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1.2.5.3 Label-free analytes

Nanodevice based sensing is widely studied not only for single molecule sensitivity and potential
application in analyzing sample heterogeneity, but also for label-free analyte detection. Unlike other
single molecule detection techniques such as fluorescence imaging or radioisotope labeling, the analyte
is detected in the native state without any modification. Analytes present in solution can be driven by
the externally applied field due to electrophoresis if they are charged under the measurement condi-
tions. Since no analytes labeling/modification is involved, the nanodevice based sensing often requires
less sample and less time consuming sample preparation, thus it is more efficient and economical com-
pared to techniques which require labeling. More important, as the analytes are detected in their native
state, this excludes signal distortion introduced by molecule labeling or mutation.

Besides the sensitivity to detect single molecules, the sample heterogeneity analysis, and the
practical advantages in label-free analyte handling, nanodevices possess other advantages that make
them a powerful sensing tool. For example, fabricated solid-state nanodevices can be durable and reus-
able. Furthermore, as solid-state nanopores and nanodevices can be integrated into devices and arrays,
sensors based on solid-state nanodevices can be made as portable devices, as the whole set up simply
involves an external applied electric field through the sensing part. This is overwhelmingly competitive

than other related tools.

1.2.6 Challenges in DNA sequencing

Resolution at the single molecule level has been achieved in stochastic sensing applications us-
ing various nanodevices. The feasibility and efficacy of nanopore based rapid and low-cost DNA se-
quencing have been demonstrated. Significant progresses have been achieved.”* However, there are still
challenges to be resolved.

Typical biological nanopore systems involve a protein situated in a lipid bilayer membrane. The

main challenges for biological nanopores arise from the stability issues of protein and lipid bilayers. Lipid









95

5.2 Results and Discussion

5.2.1 Experiments: | X SResponses of Conical Nanopores

Figure 5.1 The i—V curves from a 32-nm-radius nanopore in 50 mMKCI pH 3 (red) and pH 9
(blue) solutions. (A) silica surface and (B) surface modified with 3-aminopropyldimethylethoxysilane. The
scattered symbols represent the simulated current computed from the optimized surface charge pa-
rameters discussed later. The dashed line represents the volume conductivity calculated based on geo-
metric resistance in 50 mMKCI. (Reprinted with permission from ref. 114. Copyright (2012) American
Chemical Society.)

Representative experimental i—V curves from single conical nanopores corresponding to cases
A-D are shown in Figure 5.1. A nonlinear i—V curve, well-known as ion current rectification (ICR), origi-
nates from the asymmetric ion flux defined by a charged surface inside an asymmetric nanochannel de-
vice.”™ Before surface modification, the silica surface at pH 9 is negatively charged (case A). The current
at a positive applied potential (the bias is applied between an Ag/AgCl working electrode outside versus
another Ag/AgCl electrode inside the nanopore) is larger than that at a negative applied potential (Fig-
ure 5.1 A, blue line) referred to as high and low conductivity states, respectively. For the same nanopore
in a pH 3 solution, the silica surface is mostly neutralized due to the protonation of surface silanol
groups (case B). Thus the surface effect diminished and the i—V curve approached linearity (Figure 5.1A,
red line). A linear i—V curve (dash line) calculated based solely on the volume/geometric conductivity
(no surface factors) was provided for comparison.*®

To avoid cross-linking of trifunctional (alkoxy or halide) silanes that could clog the nanopores, 3-

aminopropyldimethylethoxy silane was used. The surface coverage is known to be ~20% on planar sur-
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face 153,154

After modification, some surface silanol groups are converted into amine terminal groups.
Therefore, the surface will be less negatively charged (case C) compared to that from unmodified na-
nopore (case A). This is supported by the less rectified i—V curves at pH 9 in Figure 5.1B versus that in
Figure 5.1A. At pH 3, the surface became positively charged as ~NH>* carry positive charges and silanol
groups are neutralized (case D). A reversed ICR is observed accordingly, attesting the surface modifica-
tion. The change in nanopore geometry is considered negligible in all four scenarios.

