NANO
LETTERS

Effects of Biological Reactions and A

Modifications on Conductance of 1638-1642
Nanofluidic Channels

Rohit Karnik, T Kenneth Castelino, T Rong Fan, * Peidong Yang,* *$ and
Arun Majumdar* '8

Department of Mechanical Engineering, Warsity of California,

Berkeley, California 94720, Department of Chemistry, dénsity of California,
Berkeley, California 94720, and Materials Sciencesifion, Lawrence Berkeley
National Laboratory, Berkeley, California 94720

Received May 23, 2005, Revised Manuscript Received June 27, 2005

ABSTRACT

Conductance characteristics of nanofluidic channels (nanochannels) fall into two regimes: at low ionic concentrations, conductance is governed
by surface charge while at high ionic concentrations it is determined by nanochannel geometry and bulk ionic concentration. We used aminosilane
chemistry and streptavidin - —biotin binding to study the effects of surface reactions on nanochannel conductance at different ionic concentrations.
Immobilization of small molecules such as aminosilane or biotin mainly changes surface charge, affecting conductance only in the low
concentration regime. However, streptavidin not only modifies surface charge but also occludes part of the channel, resulting in observable
conductance changes in both regimes. Our observations reflect the interplay between the competing effects of charge and size of streptavidin
on nanochannel conductance.

Nanofluidic channels and nanopores having dimensionsadsorbed ions. Counterions accumulate near this charged
comparable to the size of biological macromolecules such surface and co-ions are repelled, shielding the surface charge
as proteins and DNA have attracted attention in applications in a characteristic distance known as the Debye letigthis

such as single molecule detectibri, analysis}® separa- length varies with ionic concentration, aslp 0 n~*2, and
tion,’®1and contro> 1 of biomolecules. Biological nano- is typically 1-100 nm for aqueous solutions. Within the
pores such as-hemolysint offer single molecule sensitivity ~ Debye layer, the surface charge controls ionic concentrations,
but are labile and difficult to handle. On the other hand, which in turn affect the nanochannel conductance that can
inorganic channels are robust and offer better control over be calculated for a given surface charge or potefftisl.
channel geometry and are more amenable to integration intoWhen a 1:1 electrolyte at a bulk concentration wf
functional systems. Nanochannels fabricated in a controlled molecules/r is introduced in a nanochannel of heigt
fashion have enabled the exploration of charge-related effectsand surface chargeg the conductance deviates significantly
such as concentration enhancement and deplétiand from that of bulk electrolyte when/ehis comparable tm
surface-charge-governed transgé#€1"These unique prop-  (ref 16); that is, when the effective concentration of ions
erties of nanochannels arise when the nanochannel size isequired to neutralize the surface chargleh is comparable
comparable to either of two length scales: (a) the range ofto bulk ion concentrationn, surface charge plays an
electrostatic interactions in solution and (b) size of the analyte important role. In the regime of low electrolyte concentration,
molecules. Since biomolecular analytes are typically chargedo/eh > n, surface charge governs the ionic concentration
and have sizes comparable to the above length scales, it isnside the channel to maintain electroneutrality € o/eh),
interesting to consider the effects of biomolecular charge andwhich in turn controls the nanochannel conductance (Figure
size on transport characteristics of nanochannels underl). Thus the nanochannel conductang®) (for a 1:1

different ionic conditions. electrolyte, neglecting electroosmotic effects is given by
A solid surface in contact with an ionic solution is often
charged due the presence of ionized surface groups or ULW
G=20— Q)
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Figure 2. Nanochannel device. Microchannels interface with a
Figure 1. Effect of biomolecules on nanochannel conductance. single nanochannel device out of a set of staggered devices and
At high ionic concentrations, nanochannel conductance is governedenable conductance measurements while providing for good control
by channel geometry, while at low ionic concentrations, conduc- over electrolyte concentration. Each device consists of 1Quh20
tance is governed by surface charge (red curve). Immobilization long, 3.5um wide, and 30 nm thick silica hanochannels. (Inset a,
of biomolecules results in a decrease in conductance at high ionicbefore etching polysilicon. Inset b, bonded device, showing two
concentrations due to biomolecule size and an increase in conducsmicrochannels and inletoutlet ports.)
tance at low concentrations due to biomolecule charge (green curve).

