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We introduce a label-free approach for sensing polymerase reactions on deoxyribonucleic acid (DNA)

using a chelator-modified silicon-on-insulator field-effect transistor (SOI-FET) that exhibits selective

and reversible electrical response to pyrophosphate anions. The chemical modification of the sensor

surface was designed to include rolling-circle amplification (RCA) DNA colonies for locally enhanced

pyrophosphate (PPi) signal generation and sensors with immobilized chelators for capture and surface-

sensitive detection of diffusible reaction by-products. While detecting arrays of enzymatic base

incorporation reactions is typically accomplished using optical fluorescence or chemiluminescence

techniques, our results suggest that it is possible to develop scalable and portable PPi-specific sensors

and platforms for broad biomedical applications such as DNA sequencing and microbe detection using

surface-sensitive electrical readout techniques.
Introduction

Inorganic pyrophosphate (PPi) is a reaction byproduct of

nucleotide base incorporation reactions catalyzed by DNA or

RNA polymerases. These reactions are critically important in the

biological processes of living systems.1 PPi or diphosphate

(P2O7
4�) is a small, negatively charged molecule which is highly

mobile. With appropriate enzymes and sufficient nucleotides in

solution, PPi and protons can be generated repeatedly for

a single reversible nucleotide base addition at the DNA poly-

merase binding site, generating multiple reaction product mole-

cules, and greatly amplifying the signal to noise ratio of detection

techniques targeting PPi.2,3 Detection of DNA polymerase

activity and subsequent PPi release is typically detected using

optical techniques, such as chemiluminescence.4 For example,

luciferase-based PPi detection has been used for bacterial

detection and DNA sequencing-by-synthesis applications. Non-

enzymatic PPi detection based on fluorescence- and absorption-

based techniques using PPi chelators has been reported as well.2

Extending chelation-based sensing to surface-sensitive electrical

detection requires a chelator compatible with surface
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immobilization and selective to the target analyte. We have

previously reported the synthesis of a surface-immobilizable

chelator based on di-(2-picolyl) amine (DPA) which has

demonstrated strong binding affinity to PPi and demonstrated

reversible SOI-FET sensing of PPi standard solutions.5

Key advantages of electronic biosensing compared to opti-

cally-based biological sensing include highly scalable semi-

conductor manufacturing technology, simplified

instrumentation due to the elimination of bulky optical compo-

nents such as microscopes and lasers, and the potential for

seamless sample-to-answer integration with functions such as

data acquisition and database mining co-located on the same

chip.6,7 To this end, scalable semiconductor manufacturing

techniques have been used to produce sensor arrays for the

electronic measurement of biochemical reactions in a highly

parallel fashion.8–11

For surface-sensitive techniques, such as electronic signal

transduction, the ability to detect the target event on the sensor is

a function of complex relationships among the chemical prop-

erties of the sensor surface, the material properties of the con-

structed device, control of chemical interactions at the sensor

surface, and transport effects in the surrounding solution.

Chemical modifications of sensor surfaces can introduce custom-

designed affinity binding sites which can either tune device

response to specific biochemical interactions, introducing char-

acteristic binding kinetics to analyte interactions with the sensor

surface or can minimize the probability of non-specific

binding.12–15 Magnetic beads have been used to separate DNA

immobilization and amplification from active optical or electrical

sensor devices, avoiding sensor exposure to lengthy DNA prep-

aration procedures as well as increasing local analyte
Analyst
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concentrations in order facilitate signal detection.11 Buffer

conditions such as pH, ionic strength, and surfactants offer an

additional measure of control, either facilitating or hindering the

target chemical interaction.16

A number of reports describe the charge-based response of

field effect sensors for label-free, electronic detection of deoxy-

ribonucleic acid (DNA) where probe oligonucleotides in solution

bind to target strands in a sensor array, increasing negative

charge at the sensor surface.17–19 However, the hybridization of

partially mismatched target DNA to DNA oligomer probes on

the surface is difficult to eliminate, requiring control of salt

concentrations, temperatures, and pH near the sensor surface.20

As sensor areas are scaled to increase the density of sensor arrays

for massively parallel measurements, decreasing signal intensity

approaching noise levels and nonspecific chemical interactions

causing misleading false positives can be exacerbated.21,22 In

addition, hybridization-based methods require prior knowledge

of the target DNA sequences so that the corresponding probes

are immobilized on the sensor surface before the surface assay.

The use of field effect sensors for label-free detection of DNA

using base extension chemistry, which is a more specific chemical

interaction than hybridization,23,24 has been less common but

recent developments have shown the promise of this approach.

For example, the detection of transient signal caused by the

differential diffusion of highly mobile protons generated by the

DNA base incorporation reaction is the basis of semiconductor-

based electronic sensing of DNA sequencing-by-synthesis reac-

tions from functionalized beads placed near the transducer

surface.11

In this work, we describe the chemical modification of SOI-

FET devices with both chelator and DNA colonies and

demonstrate specific and static (non-transient) electrical response

to DNA polymerase reactions in bulk solution and on the device

surface using pyrophosphate as the target signaling molecule. A

chip containing multiple devices was functionalized with both

DNA on the surface and chelator molecules to capture pyro-

phosphates produced from the enzymatic incorporation reaction

of a matching DNA base, as depicted in Fig. 1a. The chelator

molecules were designed for the specific binding of pyrophos-

phate released from DNA polymerase-catalyzed base incorpo-

ration reactions, as depicted in Fig. 1b and 1c. As shown in

Fig. 1d, the bidentate chelator complexes with zinc ions in

solution and binds to the diphosphate target molecule. We used

rolling circle amplification (RCA) of immobilized DNA in order

to increase the number of parallel reactions occurring at each

DNA binding site.25,26 The characteristic I–V transfer curve for

the sensor was expected to remain unchanged unless PPi attached

to the chelator, changing the source–drain current of the FET at

a given back-gate potential. Based on charge effects alone, the

interaction of the negatively charged PPi with the unmodified

surface of a p-type accumulation mode SiO2/Si nanoplate

SOI-FET device was expected to increase the number of carriers

in the channel, increasing the drain current at a fixed potential

and shifting the threshold voltage of the device more positive.27

However, the interaction of the pyrophosphate with the field-

effect sensor occurs at the terminal end of a multi-component

chemical surface modification with the device response to PPi

binding a cumulative result of complex interactions and

competing effects.
Analyst
Materials and methods

Reagents

3-aminopropyltriethoxysilane (APTES) was obtained from

Gelest. Glutaraldehyde (70%), water soluble 1-ethyl-3-[3-dime-

thylaminopropyl]carbodiimide (EDC), and 200 proof anhydrous

ethanol were obtained from Sigma. Reagents were diluted to the

indicated concentrations in the following procedures, but

otherwise were used as received. High resistivity water (18.2 MU)

