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We demonstrated an enhanced surface plasmon resonance detection incorporating ZnO nanorod arrays
(NRAs) built on a thin gold film. ZnO NRAs were fabricated by wet chemical growth method and used for
the detection of DNA hybridization. Experimental results exhibited that ZnO NRAs provided a notable
sensitivity improvement by more than 3 times, which is attributed to an increase in the surface reaction
area. The measured sensitivity enhancement matched well with the numerical analyses based on the

effective medium theory. Our approach is intended to show the feasibility and extend the applicability
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of the ZnO-based SPR biosensor to diverse biomolecular binding events.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Among various optical biosensing schemes, surface plasmon
resonance (SPR) is a surface-sensitive technique based on the prin-
ciple to measure a refractive index change caused by biomolecular
adsorption occurring at a noble metal film. By measuring the shift of
resonance angle in response to the biomolecular interactions, SPR
biosensors can detect various binding reactions on a quantitative
basis in real time. Conventionally, the Kretschmann configuration
has been used for resonant excitation of surface plasmons. The tra-
ditional thin-metal-film-based SPR biosensor has a sensitivity limit
of as high as 5 x 107 refractive index units, which corresponds to
a concentration of 1 pg/mm? [1].

Since an enhanced sensitivity allows the detection of target ana-
lytes of low molecular weight or in low concentration, interesting
approaches for SPR signal amplification have been proposed, for
example, using biomolecule-tagged colloidal gold nanoparticles
[2], magneto-optic effects [3], surface relief nanostructure-
mediated localized SPR (LSPR) [4,5], metal-clad waveguides [6],
and phase-sensitive SPR detections [7]. Note that, due to the
improved reproducibility and no requirements of external labels,
the use of periodic metallic nanostructures such as nanogratings
and nanoposts directly built on a metal film has been the topic of
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recent theoretical and experimental studies and has resulted in a
significant signal enhancement [5,8]. However, since these meth-
ods require difficult and expensive fabrication processes, especially
for finer nanostructures, it is greatly desired to develop a cost-
effective SPR substrate with an enhanced sensing performance.

The sensitivity of the conventional SPR biosensor can be sim-
ply improved by increasing the surface reaction area because the
SPR response relies on the amount of interactions between the
immobilized capture ligand and the complementary target analyte
at the sensor surface. In this study, we intend to prove the SPR
signal enhancement induced by ZnO nanorod arrays (NRAs) with
the simplicity in fabrication and the good uniformity over large
surface areas. To demonstrate the effect of ZnO NRAs on the sen-
sitivity enhancement experimentally, DNA hybridization in buffer
solutions was employed as a layer with a refractive index contrast
in the course of biomolecular adsorption.

2. Materials and methods

A thin gold film of 40nm was evaporated on an SF10 glass
substrate after an evaporation of 2-nm thick chromium adhe-
sion layer. The ZnO NRAs were then fabricated by wet chemical
growth method. A 3 nm-thick ZnO seed layer was deposited by RF
magnetron sputter using a ZnO target (99.999% purity) at room
temperature because this method allowed the accurate thickness
control and the good reproducibility/stability. The samples were
vertically immersed into aqueous solution with an equivalent zinc
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Fig. 1. Schematic diagram of the experimental setup with an intensity-based angu-
lar interrogation scheme to measure SPR signals of the ZnO NRAs-based SPR
substrate. (L: laser, PO: polarizer, BE: beam expander, CO: collimator, M: mirror,
PR: prism, PD: photodetector, GF: gold film, and NRAs: nanorod arrays).

nitrate hydrate and hexamethylenetetramine concentration at a
temperature of 95 °C for 5 h under constant stirring. To investigate
an influence of the density and geometry of ZnO NRAs on the sensi-
tivity of the SPR biosensor, we would take into account two molar
concentrations of zinc nitrate at 2 and 10 mM.

