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Abstract
For sensors detecting immobilized biomarkers, the interface between the surface and the fluid
medium plays an important role in determining the levels of signal and noise in the electrochemical
detection process. When protein is directly immobilized on the metal electrode, denaturation of the
protein by surface-protein interaction results in low activity and low signal level. The conducting
polymer based interface can prevent the protein conformation change and alleviate this problem. We
introduce the DNA-dendrimer into the interfacial film on the sensor surface to further improve the
sensor performance. DNA-dendrimer is a nano-scale dendrite constructed of short DNA sequences,
which can be easily incorporated into the abiotic conducting polymer matrix and is biocompatible
to most bio-species.

In this work, DNA-dendrimer and polypyrrole (DDPpy) form the bio-abiotic interface on
electrochemical sensors. Detections of two salivary protein markers (IL-8 and IL-1β) and one mRNA
salivary marker (IL-8) were used to demonstrate the efficiency of the DDPpy sensor. The limit of
detection (LOD) of protein has achieved 100-200 fg/ml, which are three orders of magnitude better
than that without the DNA-dendrimer interface. An LOD of 10 aM was established for IL-8 mRNA.
The typical sample volume used in the detection is 4 μl, thus the LOD reaches only 25 target molecules
(40 yocto mole).
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1. Introduction
The signal transduction from the biological world to physical domain, or vice versa, is a
common and challenging task. For example, if in vivo neural signals can be successfully read
out through array of probes, we can obtain much better understanding of neural networks’
function.[1,2] Additionally, if proper multiple control signals can be fed into neural networks,
muscle motion control of disabled patient will be only one of many exciting applications.[1,
3] The signal transduction efficiency between the biological world and engineering devices
critically depends on the bio-abiotic interface. In this work, we introduce nano-scale DNA-
dendrimer embedded conducting polymer interface, which can significantly improve
sensitivity of biomarker sensors by orders of magnitude.

Various methods have been reported to construct the interface for facilitating signal
transductions. Functional biomolecules can be immobilized onto self-assembled monolayers
(SAMs) on silicon, gold or polymer through direct chemical bonding[4-7] or indirect binding
of biopolymers such as streptavidin [8,9] and protein G [10,11]. Thin film of biopolymer is
commonly used to increase the affinity and stability of immobilized biomolecules[12,13].

Among these materials, conducting polymer (CP) is extensively applied as an easy-fabricating
and biocompatible supporting material for a diverse array of analytes.[14-19] Currently, most
of the existing CP based biosensors incorporate bio-molecular probes, such as a
oligonucleotide, antibody and enzyme, directly into polymer film by mixing them with
monomer solution immediately before the electro-polymerization.[20-22] In some cases,
adding anionic surfactant would help to increase the immobilization efficiency. In this way,
biomolecules will not suffer from denaturation of chemical bonding and can be immobilized
through a single step fabrication procedure.

We will demonstrate that the combination of abiotic polymer substrate and bio-dopant will
generate a biocompatible and widely applicable interface for detectors with multiple
applications. Since conducting polymer and bio-nano dopant particles intrinsically share
similar porous structures and surface charge properties, they are compatible and beneficial for
signal transduction between bio and abiotic materials. Polypyrrole (Ppy) was chosen as the
abiotic conductive polymer material because it is a commonly used polymer and can be very
easily fabricated through electro-polymerization. DNA-dendrimer, which is commercially
available, has the advantage of excellent stability and is negative charged, and was therefore
chosen as the bio-nano dopant. DNA-dendrimer is a dendrite constructed by short DNA
sequences. [23,24] The basic unit of DNA-dendrimer is DNA monomer with two DNA stands
sharing part of the sequence which forms stable double strand, and the remaining portion being
free for further hybridization or modification. Integration of identical or different forms of
DNA monomers forms a dendrite structure. Due to the unique property of being heavily
negatively charged, the incorporation of a DNA-dendrimer into conducting polymer is
effective. Furthermore, these DNA-dendrimers can be customized to accommodate binding
sites for small molecules, such as biotin and fluorescein. Multiple binding sites, 5-1000 on
each dendrimer particle, are expected to significantly increase the density of immobilized
biomolecules. The properties of such interface were tested by DNA-dendrimer-linked DNA
and antibody through the bio-sensing applications.

