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Abstract

Thanks to the support of NSC three-year project, we have created some high quality and innovative research
results. In the field of advanced chip design, manufacturing, and biochemical application, our research team gains
fruitful finding. Our flexible chip research has been selected as the cover story on July 2012 from ACS Applied
Materials & Interfaces, and this is the first contribution from Taiwan site on this famous journal. In this final report, we
include three parts such as (1) pioneering chip design research; (2) silicon nanowire field-effect transistor (NWFET) that
allows deoxyribonucleic acid (DNA) biosensing; (3) systematically analyze the effect of nanoparticle (NP) size on
the catalytic behavior of enzyme—NP conjugates, and a shielding model based on diffusion—collision theory is
developed to explain the correlation between the size effects and the kinetic responses.
Keywords: Flexible transistor, ultrasensitive chip, catalytic enzyme activity, effect of nanoparticle size, kinetic
behavior, diffusion—collision theory.

(1) Pioneering chip design research
Introduction

New organic-polymeric materials and devices have recently been the focus of research in the field of
nano-electrotechnology, primarily because of their resulting elastic properties compared to the properties of
the individual constituents. These materials are widely pursued because they offer numerous advantages for
developing flexible electronics, such as easy-processing, low-cost, low-temperature processing and easily
implemented structure modifications. The use of various polymer materials as the dielectric layer in organic
thin film transistors (OTFTs) has become a topic of interest, because they are produced using an inexpensive
solution-phase process that is desirable for the planned commercialization of flexible OTFTs. Polymer
dielectrics are very attractive for electronics applications because they exhibit good characteristics that can
often be obtained simply by spin-coating, casting, or printing under ambient conditions. Organic and polymer
materials have attracted considerable attention for the development of large-area, mechanically flexible
electronic devices; therefore an inexpensive solution-phase processing method is desirable for the
commercialization of OTFTs. These materials are widely pursued because they can be produced using many
facile synthesis methods (e.g., spin-coating, dip-coating, printing, evaporation), they are highly compatible
with a variety of substrates, including flexible substrates, and they present themselves the opportunity for
structural modifications. Polymer materials with low dielectric constants (low-k) are known to decrease
cross-talk noise and power dissipation, and when they are incorporated into device systems, they can

dramatically decrease resistance-capacitance (R-C) delays. According to the International Roadmap for
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Semiconductors (ITRS) guidelines, inter-metal insulating materials must have dielectric constants of
approximately 2 to effectively obtain devices that are sized < 100 nm. There is currently a strong desire in the
microelectronic industry to develop advanced, large-scale new composite polymer materials that can satisfy
the growing demand for miniaturization with high-speed performance and flexibility. The goal is to develop
an OTFT that has high mobility for certain semiconductor-polymer interfaces, which could be modulated to a
very large extent. To be useful in technological applications, polymer films should have a morphology that
either remains stable within an acceptable range of temperatures or undergoes a transformation that is
controllable and predictable. However, searchers have had little success in developing new polymer low-k
ultrathin films on flexible substrates at room temperature. Therefore, an investigation to determine the most
suitable method for depositing the polymer thin films is needed; this method must consist of one or more
distinct steps that can be performed at a low temperature.

In this study, we present for the first time an easy-to-follow chemical synthesis process for preparing new
organic—organic P123-PS blend thin films for use as dielectric layers at low temperatures. This method
provides a way to prevent the problem of pin-hole defects in pure ultrathin polystyrene film. The electrical
properties of the P123-PS blend thin-film have been examined for advanced flexible MIM capacitor
applications. The electrical insulating properties of a flexible MIM device prepared using an organic—organic
P123-PS-blend thin film as a dielectric layer included low leakage current density and better capacitance
density. In addition, the solution-processed-blend film acted as a gate dielectric for the fabrication of
pentacene OTFT devices on flexible Pl substrate, making them suitable candidates for use in future flexible
devices as a stable gate dielectrics. We also tested the functionality of our OTFT device under tensile and
compressive bending modes without any deterioration and sterile loss in its electrical performance. These new
polymer blend dielectric materials have good stability when they are used in electronic devices as composite
dielectric layers and give excellent results compared to other polymer dielectric materials.

