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Biofunctional ZnO Nanorod Arrays Grown on Flexible Substrates
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A square pattern of thioctic acid self-assembled ZnO nanorod arrays was grown on a large 4-in. thermoplastic
polyurethane (TPU) flexible substrate via an in situ soluthermal process at low temperature (348 K). With the addition
of dimercaptosuccinic acid (DMSA), the surface chemistry forms a disordered ZnO phase, and the morphology of
the ZnO-DMSA nanorods changes with various DMSA addition times. As evidenced by thgZ 815 O, Sp,
and N-1s scans of X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD), DMSA and proteins were
conjugated on the single crystalline ZnO nanorods. The photoluminescence (PL) spectra indicated that the optical
properties of ZnO nanorod arrays were changed while the DMSA was inserted, and proteins were conjugated. Furthermore,
a control test found that the ZnO nanorods show a significant improvement in sensitive characterization over the ZnO
film. As another proteins (e.g., human serum albumin, HSA) were bound onto theZone serum albumin (BSA)
nanorod arrays, an enhanced ultraviolet emission intensity was detected. On the basis of these results, one might be
expected to conjugate specific biomolecules on the biofunctional ZnO nanorod arrays to detect the complementary

biomolecules by PL detecting.

1. Introduction

of its wide direct band gap of 3.37 eV and large exciton binding

Recently, several researchers have reported on utilizing €ergy of 60 meV? and it can be grown on selected patterned
luminescent semiconductor quantum dots (QDs), such as CdSesubstrates, as demonstrated in an earlier publicétiaddition-
and CdTe, to bind biomolecules for ultrasensitive nonisotopic &lly, ZnO nanostructures have novel applications in optoelec-
detectiori:5 Moreover, considerable progress has already been tronics, sensors, transducers, and biomedical deVigacently,
made regarding the functionalization of carbon nanotubes with Séveral groups applied ZnO nanoparticles as seeds for the growth

proteins through bioconjugatién?? Studies to integrate nano-
materials with bioconjugated biomolecules for biological ap-
plications have been reported in the literattié> Nanorods

of large-scale and well-oriented ZnO nanorods on silica
substrate?2°However, it is more significant to synthesize one-
dimensional (1D) nanoscale materials on organic substrates, such

and nanowires have been considered to be promising building@S Polyimide (PI), polycarbonate (PC), and thermoplastic
blocks for the miniaturization of electronic and photonic devices Polyurethane (TPU), for optoelectronic and biomedical applica-

and biological sensors. However, studies on using nanorods fortions.

biological detecting purpose are rarely reported.
Zinc oxide (ZnO) is a key electronic and photonic material

Zhang et aP! reported the immobilization of uricase by
electrostatic binding on ZnO nanorods for a uric acid biosensor

and is particularly promising in nanodevice applications because Pecause it is very stable in suntan lotion. Although the idea for
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designing this biosensor is promising, electrostatic binding with
ZnO and uricase is not stable. To solve this problem, dimer-
captosuccinic acid (DMSA) has been used as a metal chelating
agent to combine ZnO and proteins because DMSA can form
strong complexéd23and is a “nontoxic” chemical agent used

in the treatment of arsenic and mercury poisoning in hurdans.
Furthermore, to date, DMSA has also been applied irfAu,
maghemite nanoparticlé3,CdSe-ZnS26 and FeO; beads-
CdSe/ZnS QD coreshell particled’ to immobilize proteins,
enzymes, DNA, or antibodies for cell separation. However,
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Figure 1. Chemical scheme of DMSA-self-assembled and protein-conjugated ZnO nanorods, and the sensitive optical quality observed by
PL detecting while proteins bound.