In an earlier report'*® and shown next, the SCD near the nanopore orifice can be quantitatively
determined from the current at a high conductivity state by fitting the experimental results via solving
the Poisson and Nernst-Planck equations in simulation. The positive charges from the amine modified
surface in a pH 3 solution can be determined similarly. The fitting of the results shown in Figure 5.1 from
the amine surface give a SCD of +70 mC m corresponding to ~0.4 amine groups per nm” (1 e nm? =
-160 mC m) at pH 3. Unfortunately, neither the SCD nor the coverage of surface functional groups
could be directly characterized at nanometer scale spatial resolution. Considering the total silanol densi-

154 the

ty at 4.9 per nm” and type | (isolated) silanols at ~20% are most reactive for monoethoxysilanes,
results find reasonable agreements with the bulk values determined from the planar surface. The analy-
sis of bare glass (Figure 5.1A) gives a SCD of -50 mC m™ (0.3 silanol groups per nm?) and -32 mC m™ (0.2
silanol groups per nm?) after silane modification (Figure 5.1B) in pH 9 solution. The decrease in negative
SCD after modification is due to the replacement of silanol groups with amino groups. The variation of
total surface sites (no. at pH 3 + no. at pH 9) before and after modification might indicate the conversion

133154 Similar results have been

of different types of silanol groups during the surface chemical reaction.
observed from other nanopores with different sizes. The data from a 50 nm radius nanopore before and

after modification is provided in Figure 5.2, which shows much more significant ICR at both positive and
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Figure 5.2 The i—V curves from a 50-nm-radius nanopore before (silica surface) and after
(amine surface) modification with 3-aminopropyldimethylethoxysilane in 50 mM KCl solutions in differ-
ent pH conditions. The solution pH was determined by a pH meter and adjusted by the addtion of con-
centrated HCl or KOH solutions. The dash line represents the volume conductivity of the same nanopore
geometry in 50 mM calculated based on pure geometric resistance. (Reprinted with permission from ref.
114. Copyright (2012) American Chemical Society.)
negative potential polarities. The higher surface effects from a slightly larger nanopore (50 nm vs 32 nm)
demonstrate the heterogeneity of the nanodevices, demanding a surface charge description. Note one
charge (or one functional group) per nm? corresponds to -160 mC m™2, thus the distribution or charge
variation of surface functional groups within the mass transport limiting nanopore region could easily
cause these observed heterogeneous responses elaborated on next. It is therefore significant to have

the ability to noninvasively characterize the surface features of individual nanopores to describe and

ultimately to predict the transport responses under different measurement conditions.

5.2.2 Correlation of the Simulated Current and SCD

The characterization of surface coverage is based on the linear correlation between the SCD and
the simulated current at high conductivity states. For a known nanogeometry, it is a common approach
to systematically vary the local SCD at the nanoscale in the simulation to describe the experimental
trend. The simulated current at high conductivity states has been shown to mainly depend on the SCD at
the nanopore orifice.!*® Accordingly, this report focuses on the analysis of high conductivity state re-

sponses. Shown in Figure 5.3, the simulated correlation with the defined SCD for the nanopore con-
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structed based on experiments. From this trend, the specific SCD that describes the experiments can be
read. The surface coverage at the nanopore orifice, indicated by the SCD, can therefore be determined.
The experiment currents at +0.4 V in parts A and B of Figure 5.1 at pH 9 correspond to a SCD of -50 and -

32 mC m™ as labeled in Figure 5.3, respectively.
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Figure 5.3 Correlation between the simulated current and SCD at +0.4 V applied potential for a
32-nm radius nanopore in 50 mM KCI. A linear fitting (R*> = 0.99) is shown as the red dashed line. (Re-
printed with permission from ref. 114. Copyright (2012) American Chemical Society.)