Results and discussion

A capacitor (formerly known as condenser) is a passive two-terminal electrical component used to store
energy in an electric field. The forms of practical capacitors vary widely, but all contain at least two electrical
conductors that are separated by a dielectric (insulator). When there is a potential difference (voltage) across
the conductors, a static electric field develops across the dielectric, thereby causing a positive charge to collect
on one plate and a negative charge on the other plate. In practice, the dielectric between the plates passes a
small amount of leakage current and has an electric field strength limit, resulting in a breakdown field.
Electrical characterizations were performed to investigate the electrical insulation properties of the polymer
blend film. Leakage current density-electric field (J-E) measurements were performed on the P123-PS blend
thin film in a MIM structured device, as shown Figure 1(a) and the sample-image in Figure 1(b) to determine
the leakage current characteristics and dielectric breakdown field. The J-E response is also used to determine
the available range for high-quality capacitance density-voltage (C-V) measurements. First, we measured the
insulator properties for the PS film. Note that the device performance was poor because the leakage current
was very high (~10™* A cm™) and the breakdown field was very low (< 1 MV cm™) because the film was
affected by pinhole defects. However, the insulating properties were enhanced for the P123-PS film because
this film was free of pinhole defects. Figures 1 (c) & (d) show typical J-E and C-V plots for the MIM
configurations fabricated using the P123—-PS blend thin-film as an insulator layer. As observed in Figure 1 (c),
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the average low leakage current density value of the P123-PS film was estimated to be approximately 10-10
A cm at an applied electric field between 5-10 MV cm™. The probe was moved to three different points ina
random order on the P123-PS based MIM capacitor and exhibited leakage current values that were higher or
lower than the average leakage current value and a good breakdown limit of the film. We examined the
leakage current at three different points to determine the breakdown limit and the insulating quality of our
film. The breakdown field for the P123-PS blend film was approximately 8.5 MV cm™. Based on this result,
we concluded that the film is of very high quality and exhibited extremely good insulating properties. Figure
1(d) displays a characteristic C-V plot for P123-PS. As shown in Figure 1(d), the capacitance of the P123-PS
blend film at three different points of 10KHz, 100KHz and 1 MHz are 88.2, 82.01 and 81.1 nF cm™,
respectively. The J-E and C-V results demonstrated that the blend film generated using P123 and PS
dissolved in organic solvents exhibit superior insulating properties compared to the corresponding neat
polymers and many other previously reported materials.
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Figure 1 (a) Schematic view of the P123-PS blend thin film-based MIM capacitor; (b) photograph of a
flexible MIM capacitors on area of 5x5 cm? on flexible PI substrate showing the sample bent by hand; (c) J-£
and (d) C-Vplots for MIM structured device fabricated using the P123-PS blend thin film as a gate insulator
layer.



To demonstrate the performance of the polymeric P123-PS blend film as a dielectric layer, we fabricated
a pentacene-based OTFT with the device geometry shown in Figure 2 (a); a sample image is shown in Figure
2 (b). Figure 2 (c) represents the drain current-drain voltage (IDS-VDS) output curve obtained from our
OTFT that use P123-PS as a dielectric layer and pentacene as channel layer with a length (L)=70 um and a
channel width (W)=1500 um. The device demonstrated desirable low-operating voltage p-type OTFT
characteristics at an operating voltage of =5 V. The maximum saturation current of ~ 6.1x10™ A was achieved
at Vgs = -5 V. The observed OTFT characteristics both closely conformed to conventional transistor
characteristics in the linear and saturation regimes to the drain current that increased linearly at low drain
voltage and demonstraed clear saturation behavior at high drain voltage. The drain current-gate voltage
(Ips—Vgs) transfer curve of pentacene OTFT on P123-PS blend gate dielectrics (Figure 2 (d)) indicated that
the OTFT vyielded high current on/off ratios (Iowoss =5%10°) and negligible gate-sweep hysteresis.
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Figure 2 (a) Schematic representation of the OTFT device that features P123-PS as a gate insulator and
pentacene as a semiconductor layer; (b) photograph of the OTFT devices on a 5x5 cm? area on flexible PI
substrate and plots for the OTFT; (c) output characteristic (/ps—Vbs), where Vssranges from 0 to 5.0 V at -1
V step, and (d) transfer characteristic (/ps—V5s), when Vp&=-2 V.