thioctic acid that is self-assembled onto arrayed ZnO nanorods Our previous works have demonstrated that arrayed ZnO
for sensing applications has not been reported. Moreover, mostnanorods can be successfully grown not only on a silicon wafer
bioresponses in current biosensors have been detected by dybut also on PC flexible substrates. In this work, TPU was used
assay or electrochemical measurement. Few biosensors have bedrecause it is a common material in biomedical applications and
developed using photoluminescence (PL) to detect the changesas been approved for in vivo implantation by the Food and
in the optical properties due to conjugating or adsorbing Drug Administration (FDA). An in situ process was developed

biomolecules. to self-assemble DMSA on arrayed ZnO nanorods grown on
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TPU substrate, and then proteins were conjugated on ZnO arrays,
which may be applied in biological sensing because of its flexible
property and excellent biocompatibility. The characterizations
of the biofunctional arrayed ZnO nanorods were investigated by
scanning electron microscopy (SEM), X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), contact angle, and dye
assay. In addition, being a simple test, the proteins bound to
biofunctional ZnO nanorod arrays can be used as a model for
biological sensing, and the corresponding PL signals will also
be analyzed to detect changes in the optical properties in this
paper.

2. Experiment

2.1. Fabrication of Thioctic Acid Self-Assembled ZnO Nanorod
Arrays on TPU Substrates.To grow the ZnO nanorods on TPU
substrates, a ZnO buffered layer (thickness around 100 nm) was first
deposited on the TPU substrates by radio frequency (rf) magnetron
sputtering using 99.99% ZnO as the target. After that, the ZnO-
coated TPU substrates were first placed in a solution containing an
equimolar (0.01 M) aqueous solution of zinc nitrate-6-hydrate [Zn-
(NO3),:6H,0, Riedel-de Haen, Germany] and hexamethylenetet-
ramine (HMT, Sigma, St. Louis, MO) and reacted at°@sfor 1,

3, and 5 h. Subsequently, DMSA (Aldrich, St. Louis, MO) (0.0005
M) was added into the above three aqueous solutions that had been
immersed for 1, 3, and 5 h, respectively (they were designated as
1h, 3 h, and 5 h addition time), and continued to react &C76ntil

10 h. For comparison, bare ZnO nanorod arrays were directly grown
from the solution (without DMSA) at the same temperature for 10
h. Later, the substrates were removed from the aqueous solution
and rinsed with distilled water three times. Finally, the substrates
were dried in a vacuum oven at 8Q overnight. As expected, the
thioctic acid self-assembled ZnO nanorod arrays (ZIBMSA)
were developed.

2.2.Bioconjugation of Proteins and Binding of Human Serum
Albumin (HSA) on ZnO Nanorods. A piece (2x 2 cn¥?) of TPU
film with ZnO—DMSA nanorod arrays was immersed in 20 mL of
buffered solution containing 0.01 M EDC (Sigma, St. Louis, MO)
in phosphate-buffered saline (PBS, pt¥.4). After gently shaking
(100 rpm) for 24 h at 4C, the EDC-activated samples were washed
three times with deionized (DI) waté+2°Subsequently, the nanorod

SFigure 2. (a) Photograph of ZnO nanorods grown on a flexible
4-in. TPU substrate. (b) SEM image demonstrating that ZnO nanorods
with a uniform length are grown on the TPU substrate.

with 20 mL of 10 mg/dL sodium dodecyl sulfate (SDS) solution for

5 h. The absorbance of the dye desorbed was measured at 468 nm
using a spectrophotometer, and the surface density of the functional
groups was then calculated.

2.4. Characterization Analysis. The morphology of ZnO
nanorods was examined by a field-emission scanning electron
microscope (FESEM) (JEOL-6500, Japan). The crystal structure
: - ; . was determined using XRD (SIEMENS-D5000, Germany) with Cu
arrays were immersed in 20 mL of solution containing 10 mg/mL ; radiation. The functional groups on the biofunctional nanorod
bovine serum albumin (BSA) dissolved in PBS buffer &Cifor arrays were analyzed using XPS (ESCALAB 250, Thermo VG
at least 24 h. The resulting nanorod arrays were washed with PBSgjantific. West Sussex UK) equipped with Mguét 1253.6 eV
buffer five times and subsequently rinsed with DI water five times. i the anode. PL measurement [Kimmon, IK5552R Japan] was