The fabricated SPR substrates based on ZnO NRAs were mea-
sured using an experimental setup with an intensity-based angular
interrogation scheme (Fig. 1) and compared with the conventional
SPR structure without nanorods. The optical setup consists of a
polarized He-Ne laser (10 mW, A =633 nm, 25-LHP-991, Melles
Griot, Carlsbad, CA) and dual rotation stages (URS75PP, Newport,
Irvine, CA), pre-aligned for the sensor chip and a photodiode (818-
UV, Newport, Irvine, CA), with a nominal resolution of 0.002°. The
minimum measurable refractive index difference of our setup was
estimated to be in the range of An~1 x 1076 [8]. It is noted that,
since we are interested only in the net resonance shift before and
after DNA hybridization, the setup does not detect the details of
intermediate binding kinetics. Moreover, multiple sites in a given
sample were measured to ensure the consistency and thereby
reduce the standard deviation.

Protocols for DNA hybridization are as follows. We used HPLC-
purified capture oligonucleotide and its complementary target
oligonucleotide purchased from Genotech Inc. (Taejeon, Korea).
The base sequences were 5'-Thiol-ATT GGA CAC GAG ACG CAA
TG-3’ for capture probes and 5-CAT TGC GTC TCG TGT CCA AT-
3’ for target probes. Immobilization buffer of 1M KH,PO4 and
hybridization buffer of 1M NaCl, 10 mM Tris-buffer, pH 7.4, and
1 mM EDTA were used. Dithiothreitol and ethyl acetate purchased
from Sigma-Aldrich (Saint Louis, MO, USA) were used to make a
covalent linkage from thiol-labeled capture probe. Contrary to our
protocol, commercial SPR devices employ the dextran hydrogel sur-
face to provide a fast and efficient covalent coupling of ligands,
thereby leading to an improvement in the immobilization capacity
and the sensitivity [9].

All stock oligonucleotide solutions were stored at —20°C and
made with the distilled and deionized water (DDW). To detect the
DNA hybridization, the capture DNA was first immobilized on the
SPR sensor substrates. After the sensor chip was soaked briefly
in the DDW and the SPR response became stable, 1 wM target
DNA was injected and SPR characteristics were monitored until
no SPR angle change was observed. Before loading the sensor chip
onto the measurement setup, the modified samples were rinsed
with ethanol and DDW as rapidly as possible and dried by blow-
ing nitrogen. In terms of the solubility of ZnO, the interaction of
ZnO nanostructures with different solutions, including deionized
water, ammonia, NaOH solution, and horse blood serum has been

(a) Sample A

Fig.2. Crosssectionand top view SEM images of ZnO NRAs grown with the sputtered
ZnO seed layer on the thin gold film for zinc nitrate concentrations of (a) 2 mM and
(b) 10 mM.

investigated [10]. In particular, the results showed that ZnO can be
dissolved by deionized water (pH =4.5-5.0) and the ZnO solubility
decreases as its pH increases from acidic to neutral condition. In our
case, we used the DDW for brief rinsing and the buffer solutions at
around pH ~ 7, so that the minimum possibility for ZnO solubility
was realized.

3. Results and discussion

Fig. 2 shows the cross section and top view scanning electron
microscope (SEM) images of ZnO NRAs grown with the sputtered
ZnO seed layer on the gold film for zinc nitrate concentrations of
(a) 2mM and (b) 10mM, designated as Sample A and Sample B.
The ZnO NRAs were crystallized in hexagonal wurzite structures.
The measured geometric parameters of ZnO NRAs are presented
in Fig. 3. As the zinc nitrate concentration increased, the NRAs
became denser with relatively improved vertical alignments due
to the increased Zn2* ions and OH~ ions. The density of nanorods
in 1 wm? was increased from 45.4 at 2mM to 81.4 at 10mM. The
average height of ZnO NRAs also increased largely from 302.5 nm
at 2mM to 546.6 nm at 10 mM, while the average width was kept
41.9 and 53.6 nm at 2 and 10 mM, respectively.