used for rinsing or diliutions was obtained from a Barnstead

Nanopure purification system. Reducing agent sodium tri-

acetoxyborohydride (STAB) was obtained from BASF

and diluted in water as indicated. Polyethylene glycol (PEG,

MW ¼ 44) linker and blocker molecules amino-dPEG�8-acid

(H2N-PEG8-COOH), amino-dPEG�12-acid (H2N-PEG12-

COOH), and amino-dPEG�4-alcohol (H2N-PEG4-OH) were

obtained from Quanta Biodesign Ltd. and diluted in water or

buffer, as indicated. The synthesis and storage of the amine-

functionalized chelator designed for PPi capture was described in

a separate publication from our group.5 Buffers used in these

procedures included 1x phosphate buffered saline (PBS) at pH 8,

0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) buffer at

pH 5, and 0.2 M sodium borate buffer at pH 8. For rinsing

non-specifically bound components such as avidin and storage of

DNA colonies attached to device surfaces, we typically used

a custom 1x ‘TEST’ (Tris, EDTA, Salt, Triton) buffer with

composition 10 mM TrisHCl at pH 8, 1 mM EDTA, 50 mM

NaCl and 0.01% Triton X-100. In addition we typically used

a Tris-based buffer with composition 6.25 mM NaCl, 1.25 mM

MgCl2,10 mM Tris pH 8 and 1 mM DTT as a blank measure-

ment control before and after polymerase reactions.

Immunopure avidin was obtained from Pierce and diluted in

1x PBS buffer. Unless otherwise specified in the RCA DNA

preparation section, all DNA oligonucleotides were synthesized

by IDT (Integrated DNA Technologies). Taq DNA polymerase

was obtained from Applied Biosystems. The kits used for DNA

purification were from Qiagen. Phi29 and buffers used with

Phi29 were obtained from New England Biolabs (NEB).

Devices and measurement apparatus

The nanoplate SiO2/Si field effect devices were fabricated using

standard lithographic and microfabrication techniques as

previously described.28 Optical microscopy images (Fig. 1e and

1f), a nanoplate cross-section diagram (Fig. 1g) and a high

resolution scanning electron microscopy (SEM, Fig. 1h) cross-

section image of devices used in this study are presented in Fig. 1.

Briefly, the silicon field effect devices used to electrically detect

PPi were fabricated using standard microfabrication techniques

from a silicon-on-insulator (SOI) wafer (SOITEC). The FET

devices had active areas with 1–2 mmwidths and variable lengths:

10, 15 or 20 mm. The majority of the results reported here were

obtained on devices with 1 (or 2) � 20 mm active areas. Full

details of the device response to pH and other surface modifi-

cations are described in previous publications from the Bashir

group.29

Devices were mounted on a probe station (Signatone) and

characterized using a Keithley Semiconductor Characterization

System (SCS) Model 4200. Devices were connected to source,
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Pyrophosphate-generating DNA synthesis reactions and capture of pyrophosphate by chelators on an FET surface: a) the device is func-

tionalized with both amplified DNA on the surface in the form of DNA colonies and chelator groups to capture pyrophosphates produced from the

enzymatic incorporation reaction of a matching DNA base, b) generic DNA nucleotide triphosphate (dNTP) base structure, c) diphosphate (PPi)

generated from a T4 polymerase-catalyzed dG monophosphate incorporation compared to control reaction, generating no PPi, d) chemical structure of

PPi attached to chelator on modified FET surface, e) optical microscopy images of low density SOI nanoplate FET array, f) image of one of the devices

used in these experiments, g) cross-section schematic of Si nanoplate FET device, and h) high resolution SEM image of �25 nm Si nanoplate cross-

section of same device shown in (f).
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drain, backgate and top-gate (fluid-gate) voltage sources. Field

effect devices used for the detection were operated in accumu-

lation mode and the source–drain current was monitored as

a function of the backgate bias (Vbg ¼ �10 V to 2 V) at a fixed

source–drain potential (Vsd ¼ 100 and 30 mV). The I–V transfer

curves reported in this work were collected with Vsd¼ 30 mV and

Vsd ¼ 100 mV, but all data presented in this work was collected

with Vsd ¼ 100 mV. Each device used in pyrosphosphate detec-

tion measurements was characterized in a variety of control

conditions, including dry, in buffer with chelator-modified

surface, and in buffer with unmodified surface. Some examples

are presented in Fig. 3 I–V transfer curve graph. A probe station

enclosure protected the devices from light, sound and physical

vibration during measurements.

For device measurements in solution, polydimethylsiloxane

(PDMS, Dow Sylgard) was used to create a small well around

many devices. These devices were then probed serially on a Sig-

natone probe station. To this was added 2 to 3 mL of the indi-

cated solutions, such as control buffer (1x PBS), control buffer

with zinc (1x PBS with Zn(NO3)2, PPi in buffer with zinc, and

control buffer with Zn2+ after an incubation and rinse in 0.1M

acetic acid to remove Zn2+ complexed to the chelator and any PPi

bound to the chelator coordination sites.
Silane modification

An overview of the initial surface modification is illustrated in

Scheme 1, Steps 1 and 2. Substrates were cleaned in fresh, hot

piranha (1 : 3 hydrogen peroxide:sulfuric acid) for at least

30 min. Caution: Piranha solution is highly corrosive and should be

used with extreme caution. Following piranha cleaning, samples

were rinsed thoroughly in water and dried in flowing nitrogen

gas. Substrates were added to anhydrous ethanol with 1% 3-

aminopropyltriethoxysilane (APTES). Then water was added to

this solution at a final concentration of 2% by volume and

substrates were incubated at room temperature for less than
This journal is ª The Royal Society of Chemistry 2012
10 min for monolayer silane deposition. Incubation times much