. o o um thick low-temperature oxide was then deposited in a
any functionalization of nanochannel surfaces with different | p~\/p process, annealed, patterned, and etched down to
surface groups and biomolecules can be expected to changgecess the nanochannel ends. Microchannels with access
surface charge and the nanochannel conductance. A signaturgo|es \were fabricated on another fused silica wafer. The

of this regime is that conductance becomes independent of\anochannel and microchannel components were then bonded

bulk ionic concentration as well as the channel height. In together using a transfer bonding technique with poly-
the high concentration regime/eh < n and conductance (dimethylsiloxane) (PDMS) (Sylgard 184, Dow Coming) as

becpmes largely independent of surface Ch_éf@%l” this adhesive’? A number of staggered nanochannels were used
regime, conductance depends on channel height and increasg§ yhe fabrication process such that only one set of nanochan-
linearty with ionic concentration nels bridged the microchannels. After bonding, nanochannels
were formed by etching the sacrificial polysilicon with xenon
G= 2nehcu+ +u)w @) difluoride gas at 3 Torr for 1.5 h (Figure 2). Once the chan-

| nels were formed, the entire device was treated with oxygen
plasma at 300 W for 10 min in a plasma etcher (Technics).
If the size of the biomolecules in the channel is comparable Plasma-treated surfaces of the channels were immersed
to the channel size, the resulting change in channel geometryin a 2% solution of (3-aminopropyl)trimethoxysilane (APT-
(h) would result in a change in nanochannel conductance.MS) (Gelest Inc.) in ethanol fol h atroom temperature,
Hence, in both regimes, measurement of electrical conduc-followed by a 5-min ethanol rinse. The devices were then
tance of nanochannels offers means of probing biological immersed in a 0.% phosphate-buffered saline (PBS, pH 7.2,
reactions and modifications on surfaces, as illustrated in Invitrogen; 10< PBS is an aqueous solution of 1.55 M NaCl,
Figure 1. Electrokinetic measurements in microslits have 0.015 M KHPQO,, and 0.027 M NgHPQO,). Biotinylation of
been used for the characterization of surfaces and measurethe surface was done by treating the aminosilane-coated
ment of protein adsorptiof:** However, electrokinetic ~ surface with a 10 mM solution of Sulfo-NHS-SS-Biotin
characterization is cumbersome, involving the application of (sulfosuccinimidyl 2-(biotinamido)-ethyl-1,3-dithiopropi-
pressure and the measurement of flow rates. In nanochannelsynate) (Pierce Biosciences) in &1PBS for 1 h atroom
surface effects dominate and we can expect biological temperature. The succinimide moiety reacts readily with the
modifications and reactions to be detected directly by simply primary amine group of the APTMS resulting in cross-linking
measuring the conductance. biotin to the surface. The NHS-SS-biotin cross-linker was
To fabricate the nanochannel devices, a 30 nm thick layer used because of its long spacer arm, which reduces steric
of polysilicon was deposited on a fused silica wafer using constraints leading to better binding efficiency of avidins.
low-pressure chemical vapor deposition (LPCVD) process Residual amine groups, if any, were then passivated by
and subsequently patterned, forming sacrificial material that treating the surface with a 10 mM solution rfhydroxy-
defined the nanochannels. Polysilicon film thickness was succinimide (NHS) (Sigma Aldrich) in 0:1 PBS for 1 h at
measured using a Nanospec 3000 film analysis systemroom temperature.
(Nanometrics) as well as with an Alpha-Step IQ surface Following each step of surface reactions, electrical con-
profiler (KLA-Tencor) after patterning the thin film. A 2  ductance of the nanochannels was measured at a range of
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Figure 3. Changes in nanochannel conductance after various steps of surface functionalization. (A) APTMS functionalization resulted in
high conductance at low ionic concentrations. This conductance dropped to 11% of its original value upon treatment withotitHS
Subsequent treatment with NHS increased conductance slightly. No appreciable change in conductance was observed at high ionic
concentrations indicating absence of steric blocking. (B) Detailed plot of conductance at the highest and lowest buffer concentrations. The
error bars (&) correspond to five measurements at each point. PBS buffer was used for the measuremPBBS brresponds to an ionic
concentration of 0.15 M).