Conclusions

In summary, we developed an innovative approach for the deposition of a new organic-organic (P123-PS)
blend thin film on a flexible polyimide substrate using a novel chemical dip-coating method at low
temperature. The planar aggregation of pluronic EO20-PO70-EQ20 triblock copolymer P123 and polystyrene
materials is likely due to the strong assembly of hydrophobic and hydrophilic molecular interactions and high
molecular weights. Due to the good insulating properties of our polymer blend film, it could be an ideal
dielectric film for use in future in device applications. The time-induced contact angle measurement using
water, ethylene glycol and diiodomethane for P123-PS revealed a good hydrophobic surface with a total
surface free energy of 19.6 mJ m™2. In addition, the polymeric P123-PS in a sandwich-like configuration (e.g.,
metal-insulator-metal) exhibits a low leakage current density value (~10-10 A cm™) and good capacitance
density (88.2 nF cm™). An OTFT device employing P123-PS as a gate insulator and the conjugated
n-electron system organic pentacene as a semiconductor layer was successfully constructed and exhibited
excellent device performance (e.g., carrier mobility, 0.16 cm? V! s™*; on-to-off current ratio, 5x10°) and good
device stability. Furthermore, the performance of the OTFT device under bending modes of tensile and
compressive strain are among the best results for these materials, which adopt a bottom-gate configuration;
these results are attributed to the high-quality dielectric-organic semiconductor interface that was formed.
Finally, it should be emphasized that this novel solution processed dip-coating method provides a new way to
investigate the surface of polymeric blend films and could be a promising approach for practical applications
because it is a low-cost and low-temperature manufacturing technique.
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(2) Silicon nanowire field-effect transistor for biosensing
Introduction

One-dimensional nanowires (NWSs) are particularly appealing candidates for use in ultrasensitive
miniaturized biomolecule sensors. Nanowire field-effect transistors (NWFETS) can suppress the short-channel
effects encountered in nanoscale metal oxide semiconductor field-effect transistors and provide high surface
sensitivity. Unlike the signal responses of conventional electrochemical cells operate based on the Nernst
equation, the response of NWFETS featuring surface-immobilized molecules from the fluid is more complex.
Recently, Nair and Alam (2008) derived a logarithmic relationship between the target molecular concentration
and the electrical signal for an NWFET functioning based on the diffusion—capture model and the
Poisson-Boltzmann equation. Silicon NWFETSs have been fabricated using both “top down” and “bottom up”
methods. The “bottom up” fabrication methods usually involve the formation of NWs through
vapor-liquid-solid (VLS) growth, which is limited by the need for complex integration techniques that
require precise transfer and positioning of individual NWs to provide reliable and superior ohmic contacts. In
addition, control over the doping concentrations in self-assembled semiconducting nanostructures remains a
great challenge, as is the fabrication of high-density sensor arrays. Furthermore, the use of an additional
external gate—to precisely turn the NWFET sensor to higher sensitivity—is also critical. The “top down”
methods for fabricating NWs usually employ the advanced lithography techniques used in the semiconductor
industry, allowing mass-production with reduced fabrication costs. The excellent device performance and
good ohmic contacts of such methods enable the possibility of integration. It has been reported that the
presence of BRAFY>*F mutation genes correlates to the occurrence of melanomas, colorectal cancers, gliomas,
lung cancers, sarcomas, ovarian carcinomas, breast cancers, papillary thyroid carcinomas, and liver cancers.
This mutation is believed to mimic phosphorylation in the activation segment by insertion of an acidic residue
close to a site of regulated phosphorylation at serine 598. BRAFY**F exhibits elevated basal kinase activity
and diminished responsiveness toward oncogenic stimulation. BRAFY**F also transforms NIH3T3 cells
(murine embryonic fibroblasts) with higher efficiency than does the wild-type form of the kinase, consistent
with the functioning as an oncogene. Therefore, characterization of the BRAF'>**® mutation genes at the
molecular level is significant for early tumor identification, allowing the possibility of aggressive and specific
therapy to save human lives.

