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Colloidally deposited nanoparticle wires for biophysical detection∗
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Among the techniques developed to prepare nanoparticle wires for multiple applications, the colloidal deposition
method at interface has been regarded as cost-efficient and eco-friendly, and hence has attracted an increasing amount of
research attention. In this report, the recent developments in preparing nanoparticle wires and integrated nanoparticle wire
arrays using this technique have been reviewed. Furthermore, we have also discussed the application of these nanoparticle
structures in detecting chemical and biological molecules.
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1. Introduction
Nanoparticles have garnered significant research interest

owing to their unique electrical, thermal, and optical proper-
ties; significant research is being focused on the development
of technologies for the applications of nanoparticles in the
future.[1–5] The development of techniques to assemble col-
loidal nanoparticles into functional structures,[6–9] based on
which nanosized devices could be built for potential nanotech-
nology applications, is an exciting research area.[10–12] Many
current research activities are devoted to the development of
methods such as lithography for the fabrication of nanoparticle
structures with good functional properties. These techniques
either directly put nanoparticles in the shape of arrays [13,14] or
provide a platform for nanoparticle assembly.[15–18] Although
single-step assembly methods such as dielectrophoresis are
very attractive,[19,20] the control on the resulting structures is
limited in these methods and careful tuning of the dielectric
contrast between particles and solvents is necessary in order
to achieve the best results.

Therefore, researchers have now resorted to the simple
method of colloidal deposition to fabricate polycrystalline
monolayer films and photonic structures at the air–liquid–
solid interface.[21,22] As shown in Fig. 1(a), evaporation of
the solvent that suspends the colloidal nanoparticles will ex-
pose the solid substrate to air gradually. Due to interfacial
forces, nanoparticles at the liquid–air–substrate interface de-
posit on the substrate along the meniscus. More details re-
garding this colloidal deposition at the air–liquid–solid for

two-dimensional (2D) films can be found in recent review
articles.[23–25] Gold nanoparticle films produced using this
method[26] serve as a good matrix for laser desorption ioniza-
tion mass spectrometry.[27] Furthermore, this method is very
generic and hence can be applied on a wide range of metallic
and nonmetallic nanoparticles as well as different solvents and
substrates.

Meanwhile, in the last decade, multidisciplinary ap-
proaches using nanotechnology and biotechnology tech-
niques have gained popularity in the international research
community.[28] Many researchers have shown that such fu-
sion has the potential to revolutionize a host of industries
in the future.[29–32] Effective utilization of concerted ap-
plications has recently been exemplified by breakthroughs
in bio-directed nano-synthesis/assembly and by the use of
nanotechnology for biological detections. Further advance-
ment in biomedicine requires new detection systems for dis-
ease biomarkers and therapeutic compounds.[33] Nanoparticle
structures built using colloidal deposition are promising can-
didates for the sensitive detection of chemical and biological
molecules.

2. Wire deposition

While uninterrupted solvent evaporation results in a con-
tinuous deposition of nanoparticles to form a 2D film, discon-
tinuous evaporation interrupted by rapid movement of the so-
lution surface leads to the formation of a one-dimensional (1D)
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nanoparticle structure.[34–41] Subsequent movement of the so-
lution surface leads to a stepwise formation of nanoparticle
wires on the substrate (Fig. 1(b)). Different ways to induce
rapid movement of the solution surface such as quick removal
of the solution,[35,38] rapid rise of the substrate level,[36,37,40]

and accelerated evaporation[34,39,40] have been used.
These nanoparticle wires are formed along their width,

the magnitude of which is determined by the evaporation rate
and the deposition time: speeds of hundred nanometers per
second and times of several seconds to minutes.[42,43] By using
a thin 2D Langmuir–Blodgett film of nanoparticles, Huang et
al. were able to produce chains of individual nanoparticles.[37]

The length of these wires was limited only by the substrate
size, which can easily reach centimeter levels. The distance
between two adjacent wires can be conveniently controlled by
controlling the distance travelled by the solution surface be-
tween each deposition step.[44]

