJ-SH by in-
cubating with 3WJ-a and SH-3WJ-c to acquire a final 3WJ/QD
nanoparticle with all three 3WJ-a-b-c fragments for further
experiments.

Surface Characterization for Confirmation of QD/STV/Bio-3WJ-SH Chimera
Nanoparticles. To test the electrical property of the SH-modified
QD/STV/Bio-3WJ-SH chimera at the nanoscale, the chimera sam-
pleswerediluted to2nM inTMSbuffer (50mMTris, 100mMNaCl,
10 mM MgCl2). The droplet of samples (10 μL) was immediately
self-assembled on an ultraflat Au substrate through covalent
bondingbetween the SHgroup andAu. After a 10min incubation
period on the specifically modified Au surface,36 excess samples
were washed with DEPC-treated water and dried under a flow of
N2 gas. STM and STS measurements were performed on a Digital
Instruments Multimode STM using a Nanoscope III controller
(Veeco, CA, USA). Measurements were conducted under ambient
conditions using mechanically cut Pt tips.

Electrical Measurements of QD/STV/Bio-3WJ-SH Chimera Nanoparticles.
For I�V measurements, the STM tip was located above the
spot to be measured. No additional force was applied to the tip,
and the same set point of 0.5 nA with a bias voltage of 0.1 V was
used for all experiments. All the electrical measurements on
the single QD/STV/Bio-3WJ-SH chimera were performed by
STM under an open air environment at ambient conditions.
The tunneling current was observed as the tip�sample bias
was ramped in the range of (3 V. The shape of the I�V curve
depends on the STM tip position over the QD/STV/Bio-3WJ-SH
chimera where the current is measured. In a typical electrical
characterization experiment, a “point and shoot” method was
used to directly place the STM tip (Pt/Ir) on a single QD/STV/Bio-
3WJ-SH chimera. All measurements were carried out by first
taking a morphology scan of an individual molecule of the
assembled QD/STV/Bio-3WJ-SH chimera. Then the STM tip was
positioned on the top of a single QD/STV/Bio-3WJ-SH chimera.
For the purpose of the electrical characterization at the nano-
scale, the ultraflat Au substrate (Platypus template-stripped
gold chips) was used as the bottom electrode while the 14 mm
lengthof the conductiveSTM tipwasused as the topelectrode for
the two-terminal system.
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