In this study, we used conventional complementary metal-oxide semiconductor technology to develop a
60-nm-wide Si NWFET that enables the sensing of mutated genes. We first evaluated various cleaning
solutions for their use in improving the immobilization of DNA onto the silicon dioxide (SiO,) surfaces, in
terms of the fluorescence efficiency and the electrical properties of the sensors. We then applied the NWFET
sensor as an ultrahigh-sensitivity molecular probe for the detection of a cancer-related BRAFY>**F mutation
gene.

Results and discussion

Figure 1 presents plot of the 1p—V¢ at drain voltages (Vp) of 0.1 and 1 V, respectively, for the fabricated
60-nm NWFET biosensor. The current flowing through the NW located between the source and drain
electrodes could be switched “on” and “off” at various backside gate potentials. If, at a large negative gate
bias (e.g., —15 V), the channel conduction (ID) is very low, a positive voltage applied to the gate will create an
n-channel (i.e., an electron carrier). Therefore, the sensor is a normally-on, n-channel depletion NWFET. In
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general, a backside gate can apply a bias voltage to the NW and, thereby, affect the energy barrier for the
charge carriers. This applied voltage ensures device operation under the optimal conditions of a larger current
shift. Stern and co-workers (2007) proposed a p-channel DNA sensor with a backside gate control design; the
sub-threshold swing (SS) for their device was, however, about 1250 mV/decade (Ip = 10™ A and 10° A at
-20 V and -25 V, respectively)—much higher than our value of 450 mV/decade. We attribute the high
sensitivity of our DNA sensor to the use of the single crystal n-channel design rule having higher mobility and
lower SS characteristic.

Drain current

-15 -10 -5 0 5
Gate voltage (V)

Figure 1 Plots of drain current versus gate voltage for the NWFET sensor, measured at values of Vp of 0.1
(black line) and 1 V (red dotted line). Inset: Scanning electron microscopy image of the 60 nm-wide Si NW.

To detect BRAFY>**F mutation genes, we cleaned the surface of the NWFET with ACE and then
immobilized a 30-mer capture DNA strand, having the sequence
5-AAATATATTA-TTACTCTTGA-GGTCTCTGTG-3', onto the surface. This capture DNA sequence is
fully complementary to that of the target DNA which is partial sequence of the BRAFY*** mutation gene
(Liao et al., 2009). Hence, the capture DNA on the NW surface formed a molecular probe for the detection of
target DNA having the specific gene sequence 5-CACAGAGACC-TCAAGAGTAA-TAATATATTT-3.
Figure 2(a) reveals the ability of the NWFET biosensors to detect cancer-related mutation genes. The
threshold voltage for the capture DNA-modified NWFET, measured in PBS buffer solution, was -10.16 V
(base line). Various concentrations of the target DNA, containing the BRAFY>**® mutation gene, were
adsorbed onto the surface of the NWFET device, providing a further rightward shift of the ID-VG curve,
indicating the successful hybridization of the complementary mutation gene with the capture DNA. The
fluorescence image in inset (1) confirms the successful hybridization of the 10 nM FITC-labeled target DNA
to the capture DNA. For de-hybridization, we washed this dSDNA sample with hot DI (90 °C) to separate the
target DNA from the probe surface; the curve returned to almost the same level as that of the base line. To
ensure de-hybridization, we also used the FITC-labeled DNA to trace the reaction pathway of the molecule of
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interest on the surface. The fluorescence image of the sample obtained after de-hybridization of the
FITC-labeled target DNA [inset (I1)] reveals that the target DNA was completely separated from the NW
surface after de-hybridization. Figure 2(b) reveals the exponential relationship between the voltage shift of the
NWFET sensor and the target DNA concentration. The voltage shift for the NWFET sensor under various
target DNA concentrations of 10 fM, 1 pM, 100 pM, and 10 nM was 0.22+0.03, 0.45+0.05, 0.69+0.04, and
0.81+0.04 V, respectively. The relationship between the response of a nanobiosensor and the DNA
concentration has been reported previously (Nair and Alam, 2008) to be
S(1) o« In[p,]