Fig. 1. (color online) Illustration of colloidal deposition at the air–
liquid–solid interface to produce nanoparticle wires. (a) The menis-
cus region of a vertical evaporation-driven colloidal deposition (VECD)
system. When the deposition is uninterrupted, a continuous nanoparti-
cle thin film is formed as a 2D nanoparticle structure. When the de-
position is interrupted by rapid removal of a small quantity of the sus-
pension, a 1D structure of nanoparticle wires is formed. The inset is
a scanning electron microscopy (SEM) image of a gold nanoparticle
wire made by discontinuous VECD. (b) Schematics of the process of
building integrated nanoparticle wire arrays through a multi-step dis-
continuous VECD. Parallel nanoparticle wires and integrated nanopar-
ticle wire arrays are formed after the first and the second deposition
step, respectively.[47]

Uniformly dispersed aggregations of nanoparticles on the
contact line depend on the fingering instability during the ini-
tial de-wetting stage. As shown in Fig. 2, these fingertips then

guide further deposition of nanoparticles, finally forming the
extended striped pattern along their length.[45,46]

(a) (b)

(c) (d)

Fig. 2. (color online) (a) Atomic force microscopy (AFM) and (b) scan-
ning electron micrograph (SEM) images of nanoparticle wires produced
by discontinuous VECD. (c) SEM image of parallel nanoparticle wires
and (d) optical micrograph of nanoparticle wire array.[35]

Once a layer of parallel wires is deposited (Fig. 1(b)), the
substrate is removed from the suspension, rotated at an angle,
and re-immersed. Following a second deposition process, an-
other layer of parallel wires is deposited to form an integrated
nanoparticle wire array (Fig. 2). The angle between two wire
layers in the array depends on the rotation angle of the sub-
strate between the two deposition steps.[37,41,47,48] This multi-
step deposition strategy can also be applied to build double-
component nanoparticles wire arrays by switching to a dif-
ferent nanoparticle suspension during the second deposition
step.[41,47,48]

3. Biophysical detection
As the conductance of gold can be influenced by its sur-

rounding environment,[49] the behavior of nanowires can also
be affected by chemical and biological molecules such as pro-
teins and viruses.[50,51] Because of a high surface-to-volume
ratio of the porous nanoparticle structure, the gold wires pro-
duced using the colloidal deposition are promising candidates
for use in the sensitive electronic detection of biological and
chemical objects (Fig. 3). For thiol molecules, the increase in
the resistance of a gold nanoparticle wire is about 10 times
larger than that obtained using the thiol-modified gold thin
film.[52] Compared to porous gold nanowires produced by in
situ etching,[53] these gold nanoparticle wires show a 3-fold
higher sensitivity. Due to the advantage of high surface to vol-
ume ratio of these wires, we were able to achieve sensitivity
high enough to detect DNA molecules at a concentration as
low as 1 pM as well as to detect the interaction between DNA
and proteins (Fig. 4).[54]
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Fig. 3. (a) The current–voltage curves for a gold nanoparticle wire before (solid line) and after (dotted line) exposure to 1-mM Octadecyl Thiol (ODT)/ethanol
solution. (b) The conductance changes of a gold nanoparticle wire prepared by a 5-min deposition through continuous addition of 1-µM ODT/ethanol
solution. (c) The conductance changes of a gold nanoparticle wire prepared using a 10-min deposition after sequentially adding different concentrations of
biotin-bovine serum albumin (b-BSA) protein.[47]
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Fig. 4. (color online) (a) No significant resistance change in gold nanoparticle (14, 27, and 37 nm) wires with different concentrations of single-stranded
DNA-binding protein (SSB). (b) The interaction sketch for single-strand DNA and SSB. (c), (d), and (e) Change in ∆R/R values for ssDNAs (600, 1200,
and 3200 nucleotides (nt)) upon binding with SSB as a function of SSB concentrations. Gold nanoparticle wires with 37-nm gold nanoparticles were used
for all experiments in panels (b), (c), and (d), and ssDNA concentrations were 0.001 nM, 0.01 nM, and 0.1 nM respectively.[54]

Such high sensitivity results from the exponential depen-
dence of the tunneling resistance on the separation between
adjacent nanoparticles. Synthetic colloidal nanoparticles offer
great flexibility for performance optimization owing to their
varying particle size, capping reagent, and inter-particle dis-
tance.