Results
Surface patterning of DDPpy by electro-polymerization

When electrochemical bio-sensor [25-27] is used, the target molecules need to be immobilized
specifically on the working electrode (WE) but not on the counter electrode (CE) or the
reference electrode (RE). Most commonly, lithographic process needs to be applied to pattern
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the capture probes onto WE. For the DDPpy based sensor platform, target molecules can be
patterned on the WE by a simple electrical polymerization process without multiple steps of
blocking and lithographic processes. The formation of DNA-dendrimer Ppy (DDPpy) is
illustrated in Figure 1(a). The DNA-dendrimer was pre-labeled with streptavidin and then
mixed with non-labeled pyrrole monomer. By applying voltage across the WE and CE, the
DNA-dendrimer guided polypyrrole can be polymerized only on WE and not elsewhere within
5 minutes. The process was carried out in a typical laboratory environment without the
requirement of a clean-room and laborious lithographic processes. The thickness of the DDPpy
film is measured to be ca. 51.5 ± 3.0 nm by profilemeter. Details of characterization are
available in the supporting information.

DDPpy is electro-polymerized on WE of a 16-array chip with a designed spiral structure (Fig.
2(a-b)). This simple patterning process of DDPpy on WE can be visualized by using
fluorescence imaging. The DDPpy sensor chip is incubated with atto-488 labeled biotin. The
bright-field image of the DDPpy electrode is shown in Figure 2(c) and the fluorescence image
is shown in Figure 2(d). The WE shows 10 times higher fluorescent signal on average than
those of the CE and glass substrate. Based on the high contrast and the sharp edge of the
fluorescent images, direct polymerization patterns DDPpy on WE and the activity of the
streptavidin is well maintained.

By placing droplets with either biotinylated anti-body or nucleic acid probes on the islands,
array of sensors can be fabricated for detecting a variety of different targeted molecules (Fig.
1(b)).

Controlling the dendrimer surface density in DDPpy
Surface morphology and coverage of the binding sites are critical factors for determine the
performance of surface immobilized molecular sensor. Sparsely distributed molecules result
in a low number of binding targets. While very crowded surfaces would restrict the recognition
process because of the limited free space [28] and generate low surface binding efficiency
[29-32]. Surface density of binding sites is directly proportional to the concentration of DNA-
dendrimer in the polypyrrole matrix. We can effectively control of the numbers and the
distribution by appropriately applying the time duration for electrical polymerization of DNA-
dendrimer. A series of experiments on different polymerization time have been performed and
the data are summarized in Table 1. SEM (Hitachi S4700 SEM, Japan) was used to characterize
surface morphology and coverage of DDPpy. For short polymerization time of DDPpy (Fig 3-
a, b), dendrimer particles have low surface occupancy and in random orientations. As the
polymerization time increases (Fig.3-c, d), surface coverage increase monotonically. The
surface density of the exposed dendrimer can be controlled by varying the duration of electro-
polymerization. At high magnification (Fig 3-e), the picture shows that dendrimer particles
tend to adopt an upright orientation. Since the electro potential is perpendicular at the surface,
the negative charged DNA-dendrimer aligns its orientation. [28,33-36] The average particle
size is calculated to be 60~80 nm, which is very close to the value provided by the dendrimer
manufacturer. Assuming that a monolayer of DNA-dendrimer is exposed on Ppy surface (Fig.
3-f), the surface density of dendrimer is ca. 1.2 pmol/cm2 after 500s of square-wave electrical
polymerization.