where S(t) is the sensor response, which is either a voltage or current shift, and is the DNA concentration.
This equation suggests that the response of a nanoscale sensor should exhibit a logarithmic dependence on the
DNA concentration, consistent with our finding. The linear fitting for the calibration curve is y = 0.119 *
log(x) + 1.8817 from 10 fM to 100 pM with correlation coefficient of 0.988. The detection limit, which is
defined as the minimal mutation gene concentration that gives a voltage shift which is 3 times the standard
deviation, is estimated to 0.88 fM from the calibration curve. In addition, the relative standard deviation of
threshold voltage shift for the target DNA is less than 12%.
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Figure 2 (a) Concentration-dependent electrical response of the capture DNA-modified NWFET sensor when
detecting target DNA. The 1p—V¢ curve of the base line was obtained in PBS buffer (black line); PBS buffer
solutions containing target DNA at various concentrations (10 fM, 1 pM, 100 pM, 10 nM) were injected,
respectively, and the Ip—V¢ curves recorded. The de-hybridized samples were obtained after treatment of the
dsDNA with hot DI water (90 °C); the ID-VG curves were then measured (red dotted line). Inset (I):
Fluorescence image of 10 nM FITC-labeled target DNA bound to the capture DNA. Inset (I1): Fluorescence
image of the FITC-labeled target DNA after de-hybridization. (b) Voltage shift (from n=4) of the NWFET
sensor plotted with respect to the target DNA concentration.

Figure 3 reveals the specific detection of target DNA using our NWFET. We investigated the behavior of
mismatched target DNA strands (concentration: 10 nM) containing one and five mismatched bases; their
DNA sequences were 5-CACAGAGACC-TCAAGTGTAA-TAATATATTT-3 and
5-CACAGAGACC-TCAAGTACGG-TAATATATTT-3", respectively. The latter exhibited the same
response as that of the base line, whereas the former exhibited a rightward shift but could still be distinguished
from the complementary sample. These results suggest that the single-base—mismatched target DNA
hybridized to a small degree, but the five-base—mismatched DNA barely reacted with the capture DNA. A
similar result has been reported for three-base—-mismatched mutant genes, which interacted nonspecifically
with an NW sensor, but could be quantified and distinguished from their corresponding wild-type genes
(Hahm and Lieber, 2004).
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Figure 3 Electrical response of the capture DNA-modified NWFET sensor when detecting mismatched target
DNA. The Ip—V¢ curve of the base line was recorded in PBS buffer (black line); PBS buffer solution
containing one- or five-base—-mismatched target DNA strands (10 nM) was injected and the Ip—Vs curves
were recorded.
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Conclusions

Using a cleaning solution prepared from a mixture of acetone and ethanol allowed us to develop an
NWFET device that behaved as a biomolecular sensor for an oncogene. We used the state-of-the-art
semiconductor line to fabricate label-free NWFET devices having line widths of 60 nm. Connecting the NWs
to source and drain electrodes fabricated on the SOI wafer provided functioning ohmic contacts without the
problem of contact resistance. The NWFET exhibited n-channel depletion characteristics that allowed
detection of the hybridization and de-hybridization of a BRAF**° mutation gene from a cancer cell, as well
as the ability to distinguish between complementary and mismatched target DNA. The detection limit of the
NWFET biosensor for the sensing of the mutation gene was in the sub-femtomolar regime. Because this
label-free NWFET sensor displayed the ability to detect the oncogene, such devices are potentially useful
tools for biological research and genetic screening.
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(3) The effect of nanoparticle (NP) size on the catalytic behavior of enzyme-NP
conjugates

Introduction

Many biomolecules, such as membrane proteins, perform their specific biorecognition or biocatalytic
events while immobilized on the surfaces of cells or organelles. Several artificial technologies (e.g.,
bioconversion, bioremediation, biosensing) also take advantage of immobilized biomolecules and bio-species.
In this regard, the modification and immobilization of enzymes has been studied widely for the generation of
biocatalysts exhibiting enhanced stability and selectivity. Several synthetic scaffolds and supports, including
gels, macromolecules, planar surfaces, and nanocomposites, have been used to immobilize enzymes. Among
them, nanoparticles (NPs) provide an almost ideal mix of properties—minimum diffusional limitation,
maximum surface area and high effective enzyme loading—to optimize the performance of immobilized
enzymes while harnessing the fluorescent, magnetic and interfacial behavior of the resulting nanomaterials.
However, studies of the effects of a NPs size, shape and material properties on both the kinetic experiments
and theoretical model of the catalytic reactions of its enzyme—NP conjugates still remain rare.