4. Outlook
Molecular sensing based on surface plasmon resonance

(SPR) of metallic nanoparticles has been widely used. Re-
fractive index changes close to the particle surface caused

by mass variation induce changes in SPR-based spectra.[55,56]

Details about immunoassays based on SPR spectroscopy and
microscopy have been reviewed,[57,58] where high-throughput
analysis of biomolecular binding kinetics can be studied.
Recent works characterized the interactions between gold
nanoparticles and proteins and blood cells.[59,60] Nanoparticle
wires that maintain similar molecular sensing capability as that
of individual nanoparticles offer additional electrical monitor-
ing capabilities and allow potential multi-modal monitoring.
Furthermore, the superior biocompatibility of gold nanopar-
ticles enables potential real-time study of chemical and elec-
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trical processes on the membrane of live cells. We anticipate
broader biomedical applications of nanoparticle wires for bio-
physical detection and treatment in the near future.

References
[1] Diao J J and Chen H 2006 J. Chem. Phys. 124 116103
[2] Prasad B L, Sorensen C M and Klabunde K J 2008 Chem. Soc. Rev. 37

1871
[3] Gao S, Zhao S L, Xu Z, Yang Y F, Liu Z M and Xie X Y 2014 Acta

Phys. Sin. 63 157702 (in Chinese)
[4] Xu R, Jia G Y and Liu C L 2014 Acta Phys. Sin. 63 078501 (in Chinese)
[5] Duan F L and Wang Y 2014 Acta Phys. Sin. 63 136102 (in Chinese)
[6] Hu Y, Li J C, Shen M W and Shi X Y 2014 Chin. Phys. B 23 078704
[7] Singh N S, Singh S D and Meetei S D 2014 Chin. Phys. B 23 058104
[8] Monticone F and Alu A 2014 Chin. Phys. B 23 047809
[9] Diao J J, Chen G D, Xi C, Fan Z Y and Yuan J S 2003 Chin. Phys. 12

100
[10] Diao J J, Huang S and Reeves M E 2005 J. Chem. Phys. 122 146101
[11] Tao A R, Huang J and Yang P 2008 ACC Chem. Res. 41 1662
[12] Diao J J and Chen G D 2001 J. Phys. D: Appl. Phys. 34 L79
[13] Maier S A, Kik P G, Atwater H A, Meltzer S, Harel E, Koel B E and

Requicha A A 2003 Nat. Mater. 2 229
[14] Wei Q H, Su K H, Durant S and Zhang X 2004 Nano Lett. 4 1067
[15] Barry C R, Lwin N Z, Zheng W and Jacobs H O 2003 Appl. Phys. Lett.

83 5527
[16] Cui Y, Bjork M T, Liddle J A, Sonnichsen C, Boussert B and Alivisatos

A P 2004 Nano Lett. 4 1093
[17] Demers L M, Ginger D S, Park S J, Li Z, Chung S W and Mirkin C A

2002 Science 296 1836
[18] Yin Y D, Lu Y and Xia Y N 2001 J. Am. Chem. Soc. 123 771
[19] Hermanson K D, Lumsdon S O, Williams J P, Kaler E W and Velev O

D 2001 Science 294 1082
[20] Velev O D and Kaler E W 1999 Langmuir 15 3693
[21] Dimitrov A S and Nagayama K 1996 Langmuir 12 1303
[22] Jiang P, Bertone J F, Hwang K S and Colvin V L 1999 Chem. Mater.

11 2132
[23] Gupta S, Alargova R G, Kilpatrick P K and Velev O D 2010 Langmuir

26 3441
[24] Istrate E and Sargent E H 2006 Rev. Mod. Phys. 78 455
[25] Zhang J, Li Y, Zhang X and Yang B 2010 Adv. Mater. 22 4249
[26] Diao J J, Qiu F S, Chen G D and Reeves M E 2003 J. Phys. D: Appl.