buffer concentrations using a Keithley 6430 sub-femtoamp about 1 mC/rion the surface charge. Further treatment with
source meter controlled through a GPIB interface by a real- NHS did not result in a large change in conductance. To
time control and analysis MATLAB program. Ag/AgCl clearly illustrate charge-governed and geometry-governed
electrodes were used to make electrical contact with solutionsregimes, conductance values at30 and 10< PBS (~150
through access holes at the ends of microchannels. WhileuM and 1.5 M NacCl) for the three surfaces are shown in
solutions were changed, conductance measurements anéigure 3B. It is seen that functionalization of nanochannel
rinses were carried out alternately to ensure complete rinsing.surfaces with small molecules resulted in a large change in
Nanochannel conductance for a range of concentrationssurface charge, detected at low buffer concentrations, while
from 0.001x to 10x PBS after each step of surface conductance values at high buffer concentration remained
modification is shown in Figure 3A. This device was first unchanged, indicating no change in nanochannel geometry.
treated with APTMS, followed by NHS-SS-biotin and then ~ To study the effect of biological binding reactions on
NHS. At higher buffer concentrations, conductance varied nanochannel surfaces, 1 mg/mL Alexa Fluor 488 labeled
linearly with concentration. Approximating XOPBS as 1.55  streptavidin (Molecular Probes, Eugene, OR) inx0RBS
M NaCl with an equivalent conductivity of 18 m? S/mof? was introduced into the above test device for 10 h at room
(or u+ + u- = 10.4x 108 mA(V s)) and device geometry  temperature, followed by rinsing in buffer. To ensure that
of 10 parallel 120um x 3.5um x 30 nm channels (first  any observed changes were not due to effects external to
two dimensions estimated from micrographs), eq 2 gives an nanochannels such as blocking of nanochannel inlets, another
expected conductance of 1.35 107 S, which is in nonbiotinylated control device was prepared by treatment
reasonable agreement with the measured nanochannel corwith APTMS followed by NHS and was similarly treated
ductance under the same conditions. The conductance wasvith streptavidin. Use of fluorescently labeled streptavidin
repeatable from device to device, confirming the integrity enabled electrical measurement as well as direct optical
of nanochannels and the microchannel interface. However,confirmation of the presence or absence of streptavidin on
at low buffer concentrations, nanochannel conductance nanochannel surfaces. Conductance measurements (Figure
deviated significantly from linearity and was seen to level 4) revealed large changes in conductance of the biotinylated
off for the APTMS treated nanochannels. At pH 7.2, the nanochannels (test device) at both low and high ion
amino groups may be expected to be positively charged. concentrations, but little change in conductance of the
Assuming that the conducting ions are @ith a mobility nonbiotinylated nanochannels (control device). Further, this
of 7.9 x 108 m?%(V s), the estimated surface charge is is corroborated by fluorescence images obtained with a Nikon
approximately 8 mC/i In this casep/eh corresponds to  TE2000-U inverted epifluorescence microscope using an
about 5 mM, which is much larger than the bulk concentra- ORCA-ER (Hamamatsu Photonics Gmbh) camera, which
tion of ~150u4M and hencey/eh> n. Treatment with NHS- clearly showed immobilization of streptavidin in the test
SS-biotin drastically lowered conductance at low buffer device but not in the control device (Figure 4, insets).
concentrations, presumably due to reaction of the amino Conductance measurements in charge-governed and ge-
group with the NHS group resulting in a moiety with no ometry-governed regimes (Figure 5) reveal that immobiliza-
charge. In this case, surface charge was lowered to such artion of streptavidin in the nanochannels resulted in changing
extent that and/ehis comparable tm and eqs 1 and 2 are  not only the surface charge but also the device geometry.
not valid. However, since conductance decreases monotoni-At 10x PBS, conductance of the biotinylated nanochannels
cally with bulk concentration, eq 1 puts an upper bound of dropped by about 15% when streptavidin was introduced,
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Figure 4. Streptavidin-biotin binding reaction. (A) Conductance response of the test device functionalized with NHS-SS-biotin and passivated
with NHS over a range of ionic concentrations. The immobilized fluorescent streptavidin was imaged optically to confirm the binding
reaction (inset). (B) Conductance measurements for the control device passivated completely with NHS. No fluorescent signal was observed

in this case indicating that streptavidin did not get immobilized on the surface (inset). PBS buffer was used for the measuseB&s (1
corresponds to an ionic concentration of 0.15 M).