This linear correlation is further confirmed by other nanopores at concentrations equal or higher

than 50 mM KCl and under different applied potential amplitudes. Those results are shown in Figures 5.4

and 5.5 respectively.
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Figure 5.4 The correlation between the simulated current and SCD at +0.4 V applied potential of
a (A) 26-nm-radius and (B) 110-nm-radius (silica surface, without modification) nanopore in 50 mM
(red); 100 mM (green); 200 mM (blue) and 500 mM (magenta) KCl solutions. Linear fittings for each con-
centration are indicated by dashed lines. (Reprinted with permission from ref. 114. Copyright (2012)
American Chemical Society.)
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Figure 5.5 The correlation between the simulated current and SCD at +0.2 V applied potential of
a 26-nm-radius (silica surface, without modification) nanopore in 50 mM (red); 100 mM (green); 200
mM (blue) and 500 mM (magenta) KCl solutions. Linear fittings for each concentration are indicated by
dashed lines. (Reprinted with permission from ref. 114. Copyright (2012) American Chemical Society.)

For each specific nanopore in different pH solutions, its SCD will vary due to the shift of protona-
tion-deprotonation equilibrium. From the linear trend illustrated in Figure 5.3, the SCD near the orifice
of the nanopore under different pHs can be determined. The results from different nanopores with dif-

ferent surfaces (silica and amine surfaces) are plotted in Figure 5.6. The obtained SCDs were converted

to site density to reflect the functional groups on the nanopore interior surface.
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Figure 5.6 Site density (SCD: the combination of deprotonated silanol groups and protonated
amine groups) of the nanopores with different radii with (top panel) amine surface (surface modified
with 3-aminopropyldimethylethoxysilane) and (bottom panel) silica surface in 50 mM KCI at different
pHs. The site density is calculated based on the SCD determined from the experimental current trajected
from the linear trend for each nanopore at +0.4 V applied potential. (Reprinted with permission from
ref. 114. Copyright (2012) American Chemical Society.)
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The surface pKa of silanol groups is known to have a broad pH range centered at ~pH 5.°>***

Therefore, ~10% would still be deprotonated and contribute to negative surface charges at pH 4, con-
firmed in the bottom panel in Figure 5.6. At pH 3, the SCD of bare silica became negligible. The positive
SCD of amine modified nanopores will therefore directly represent the site density of the amine groups
(top panel). The pH variation is limited between 3 and 9 to avoid protonation of silanol groups at ex-
treme acidic pHs and glass dissolution at extremely basic pHs. The change of the SCD upon pH variation
qualitatively agrees with the titrations curves from various SiO, surfaces.

The SCD calculated based on the i—V curve in pH 3 solution of Figure 5.1B is +70 mC m™, corre-
sponding to 0.4 amine groups per nm?, or a surface coverage of 8% based on a site density of 4.9 per

BeLLI2 14 fyrther validate the proposed analysis, the surface

nm? for a fully hydrated silica surface.
coverages of several amine modified nanopores of different sizes are presented in Table 5.1. The calcu-
lated site density (surface coverage) of amine groups ranges from 0.4 to 1.3 nm?, corresponding to 8%
to ~27% surface coverage. Considering the variation of the surface coverage reported even for planar
ensemble surfaces, the results are in reasonable agreement with the ~20% coverage known formono-
153,154

ethoxysilane on planar silica surfaces.

Table 5.1 The analysis of surface coverage of several chemically modified nanopores

Nanopore Conc. (mM) SCD Site density Surface
radius (nm) (mCm?) (#nm?) coverage
32 50 +70 0.4 8%

50 50 +213 13 27%

50 50 +109 0.7 15%

69 50 +202 13 27%

171 50 +106 0.7 14%

Note: The SCD is directly determined through theoretical fitting of experiments thus is no error bar. Na-
nopore radius is calculated from the conductivity equation.
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At the end, we would like to comment on the distribution of the SCD or the surface coverage de-
termined from different sized nanopores and the nanopores of comparable dimension. The variation of
one charge or functional group per 10 nm? corresponds to 16 mC m™. This SCD variation will lead to sig-
nificant current variation demonstrated in Figure 5.3. For a certain nanopore, the distribution of silanol
groups on the interior surface near the signal-limiting-orifice region is already established. Therefore, a
consistent trend can be observed upon the variation of solution pH. Additional data are presented in-

Table 5.2, which demonstrate that the SCD and the size of the nanopore are not correlated with each

other.
Table 5.2 The SCD determined for different nanopores in 50 mM KCI at neutral pH (ca.6.2)
Radius (nm) 5 32 32 42 55 82 96
SCD (mCm?) -40 -45 -38 -24 -20 -80 -52

Note: The SCD is directly determined through theoretical fitting of experiments thus is no error bar. Na-
nopore radius is calculated from the conductivity equation.