The bioconjugated nanorod arrays were designated as B8 performed by the excitation from a 325 nmHe&d laser (25 mW)
nanorods. Chemical schemes of the self-assembled DMSA andat room temperature.

conjugated BSA of ZnO nanorods are shown in Figufé 32
Moreover, the process for HSA (10 mg/mL) bound on 2nO
BSA nanorods was the same as that for BSA conjugated on-ZnO

DMSA nanorods. HSA<{NH,) bound onto ZnG-BSA (COOH-

3. Results and Discussion
3.1. Morphology of Arrayed ZnO—DMSA—Protein Na-

groups) nanorods was designated as ZB3A-b-HSA nanorods.
2.3. Grafted Density Determination. The surface density of

carboxyl groups (DMSA-COOH) were determined using Toluidine

blue O dye (Sigma382°33Coomassie brilliant blue G-250 (CBBG,

norods.The photo in Figure 2a shows the densely packed arrays
of ZnO nanorods grown on a flexible 4-in. TPU substrate. The
SEM cross-sectional images demonstrate that the highly oriented
ZnO nanorods with a uniform length of 56620 nm are

Sigma) protein dye was used to verify the conjugation of BSA on perpendicularly grown to the TPU substrate, as shown in Figure

the nanorods surfad&2%34Briefly, a piece of sample (k 1 cn?)
was immersed in 20 mL of 10 mg/dL CBBG solution for 5 h.

Thereafter, the sample was extensively rinsed in DI water and allowed

to dry. Two pieces of the bare ZnO (control-1) and ZnO-DMSA

nanorod (but not activated with EDC, control-2) conjugated proteins

2b. The ZnO nanorods present a well-defined hexagonal shape
with a homogeneous diameter of approximatelyO nm.

Figure 3 shows the SEM images of bare ZnO, ZIMSA,
ZnO—BSA, and the square pattern of ZnO nanorod arrays grown

were used as the control. The adsorbed dye molecules were desorbe@ @ TPU surface. Itwas found that the morphology of the ZnO
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DMSA nanorods changes with various DMSA addition times.
When DMSA was added & h (Figure 3b), the nanorods appeared
to be more circular and larger. When DMSA was added at 3 h,
the disordered ZnO nanorods in Figure 3c were observed.
However, when DMSA was added at 5 h, it was found that the
morphology (shown in Figure 3d) was similar to that of bare
ZnO nanorods, shown in Figure 3a. Obviously, the structure
change is related to the addition of DMSA, which promotes the
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Figure 3. SEM images of (a) bare ZnO, (b) ZRDMSA (addition time: 1 h), (c) Zn©DMSA (addition time: 3 h), and (d) Zn©DMSA

(addition time: 5 h) nanorods.
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Figure 5. XRD spectra obtained from nanorod arrays of bare ZnO
and ZnG-DMSA nanorods grown onto TPU substrates.

Intensity {a.u)

Intensity (a.u.)

in future works. The more ordered ZROMSA nanorods formed
at 5 h addition time were used in this study.

Figure 4a shows the SEM images of large-scale arrayed ZnO
nanorods grown on TPU, where the patterned ZnO film on the
substrate was fabricated by photolithography and etching
processes. Proteins can be conjugated on the ZnO nanorod arrays
onthe patterned TPU substrates, indicating that the square pattern
of the biofunctionalized ZnO nanorod arrays can be used for
biosensors. As the BSA proteins were conjugated on theZnO
DMSA nanorods, it was found that the proteins seemed to

Figure 4. SEM images of (a) the square pattern of arrayed
biofunctional nanorods and (b) ZREBSA nanorods. congregate a number_ of ZHEDMSA nanorods to form mass
structures, as shown in Figure 4b.