Fig. 4 shows the dependences of the SPR curves and sensitivity
characteristics on the density and geometry of ZnO NRAs. The reso-
nance angles before applying target DNA were obtained to be 57.79°
for reference, 58.43° for Sample A, and 62.45° for Sample B, respec-
tively. Fair increment in plasmon angle is attributed to denser and
larger ZnO NRAs that may induce the local refractive index on a thin
metal film to increase effectively. In Fig. 4(a), for conventional SPR
substrate, the resonance angles before and after DNA hybridization
were 57.79° and 57.84°; thus, the resonance shift was 0.05°. On the
other hand, ZnO NRAs-based samples exhibited a pronounced res-
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Fig. 3. The density of ZnO NRAs for two working SPR samples. The inset shows the
average height and width of ZnO NRAs.

onance change with an increase of the number of nanorod arrays,
as listed in Table 1. The sensitivity enhancement factor (SEF) [4],
defined as the ratio Afspg (with NRAs)/A6fspr (without NRAs), is
determined to be 2.2 +£0.25 for Sample A, and 3.4+ 0.30 for Sam-
ple B, indicating a notable increase in sensitivity (Fig. 4(b)). This
enhancement is mainly associated with an increased surface reac-
tion area provided by ZnO NRAs. An increment of surface reaction
area allows additional interactions between the sensor substrate
and the adsorbed target analytes. Strong correlation between the
surface-limited increase of binding area and the enhanced sen-
sitivity was also reported by Oh et al., representing a prominent
amplification in the resonance shift by employing mesoporous sil-
ica substrates with a high pore volume [11].

On the contrary, the limit of detection (LOD), which is another
important sensing performance, was found to be degenerated for
ZnO NRAs-based SPR samples. From the relation of LOD=3.35/S,
where o is the standard deviation and S is the slope of the cal-
ibration curve, the LOD values became worse by 4.2 times for
Sample A and 5.0 times for Sample B, compared to the conventional
SPR biosensor. This adverse effect is attributable to the increased
uncertainty caused by the broadening of SPR curve and the non-
uniform distribution of ZnO NRAs. In other words, the broader
SPR curve and the local variations in the density and height of
ZnO NRAs can affect the high standard errors when determin-
ing the SPR angles, and finally lead to a notable degradation of
the LOD performance. However, we may resolve the problem by
realizing the uniform geometry and coverage of ZnO NRAs over
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Table 1
Measured SPR characteristics and SEF values.
Type SPR angle shift (°) SEF
Average Standard error
Reference 0.05 0.003 1.0
Sample A 0.11 0.028 2.2
Sample B 0.17 0.051 34

large areas through a further optimization of the chemical growth
process.

Next, in order to analyze the results of SEF characteristics theo-
retically, the well-established effective medium theory is applied.
In our calculation, ZnO nanorod is modeled as a cylindrical struc-
ture with a circular cross-section. The volume fraction fz,0 of ZnO
nanorods and the refractive index nz,g of bulk ZnO can be used
to determine the effective refractive index neff of the composite
layer with ZnO NRAs. For cylindrical nanorods, the volume frac-
tion values were equal to f7,0 =0.063 for Sample A and f7,0=0.184
for Sample B. In the Bruggermann effective medium approximation
[12,13], the following expression holds for the effective refractive
index of the layer including ZnO NRAs.

2 2
Meny — neff

2 2
Neny + 2N

2 2
NZno ~ neff

S5 + (1 —fzo0)
2 2
NZno + zneﬁ

onO =Y, (1)
where nepy is the refractive index of dielectric medium surround-
ing the sensor surface, which involves DNA hybridization event. In
computation, the target analytes covering the whole substrate sur-
face were modeled as a 3-nm thick homogeneous single-stranded
DNA monolayer and its refractive index changed from 1.462 to
1.480 with the formation of the double-stranded DNA [14,15]. The
optical constants (n, k) of an SF10 glass substrate, chromium, gold,
and ZnO were taken as (1.723, 0), (3.48, 4.36), (0.18, 3.00), and
(1.989, 0) at A =633 nm [16]. After determining n,g values for indi-
vidual effective media before and after hybridization, we used the
transfer-matrix method (TMM) to obtain the reflectance charac-
teristics of the SPR samples. The TMM has been extensively used
and well-validated for calculation of the multilayered optical sys-
tem. For details on our TMM routine, readers are advised to refer
to Ref. [17]. We performed the TMM computation by scanning the
incidence angle of a TM-polarized plane wave with an angular res-
olution of 0.01°.