Rather, the SCD depends on the statistic distribution of the terminal silanol groups. The distribu-
tion of different types of silanols of individual nanopores will lead to their SCD variation at the signal lim-
iting region. Therefore, it is critical to noninvasively characterize the SCD of individual nanopore devices
because the characterized geometric factors are insufficient to describe the ion transport through

nanodevices in fundamental studies and sensing applications.

5.3 Experimental Section

5.3.1 Materials
Water (~18.2 MQe cm) was purified by a Barnstead E-pure water purification system. Silver wire
(99.9985%, diameter 0.5 mm), silver conductive paste, platinum wire (99.95%, diameter 25 um), and

ferrocene were from Alfa Aesar. Tungsten rods (A-M System, Inc.), Corning 8161 glass capillaries (OD
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1.50 mm, ID 1.10 mm, Warner Instruments) were used as received. 3-aminopropyldimethylethoxysilane

was from Gelest Inc. All other chemicals and materials were used as received from Sigma-Aldrich.

5.3.2 Nanopore Fabrication
The fabrication and characterization procedures have been fully documented in previous

25,50,51,113,131
reports.”

Briefly, a 25 pm platinum wire was electrochemically etched in 15% CaCl,,
H,0O/acetone solution under 5 V peak-to-peak AC potential at 300 Hz frequency to obtain a sharp
nanotip. After cleaning with piranha solution and nanopure water sequentially, the sharpened platinum
nanotip was sealed into one end of a glass capillary through thermal-melting. The excess glass at the
sealed end was removed manually using polishing discs (from rough to fine). This process was moni-
tored using a conductivity tester built with metal oxide semiconductor field effect transistor (MOSFET)-
based circuit. The exposure of the sealed platinum nanotip closes the circuit and signals when to stops

the polishing. The sealed nanotip was electrochemically etched again and fully removed by mechanically

pulling to create a nanopore with internal geometry replicating the removed nanotip.

5.3.3 Electrochemical Measurements

The conductivity response (i—V curves) was studied using a Gamry Reference 600 potentiostat
(using the provided cyclic voltammetry software) with 20 mV/s scan rate. Two Ag/AgCl electrodes were
used to control the bias potential. Electrodes were prepared by immersion of silver wire into a saturated
solution of Fe(lll)Cl; The working electrode was placed into bulk solution, outside of the nanopore; while
both reference and counterelectrode leads were connected to another Ag/AgCl electrode immersed
inside the nanopore. The detected current signal in this report is non-Faradic ion transport current, de-
termined by the most resistive nanopore region (near the nanopore orifice). As the nanopore region
limits the current, Faradic processes at the macroscopic Ag/AgCl electrodes are not discussed. The na-

nopore radius is calculated based on the resistance determined with potential range from +0.050 to -
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0.050 V in 1M KCl, as the high electrolyte concentration and low potential make the surface effects less

significant and negligible.

5.3.4 Theoretical Simulation
COMSOL Multiphysics 4.0a software package was used for the theoretical simulation to solve
Poisson and Nernst-Planck equations. The 2D conical nanopore geometry in the simulation is shown in

Figure 5.7, in which half of the cross section is used based on the centerline (red) symmetry. The model

Figure 5.7 A typical adaptive free triangular mesh used in numerical simulation. (Reprinted with
permission from ref. 114. Copyright (2012) American Chemical Society.)