Applications for bio-molecular sensing
Amperometric detection combined with sandwich immunoassay is a robust method to detect
low concentration of analytes (20). Here we use dendrimer that is embedded in conducting
polymer to establish an interface for facilitating the transduction from bio-chemical reactions
to electronic output signal.
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In order to demonstrate the efficiency of the bio-abiotic interface, a combination of salivary
biomarkers, IL-8 RNA, IL-8 protein and IL-1β protein were used in the buffer. These three
markers have been proven to be able to specifically detect oral cancer. [37] The levels of these
3 biomarkers in oral cancer patients are significantly higher than those in healthy people and
can therefore be used as reference to screen the oral cancer patient. As reported, the average
concentrations of IL-8 and IL-1β proteins in patients are about several thousand pg/ml while
less than several hundred pg/ml in healthy subjects. [38] However, for each individual, the
level of protein marker may vary from pg/ml to ng/ml for both cancer patients and control
group. Thus, the salivary protein sensors will be needed to provide quantitative response in the
wide range of pg/ml to ng/ml, and high sensitivity with LOD of sub pg/ml. For IL-8 mRNA,
the average level in cancer patients is about 16 fM and 2 fM for healthy people. Again, for
each individual, the level in clinical sample ranges from aM to several pM. Requirement for
dynamic range is from aM to pM and the LOD would therefore be in sub fM range.

The first experiment illustrates the necessity of conducting polymer. On gold electrode,
proteins will experience denaturing problems. The interfacial polymer film can prevent this
conformational change in the proteins. Due to low efficiency to encapsulate the neutral protein
into conducting polymer, the sensor without the interfacial polymer has a higher signal level
than that of Ppy-only sensor (Fig. 4). However, the background noise of the bare sensor is high
and indicates denatured protein on the gold surface. The LOD of Ppy sensor is in the low ng/
ml range, while the bare sensor is only in the low μg/ml range. These results indicate that the
conducting polymer is an effective interface material for maintaining the activity of the proteins
on sensor surface.

To demonstrate the improved interfacial property by adding dendrimer to Ppy, comparative
immunoassays between Ppy-only and DDPpy were carried out in parallel. In the controlling
experiments, Ppy-only film, biotinylated Mab was directly doped into polymer film by using
the same parameters as the DDPpy formation. As the results show in Figure 4, DDPpy
immunosensors exhibit much higher output signals than the Ppy sensor under the same target
concentration. At 2.5 μg/ml of IL-8 target protein, DDPpy sensors generate about 15 times
higher current (−2660 nA) than that of the no-dendrimer controlled case (−176 nA). In addition,
the signal of blank control on DDPpy is −17 nA, which is much lower than −55 nA of Ppy
sensor, indicating that DDPpy also resists non-specific protein adsorption. In terms of signal-
to-background ratio (SBR), DDPpy sensors achieved a SBR as high as 38 with the IL-8
concentration of 25 ng/ml, while Ppy sensor only produced a SBR of 1.4 (Fig. 4(b)).

Moreover, repeatability of these two surfaces is also different. Regarding the signal error level,
on average, DDPpy immunosensors result in the signal variation of 1~2 nA in the same batch
and 3~4 nA between batches. Variations for Ppy sensors are noticeably larger, 3~4 nA, within
the batch and >20nA between batches. These results suggest that the dendrimer, the bio-abiotic
interface, in DDPpy immunosensor has played significant role in enhancing the sensitivity and
repeatability.