3. Activity
Modulation
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Scheme 1 Schematic representation of the preparation of CRL-AuUNP conjugates that modulate the activity of
the enzyme, and a cartoon of the shielding model.

In a previous paper, we demonstrated that adsorbing lipase onto gold NPs (AuNPs) significantly
increased its enzymatic activity. In further investigations, we observed that the size of the NPs affected the
catalytic activity; based on a diffusion—collision theory, we have attempted to develop a
length-scale—dependent model to explain the effect of NP size on the modulation in activity of the
enzyme—AuNP conjugate systems. In Nature, controllable modulation of enzyme activity is a potent means of
regulating several cellular processes (e.g., signal transduction, biosynthesis, metabolism). The modulating of
biocatalytic behavior is an attractive feature for exploitation in the field of nano-biotechnology. For extended
studies of biocatalysis, lipases are very suitable esterases because of their well-defined structures, properties,
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and applications. Lipases are used industrially in detergents, in paper and food technology, in the preparation
of specialty fats, in various clinical studies, and for drug delivery. Therefore, in this study we selected
Candida rugosa lipase (CRL, E.C. 3.1.1.3) to construct our enzyme-NP conjugates. As illustrated
schematically in Scheme 1, we reported a series of experiments and a theoretical model designed to analyze
the effect of AuUNP size on the modulation of enzyme activity.

Results and discussion

We selected AuNPs as the adsorption materials for CRL in this study because they can be synthesized in
a variety of diameters (13-100 nm) and readily characterized using UV-Vis spectrophotometry and scanning
electron microscopy (SEM). In these experiments, we used a standard chemical reduction method to prepare
spherical AuNPs having mean diameters of 13.1, 25.2, 37.5, 50.8, and 69.6 nm, under conditions that ensured
their stability and lack of aggregation (see ESI I). For the preparation of enzyme-functionalized AuNPs with
their colloidal stability, we performed the salt-induced colloidal tests to analyze the enzyme coverage and
concentration of protection factor (C,; see ESI II), determined by measuring the ratios of the absorbance at
620 nm (As20) to those of the absorption signals (Apeax) Of the differently sized AuNPs. To analyze the enzyme
coverage, we define R as the ratio Apea/As20. When the enzyme concentration was sufficient to cap the AuNPs
completely, R remained constant over time (i.e., no aggregation). In contrast, significant decreases in R
occurred (i.e., aggregation) when the enzyme content was insufficient. We define the coverage as the ratio
(R — Rmin)/(Rmax — Rmin), Where Rmax and Rmin are the ratios (Apeak/As20) in the presence of sufficient enzyme to
provide colloidal stability and in the absence of enzyme (i.e., fully aggregated), respectively. Fig. 1 reveals the
quantitative relationship between the percentage coverage of the AuNPs of various sizes and the CRL
concentration; the values of C, are determined at 50% coverage.
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Figure 1 Coverages of the differently sized AuNPs plotted with respect to the CRL concentration. Color
scheme: red, green, blue, light blue, and pink represent AUNPs having mean diameters of 13.1, 25.2, 37.5,
50.8, and 69.6 nm, respectively.
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For the preparation of CRL-AuUNP conjugates, the sufficient concentration of CRL (10-fold C, of each
set of CRL-AuUNP complexes) was mixed with the AuUNP solution of various sizes to ensure colloidal stability.
The functionalized conjugates were washed repeatedly using centrifugation to remove excess enzyme. To
assure that all unbound CRL was removed from the colloidal suspensions, activity tests were performed on
the supernatants from the centrifugation/washing procedure. Table S1 (in ESI 111) shows the drop in activity to
zero as the conjugates are repeatedly cleaned. This procedure was repeated six times until no activity was
measured to ensure the absence of free CRL in the systems. To detect the CRL loading on the AuNPs, KCN
was used to oxidize and dissolve the AuNPs, thereby liberating the bound CRL from the surfaces of the
conjugates. For AuNPs having mean sizes of 13.1, 25.2, 37.5, 50.8, and 69.6 nm, the enzyme concentrations
were 104.3 = 3.2, 61.7 £ 0.8, 16.5 + 0.6, 11.0 £ 0.1, and 6.8 £ 0.1 nM, respectively. These values were
reported for the activity assays of various CRL-AuUNP conjugate systems. Using UV-Vis spectrophotometry,
we detected the activities of the CRL-AuUNP conjugates by measuring the absorbance of p-nitrophenol (pNP),
a hydrolysis product from pNPP, at 405 nm. We observed that the initial release of pNP was proportional to
the reaction time of various CRL-AuNP conjugated systems; in the insert of relative activity, there was a
significant increase in the catalytic activity in the system featuring the smaller NPs, revealing that the size of
the AUNPs was an important factor for the modulation of enzyme activity.