dissolution and regrowth of ZnO during the in situ growth process  3.2. Grafted Density AssayAs listed in Table 1, the grafted
at different DMSA adding times. The mechanism for the Z2nO  density of the carboxyl groups on ZrDMSA nanorods attained
DMSA composition is very complicated and will be discussed 88.5 nmol/cm by Toluidine blue O dye assay. The carboxyl
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Table 1. Surface Density of Arrayed Biofunctional ZnO Nanorod Arrays
bare ZnO ZnG-DMSA ZnO—BSA control-B control-2
surface grafting density 8845 1.8 253+ 1.2 1.3+0.4 3.4+£0.8
water contact angl€) 110.2+ 2.8 91.6+ 1.3 715+ 15

aBare ZnO nanorods and then immobilized BSA were used as contPdM¥SA-modified nanorods (but not activated with EDC) and then
immobilized BSA were used as control“2Carboxyl acid (nmol/crf), determined with dye staining with Toluidine blue O (for six samples; the second
number is the SD)! Protein contentsug/cn?), determined with CBBG assay (for six samples; the second number is the SD).
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Figure 6. XPS survey scan spectra of arrayed biofunctional ZnO nanorods: {g).88an spectra, (b){scan spectra, (Cypgscan spectra,

(d) Cis scan spectra, and (e);Nscan spectra.

groups of the Zn&DMSA were then reacted with the amino
groups of BSA. The surface immobilizing density of the proteins
on the ZnO nanorods by CBBG dye assay was 25/8n¥ for
BSA 282934 A similar concept was reported by Kang et al. in
which, as poly(methyl methacrylate) (PMMA) films were treated
with oxygen plasma, followed by grafting with acrylic acid, the
coupled proteins were 13.7#gy/cn? for albumin and 7.2%g/
cn? for collagen3* Moreover, for comparison, the surface
immobilizing densities of the proteins of control-1 (L§/cn?)
and control-2 (3.4g/cn?) were also measured and are shown

nanorods, the main diffraction peak at 34iddexed as the
(002) of the wurtzite structure of ZnO appears in the XRD
patterns, indicating that ZnO nanorods were grown onto the
organic flexible substrates. In addition, comparing the bare ZnO
with the ZnO-DMSA nanorods, a broad weak peak starting
from 33.2 to 34.2 appears in the ZrROMSA nanorods,
showing the amorphous-like DMSA-disordered ZnO structure.
This suggests that the DMSA has been reacted with the ZnO
nanorods.

A comparison of the XPS spectra recorded from the bare ZnO

in Table 1. The results show that very few proteins were bonded and biofunctional ZnO nanorods is shown in Figure 6. The XPS
to the nanorods. Hence, it could be demonstrated that BSA wasanalysis shows that the biofunctional ZnO nanorods were mainly

effectively chemically bound to the ZnrEDMSA nanorods via

composed of Zn, O, C, S, and N. Figure 6a shows the XPS data

EDC activation. In addition, it was also found in Table 1 that of Zngpa2in ZnO and ZnG-DMSA nanorods. The peak in the
the water contact angle decreased when the DMSA was insertedzn0-DMSA nanorods was shifted toward a lower binding energy
and the proteins were conjugated onto the ZnO nanorods. Thearound 0.6 eV (from 1023.3 to 1022.7 eV), implying that some
higher hydrophilicity in those ZnO nanorod arrays leads to better of the Zn—0O bonds had been transferred into-Z® bonds. In

biocompatibility and hemocompatibility. Hence, these biofunc-

Figure 6b, the @ peak of the ZnG-DMSA nanorods was shifted

tional ZnO nanorod arrays should be suitable for biomedical from 530.3 to 532.2 eV, implying that some of the-Z® bonds

applications.
3.3. Surface Characterization AssayFigure 5 shows the

had been transferred into Z2Z€C0O0™ bonds. Comparing with the
bare ZnO, a & peak (binding energy 162.2 eV) was observed

XRD patterns obtained from nanorod arrays of bare ZnO and inthe spectrum of ZN©DMSA, as indicated in Figure 6¢. These

ZnO—DMSA grown on TPU substrates. A broad geak for the
TPU substrate was found at about 19.8fter growing ZnO

results demonstrate that the DMSA is effectively connected to

the ZnO nanorods.
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Figure 7. PL detecting of bare ZnO, ZnEDMSA, ZnO—BSA,
and HSA bound onto Zn©BSA nanorod arrays, as well as that of
azZnO-buffered layer and ZnO-buffered layer-b-HSA as the control.