longer than this often resulted in multilayer rather than mono-

layer formation, as measured by ellipsometry and AFM. After

silane deposition, the chips were rinsed with ethanol and water,

dried under nitrogen, and annealed for 10 min at 110 �C in order

to promote cross-linking of the silane monolayer. For further

functionalization, the amine-functionalized chips were immersed

in a well-mixed solution of 2% glutaraldehyde in 1 : 1 ethanol:-

water. After 2 h, the chips were rinsed with copious amounts of

water to remove non-specifically bound material on the surface

and dried under nitrogen.
Chelator modification

The PPi specificity and solution binding characteristics of the

recently developed chelator have been previously reported.5 The

chelator only modification step is depicted in Scheme 1, Step 3a.

To attach amine-functionalized chelator molecules covalently on

surfaces previously modified with glutaraldehyde, the surface

was incubated in a solution of 1 mM chelator solution in 100 mM

sodium borate buffer (pH 8), forming a Schiff base. After an

hour, an equal volume of �0.2 mM sodium triacetoxyborohy-

dride (STAB) solution in water was added to the chelator solu-

tion on chip and incubated overnight for reductive amination.

Then the device surface was washed with 10 mM sodium borate

buffer (pH 8) and with Tris control buffer (6.25 mM NaCl,

1.25 mMMgCl2,10 mMTris pH 8 and 1 mMDTT) and stored in

control buffer prior to experiments.

The co-deposition of chelator with PEG linkers that serve as

avidin attachment sites is depicted in Scheme 1, Step 3b. The

attachment chemistry is similar to that for chelator only. Typi-

cally, the chelator and PEG linker, H2N-PEG12-COOH (Quanta

Biodesign Ltd.), solutions were mixed in a 1 : 5 ratio, approxi-

mately 200 uM to 1 mM in 100 mM borate buffer and deposited

on silicon pieces or devices. After an hour, �0.2 mM STAB

solution was added to the chip surfaces and incubated overnight.
Analyst
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Scheme 1 Pyrophosphate chelator and DNA colony silicon oxide surface modification.

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

- 
U

rb
an

a 
on

 0
8 

Fe
br

ua
ry

 2
01

2
Pu

bl
is

he
d 

on
 1

9 
Ja

nu
ar

y 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2A

N
15

93
0A

View Online
Then the device surface was washed as described in the previous

section and stored in the control buffer before measurements.

For surface characterization with ellipsometry, AFM or TOF-

SIMS, devices and silicon pieces were dried under nitrogen gas

and stored in vacuum packed containers until analysis. Devices

used for electrical measurements were modified in parallel.

Dipole moment calculations

Molecular dipole moments were calculated using the GAMESS

computational chemistry package in Chem3D Pro using the

RHF/3-21G level of theory and MM2 energy minimization and

these results are presented in the ESI section.†

Avidin modification

Prior to DNA exposure, avidin was attached to carboxylic acid

terminated PEGn¼8 or 12 linkers on the surface as shown in

Scheme 1, Step 4. The carboxylic acid terminated linkers were

activated by adding 0.1 mM EDC in MES pH 5 to the substrate

surface. After a 30 min incubation, an equal volume of 50 mg

mL�1 avidin in 1x PBS was added to the surface followed by

incubation for 2 h at room temperature. Free avidin was

removed by washing the wells 5 times with 1x TEST buffer

(10 mM TrisHCl, pH 8, 1 mM EDTA, 50 mM NaCl and 0.01%

Triton X-100). Similar procedures have been reported to control

avidin orientation on surfaces and bind one biotinylated mole-

cule per avidin binding site.30
Analyst
DNA preparation and surface attachment

The general scheme for DNA attachment on FET surfaces is

depicted in Scheme 1, Step 5 and in Fig. 2a. Circular DNA was

attached to the surface and one strand of the circular DNA was

amplified in order to produce multiple copies of the same

sequence on individual binding sites using a technique known as

rolling circle amplification (RCA).25 Each DNA colony formed

in this manner was a concatemer of a single stranded DNA

(ssDNA) formed by amplifying one strand of a circular, doubled

stranded DNA (dsDNA). For the surface-immobilized RCA-

DNA used in this work, we used PCR to amplify a 260 bp

fragment of the pUC19 plasmid using an upstream primer of

50- pCTGCAATGATACCGCGAGACCCA-30 and a down-

stream primer of 50-pCCTTGATCGTTGGGAACCGGAG-30.
To ensure efficient ligation, purified PCR DNA was treated with

Taq DNA polymerase (0.1 U/ml) in the presence of 500 mM

dATP for 30 min. This treatment resulted in a single base A

protruding from the 30 end of each DNA strand (A-tail). The

treated DNA was purified and quantified using UV absorption

(Nanodrop) before ligation. Although the results described in

this work were from PCR amplified DNA, we have also

demonstrated RCA DNA colony formation on silicon oxide test

surfaces and devices from total genomic DNA in parallel work.