Phys. 36 L25
[27] Chen Y, Luo G H, Diao J J, Chornoguz O, Reeves M and Vertes A 2007

J. Phys.: Conf. Ser. 59 548
[28] Duan X and Lieber C M 2013 Chem. Asian J. 8 2304
[29] Diao J, Cipriano D J, Zhao M, Zhang Y, Shah S, Padolina M S, Pfuet-

zner R A and Brunger A T 2013 J. Am. Chem. Soc. 135 15274

[30] Lai Y, Diao J, Cipriano D J, Zhang Y, Pfuetzner R A, Padolina M S and
Brunger A T 2014 Elife 3 e03756

[31] Diao J, Zhao M, Zhang Y, Kyoung M and Brunger A T 2013 Bioessays
35 658

[32] Diao J, Yoon T Y, Su Z, Shin Y K and Ha T 2009 Langmuir 25 7177
[33] Cohen-Karni T and Lieber C M 2013 Pure Appl. Chem. 85 883
[34] Giraldo O, Durand J P, Ramanan H, Laubernds K, Suib S L, Tsapatsis

M, Brock S L and Marquez M 2003 Angew. Chem. Int. Ed. 42 2905
[35] Diao J J, Hutchison J B, Luo G H and Reeves M E 2005 Appl. Phys.

Lett. 87 103113
[36] Huang J X, Fan R, Connor S and Yang P D 2007 Angew. Chem. Int. Ed.

46 2414
[37] Huang J X, Tao A R, Connor S, He R R and Yang P D 2006 Nano Lett.

6 524
[38] Kakefuda Y, Narita K, Komeda T, Yoshimoto S and Hasegawa S 2008

Appl. Phys. Lett. 93 163103
[39] Olgun U 2010 ACS Appl. Mater. Interfaces 2 28
[40] Watanabe S, Inukai K, Mizuta S and Miyahara M T 2009 Langmuir 25

7287
[41] Watanabe S, Mino Y, Ichikawa Y and Miyahara M T 2012 Langmiur

28 12982
[42] Diao J J, Chen G D, Qiu F S and Yan G J 2004 Chin. Phys. 13 1927
[43] Diao J J, Hutchison J B, Luo G H and Reeves M E 2005 J. Chem. Phys.

122 184710
[44] Diao J J and Xia M G 2009 Colloids Surf. A 338 167
[45] Farcau C, Moreira H, Viallet B T, Grisolia J R M and Ressier L 2010

ACS Nano 4 7275
[46] Huang J X, Kim F, Tao A R, Connor S and Yang P D 2005 Nat. Mater.

4 896
[47] Diao J J and Cao Q 2011 AIP Advances 1 012115
[48] Mino Y, Watanabe S and Miyahara M T 2011 Langmuir 27 5290
[49] Garcia M A, de la Venta J, Crespo P, LLopis J, Penades S, Fernandez

A and Hernando A 2005 Phys. Rev. B 72 241403
[50] Cui Y, Wei Q Q, Park H K and Lieber C M 2001 Science 293 1289
[51] Patolsky F, Zheng G F, Hayden O, Lakadamyali M, Zhuang X W and

Lieber C M 2004 Proc. Natl. Acad. Sci. USA 101 14017
[52] Zhang Y, Terrill R H and Bohn P W 1998 J. Am. Chem. Soc. 120 9969
[53] Liu Z and Searson P C 2006 J. Phys. Chem. B 110 4318
[54] Shao L, Diao J J, Tang Z, Liu S, Shen S C, Rui X, Liu J, Yu D and Zhao

Q 2014 Nanoscale 6 4089
[55] McFarland A D and van Duyne R P 2003 Nano Lett. 3 1057
[56] Willets K A and van Duyne R P 2007 Ann. Rev. Phys. Chem. 58 267
[57] Mullett W M, Lai E P C and Yeung J M 2000 Methods 22 77
[58] Campbell C T and Kim G 2007 Biomaterials 28 2380
[59] Wei H, Wang Z, Zhang J, House S, Gao Y G, Yang L, Robinson H,

Tan L H, Xing H, Hou C, Robertson I M, Zuo J M and Lu Y 2011 Nat.
Nanotech. 6 93

[60] Lacerda S H D, Park J J, Meuse C, Pristinski D, Becker M L, Karim A
and Douglas J F 2010 ACS Nano 4 365

