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Semiconductor quantum dots (QDs) with high fluorescent brightness, stability, and tunable sizes,

have received considerable interest for imaging, sensing, and delivery of biomolecules. In this

research, we demonstrate location deterministic biochemical detection from arrays of QD-nanowire

hybrid assemblies. QDs with diameters less than 10 nm are manipulated and precisely positioned on

the tips of the assembled Gold (Au) nanowires. The manipulation mechanisms are quantitatively

understood as the synergetic effects of dielectrophoretic (DEP) and alternating current electroosmo-

sis (ACEO) due to AC electric fields. The QD-nanowire hybrid sensors operate uniquely by concen-

trating bioanalytes to QDs on the tips of nanowires before detection, offering much enhanced

efficiency and sensitivity, in addition to the position-predictable rationality. This research could

result in advances in QD-based biomedical detection and inspires an innovative approach for

fabricating various QD-based nanodevices. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4893878]

In the last decade, considerable research interest was

focused on applying semiconductor quantum dots (QDs) for

bioimaging,1,2 sensing,3 and therapeutic delivery4,5 due to

their tunable sizes and unique optical properties.6 Compared

to traditional organic dyes, semiconductor QDs exhibit higher

fluorescent brightness and better resistance to photo-

bleaching due to the quantum confinement effect and chemi-

cal stability. The emission of QDs can be systematically tuned

from the visible to infrared optical regime by varying the

sizes and material compositions. The wide absorption band

and large stokes shifts make it possible to stimulate QDs of

different colors simultaneously by a single excitation source

for optical barcoding of biomolecules.7,8 These unique prop-

erties were explored for imaging and tracking extracellular

events, including cellular motility,9,10 protease activity,11,12

and signal transduction.13,14 They were also applied as nano-

sensors in an intracellular setting for detection of viruses,15,16

cytokines,17,18 and pH variations.19 Nevertheless, the applica-

tions of QDs as extracellular biosensors were still largely

conducted in bulk colloidal suspensions, which present con-

siderable difficulties in sensing a minute amount of bioana-

lyte. A breakthrough was made by Wang et al.,3 who

innovatively coupled fast optical detection, FRET of QD-

organic dye hybrids, and microfluidics for unambiguous sort-

ing DNA molecules at a concentration as low as 0.48 nM.

Although sensitive and specific, such a method relies on the

optical detection of fast flowing QDs and thus requires com-

plex optical instrumentation. It is highly desirable if the QDs

can be registered at designated locations for position-

predicable optical analysis and sensing.

In this work, we investigate controllable manipulation

and assembling of QD-nanowire hybrid nanostructures in

suspension by electric fields and applied the assemblies for

location deterministic biochemical detection. By applying an

external AC electric field (E-field) on the designed micro-

electrodes, we precisely manipulated and positioned bio-

functionalized semiconductor QDs on the tips of aligned Au

nanowire arrays. The manipulation mechanism was quantita-

tively understood and attributed to a synergetic effect of DEP

and ACEO. The as-obtained QD-nanowire hybrids operate

uniquely by actively focusing bioanalytes to QDs with the E-

field, followed by biodetection after the E-field removal,

which offered substantially improved detection efficiency

with a sensitivity of 20 nM (Cy5 labeled biotin molecules), in

addition to the position deterministic rationality. This work

could be a critical step towards a rational bottom-up approach

for fabricating various QD-based biomedical devices.

Au nanowires (NWs) (300 nm in diameter, 5 lm in

length), fabricated by electrodeposition into nanoporous tem-

plates,20 were assembled into aligned arrays by E fields and

applied for attracting and positioning QDs. Water soluble

CdSe/ZnS QDs (525 nm in emission, Invitrogen Inc.) were

used for the investigation. The QD-nanowire hybrids were

manipulated and assembled in a polydimethylsiloxane

(PDMS) well in deionized (D.I.) water by an AC E-field

with a frequency of 50 kHz to 2 MHz generated from strate-

gically designed interdigital microelectrodes (gaps of

20–50 lm). The E-field was controlled by a waveform gener-

ator (Agilent 33250 A) and the peak to peak voltage was set

at 20 V.