2113 The interior glass surface of conical nanopores

design and rationale are detailed in previous reports.
is negatively charged, represented by Boundary 5 (highlighted in blue). As the exterior surface near the
mass transport limiting region affects the charge distribution , charges are placed on exterior surface but
limited to 20 times of the pore radius (indicated by boundary 4, highlighted in blue) to minimize the
computation expenses without affecting results. A uniform SCD along boundary 4 and 5 was defined
during each simulation. This uniform SCD definition fits the high conductivity state responses as previ-
ously reported.™ At low conductivity states, the simulated current is consistently larger than the exper-
iments.'® This discrepancy does not affect the determination of the SCD near the nanopore orifice and

is addressed separately. Adaptive free triangular mesh element was used in the simulation. The mesh

size around the sharp corner of nanopore was limited to 0.1 nm to minimize the simulation noise. A 0.3
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nm (min.) to 0.6 nm (max.) mesh was used at the charged boundaries (4 and 5) to obtain the best reso-
lution within a reasonable time. Note that the 0.3 nm mesh element is approaching the size of solvated
ions, which is a fundamental limit of continuum theory. The following parameters were used: room
temperature, T = 298.13 K; viscosity, n= 1x10°Pa-s; density, F = 1000 kg m’; relative dielectric constant,
€ = 80; Faraday constant, F = 96 485 C mol™. Instead of using values for infinitely dilute solutions, the
diffusion coefficients of K and CI" of each concentration are calculated based on the conductivity and
corresponding transference number explained in previous report (Table 5.3).'*

Table 5.3 The effective diffusion coefficients of K" and Cl ions in KCl solutions at different concentra-

tions*
conc conductivity t to K conductivity | CI' conductivity Dy’ (mzs'l) Do (mzs'l)
(M) (S/m) (S/m) (S/m)
0.050 0.6670 0.4899 | 0.5101 | 0.327 0.340 1.740x10” 1.812x10°
0.100 1.288 0.4898 0.5102 0.631 0.657 1.680x10° 1.750x10°
0.200 2.482 0.4894 | 0.5106 | 1.214 1.267 1.617x10” 1.687x10”
0.500 5.864 0.4888 0.5112 2.866 2.998 1.526x10° 1.596x10°

*The solution conductivities and ion transference numbers are from “Electrolyte Solutions”, Second edi-
tion, by Robinson and Stokes (table 7.7on page 158; and Appendix 6.3 on page 466).

5.4 Summary

Fixed surface charges are well-known to strongly affect the transport through channel-type
nanodevices but a quantitative description has been missing. A noninvasive characterization of surface
coverage and surface charge density at the nanometer scale is presented based on a combined experi-
mental i—V measurements and theoretical simulation. The surface parameters reported in this paper
has significant implications in addressing the heterogeneity in individual nanodevice efficacy and single

molecule sensing analysis.
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6 CONCLUSIONS AND SIGNIFICANCE

Since nanopores and broadly defined channel-type devices were first proposed as a rapid and
low-cost DNA sequencing tool in the past decades, tremendous research interests have been stimulated
in the creation and functionalization of various nanodevices. A major breakthrough is the transition from
biological nanopores to synthetic nanopores. The fast development in the fabrication and characteriza-
tion of synthetic solid-state nanodevices has broadened the application of nanodevices to a great ex-
tent. Based on the Coulter Counter concept, the nanodevices have been applied in stochastic sensing at
single molecule resolution which cannot be achieved by current ensemble techniques. The translocation
of molecules through nanodevices will partially block the pore which induces a significant change in the
ionic current through the nanopore to be detected. A conventional analysis of unknown sample includes
a series of procedures including separation, concentration and characterization etc.The single molecule
resolution offers the nanodevice based sensors tremendous advantages in simplified sample handling
and more importantly, directly analyzing sample heterogeneity that could enable trace detection/early
diagnosis. The analytes are detected in the native states so that additional labeling is not required. The
molecular binding kinetics (binding affinity) is also revealed by the detected current change signals.
Since the background current is extremely small, the conformation change induced by molecular binding
can also be read from the current change. All of these advantages make nanodevices superior over oth-
er sensing techniques.