Figure 5(a)-(b) illustrates the linear concentration profile for detection of IL-8 and IL-1β protein
in low concentration range. LOD is about 200 fg/ml for IL-8 protein and 100 fg/ml for IL-1β
protein, which are about three orders of magnitude better than that of Ppy-alone sensor. For
concentration range covers from 0 to 25 ng/ml, Langmuir isotherm profiles were observed
(inserts of Fig. 5(a)-(b)). The amperometric response (I) has the following relationship with

concentration: . K is the binding constant which relates to the surface binding
equilibrium. Regarding the multiple layer based surface recognition process, there may exist
complex Langmuir curve at high concentration range, especially for protein surface. In our
experiment, multiple layers follow the Langmuir equation or more complex surface model has
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been observed. Here we only look the single Langmuir isotherm before the first monolayer
saturation (less than 25 ng/ml for IL-8 and IL-1β protein). According to the single Langmuir
isotherm, the fitting results are listed as the following:

For IL-8 protein, K =1.0±0.2×10−5 (fg/ml)−1 (9.5±1.1×1010 M
−1,MW=8kD) ;

for IL-1β protein, K = 4.2 ± 0.9 ×10−6 (fg/ml)−1 ( 7.5 ±1.5×1010 M
−1 ,MW = 17.4 kD)

The binding constant K from the curve fitting is close to the 1/kd between monoclonal antibody
and antigen in solution, which indicates that the DDPpy film maintains the bioactivity of the
protein on surface by constructing the bio-abiotic interface.

In addition to proteins, other molecular probes, e.g. oligonucleotide, can be immobilized
efficiently via specific conjugation with DDPpy. Using hairpin DNA probe to provide the
hybridization selectivity, IL-8 mRNA (NM_000584), another salivary biomarker for oral
cancer, was detected by the DDPpy sensor. The signal amplification was achieved by applying
HRP and TMB/H2O2. By immobilizing the hairpin probe on the DDPpy surface, the steric
hindrance effect inhibits the HRP conjugate binding to target-free probe[39], resulting in very
low background signal. Therefore, the distance between the surface and reporter label of the
probe will be a major factor to the detection process. [40,41] Upon target binding, the reporter
is removed from the surface into the solution. Therefore the restriction by the surface is
diminished. Conjugated HRP binds to the fluorescein and the current signal output will then
increase above background. By applying the concept of hairpin probes to DDPpy platform and
determining the optimal separation distance between the probe and the surface, we developed
a DDPpy based electrochemical detection of RNA with large dynamic range from 10 aM to
10 pM, shown in Figure 5(c). Most significantly, the limit of detection (LOD) of the RNA is
about 10 aM with 4 μl of sample (about 40 ymol or 25 copies) in buffer system. The current
LOD of conducting polymer sensor is about 5 fM for short DNA/RNA fragment[42,43] even
by abiotic nanoparticles without this bio-abiotic interface.

The above results demonstrate the ability of DDPpy sensor for high sensitivity and wide
dynamic range. Furthermore, the dynamic range of the DDPpy sensor could be adjusted by
changing the recognition surface. In the application for ultra sensitive detection, small amount
of primary/secondary antibody and long time passive incubation are applied. In order to move
the dynamic range to high concentration, increased amount of primary/secondary antibody and
short time active incubation under electrical field were applied. With the modified protocol,
the linear range covers from pg/ml to several hundred ng/ml (data not shown).

Discussion
From the comparison between sensors with pyrrole only or with DNA-dendrimer bridged
pyrrole interface, DDPpy film exhibits much better bio-affinity and higher specificity of
detecting immobilized proteins. The LOD of current bio-abiotic interfaced DDPpy sensor is
better than LOD of the sensors with interfaces of abiotic nanoparticles and abiotic polymer.
[19,43] These results indicate that the bio-abiotic interface greatly improved the signal
transduction process.

In addition, the bio-abiotic interface provides wide possibilities for a flexibly designed sensor.
The interfacial film embedded with DNA-dendrimer has multiple binding sites that can be
labeled with multiple types of probes. In this work, biotinylated protein and RNA were served
as the targeting molecules, thus streptavidin labeled DNA-dendrimer was selected. Since the
basic unit of DNA-dendrimer is oligonucleotides, tags other than streptavidin can be
conjugated with the DNA-dendrimer. The labeling for bio-molecule target is therefore not
limited to biotin. Additionally, one DNA-dendrimer could be constructed by many varieties
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of oligos with different tags. And the DNA-dendrimer composition could be synthesized
according to the needs of multiple types of target detections.