Upon application of the E-field, randomly suspended Au

NWs (concentration: 2.2� 107/ml) were swiftly attracted,

aligned and assembled on the patterned microelectrodes as

shown in supplementary material S1.20 The chaining lengths

of Au NWs depend on the applied AC frequency.21 At 70

kHz, a single layer of nanowires can be formed with an aver-

age length of 5.46 lm (supplementary material S1a).20 The

length monotonically increased with the AC frequency and

reached an average value of 12.33 lm at 800 kHz (supple-

mentary material S1d).a)Email: dfan@austin.utexas.edu
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The transportation and assembling of nanowires can be

attributed to the dielectrophoretic (DEP) forces, resulting

from the interactions between the E-field and the electrically

polarized nanoentities.22 For a nanowire, which can be

approximated as a prolate ellipsoid, the DEP force is given

by23

F ¼ p � rE ¼ 1

3
pr2LemRe Kð ÞrE2; (1)

where p ¼ 2
3
pr2LemReðKÞE is the induced dipole moment on

nanowires, r and L are the radius and length of nanowires, em

is the dielectric constant of the medium, and Re(K) is the

real part of Clausius-Mossotti factor of the nanowire. The

transport and alignment orientations of nanowires were along

the directions of the E-field gradient and the E-field, respec-

tively.24 The distinct degree of the chaining effect at differ-

ent AC frequencies (supplementary material S1e) is due to

the unique electric interactions among polarized nanowires,

where the electric dipole moment p is a frequency dependent

factor. The chaining force between two polarized nanopar-

ticles (Fc) is proportional to E2 (Fc�E2).25 The number of

chained particles, simplified as spheres, can be calculated

according to N ¼ c
ffiffiffiffiffiffiffiffi
pef f3
p

, where c is a constant and pef f is

the effective electric polarization moment.23 The value of

pef f highly depends on the electric properties of the nano-

wires and the suspension medium, as well as the quality of

the electric contact between neighboring nanoparticles. In

our experiments, we can readily align and assemble a layer

of single nanowires on the edges of the microelectrodes at

70 kHz and 20 V.

Next, the assembled nanowires were applied for posi-

tioning the semiconductor QD nanosensors. We dispersed

the QDs (0.1 nM) in the suspension of the assembled Au

nanowires in an AC E-field of 50 kHz and 20 V. As soon as

the E-field was applied, the QDs coherently moved and cir-

culated from the edges to the top of the microelectrodes, and

some docked on the tips of nanowires,20 the QDs transported

on top of the microelectrode away from the electrode edges

and moved upward (blurred image) until disappeared]. An

array of QDs can be assembled on the tips of the aligned

nanowires in a few minutes (Figure 1). During the assem-

bling process, more than one QD could be attracted to the

tips of nanowire, which could result in larger and brighter

QDs. In principle, these QDs could also form the pearl-chain

structures on the tips of Au nanowires; however, it is difficult

to directly confirm the pearl-chain formation via microscope

observation due to the ultrasmall diameters of QDs

(<10 nm).

The assembling of QDs cannot be explained simply by

the DEP effect. It is known that DEP force increases with the

volume of objects.27 By the DEP force alone, it is extremely

inefficient to move QDs with a diameter less than 10 nm over

a region of tens of micrometers, where estimation shows that

the speed of QDs should be only a few nm/s.20 Although the

ultrafine tips of Au nanowires can enhance the E-field in their

vicinities substantially, such an effect is highly localized and

effective only in the vicinity of nanowires (supplementary

materials S2).20 A different electrokinetic mechanism other

than the DEP force must be playing a role in circulating QDs

around the edges of the microelectrodes, which brings QDs

closer to the nanowires.

Among many electrokinetic phenomena, the alternating

current electroosmosis (ACEO) effect drew our attention.