In principle, any DNA fragment with phosphate groups at the

50 ends and hydroxyl group at the 30 ends can be circularized by

the following ligation procedure. A multi-purpose adaptor was

assembled from a set of five DNA oligonucleotides present at
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 DNA colony formation process and characterization on surface: a) schematic of DNA sample preparation, colony formation and Cy5 dye

labeling, b) relatively high density DNA colony modification of selectively patterned test substrates using APTES + GA + linker-only + avidin +

biotinylated DNA attachment chemistry on silicon oxide, comparing coverage of fluorescently labeled DNA colonies on silicon oxide surfaces with

coverage on the relatively dark silicon oxynitride surfaces, as labeled, c) adjusting DNA colony coverage on flat silicon oxide test substrates by changing

the ratio of chelator to PEG-based DNA linker in reaction solution (1 : 1, 1 : 5, or 1 : 9), d) number of DNA colonies for every10 mm2 silicon oxide

substrate surface as function of PEG linker fraction, e) white light image (left) of representative silicon nanoplate SOI-FET device and corresponding

fluorescence image of Cy5-labeled DNA colonies (right) using 1 : 5 chelator to PEG-linker deposition conditions.
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equimolar ratio (1 : 1 : 1 : 1 : 1): RC1 (50-pAGCTCGGCGGCC

GCTTAAGT-30), RC2Tb (50-biotin-spacer-CTCCTATCACT

TAAGCGGCCGCCGAGCTT-30), RC3T (50-pACGTCCG

TACGTTCGGAACCT-30), RC4 (50-pGGTTCCGAACGTA

CGGACGTCCAGCTGAG-30, 30 locked nucleotide, resistant

to 30 / 50 exonuclease), and RC5 (50-pGATAGGAGATCTCA

GCTGG-30). The oligonucletide sequence information is also

tabulated in the ESI section.† The oligo mixture was stored at

�20 �C before use. The adaptor was designed so that after

ligation each 50 end was phosphorylated and the 30 end had

a single base T (T-tail). In the middle of the adaptor, there was

a gap and the 50 terminus of the gap was tagged with biotin and

the 30 terminus in the gap was rendered resistant to exonuclease

digestion by use of a locked nucleotide at the �1 position. To

form a circular DNA structure presented in Scheme 2, the A-

tailed target DNA and the T-tailed adaptor DNA were mixed at

equimolar ratio (1 : 1), typically 0.1–0.5 mM in a 50 ml ligation

reaction. After ligation with T4 DNA ligase (0.2 U/uL) at 16 �C
overnight, T4 DNA polymerase (10 U) was added to the sample

directly to digest non-circular DNA molecules at 37 �C for 30

min. Purified DNA was quantified based on UV absorption.

Circularized DNA (biotin-functionalized) was diluted in 1x

TEST buffer to a concentration of �107 copies/mL. In order to

confine the solution to the FET device chip, a 2 mm � 1 mm

custom PDMS well was trimmed to fit inside the pad area of the

3 mm � 5 mm chips. The diluted biotinylated DNA samples

were incubated with the chelator with avidin on linker surface for

at least 2 h, as depicted in Scheme 1, Step 5. Free DNAmolecules
This journal is ª The Royal Society of Chemistry 2012
were then removed by washing the wells 5 times with 1x

TEST buffer.

Before rolling circle amplification (RCA) amplification, the

wells were conditioned with 1x Phi29 buffer (NEB). For RCA

amplification, about 10 mL of the reaction solution (1x Phi29

buffer, 200 mM dNTPs, and 0.5 U/ml Phi29 DNA polymerase)

was added to each surface followed by incubation at 30 �C for at

least 4 h or overnight to increase the number of DNA fragment

copies per colony. Surface reactions were stopped by removing

the reaction solution and washing the wells several times with

1x TEST buffer.
Surface analysis tools

The thickness of deposited films was measured using a Variable

Angle Spectroscopic Ellipsometer (M2000FI VASE, J.A.

Woollam, Lincoln, NE) scanning 685 wavelengths between

240 nm and 1100 nm at 65�, 70� and 75�.31 A Cauchy layer was

used to model the organic monolayer on a surface. When

possible, measurements were made on the same thermally

oxidized silicon substrates before and after surface modification.

The morphology of the sample surfaces was observed by

AFM, as in Fig. 4. AFM was performed using a Dimension V

Atomic Force Microscope (Veeco, Santa Barbara, CA). Scan

rate was set to 1 Hz and the scan area was set between 1 mm2 and

100 mm2. TESPA silicon tips (Veeco) with 20–80 N m�1 stiffness

and response frequency of �250–300 kHz were used. The

instrument was operated in tapping mode. Images were flattened
Analyst
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Scheme 2 DNA oligonucleotides assembled in biotinylated DNA circle for Rolling Circle Amplification (RCA).
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to adjust the plane and to remove scan lines. The height scale was

adjusted to 15 nm. Feedback controls such as integral gain,

proportional gain and amplitude setpoint were modulated in real

time as the image was being generated in order to optimize image

quality. Integral and proportional gains were typically set

between 0.09 and 1.4.

Fluorescence images (Fig. 2 and 4) of Cy5-dUTP labeled RCA

DNA colonies on substrates were obtained on a custom Nikon

Eclipse ME600 microscope using a 10x or 50x Nikon objective

with an EXFO X-Cite mercury halide lamp, a Cy-5 compatible

Omega Optical filter cube, and an Andor iXon+ electron-

multiplying (EM) CCD camera. Custom Andor software

was used to process and adjust images. Acquisition times were

typically 1s.
DNA polymerase reactions

The general scheme for PPi detection from DNA polymerase

reactions conducted off-chip (ex situ) in a reaction tube and

DNA polymerase reactions performed on surface-immobilized

DNA colonies on FET surfaces (in situ) is depicted in Fig. 5a.

For ex situ T4 polymerase reactions, the control buffer

(T4 buffer) consisted of 10mM Tris pH 8 with 6.25 mM NaCl,

1.25 mM MgCl2, and 1mM DTT. The negative control solution

consisted of the T4 buffer solution with 0.2 mM dTTP (mismatch

base), 0.1 Unit T4 polymerase, 0.05 mM ‘DNA2’ hairpin DNA

(50-/5amMC6/GTC GCG CAA AAA TAC CTA GTC G + AC

GTG GTC CTT/iBiodT/TT GG + A CCA CGT CGA CT + A

G-30). The positive control solution consisted of the T4 buffer

solution with 0.2 mM dGTP (matching base), 0.1 Unit T4

polymerase, and 0.05 mM hairpin DNA2. Base extension reac-

tions were conducted in small PCR tubes at 37 �C for 1 h and

then incubated at 70 �C for 20 min, prior to cool down

and storage at 4 �C. For testing, small aliquots of the sample

solutions were added to PDMS wells on the chip surfaces for PPi

measurement on a Signatone probe station, as described in the

measurement apparatus section. All samples were measured at

room temperature (22 �C).
For in situ polymerase reactions, RCA DNA colonies were

formed on the surface in the manner described previously with

chelator deposited on the surface for PPi capture. For on-chip

polymerase and control reactions, sample solutions were added
Analyst
to PDMS wells on chip surfaces and were incubated at 37 �C for

30 min in a high humidity enclosure. A number of control

samples were characterized prior to proceeding with a series of

polymerase reactions, including test solutions containing all base

incorporation reaction ingredients before incubation at 37 �C, T4
buffer with PPi standards (25, 10, and/or 1 mM), T4 buffer only,

buffer containing nucleotides but no polymerase, and T4 buffer

with active or denatured polymerase among others as indicated.