For conducting polymer (CP) based sensor, the electrical field assisted polymerization
simplifies the surface patterning process not only for abiotic polymer, but also for the bio-nano
dopant particles, DNA-dendrimer. If only one type of DNA-dendrimer will be used, the
nanoparticles can be mixed with CP and patterned at the same time. If different types of DNA-
dendrimer are needed for multiplexing detections, the negatively charged nanoparticles can be
patterned at desired sensor sequentially. The time scale for each step is from several seconds
to several minutes.

Except for Ppy in this work, CP layer could be made of various kind of conducting polymer,
such as poly(3,4-ethylenedioxythiophene) (PEDOT)[44]. The supporting substrate is not
limited to be gold, which can be substituted by other conducting or semi-conducting material,
such as platinum, ITO and silicon.

Many other detection methods other than electrochemical sensing are applicable for the DDPpy
platform. In particular, due to the electrical conductivity of CP, surface binding of specific
target will block electron transfer between mediator and CP surface. As the result, the
electrochemical impedance will be increased. This change can be used as a label-free detection
method.

Conclusion
An ultra-sensitive electrochemical sensor is enabled by the interfacial thin film formed by
conducting polymer with embedded nanoscale DNA. This bio-abiotic interface increases the
signal level and reduces the denaturation of bio-species. DDPpy also shows excellent
controllability of the non-specific binding.

Three salivary bio-markers for oral cancer, IL-8 protein, IL-1β protein and IL-8 mRNA, are
used to demonstrate the DDPpy interfaced amperometric sensor. The LOD of salivary protein
can reach 100-200 fg/ml, which is 3 orders of magnitude higher than that of Ppy-only surface
treatment. For IL-8 mRNA, the LOD is about 10 aM (about 40 ymol) in 4 μl sample volume.

Experimental Section
Surface fabrication of DNA-dendrimer-directed Polypyrrole electrodes

The DNA-dendrimer (Genisphere, USA) with diameter of 70-90 nm has 2-4 streptavidin. For
electropolymerization, the dendrimer was diluted with 1×PBS (pH 7.5, Invitrogen, USA) in
the volume ratio of 1:200 and with pyrrole (Sigma, USA). The final pyrrole concentration is
about 10 mM. The electrodes were immersed in the mixture before electropolymerization. The
pattern of chip composed of 16 sets of 3-electrode system were designed and fabricated via
photolithography (Figure 2a-b). After the glass substrate was thoroughly cleaned, 5 nm thick
of Ti layer and 20 nm of Au were evaporated onto glass sequentially.

Cyclic square-wave form electrical field was used for electro-polymerization. [45] Each cycle
of square-wave consists of 9s at the potential of +350 mV and 1s at +950 mV, and totally 20
cycles of square-waves were applied. The whole process lasts for 200s. After the
polymerization, the electrode was rinsed with ultra pure water (18.3 MΩ·cm) then dried by
pure N2. The effects of DDPpy thicknesses to signal to background level were carefully studied.
With the optimized condition, the thickness of polymer film was measured triplet mode by
profilemeter (Dektak 6 Surface Profile Measuring System, Veeco) with the value of is 51.5 ±
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3.0 nm. Detailed description of thickness and XPS spectra are provided in the supplementary
materials.