127308-4

http://dx.doi.org/10.1063/1.2177661
http://dx.doi.org/10.1039/b712175j
http://dx.doi.org/10.1039/b712175j
http://dx.doi.org/ 10.7498/aps.63.157702 
http://dx.doi.org/ 10.7498/aps.63.157702 
http://dx.doi.org/ 10.7498/aps.63.078501 
http://dx.doi.org/ 10.7498/aps.63.136102 
http://dx.doi.org/10.1088/1674-1056/23/7/078704
http://dx.doi.org/10.1088/1674-1056/23/5/058104
http://dx.doi.org/10.1088/1674-1056/23/4/047809
http://dx.doi.org/10.1088/1009-1963/12/1/319
http://dx.doi.org/10.1088/1009-1963/12/1/319
http://dx.doi.org/10.1063/1.1869393
http://dx.doi.org/10.1021/ar8000525
http://dx.doi.org/10.1088/0022-3727/34/14/101
http://dx.doi.org/10.1038/nmat852
http://dx.doi.org/10.1021/nl049604h
http://dx.doi.org/10.1063/1.1637143
http://dx.doi.org/10.1063/1.1637143
http://dx.doi.org/10.1021/nl049488i
http://dx.doi.org/10.1126/science.1071480
http://dx.doi.org/10.1021/ja0031873
http://dx.doi.org/10.1126/science.1063821
http://dx.doi.org/10.1021/la981729c
http://dx.doi.org/10.1021/la9502251
http://dx.doi.org/10.1021/cm990080+
http://dx.doi.org/10.1021/cm990080+
http://dx.doi.org/10.1021/la902989r
http://dx.doi.org/10.1021/la902989r
http://dx.doi.org/10.1103/RevModPhys.78.455
http://dx.doi.org/10.1002/adma.201000755
http://dx.doi.org/10.1088/0022-3727/36/3/101
http://dx.doi.org/10.1088/0022-3727/36/3/101
http://dx.doi.org/10.1088/1742-6596/59/1/117
http://dx.doi.org/10.1088/1742-6596/59/1/117
http://dx.doi.org/10.1002/asia.201300630
http://dx.doi.org/10.1021/ja407392n
http://dx.doi.org/10.7554/eLife.03756
http://dx.doi.org/10.1002/bies.201300010
http://dx.doi.org/10.1002/bies.201300010
http://dx.doi.org/10.1021/la901676e
http://dx.doi.org/ 10.1351/PAC-CON-12-10-19 
http://dx.doi.org/10.1002/anie.200250712
http://dx.doi.org/10.1063/1.2042637
http://dx.doi.org/10.1063/1.2042637
http://dx.doi.org/10.1002/(ISSN)1521-3773
http://dx.doi.org/10.1002/(ISSN)1521-3773
http://dx.doi.org/10.1021/nl060235u
http://dx.doi.org/10.1021/nl060235u
http://dx.doi.org/10.1063/1.3001938
http://dx.doi.org/10.1063/1.3001938
http://dx.doi.org/10.1021/am900505n
http://dx.doi.org/10.1021/la900315h
http://dx.doi.org/10.1021/la900315h
http://dx.doi.org/10.1021/la302811y
http://dx.doi.org/10.1021/la302811y
http://dx.doi.org/10.1088/1009-1963/13/11/029
http://dx.doi.org/10.1063/1.1896352
http://dx.doi.org/10.1063/1.1896352
http://dx.doi.org/10.1016/j.colsurfa.2008.12.030
http://dx.doi.org/10.1021/nn102128w
http://dx.doi.org/10.1021/nn102128w
http://dx.doi.org/10.1038/nmat1517
http://dx.doi.org/10.1038/nmat1517
http://dx.doi.org/10.1063/1.3568815
http://dx.doi.org/10.1021/la200515w
http://dx.doi.org/10.1103/PhysRevB.72.241403
http://dx.doi.org/10.1126/science.1062711
http://dx.doi.org/10.1073/pnas.0406159101
http://dx.doi.org/10.1021/ja980926v
http://dx.doi.org/10.1021/jp056940t
http://dx.doi.org/10.1039/c3nr06560j
http://dx.doi.org/10.1021/nl034372s
http://dx.doi.org/10.1146/annurev.physchem.58.032806.104607
http://dx.doi.org/10.1006/meth.2000.1039
http://dx.doi.org/ 10.1016/j.biomaterials.2007.01.047 
http://dx.doi.org/10.1038/nnano.2010.280
http://dx.doi.org/10.1038/nnano.2010.280
http://dx.doi.org/10.1021/nn9011187

	1. Introduction
	2. Wire deposition
	3. Biophysical detection
	4. Outlook
	References