When present in the T4 buffer sample, nucleotides and T4

polymerase concentrations were 0.2 mM (each) and 0.1 U/mL,

concentrations similar to those described for the off-chip reac-

tions. All samples were measured at room temperature (22 �C) on
a Signatone probe station.
Results and discussion

Surface characterization

A combination of surface analysis techniques (ellipsometry,

atomic force microscopy (AFM), and fluorescence microscopy)

was used to verify step-by-step monolayer chemical modification

and functionality. Fluorescence microscopy results indicated

similar functionalization efficiencies on oxidized silicon test

substrates and the nanoplate sensors. An overview of the initial

surface modification with the chelator only (no DNA) is illus-

trated in Scheme 1, Steps 1 to 3a. Piranha-cleaned SiO2 surfaces

were functionalized with 1% aminopropyltriethoxysilane

(APTES) in ethanol and then reacted with 2% glutaraldehyde

(GA) in 1 : 1 ethanol:water. In our previous report we used an

alternative modification technique with aldehyde functionalized

silane (triethoxysilylbutyraldehyde, TESBA).5 While the number

of steps increased due to the two step APTES + GA modifica-

tion, we eliminated both the use of toluene and issues with

multilayer deposition that resulted from wet toluene and poly-

merized TESBA. The GA-functionalized surfaces were exposed

to amine-functionalized chelator in order to immobilized the

chelator to the surface. The thickness of the functionalized silane

layer (APTES with GA) was 14.2� 0.7 �A (n¼ 3) by ellipsometry

(VASE), as expected. Chelator modified surfaces exhibited film

thickness changes of �16 �A, as expected. In addition to ellips-

ometry, the expected mass of the chelator modification on silicon

substrates has been detected by surface-sensitive TOF-SIMS.5
This journal is ª The Royal Society of Chemistry 2012
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Expected pyrophosphate detection response

If based on net charge Q alone, the interaction of negatively

charged PPi with the unmodified surface of a p-type accumula-

tion mode device was expected to increase the number of positive

carriers in the channel such that DQ > 0, increasing the drain

current at a fixed potential and shifting the threshold voltage of

the device more positive, according to DVt � DQ/Ceff > 0, where

Ceff is the effective capacitance.27,32 In Fig. 3, the I–V transfer

characteristics of a p-type SOI-FET device with Vsd ¼ 0.1V in

accumulation mode were measured with different surface

modifications (unmodified, chelator on silane and avidin-only)

and different solution exposures. In acidic solution (pH 3 0.1M

acetic acid), the current–voltage curve (in orange) was shifted to

the left relative to pH 6–7 water (in purple) and pH 8 buffer

(in pink), as expected. The curves in PBS buffer for the

unmodified (dark pink and blue) and chelator + silane modified

device (grey) were similar to each other. The unmodified device

exposed to 25 mM PPi in 1x PBS pH8 buffer exhibited a shift to

the right compared to the curve for deionized water, which was

the expected direction for detection of negatively charged PPi

based on surface charge effects on the p-type device. However the

response for PPi was very similar to the control buffer of 1x PBS

with Zn2+ containing no PPi on the unmodified device, indicative

of screening of negatively charged PPi by Zn2+ and other cations

in the buffer solution. In contrast, chelator-modified devices were

highly responsive to a series of different PPi concentrations,

even in 1x PBS with Zn2+ control buffer, as we describe in

Figure S1 (ESI†).

However, the interaction of PPi with the surface-immobilized

chelator resulted in a sensor response that was in the opposite

direction from that expected due to charge alone. It was more

similar to that expected for positively charged ions interacting

with a p-type device where DQ < 0 and DVt � DQ/Ceff < 0. Upon

exposure to PPi, we observed a decrease in drain current at
Fig. 3 Current–voltage transfer characteristics of a p-type SOI-FET device w

(Unmodified, Chelator and silane modified and Avidin-only modified) and diff

PBS buffer with Zn2+, pH 8 1x PBS buffer with Zn2+ plus 25 mM PPi, avidin

This journal is ª The Royal Society of Chemistry 2012
a fixed potential and a shift in threshold voltage of the device to

more negative values.5 In previously reported results we also

describe exposure of chelator only-functionalized devices to

solutions of different pH and observed no shift in threshold

voltage,5 indicative of a primary sensing mechanism that

appeared to be pH-independent and therefore should be subject

to other parameters such as molecular or thin layer dipole effects

on the field-effect transistor.

Another result opposite to that expected due to charge was

also observed with the curve to the farthest right in Fig. 3 which

was an unmodified device in pH 8 borate buffer with positively

charged avidin homotetramer (�4–5 nm diameter) electrostati-

cally absorbed to the hydroxyl terminated SiO2 surface. Avidin is

strongly positively charged with pI� 10.5. Upon biotin exposure

(red curve in Fig. 3), the curve previously observed for avidin

shifts to the left, attenuating the change observed with avidin

only, resulting in a current–voltage transfer characteristic more

similar to the response for the unmodified device in water.Charge

based response may be only one factor determining the direction

of the threshold voltage upon surface binding events, in addition

to molecular dipole moment and protein dipole/conformation

effects.