ACEO results in electroosmotic flows circulating around

microelectrodes due to the interactions of the E-field and the

electrical double layers next to the electrodes. The fluid ve-

locity in the horizontal direction is given by28

vf luid ¼ emV2
rms

,
g 1þ dð ÞL x

xc
þ xc

x

� �2
" #

; (2)

where Vrms is the root mean square of applied voltage; em

and g are the permittivity and viscosity of the suspension me-

dium; L is the electrode spacing; d is the capacitance ratio of

the diffusion and compact layers (assumed as constant for

both); xc and x are the peak and applied E-field frequency,

respectively. The movement pattern of QDs exhibits a great

similarity with that of nanoparticles under the influence of

ACEO effect (Figure 2(a)).20,29–31

To confirm that the circulating motion of QD is indeed

due to the ACEO effect, we characterized the velocities of

QDs as a function of the applied voltages from 5 to 20 V at

FIG. 2. (a) Schematic diagram of ACEO flows for QD manipulation. (b)

Schematic diagram of manipulation QDs in the circular microelectrodes. (c)

The velocities of QDs linearly increase with V2
rms, inset: snapshot of QD

movement due to ACEO flows. (multimedia view). (d) Distance of a QD to

the center of the inner electrode versus time. Inset: snapshot of the circular

microelectrode. (e) Velocity of QD increases linearly with 1/R3.

(Multimedia view) [URL: http://dx.doi.org/10.1063/1.4893878.1] [URL:

http://dx.doi.org/10.1063/1.4893878.2]
FIG. 1. Quantum dots can be precisely positioned on the tips of arrays of

nanowires by the AC E-fields.
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50 kHz. The velocities were determined from QDs on the top

of the parallel microelectrodes. The velocities linearly

increase with V2
rms (Figure 2(c)), agreeing with the relation of

v�V2
rms given in Eq. (2). However, it remains difficult to at-

tribute the high precision assembling of QDs on the tips of

nanowires (only 300 nm in diameter) to the ACEO effect.

It is noted that for nanowires attached on parallel micro-

electrodes in an external E-field, the E-field strength can be

substantially enhanced in the vicinity of the tips of nano-

wires, which result in a high E-field gradient as shown in the

simulation in supplementary materials S2.20 The attraction

of small objects to the highest E-field gradient is a hallmark

of positive DEP forces.22,23 Our quantitative study of the

transport of QDs to the tips of nanowires confirmed such an

effect.

Since there is no analytical solution of the E-field distri-

bution around a nanowire, we designed a pair of concentric

microelectrodes with inner and outer radii of 65 lm and

200 lm, respectively (Figure 2(b)). In such a microelectrode,

the DEP force (FDEP) can be analytically obtained, which is

proportional to 1/R3, given by FDEP� rE2� 1/R3 according

to Eq. (1), where R is the distance of the nanoobjects to the

center of the inner electrode. After attaching the nanowires

to the edge of the inner electrode at 70 kHz and 20 V, QDs

can be readily assembled on the tips of the nanowires

(90 kHz and 20 V) (Figure 2(d)).20 To clearly determine the

nature of the attraction force, we analyzed the motions of

QDs when they were a few micrometers away from the tips

of nanowires. We consistently found that the velocities of

such QDs (jvj) linearly increase with 1=R3 (Figure 2(e)).20

Given that the viscous drag force (Fdrag) instantly balances

the applied external forces, i.e., FDEP�Fdrag� v, for nano-

particles in the extremely low Reynolds number regime, the

as-observed v� 1/R3 accounts for the dependence of

FDEP� 1/R3.24 This analysis confirms that the attraction

force received by the QD is the DEP force. As a result, the

entire assembling process of QD-on-nanowires can be under-

stood quantitatively, where the QDs in the suspension were

coherently moved on top of the microelectrodes largely due

to the ACEO influence, when they were brought close to the

nanowires, the DEP force around the tips of nanowires domi-

nated, attracting and positioning them precisely on the tips

of nanowires. This result agrees with previous work on sole

QD manipulation,26 but was achieved in a nanowire-QD sys-

tem and confirmed in a direct and quantitative manner. Also

note that the assembling of QD-nanowire hybrid is highly

facile and controllable, which took just seconds to minutes

depending on the concentration of QDs.