In the enzymatic kinetics experiment, Michaelis—Menten plots for the hydrolysis of pNPP (5.55-133.33
uM) catalyzed by the CRL-AuUNP conjugates incorporating AuNPs of various average sizes were displayed in
Fig. S9 (see ESI VI); the experiment-measured catalytic parameters were listed in Table 1. Although the
turnover numbers ke, for the various-sized AuNPs were similar, the Michaelis constants K, for the smaller
AuUNPs had lower values. In previous studies, we found that the kinetics of the enzyme immobilized on one
side of a planar surface could be effectively modeled and measured; in Table 1, when varying the AuNPs’
dimensions, the values of K, displayed an increasing trend in the presence of larger AuNP size, even under
the extreme condition of AUNP size — . In simple terms, the rate constants for the individual steps were
described in equation (eq.):

Eyp+S (f——" ENP-SA’EW +P
k_, eql
An obtained lower value of Ky, [(ko1 + Kea)/ka] represented greater kinetic affinity between the enzyme and the
substrate; i.e., the conjugated system with the smaller AuNPs exhibited enhanced Kinetic affinity, thereby
improving the catalytic efficiency Keai/ Km.

To further correlate the NP dimensions (size effect) to the catalytic efficiency (ke./Km) of the conjugated
enzyme, we developed a shielding model based on diffusion—collision theory (a detailed derivation is given in
the ESI pl4, theoretical considerations). We made the following assumptions: (i) the NPs, enzymes, and
substrate molecules behaved as “rigid balls” (cf. Fig. 2); (ii) the intrinsic properties of the enzymes conjugated
onto the differently sized NPs were similar; and (iii) the orientation of the active site of the enzyme—NP
conjugates was random. Without considering multistep reactions, the catalytic reaction of substrate S with the
conjugated enzyme Enp can be approximated as the bimolecular reaction (Fig. 2 (a)) in eq. (2).

Ew +S—>E+P eq2

The reaction rate v (uM s™) can be expressed as the product of the bimolecular rate constant k', (uM™

14



s™) and the concentrations of the enzyme (Cg) and substrate (Cs), as in eq. (3).
__1,coll

V= kE—NPCECS eq3

Relative to the free enzyme in solution, the Enp provided additional steric hindrance for the binding of

the substrate to the enzyme. We defined the shielding factor 7 as the solid-angle ratio of the enzyme surface

exposed to substrate bombardment; the open solid-angle fraction £2 was displayed in Fig. 2 (c) with respect to

the full solid angle 4z Furthermore, combining diffusion—collision theory, the shielding effect (on the

modulation of the probability of bombardment), and the Stokes-Einstein equation (the relationship between
the diffusion coefficient and radius), we derived egs. (4)—(6) to model the size effect:

E

Eact _ Fact

=7)
kee =Z-p-n-e F=kpg ne ©

egd
o= RT ( ! +i)(I’E+I’S)
1500u rne+2re rs eq5
”zﬁzl 1+1/rE(2rNP+rE):|
4z 2 Frne+re
eqo6

where Z (uM‘1 s™!) was the frequency of collisions; p was the fraction of substrates that were in the correct
orientation; E,. was the activation energy; R was the gas constant; and T was the absolute temperature; x was
the viscosity of the reaction mixture; k. (uM‘1 s7!) was the maximum frequency of effective collisions for
the system (i.e., 7 — 1 and E, = 0); €2 was the solid-angle fraction of the enzyme surface open to substrates;
Inp, I'e, and rs were the radii of the NP, enzyme, and substrate, respectively.