Besides sensing application, nanodevices have applications in various fields such as electro-
chemical energy conversion, nanofluidic electronics, drug delivery, concentration enrichment and sepa-
ration etc. At nanometer scale, due to the high surface to volume ratio, both surface and volume effects
will contribute to the detected ionic current. The i—V responses deviate from linear ohm’s behavior,
well known as ion current rectification. All of these applications result from a convolution of volume and

surface contributions, therefore further developments require the quantification of surface charge den-
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sity (surface factor) and geometric contributions at nanometer scale. Due to nanometer spatial limita-
tion, access to the interior surface of nanoconfinement is limited.

The aim of this dissertation is to resolve these surface and geometric effects by determining the
surface change density at nanometer scale, through theoretical simulation of experimental data by solv-
ing Poisson and Nernst-Planck equations. A linear correlation between the simulated current and sur-
face charge density is found. This allows the prediction of the intrinsic ionic current through the na-
nopore..The recognition sites of the nanodevices targeting different analytes for sensing applications are
normally introduced via chemical modification. However, the surface modification efficacy is inaccessi-
ble for individual nanodevices. Since the surface charge density can be quantified by the simulation of
experiments, this problem is easily solved. As surface modification will change surface properties, the
surface charge density before and after modification allows the quantification of surface modification
efficacy as demonstrated in Chapter 5.

Due to the asymmetric geometry, the electric field inside a conical glass nanopore displays
pseudo exponential distribution according to the simulation. At high applied electric field, deprotonation
of surface functional groups increases thus inducing a higher surface charge density than the bulk value.
Correspondingly, an exponential gradient surface charge distribution is proposed and validated by per-
fect fitting of the experimental current at high- and low-conductivity states simultaneously. The model
enables the prediction of mass transport behavior of other electrolytes, which is demonstrated in Chap-
ter 4. The information revealed from theoretical simulation of experiments provides a better under-
standing of the fundamental mass transport mechanism through a charged nanodevice. Furthermore,
the determined transference numbers showed that at low conductivity cation transference number al-
most approach unity, in agreement with previous prediction. The results provide insights in designing
high efficacy supercapacitors and batteries and other energy devices with nanostructures with high sur-

face to volume ratio.



107

In conclusion, nanodevices and nanostructured electrodes are widely used in single molecule
sensing, electrochemical energy conversion, drug delivery, concentration enrichment and separation,
nanofluidic electronics, and so on. Further applications have been hampered by the lack of understand-
ing of surface charge effects on the transport behaviors, which is the main thrust of this dissertation.
Therefore this dissertation focused on two projects of my PhD work: single molecule sensing based on
chemically modified conical nanopores and theoretical and experimental study of mass transport
through a charged nano-geometry. For nanopore based stochastic sensing, qualitative pH, concentration
and potential dependence of streptavidin-iminobiotin have been established. To better understand the
detected current/current change signal, SCD quantification is carried out. The SCD quantification within
nanoconfinement has been determined for the first time by theoretical simulation of experiments
through solving Poisson and Nernst-Planck equations using finite element simulation. Two significant
improvement are introduced in simulated the ion transport behavior through nanoconfinement. 1. In-
troduction of an effective diffusion coefficient, which allows an accurate prediction of experiments. 2.
An exponential gradient SCD distribution is proposed, which results from electric field facilitated depro-
tonation of surface functional groups. The maximum SCD at pore orifice is determined by fitting high
conductivity current, while low conductivity is used for determining distribution length. The introduction
of an effective diffusion coefficient and exponential gradient SCD distribution allows a perfect fitting of
experiments. The obtained information provides a quantitative understanding of fundamental mass
transport mechanism at a charged nanoconfinement and eliminates practical barriers in stochastic sens-
ing, which allows a better interpretation of detected signal. Since the quantification of surface charge
density is realized, the detected sensing signal and baseline current can be predicted and compared for
different nanodevices. Also, quantification of surface modification efficiency is achieved by comparing
SCD change before and after modification. Furthermore, the obtained information helps optimization of

high efficacy electrochemical battery design.
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