One hypothesis explaining the observed threshold shift is that

the dipole moment vector of the molecular assembly that

includes the silane, glutaraldehyde and chelator complex changes

dramatically upon PPi binding, similar to previous reports of

uncharged species detected by field-effect devices.33 The molec-

ular assembly can be individual molecules, domains of different,

maybe even competing, molecules or the cumulative effect of

a thin quasi-crystalline film. The chelator-zinc complex, once

bound to the PPi, may influence the effective molecular dipole of

the chelator such that the effective charge on the surface is

positive, decreasing the drain current and producing a negative

shift in the threshold voltage of the device, as observed in

Figure S1.34
ith Vds ¼ 0.1V in accumulation mode with different surface modifications

erent solution exposures (pH 3 0.1M acetic acid, deionized water, pH 8 1x

in pH 8 borate buffer and avidin with biotin in pH 8 borate buffer).

Analyst
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Using the GAMESS computational package, calculations of

the dipole moment of the molecule consisting of the silane,

glutaraldehyde, and chelator complex before and after PPi

binding suggest that there is a dramatic reorientation of the

dipole moment perpendicular to the device surface (see ESI).

This structure-based dipole effect may account for the observa-

tion that the exposure of the functionalized surface to charge

alone, in the form of zinc ions, does not result in a shift in

the threshold voltage relative to control buffer without zinc ions.

The charge distribution may not change the surface dipole unless

the PPi binds to the chelator. For the DNA-based sensing

applications discussed in this work, the cumulative effect of PPi

binding to a chelator-modified device with DNA and avidin near

the surface should be dominated by the PPi-to-chelator interac-

tion. The avidin and DNA should be beyond the Debye length.

Based on charge effects alone, the negatively charged PPi binding

to the chelator near the surface should induce more positive

carriers in the channel such that DQ > 0 and DVt � DQ/Ceff > 0.

However the more complicated, multi-component surface

modification could change the properties of the chelator modi-

fication on the FET surface and introduce new dipole effects,

water displacement or other effects not observed in the simple

chelator modification.
Characterization of DNA colonies

For this work, both chelators and locally amplified DNA were

attached on or near the SOI-FET sensor in order to detect PPi

generated from enzymatic reactions on DNA immobilized on the

device surface. The chelator and DNA co-deposition process is

depicted in Scheme 1, steps 3b to 5. The aldehyde-terminated

silane surface was functionalized with a 1 : 5 mixture of amine-

chelator and amine-PEG12-COOH linker in order to add PPi-

capture functionality and coupling sites for avidin amines.35

After co-deposition of chelator and PEG12 (1 : 5 molar ratio), the

organic layer thickness was 35�A, as reported in Table 1. This was

a 21 �A difference from the previous layer reported in a previous

section (APTES + GA, �14 �A) and similar to the film thickness

observed from chelator-only modifications due to the relatively

low density (submonolayer) of PEG linker sites on the surface.

After amine groups on avidin were coupled to the carboxylic

acid-terminated linkers by EDC coupling chemistry in pH 5

MES buffer,36 the substrate was incubated with biotinylated

circle DNA.

In order to increase the number of PPi-generating sites on the

surface without occupying surface area that could be utilized by

the PPi chelator, we subjected immobilized DNA to rolling circle

amplification (RCA) using the procedure depicted in Fig. 2a.37

After RCA, each DNA binding site contained many repeat units,

each capable of undergoing individual base incorporation reac-

tions. The DNA fragment copy number was dependent on the
Table 1 Chelator and DNA Modifications on SiO2 (VASE)

Surface Modification Observed (�A)

Silane + Chelator/Linker (1 : 5) 34.8 � 0.2
Silane + Chelator/Linker (1 : 1) + DNA Colonies 57.3 � 0.2
Silane + Chelator/Linker (1 : 5) + DNA Colonies 88.3 � 0.2

Analyst
time elapsed during the RCA reaction.38 After an overnight

reaction, the DNA colonies used in these experiments had

approximately 50–100 copies of the same DNA fragment per

colony. After hybridizing identical primers to the DNA at these

50–100 sites per colony, each primer was a potential polymerase

reaction site (an average of 75 per colony) for a DNA base

addition reaction.

Dye-labeling of the RCA DNA colonies was used to image

their quantity and distribution on the surface after exposing the

surface to different ratios of chelator and PEG linker. A Cy5 dye-

labeled oligo (Cy5-CTGCAATGATACCGCGAGACCCA,

50nM in 1x TEST) complementary to one of the target DNA

strands was hybridized to the amplified DNA on the surface at 50
�C for 30 to 60 min followed by washing with 1x TEST buffer

before fluorescence imaging. Compared to the 1 : 1 surface, the

1 : 5 and 1 : 9 surfaces in Fig. 2c and 2d indicate increased

coverage of fluorescently labeled DNA, corresponding to more

DNA as the PEG linker concentration increased. Ellipsometry

data for 1 : 1 and 1 : 5 surfaces in Table 1 support the same trend,

with a greater average organic layer thickness measured for the

1 : 5 chelator:PEG linker surfaces, as expected. As shown in

Fig. 2e, we typically used the 1 : 5 mixture for preparation of

FET surfaces in order to avoiding the clustering that we observed

with 1 : 9 samples. The surface coverage with the 1 : 1 mixture

was not used because the DNA colony distribution was sparse

and the likelihood of DNA colony attachment near the active

sensor area was too low.

In addition to fluorescence microscopy, RCA DNA modified

surfaces were characterized by AFM to complement larger area

fluorescence microscopy images and to directly assess DNA

colony size by height. In these studies, avidin was electrostati-

cally bound to freshly piranha cleaned SiO2 on Si substrates. The

presence of avidin was confirmed by a number of dye-labeling

techniques, particularly fluorescence labeling of biotinylated

DNA attached to avidin or Cy5-dU incorporation on immobi-

lized DNA. As described in previous sections biotinylated circle

DNA can be attached to avidin and then sequences can be

amplified by RCA. Fig. 4a is a high contrast fluorescence

microscopy image of Cy5-dU labeled RCA DNA on avidin with

regions of high DNA colony coverage (on left) and regions with

relatively few DNA colonies (right). In order to create these two

distinct regions, we used a plastic pipette tip to lightly scrape

some of the avidin from the surface prior to DNA attachment

and this interface is marked by a dotted line in Fig. 4a and can

also be observed in the topographical AFM images in Fig. 4b and

4c. From the image in Fig. 4a we can also observe that the non-

specific binding of the DNA circles and primers on the surface is

minimal (low fluorescence background observed), which is

consistent with ellipsometry and AFM results and measurements

on the devices. In our experiments, non-specific binding of avidin

is more likely than non-specific DNA interactions as we have

observed with some fluorescence, ellipsometry and AFM data.