(a) (b)

(d) L

Figure 2 Geometric relationships between the substrate S, the enzyme E and the nanoparticle NP. (a) If the

distance between the S and E was less than the sum of the radii of two bounding spheres, re + rs, then a
15



collision event occurred. (b) Concerning diffusion effects in a fluid, the effective radius of the enzyme-NP
conjugate should increase to ryp + 2re. (c) The solid-angle fraction // exposed for collisions between the
substrate and the enzyme. (d) Geometric relationships of the respective radii.

Substituting the viscosity, absolute temperature, and radii (re = 5.17 nm; rs = 0.58 nm; evaluated in the
ESI, sections VII and VIII, respectively) into egs. (4)—(6) gave the bimolecular rate constants k. listed in
Table 2. For the AuNPs having average diameters in the range 13.1 - 69.6 nm, the theoretical rate constants
and the specificity constant kcat/Km (in Table 1) followed identical trends. In this model, when considering
the extreme condition of ryp — o, the theoretical rate constant became 39.3% (0.48/1.22) of that for the
system having a mean AuNP size of 13.1 nm. In comparison with the measured catalytic efficiency in Table 1,
the enzyme immobilized onto a planar surface was 43.4% (0.82/1.89) of that of the system featuring AuNPs
having a mean size of 13.1 nm. This percentage change was fairly consistent with the theoretical value. The
enhanced activity by size-effect would theoretically converge to a finite maximum value when the AuNP size
approached zero. Within the model of classical enzymatic kinetics, the shielding factor mainly affected the
rate constant ki, not k_; or ke in eq. (1); that was, the steric hindrance affected only the binding path of the
substrates, and not the desorption of the complex EnpeS. Table 1 revealed that the values of ke, were almost
independent of the AUNP size, whereas the values of Km correlated strongly with it. Thus, this size-effect
model had physical meaning and reasonably explained the Kkinetic response of this enzyme-NP conjugate
system.

Conclusions

In summary, we had performed a series of experiments to systematically analyze the modulated NP
size—dependent enzymatic activities of CRL-AuUNP conjugates, and had developed a shielding model to
explain the correlation between the size effects and the kinetic responses. A simple and efficient method for
the preparation of this functional conjugates, with colloidal stability, under retention of enzymatic activity had
been reported. The association of CRL with the AuNPs did not influence the values of ke, but the smaller
AuNPs promoted the catalytic efficiency of CRL by increasing its kinetic affinity (i.e., lower K values)
toward the substrate pNPP. In this study, we found that the sizes of these conjugates acted as a controllable
and efficient factor for modulating the activity of the enzyme. We believed that as the integrative field of
nano-biotechnology evolves, such studies of the fundamental interactions of nanostructures with biological
systems will become, by necessity, more common.
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Prostate Cancer Marker Sensing Under Nanostructural Biochip Technique

Abstract—A silicon nanobelt field effect transistor (SINB-FET) device was proposed as an alternating
platform of ultra-sensitive biosensor, and apply to the label-free detection and early diagnosis of the prostate
specific antigen (PSA). The designed SINB-FET molecule sensor demonstrated real-time, label-free, and
high-selective properties in detecting biomole-cules. The novel back-gate SINB-FET was fabricated by using
the state-of-the-art complementary metal oxide semiconductor (CMOS) manufacturing technology. The
shrank nanobelt structure with high surface-to-volume ratio and individual back-gate controlling was achieved
by the local-oxidation of silicon (LOCOS) process. The probe molecule was sequentially immobilized onto
the device surface for the purpose of target molecule sensing. Those molecules bearing with charge
charac-teristics significantly influenced the charge carrier in the device channel. Hence, the target PSA can be
easily detected from the shift of device’s electrical property. In this research, the operating condition of
device’s gate controlling voltage was carefully studied. In addition, the molecular amplification method was
developed to enhance the method’s sensitivity. Finally, real samples from the hospital site were evaluated to
characterize the concentration. We have demonstrated the detection capability of PSA by the SiINB-FET, and
results show that the nanobelt biochip will be applied to the clinical diagno-sis, and verify its feasibility on the
ultrasensitive diagnosis of prostate cancer in the future.
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