Immunoassay
For protein detection, biotinylated human IL-8/IL-1β monoclonal antibody (0.01 mg/ml, 4
μl) (Mab) (Pierce, USA) in 1×PBS was loaded onto electrodes to be conjugated with the
streptavidin dendrimer. The incubation time was 30 min followed by washing and drying.
Human IL-8/IL-1β (4 μl) (Pierce) in different concentrations was loaded onto DDPpy-Mab
surface, which was diluted by the standard diluent from the Pierce IL-8/IL-1β ELISA kit. The
incubation time was 30 min, followed by washing and drying. Then the secondary HRP
conjugated human IL-8/IL-1β Mab (1:100, 4 μl) was added for 30 min in the HRP dilution
buffer from the Pierce IL-8 ELISA kit. After washing and drying, 3, 3′, 5, 5′
tetramethylbenzidine substrate (TMB/H2O2, low activity) (Neogen, USA) was loaded and
amperometric detection was carried out by applying −200 mV potential to each electrode unit,
followed by parallel signal read-out after 60 s equilibration. All the potentials are referred to
Au reference electrode. The gold reference electrode has been determined to be +218 mV vs.
SCE by measuring cyclic voltammetric curves of 0.1 mM [Fe(CN)6]3-/4-.[26] In all the steps,
the solutions were loaded onto the whole area of micro-patterned electrode region including
working electrode and counter electrode.

mRNA detection
For RNA detection, after the polymerization of the electrode, 10 nM biotin and FITC dual-
labeled hairpin probe (4 μl) (Operon, USA) in 1×Tris-HCl was load onto the electrode to be
conjugated with the streptavidin dendrimer. The hairpin sequence is GAG GGT TGC TCA
GCC CTC TTC AAA AAC TTC TCC ACA ACC CTC, which is calculated based on MFold.
[46,47] The chip was washed and dried after 30 min of incubation. Then in vitro transcript IL-8
RNA (4 μl) in different concentrations was loaded onto the hairpin probe-coated surface. The
hybridization buffer is 1×Tris-HCl containing 10 mM MgCl2. Another 30 min of incubation
is required, followed by washing and drying. To generate specific signal amplification for
hybridized oligo, secondary HRP conjugated with anti-FITC antibody (4 μl) was incubated
with electrodes for 30 min. The chip was washed and dried. Lastly, measurements were carried
out with the same parameters as in amperometric protein detection.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic process of (a) DDPpy formation and (b) the application in DDPpy directed
multiplexing immobilization of biomolecules.
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Figure 2.
Patterning of DDPpy via electrical field. (a) 16-array electrochemical chip and (b) the 3-
electrodes configuration. The size of total 16-array chip is 2.5 cm × 7.5 cm. Bright field image
(c) and fluorescence image (d) of the DDPpy working electrode (WE) and bare gold counter
electrode (CE) after being incubated with biotinylated atto-488 are also illustrated.
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Figure 3.
SEM images of DDPpy surface and Ppy-only surface. (a-d): DDPpy after being polymerized
for 50s, 150s, 300s, 500s with 20 k magnification. (e): DDPpy after being polymerized for
300s with 70k magnification. (f): Ppy after being polymerized for 500s with 20k magnification.
Scale bars are illustrated for each image.
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Figure 4.
Signal comparison of (a) electrochemical current data and (b) signal-to-background-ratio from
amperometric IL-8 protein assays by applying (1) DDPpy sensor, (2) Ppy-only sensor and (3)
direct covalent bind without polymer.
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Figure 5.
Concentration profile by plotting amperometric current intensities with correspondent (a) IL-8
protein (R2=0.99 for low concentration), (b) IL-1β protein (R2=0.99 for low concentration) and
(c) IL-8 RNA (R2=0.98) concentration with the linear fitting results. The sensor response from
0 to 25 ng of IL-8 and IL-1β protein are listed in the inlets fitted with Langmuir isotherm.
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Table 1

Parameters measured by surface characterization of DDPpy electrode.

Polymerization time
(s) Particle diameter (nm) Surface coverage

(%)
Surface concentration

(pmol/cm2)[a]

50 40 0.5 0.02

150 62 5.5 0.24

300 78 8.5 0.35

500 70 35.2 1.21

[a]
The surface concentration is calculated by the surface coverage percentage and the average particle size under the assumption of monolayer for

DDPpy film. This assumption is supported by the 50 nm film thickness (see supporting material for detail).
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