However we can control non-specific avidin binding with opti-

mized rinsing procedures (buffer composition, flushing volume

and number of times) and choosing compatible materials that we

can selectively coat with protein-resistant molecules, such as

PEG-based blocker molecules.39 In parallel work, we have veri-

fied the chemical and thermal stability of the DNA colony units

as well as their attachment to the surface. We have evaluted these
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 Fluorescence image and AFM topography of avidin and RCA

DNA colonies on a flat SiO2 on Si test substrate: a) fluorescence image of

Cy5-dU labeled DNA colonies with a region on the right with few DNA

colonies; b) 100 mm2 area equivalent to small brown box in (a) with

numbered clusters on the left side identified for cross-section analysis, c)

region that contains two large features – one with typical DNA colony

profile and second with very different topography indicative of

a combined DNA colony, and d) cross-section of feature #10, an RCA

DNA colony with height �57 nm and full width at half the maximum

height (FWHM) of 310 nm.
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areas (avidin rinsing or removal by higher temperature incuba-

tions and DNA colony stability) with the same characterization

techniques we have previously described, such as fluorescence,

ellipsometry and AFM. These are areas of process and materials

development that we continually optimize.

The smallest DNA colony features measured in Fig. 4

(possibly single DNA colonies) were 42 � 9 nm (n ¼ 4) height

with width of 196� 21 nm.While the AFM height is known to be

accurate to within 0.1 nm on most AFM instruments, the accu-

racy of the width measurement is typically limited by the width of

the AFM tip, where the tip itself can be traced by the smaller

diameter surface protrusion (pseudo-tip). Including the larger

DNA features numbered in Fig. 4b (which may be more than one

colony), the average feature height was 67 � 39 nm (n ¼ 9) with

width of 262 � 91 nm (note the larger standard deviation). These

values are within the expected range, with a DNA colony size of

100 to 300 nm expected in buffer.
Detection of PPi from T4 polymerase reactions in solution

In order to demonstrate PPi sensing by SOI-FET devices modi-

fied with both chelator and DNA, we first exposed the devices to

25 mM PPi standard solution, as shown in Fig. 5a and 5b, and

observed a +0.41 V and +0.42 V shift in threshold voltage in the

positive direction. These values were obtained from two similar

devices on the same chip. The results observed for these devices

(DVt > 0) were consistent with the initially expected shift dictated

by charge effects induced by the negatively charged PPi on the

p-type device (DQ > 0) but opposite the effect observed in the PPi

titration experiments reported in Figure S1. Since the surface
This journal is ª The Royal Society of Chemistry 2012
modification contains avidin, DNA and a linker molecule in

addition to chelator, there may be complicated interactions on

the surface and between different domains on the surface

(disordered monolayer) that are not observed in the chelator only

modified devices.

Following this initial test, we progressed to detection of PPi

from off-chip DNA reactions with T4 polymerase in the presence

of linear DNA and dGTP perfect match (PM) or dTTP

mismatch (MM) nucleotide triphosphates, as shown in Fig. 5c

and 5d. The current–voltage transfer characteristic was initially

measured in Tris control buffer. PPi sensing from DNA base

incorporation reactions in solution was observed on several

devices but for simplicity in this discusion we focus on the results

from one device as a function of a series of independent experi-

ments. When the FET sensor was exposed to an off-chip reaction

mixture containing hairpin DNA2 (sequence information

provided in the experimental section) and the matching base

(dGTP) with T4 polymerase, we detected a positive change in

threshold voltage of +0.49 � 0.08 V (n ¼ 3) for the dGTP perfect

match solutions at 1nA relative to the control buffer (n ¼ 3,

normalized to DVt ¼ 0) as presented in Fig. 5d. The shift in

threshold voltage was in the same direction as the devices

exposed to 25 mMPPi standard solution in Fig. 5a and 5b. Thus,

the device response was consistent with the detection of PPi

generated from T4 + dGTP base incorporation reactions on

hairpin DNA2 in a reaction tube, as expected. After a 0.1M

acetic acid wash to remove the PPi bound to the Zn2+ and

chelator complex, the chip was exposed to a control solution

containing hairpin DNA2, polymerase and a non-matching

base (dTTP), which resulted in a threshold voltage shift of

+0.11 � 0.14 V (n ¼ 3) compared to the initial buffer condition.
Detection of PPi from DNA colony reactions on surface

In the final set of experiments, illustrated in Fig. 5a and 5e, a T4

polymerase enzymatic reaction solution containing more than

one base (dGTP + dCTP) was added to the chelator and DNA

colony modified chip and measured before and after incubation

at 37 �C. Reaction times for these on-chip experiments were

typically 30 min in order to closely follow the typical assay that

we performed for the hairpin DNA. Control experiments with

buffer solution and control solutions missing the full comple-

ment of base incorporation reaction components did not typi-

cally induce changes in threshold voltage, as expected. However,

PPi generated from a positive T4 polymerase reaction on DNA

incorporating the matching bases dGTP and dCTP produced

a threshold voltage shift to more positive potentials, as observed

in Fig. 5e. As in previously described experiments, the PPi could

be stripped from the chelators with an 0.1M acetic acid rinse and

the response in buffer was similar to that observed before the

base incorporation reaction.