2 2

able even after rinsing with different buffer concentrations.
At the lowest buffer concentration, APTMS-treated surfaces
showed the largest variability in conductance. This variability
may be due to the presence of bivalent phosphate counterions
in PBS, since multivalent ions are known to adsorb and
sometimes even reverse charge on highly charged suffaces.
In contrast, NHS and NHS-SS-biotin treated surfaces were
extremely stable after rinsing with different buffer concentra-
tions; conductance varied by less thani® in some cases.
Assuming that change in conductance is roughly equivalent
s Control to a change in ionic concentration Ab/eh, it corresponds
- | == Test 1-2 to variations in surface charge of approximately 0.1 m/m
L] or one electron charge per 400 A 400 A area. This
observation suggests that electrochemically stable nanochan-
Figure 5. Change in nanochannel conductance in different ne| surfaces could be used as highly sensitive probes for
concentration regimes. () At low ionic concentration (1448), measuring changes in surface charge. On the other hand, at
streptavidin immobilization leads to increased surface charge and, . ~, .~ . . o
hence increased conductance. (b) At high ionic concentrations (151190 ionic concentrations, we observed a variation of about
M), streptavidin causes steric blocking of the nanochannels causing1% in nanochannel conductance. This could be due to slight
a drop in conductance. PBS buffer was used for the measurements/ariations in concentration and temperature since the viscos-
(1x PBS corresponds to an ionic concentration of 0.15 M). ity of water changes by 2% per°C change in temperature

indicating an effective reduction in channel size from about in the 20-30 °C rang€?® resulting in changes in ionic
30 to 25 nm or an immobilized layer effectively 2.5 nm thick mobilities and conductance. Since the room temperature
on the surface. This change is consistent with the globular 'emained at 23 0.5°C during the course of the experiment,
size of streptavidin (56 nmp* and the change in size of these variations are not expected to materially affect the
colloids on protein b|nd|ng reported in other studiedt results. Another aSpeCt of StreptaVidin immobilized on
low ion concentrations, conductance of the biotinylated nanochannel surfaces is the deviation of conductance at low
nanochannels showed an increase, which implies an increaséoncentrations from that of nanochannels with a constant
in the surface charge due to immobilization of streptavidin. surface charge. This behavior could arise from a number of
Streptavidin with a mildly acidic pl of 5 is reported to have effects including charge regulation of streptavidin due to
about two electron charges at pH 7.2 (ref 26), which changes in pH, discreteness of charge, adsorption of ions,
qualitatively explains the increase in conductance. The Nonplanar geometry due to streptavidin, etc. Moreover,
conductance of the nonbiotinylated nanochannels remainednterpretation of electrokinetic characteristics of adsorbed
relatively unchanged, indicating that the changes observedpProteins in terms of a Debye layer at a plane surface was
in the test device can be attributed to the streptavidin binding Shown to be inadequaté?’ Further investigations are
reaction. required to study and explain this behavior.

Our experiments clearly demonstrate that biological bind-  Our experiments indicate that biomolecule charge and
ing events modulate surface charge and change nanochannefolume have opposite effects on hanochannel conductance:
geometry. Moreover, conductance values were highly repeat-biomolecule charge increases the number of conducting ions
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in the nanochannel whereas volume exclusion of ions References

decreases the number of conducting ions. This argument is
valid when the nanochannel has a comparatively low surface
charge to begin with, as in the present case. Consider a
biomolecule with chargg and volumeV present in a solution
with ionic concentratiom in the nanochannel. The number
of charges on the biomolecule dge, wheree is the charge
of an electron. The number of conducting ions introduced
due to biomolecule charge is expected to be of the order of
g/e, while the number of excluded ions is of the order of
nV. These contributions are analogous to eqs 1 and 2, the
first contribution depending only on charge and the second
one varying with geometry and ionic concentration. The
biomolecule charge effect dominates at lower ionic concen-
tration, but as the ionic concentration increases, the number
of ions displaced due to the biomolecule volume increases.
This exactly offsets the effect of biomolecule charge at a
certain concentration, i.e., when ~ g/eV. At higher
concentrations, the volume exclusion effect dominates. For
streptavidin, using = 5.4 x 5.8 x 4.8 nn? (ref 24) and
ge = 2 (ref 26), we getg/eV = 22 mM, which is in
agreement with the data in Figure 4A. Interestingly, we
observed an analogous transition in the conductance of DNA
translocation through nanotuB&sthough the transition
occurred at a much higher ionic concentration.

In conclusion, our experiments demonstrate that the ionic

conductance of nanochannels reflects an interplay between

the competing effects of biomolecule charge and size.
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