The numerical results in Fig. 5, obtained by Eq. (1) and the
TMM, imply the strong dependence of the SEF value on the nanorod
height, when we assume that the density and width of nanorods are

5
b
4L
]

3
L
o T

2F Il

1+ ::

Reference Sample A Sample B

Fig. 4. (a) SPR responses and (b) Statistical data of SEF value of the three working samples for DNA hybridization experiments. The solid and dotted lines represent the SPR

curves before and after DNA hybridization, respectively.
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Fig. 5. Calculated SEF as a function of nanorod height, assuming that the density
and width of ZnO NRAs are equal to the values of Sample A (square) and B (circle).
The solid lines indicate sigmoidal fits of numerical data.

equal to the geometric parameters of Samples A and B. At an initial
stage, the SEF value displays a rapid increment because the change
in nanorod height causes the gross surface area to be effectively
increased. The nanorods equivalent to the Sample B achieve a max-
imum SEF of 3.75, while the highest SEF obtained is 2.25 for the ZnO
nanorods whose density and width correspond to the Sample A. As
aresult, the measured SEFs in Table 1 are in good agreement with
numerical data in Fig. 5, indicating that the Bruggermann approxi-
mation works well for this composite material system. In particular,
the contrast in SEF seems evident due to the fact that the greater
number of nanorods can provide more rooms for target analytes
attached to the sensor substrates.

Finally, it is interesting to find in Fig. 5 that, when the nanorod
height is larger than 200 nm, the SEF reaches a maximum and sat-
urates in both cases. No further increase of SEF can be explained
by the limited penetration depth of plasmon waves with rapidly
decaying intensity when one moves away from the metal sur-
face. Since the detection range of the SPR biosensor is intrinsically
confined to the penetration depth with a dimension of several
hundred nanometers [18], an increase of nanorod height over the
plasmon decay length may not contribute to the additional sen-
sitivity enhancement. Based on this plasmonic interpretation, we
can analyze the correlation between the surface reaction area and
the sensitivity improvement quantitatively. Assuming that the sur-
face area beyond the penetration depth of about 200 nm has no
effect on the enhancement of sensitivity, the effective surface area
growth factor (SAGF), the ratio of the effective surface reaction
area of cylindrical ZnO NRA-based SPR substrates to that of the
conventional SPR substrate, was calculated using the geometric
parameters shown in Fig. 3. The results presented that SAGF=2.13
for Sample A and SAGF=3.56 for Sample B and these SAGF values
are consistent with the SEF characteristics in Table 1. It is, there-
fore, apparent that the surface reaction area plays an important role
in characterizing the sensitivity performance of the proposed SPR
substrates with ZnO NRAs. As subsequent works, to achieve an addi-
tional sensitivity gain, the development of the sensor substrate with
an enlarged penetration depth [19] and the use of metallic nanopar-
ticles combined with the ZnO-based SPR substrates are currently
under investigation.

4. Conclusions

This study presented the ZnO NRAs-enhanced SPR detection of
DNA hybridization. From the results presenting notably amplified

optical responses by more than 3 times, a promising potential of
ZnO NRAs for enhanced detection of target analytes was demon-
strated experimentally. Due to the simplicity in fabrication process
and the uniform coverage over large areas, it is expected that ZnO
NRAs could be used to augment the surface binding area enor-
mously for a variety of chemical and biological biosensors.
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