The QD-nanowire assemblies were applied for position

deterministic biochemical sensing, where the nanowires

defined the positions of the QD biosensors. Note that in the

aforediscussed study, regardless of the applied AC frequen-

cies, the nanowires attached on the edge of microelectrodes

were not assembled in an order array (supplementary mate-

rial S1).20 We also notice that the fluorescent intensity of

QDs and organic dyes can be quenched significantly if they

directly contact metal surfaces.32 To resolve these two issues

before demonstrating the QD-nanowire assemblies for sens-

ing applications, the surfaces of microelectrodes and Au

nanowires were modified with a thin layer of PMMA

(MicroChem 950 k C2, �200 nm in thickness) and silica

(40 nm), respectively.20 The presence of the thin PMMA

layer can maintain the mobility of Au nanowires attaching

on the edges of the micoelectrodes and result in an equally

spaced nanowire array due to the electrostatic repulsion

between neighboring nanowires in an AC E-field (Figure

3).33 The separation between QDs and metal nanowires by

the silica coating can precisely tune the fluorescent enhance-

ment of QDs due to the plasmonic Au nanowires, which will

be discussed elsewhere.34 With the above consideration and

modification, we obtained an array of evenly spaced QD-

nanowire devices under E-field at 20 V, 700 kHz. The aver-

age distance between neighbored QD-nanowire assemblies

was �8.5 lm for a nanowire suspension of 2.2� 107/ml and

QDs of 0.1 nM (Figures 3(a) and 3(b)).

The as-obtained QD-nanowire assemblies were demon-

strated as nanosensors for detection of biomolecules. Biotin

molecules, bonding strongly with streptavidin, are com-

monly used for device demonstrations.35 In the experiments,

after assembling QDs conjugated with streptavidin (0.1 nM,

emission: 605 nm, Invitrogen Inc.) on the tips of nanowires

in an AC E-field of 20 V and 700 kHz, Cy5-labeled biotin

molecules (200 nM, 4 ll, Nanocs Inc.) were introduced in the

same AC E-field. In a few minutes, the characteristic fluores-

cent signals of Cy5-biotin can be detected on the tips of

nanowires, co-localized with that of QDs (Figures 3(a) and

3(b)). When the concentration of Cy5-biotin was reduced to

only 20 nM, there were still 52.6% QD on the tips of nano-

wires showed the co-localized signals of Cy5-biotin. Note

that the co-localization of QDs and biotin occurred in just a

few minutes after the application of the E-field, which is

much faster than those demonstrated previously, where a

FIG. 3. Under an AC E-field (700 kHz, 20 V), Cy5-biotin molecules can be

efficiently focused on the tips of nanowires in suspension, co-localized with

QDs coated with streptavidin for enhanced biodetection. (a) Fluorescent

images of QDs on an array of assembled Au nanowires taken through a band

pass filter of 605 nm (585 nm to 625 nm). (b) Fluorescent images of Cy5-

biotin molecules on the same arrays of Au nanowires taken through a

650 nm long pass filter. Fluorescent spectra taken on the nanowire tips when

the AC E-field is (c) on and (d) off, demonstrating the effective E-field fo-

cusing and specific conjugation of QD and Cy5-biotin. The insets show the

corresponding fluorescent images with pseudocolors. The scale bar is 5 lm.

(e) The signals of QD and Cy-5 biotin with/without the E-field.
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conjugation time of at least 30 min has to be taken before

signals of both molecules can be successfully detected.36,37

This suggests that the DEP force not only assemble QDs on

the tips of nanowires as aforediscussed, but also could focus

biomolecules, such as biotin, to the tips of nanowires to

enhance the detection efficiency.

To confirm this understanding, we performed a series of

control experiments. Cy5-labeled biotin of various concen-

trations from 200 pM to 20 pM was introduced to a simple

array of assembled nanowires (without presence of QDs) at

700 kHz and 20 V. In a few minutes, biotin could be readily

detected at the tips of nanowires from both the fluorescence

imaging and spectroscopy of Cy5 (supplementary material

S4). This experiment showed that indeed analyte molecules

can be concentrated at the tips of nanowires due to the AC

E-field.

It is critical to know if the molecules co-localized with

QDs are the sought-after biotin molecules, which should spe-

cifically bond to the streptavidin-coated QDs. After incuba-

tion for 30 min, the E-field was carefully removed to release

the non-specific molecules. Most QD-nanowire assemblies

still remained (90%), which could be due to the non-specific

bonding of functionalized QDs and nanowire tips. For a

Cy5-biotin concentration of 20 nM and in 15 tested devices,

after the E-field release, 55.6% QD-nanowires retained the

original co-localized Cy5 signals with a slight decrease in

the intensity of both QDs and Cy5-biotin (Figure 3(e)). In

comparison, at the same condition, if by using bare QDs

without streptavidin (QD 525), majority of Cy5 labeled bio-

tin disappears from the QDs on the tips of nanowires after

the E-field release (Figure 4). Only �14.3% QDs retained

the original signals of Cy5-biotin, which is substantially

lower than that obtained from the streptavidin coated QDs

(55.6%). This result demonstrates that the QD-nanowire sys-

tem can detect desirable molecules due to the specific conju-

gation between QDs and the analyte molecules.