Furthermore, the g peaks of ZNnG-DMSA and ZnO-BSA
nanorods (284.5 and 285.0 eV, respectively) differed by 0.5 eV,
suggesting that DMSACOO™ bonds transferred into DMSA
CONH—BSA bonds. Moreover, the broad peak (287.3 eV) of
DMSA—-COO-Zn (Zn—COO") bonds in the Zn6DMSA
nanorods and the peak (288.9 eV) of BS@ bonds in the Zn©
BSA nanorods were also found, but the spectrum of bare ZnO
showed no & peak, as shown in Figure 6d. In addition, Figure
6e shows the N scan spectra of bare ZnO, ZROMSA, and
ZnO—BSA nanorods. The Nipeak (401402 eV) can be
observed for ZnG-BSA nanorods, but no NHpeak can be
found for bare ZnO and ZnODMSA nanorods. These results
again demonstrate that the proteins have indeed been conjugate
to the ZnO nanorods.

3.4. Optical Property and Sensitive CharacterizationFigure
7 shows the PL intensity of bare ZnO, ZROMSA, ZnO—
BSA, and ZnG-BSA-b-HSA nanorods, as well as that of a ZnO-
buffered layer (flat-ZnO) and a ZnO-buffered layer bound to
HSA (ZnO-buffered layer-b-HSA) as the control. It was found
that an enhanced ultraviolet (UV) emission was detected for the
ZnO nanorods with the binding of DMSA and BSA. The ZnO
BSA nanorods have a stronger UV emission intensity than the
ZnO—DMSA nanorods due to higher grafting density. Further-
more, the UV emission intensity increase is about 2-fold and

Langmuir, Vol. 22, No. 13, 20889

exhibits a slight red shift (from 376.52 to 378.17) when HSA
(grafted density: ~31.5 ug/cn?) was bound to ZnGBSA
nanorod array$®2934The enhanced UV intensity and red shift
of these ZnO nanorods in PL might be attributed to both defect
passivation and modification on the surface region of ZnO
nanorods due to the conjugation of biomolecules. Schvartzman
et al35reported similar results on the surface passivation of InP
wafers by organic thiols and Pl causing enhanced PL intensity.
In addition, a control test found that the ZnO nanorods show
more enhanced PL intensity than a flat-ZnO film. In this
experiment, a simple trial was made by bonding proteins (HSA)
onto a flat-ZnO surface. A weaker PL intensity was detected for
the ZnO-buffered layer-b-HSA, which can be attributed to the
poor crystallinity of flat-ZnO (ZnO-buffered layer), leading to
poor sensitivity. The ZnO nanorods show a significant improve-
ment in sensitive characterization over the flat-ZnO. Therefore,
the conjugation of specific biomolecules on the patterned region
of arrayed ZnO nanorods can be anticipated to detect the
complementary biomolecules on the acceptor side, such as
antibody-antigen bioconjugation by PL spectra.

4. Conclusion

In summary, we have successfully developed a process to
grow patterned Zn©DMSA nanorod arrays and then conjugated
proteins on flexible substrates (4-in. TPU substrate) at low
temperatures. The self-assembly of DMSAH and—COOH)
and bioconjugation of BSA{COOH and—NH,) on the ZnO
nanorods could be confirmed by SEM, XRD, EDS, XPS, contact
angle, PL spectra, and dye assay. While proteins were bound
onto the biofunctional ZnO nanorod arrays, the optical properties
yere changed, as detected by PL spectra. Furthermore, the ZnO
nanorods showed a significant improvement in sensitive char-
acterization over the flat-ZnO. These results demonstrate that
this simple and low-cost process provides a promising route for
sensing to detect protein conjugation.
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