For the bar graph in Fig. 5e, where PPi was generated from T4

polymerase reactions on DNA colonies immobilized on chip

after exposure to a multi-base (dGTP and dCTP) extension

solution and incubation at 37 �C, the observed threshold voltage

shift was +0.23(4) � 0.00(3) V from one device and n ¼ 3 inde-

pendent solution exposures or experiments compared to initial

buffer measurements. In comparison, for three separate control

reactions missing T4 polymerase, but still containing other
Analyst

http://dx.doi.org/10.1039/c2an15930a


Fig. 5 Label-free detection of PPi on chelator- and DNA-modified FET devices: a) schematic of a simplified chelator + DNA colony device surface as it

is exposed to three different PPi sources including PPi standard solutions (top row), PPi generated in a reaction tube by polymerase reactions incor-

porating a matchingDNA on linear DNA in solution (middle row), and PPi generated by multi-base (dGTP + dCTP) incorporation reactions on surface

immobilized RCADNA colonies (bottom row), b–c) response of two different devices on same chip to 25 mMPPi standard solution in 1x PBS buffer, d)

bar graph representing average of 3 measurements on same device after exposure to perfect match (PM) dGTP off-chip reaction solution, resulting in

a positive change in threshold voltage (+0.49 V) compared to the control mismatch nucleotide solution (+0.11 V) and e) bar graph representing the

average response on same device after 3 independent on-chip DNA polymerase reactions at 37 �C, generating PPi (+0.23 V), compared to incubations in

reaction buffer at 22 �C with no DNA polymerase reactions (+0.03 V).D
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components and the nucleotide bases dGTP and dCTP an I–V

transfer characteristic similar to the reaction buffer, with

a minimal threshold voltage shift of +0.03 � 0.01 V was

observed, as expected. Therefore the shift in threshold voltage

observed in Fig. 5d after DNA polymerase reactions on DNA

colonies on-chip was in the same direction as the devices exposed

to 25 mMPPi standard solution in Fig. 5a and 5b and the hairpin

DNA 2 PM solution in Fig. 5c and is consistent with the label-

free chelator-based detection of PPi generated on the SOI-FET

surface.

The magnitude of the shift was approximately half that of the

other experiments with 47% of the hairpin DNA2 shift and 55%

of the 25 uM PPi standard threshold voltage shift, which was

better than expected. Using reaction times similar to what was

used for tube reactions (�30 min) we were able to generate PPi in

sufficient concentration to bind to the surface immobilized

chelators on the SOI-FET sensor and detect the response. We did

not find it necessary to modify our polymerase reaction protocol

significantly in transitioning between a tube-based assay and a

surface-based assay, which may be an advantage of the separate

functions of the PPi-generating DNA colony and PPi-capturing

chelator. The chelator-based sensing mechanism does not require
Analyst
high-density DNA loading on the surface, which can affect how

well polymerase or other enzymes can interact with the DNA.

With an average of 75 PPi-generating reactions per DNA

colony, as described in a previous section, at least 2500 PPi

molecules were produced per colony for a single base incorpo-

ration reaction. Given the observed surface coverage of

�1 colony/mm2 for the 1 : 5 chelator to linker deposition condi-

tion reported in Fig. 2d, a 2 mm2 reaction area on the chip surface

and a solution volume of 2 mL, this reaction generated at least

7.5 � 109 PPi molecules, corresponding to a PPi concentration of

6.2 nM if all the PPi molecules dispersed into solution before

being captured on the surface. It is possible that the fluorescence

labeling method used to estimate �1 colony/mm2 underestimated

the number of DNA circles or colonies undergoing polymerase

reactions and generating PPi. With the T4 polymerase reaction,

the concentration of PPi molecules increases with time given

a sufficient amount of DNA and nucleotides, so the concentra-

tion of PPi in solution for a multi-base (dGTP and dCTP)

extension reaction was expected to be much higher than 6.2 nM

after 30 min. We expected the DNA colony-based reactions to

produce at least 1–10 mMPPi based on SOI-FET results obtained

on tube-based T4 polymerase assays, separate DNA colony
This journal is ª The Royal Society of Chemistry 2012
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measurements on other types of electrical devices, and lumines-

cence based assays. While we did not conduct a full titration

experiment for the chelator and DNA colony modified chips, as

we did for the chelator-only modified FET devices described in

Figure S1, we did test the response of chelator + DNA devices to

1 mMand 10 mMPPi standards in T4 polymerase reaction buffers

and did observe a positive shift in threshold voltage with

increasing PPi concentration, with the size of shift consistent

with the results reported in Fig. 5.
Conclusions

We describe surface-sensitive electrical detection using a molec-

ular interface on silicon-on-insulator (SOI) FET devices designed

to capture diffusible pyrophosphate (PPi) generated by poly-

merase reactions on surface-immobilized DNA. We demon-

strated three types of PPi detection by chelator-modified FET:

PPi standards in solution, PPi generated from enzymatic DNA

reactions on linear DNA in solution, and PPi generated from

enzymatic DNA reactions on surface-bound DNA. This work is

unique and important in several aspects. The PPi-specific

chelator that we have synthesized is used for the first time for

label-free (non-fluorescent, non-luminescent) electrical detection

of enzymatic DNA base incorporation reactions, demonstrating

a key function for potential DNA analysis applications. The

response is concentration dependent and reversible. These results

are enabled by a specific set of well-characterized surface modi-

fications that enable the co-attachment of chelator on the surface

in close proximity to surface-bound DNA reaction sites. In order

to minimize the occupation sites of DNA compared to the

chelator capture molecules on the sensor surface, we employ an

amplification procedure (RCA) that generates a large number of

PPi signaling molecules in the vicinity of one DNA attachment

site. Coupled with the chelator-modified field-effect sensor, this

represents a relatively new approach to electrical detection of

enzymatic DNA base incorporation reactions and is scalable

within the limits of the sensitivity of the sensor. Although the

results described in this work were from PCR amplified DNA, we

have also demonstrated RCA DNA colony formation from total

genomic DNA on patterned silicon oxide substrates in parallel

studies. Therefore, the RCA and SOI-FET detection methods

described in this paper can be extended to complex DNA samples

from a variety of sources without pre-amplification or selection.

With these results a label-free approach for sensing DNA

polymerase reactions on surface-immobilized DNA using

PPi-sensitive sensors can be optimized for a variety of applica-

tions. This work can be applied to the development of massively

parallel electronic sensor arrays for PPi-sensing based applica-

tions such as portable, integrated systems for DNA analyses,

such as genotyping or DNA sequencing.40,41 In addition, the

general principle of chelator-modification of scalable SOI-FET

devices can be extended to highly parallel electronic sensing of

other biochemical reactions for a wide variety of applications

beyond DNA sequencing.
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