As a result, the QD-nanowire sensors operate uniquely

by effectively focusing molecules to QDs before detection

via specific conjugation. In comparison, if we directly incu-

bate streptavidin conjugated QDs, spin coated on a glass sub-

strate, with Cy5-biotin (20 nM) and detect the co-localized

signals at the same conditions, only 17.2% signals showed

the conjugation of QD and Cy5, which is much lower than

that obtained from the QD-nanowire assemblies. The control

experiments further confirm that our devices offer improved

biodetection sensitivity (or efficiency) in addition to the

merit of location-predictability. The improvement could be

largely attributed to the concentration effect for both QDs

and biotin due to the E-field. We also note that the plasmonic

enhancement from the Au nanowires may improve the detec-

tion performance, which will be studied elsewhere.34

The devices demonstrated here could inspire new strat-

egies for resolving the intrinsic problem of low throughput

of nanosensors.38 With further investigation and optimiza-

tion, i.e., application of the 3D electrodes instead of 2D pla-

nar electrodes,39,40 integration with a microfluidic device,

automation of optical analysis, and use of multiple function-

alized QDs, the QD-nanowire assemblies could detect vari-

ous analyte molecules in a rational, sensitive, multiplex, and

efficient manner. Among all the aforementioned improve-

ments, it is especially interesting to assemble the nanowire-

QD hybrid sensors into 3-D structures in the detection sys-

tem. The 3-D assembling scheme can enhance the detection

efficiency substantially owing to the more effective interac-

tion and focus of analyte molecules to the sensing areas com-

pared to that of the 2-D scheme. This could be achieved by

generating E-fields from designed 3-D electrodes, i.e., those

made of a stack of insulator-separated plenary metals. Also

note that based on our understanding of the ACEO effect,

pressure driven flows, which bring the QDs to the vicinity of

the nanowires, could also be employed to assist the

assembling of the QD nanosensors owing to the same mech-

anism as that of the ACEO flows. However, the rate of the

pressure driven flows should be controlled so that the hydro-

dynamic force is lower than the DEP force. Finally, the

electric-field assisted QD assembly has its own limitation

compared to the previous work,3 where pattern microelectro-

des are indispensable, which requires additional engineering

and optimization when integrating with other systems, e.g.,

microfluidics.

In summary, QDs with a diameter of <10 nm were pre-

cisely manipulated and assembled on tips of Au nanowires.

The manipulation mechanism was understood quantitatively

and attributed to a synergetic ACEO and DEP effect. After

modification of the surfaces of the microelectrodes and Au

nanowires, the QD-nanowire assemblies can be arranged in

an equally spaced array and demonstrated for biochemical

detection. The device operated uniquely by focusing analytes

to the QD nanosensors before detection via specific bio-

chemical conjugation. Molecules, such as biotin, can be

detected unambiguously in a location deterministic manner

with much enhanced efficiency. With further investigation

and optimization, such devices could potentially be inte-

grated with microfluidics for position deterministic biochem-

ical sensing. The outcome of this research may not only

advance the QD-based sensing technology, but also inspire a

FIG. 4. Control experiments: under the AC E field (700 kHz, 20 V), fluores-

cent spectrum (in blue) shows both QDs (without streptavidin, emission:

525 nm, 535 nm band pass filter from 505 nm to 560 nm) and Cy5-biotin

molecules (emission 670 nm, 532 nm long pass filter) at the tips of nano-

wires. After removal of the AC E-field, the signal of Cy5-biotin disappeared

due to the detachment from the QDs (in magenta). Inset on the left: fluores-

cent images showing both QDs and Cy5-biotin under the AC E field. Inset

on the right, fluorescent images after removal of the E field.
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potentially scalable approach for fabricating various QD-

based nanodevices.
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