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ABSTRACT

We demonstrate rectification of ionic transport in a nanofluidic diode fabricated by introducing a surface charge discontinuity in a nanofluidic
channel. Device current —voltage ( /-V) characteristics agree qualitatively with a one-dimensional model at moderate to high ionic concentrations.
This study illustrates ionic flow control using surface charge patterning in nanofluidic channels under high bias voltages.

Nanofluidic channels with dimensions comparable to the can be most effectively harnessed only through rational
Debye length exhibit unique transport characteristics due to design and integration with other microfluidic and nanoflu-
effects of surface charge. Surface charge-governed ionicidic components, which is extremely difficult with current
conductancé; diffusion; pH-controlled protein transpott,  nanopore or bipolar membrane systems. Here, we directly
and field-effect flow contrdi® have been recently demon- pattern surface charge in nanofluidic channels to obtain a
strated in nanofluidic devices. Spatial change in the effect nanofluidic diode that exhibits ionic current rectification.

of surface charge along the length of a channel results in  we have recently developed nanofluidic devices for field-
ionic concentration enhancement and deplétaord genera-  effect flow controb® and sensingthat are amenable to
tion of space chargeSimilar effects occur when there is a  faprication of networks of channels and integration with
spatial change in field effect inside a nanofluidic transistor. microfluidics, and the nanofiuidic diode retains these. Daiguj
This effect also gives rise to rectification of ionic current, et al. recently proposed and modeled a current-rectifying
which is a phenomenon well-known from its origins in  nanofiuidic diode, consisting of opposite surface charges on
semiconductor device physics. In nanofluidic systems, this gjther half of a nanofluidic chann&l.Incorporation of such
occurs due to both asymmetric geometries and/or chargedevyices on a fluidic chip may find applications in control of
distributions. For example, in conical nanopores with uniform ionjc concentrations and pH, power generation from acidic
surface charge, asymmetric pore geometry results in recti-ang pasic solutions, and could lead to new separation
fication of ionic current that can mimic biological ion  processes based on its unique transport properties. Further
channel$.*! Bipolar membranes consisting of a cation- ¢oypling surface chemical equilibria may result in as yet
exchange membrane forming a junction with an anion- ynexplored possibilities, as suggested by recent observations
exchange membrane similarly exhibit current rectificaiéh  of current oscillations in nanoporéWhile fabrication of
and find applications in production and recovery of acids 3 nanofiuidic diode is challenging, herein we realize a
and bases, chemical separations, and fuel EeHwever,  nanofluidic diode using the newly developed method of
these unique properties of transport in nanofluidic channels gitfysjon-limited patterning (DLP) to pattern the cationic
protein avidin inside biotinylated nanofluidic channels
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discontinuity in surface charge inside the channel and

.. between the channel end and reservoir.
* Consider a 1:1 electrolyte, and denote the cations and
0 29y .. ®e ® anions byn; andn_, respectively. Further assume that the
o+ ions are nonreacting, and the (constant) fluxes of cations and
anions along the channel ade and J-, respectively. For
®e0 unit channel width, the mass conservation equations for each

ionic species are

’ Avidin 4 Biotin
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D is ionic diffusivity, u is ionic mobility, his channel height,
@ is electric potential, angis the distance coordinate along
the length of the channel. For a surface charge density of
the quasielectroneutrality condition gives
20/leh=n_—n,

)

_ o S ~ We use the Donnan equilibrium conditito relate electric
Flgure 1. (a) Schematic dlagl’am of a nanofluidic diode consisting potentia|s and concentrations at the channel end and the
of avidin patterned in half the channel. The other half has biotin reservoir as well as across the discontinuity in surface charge

moieties, which result in a close to neutral surface charge. (b) ..~ . )
Epifluorescence image of the fabricated nanofluidic diode, showing Within the channel. Subscripts A and B refer to points on
either side of the discontinuity.

fluorescently labeled avidin in half the channel. Scale ban20

estimated from conductance measurementsliM KCI Nia e B

assuming a conductivity of 11.13 Sm? (see Supporting ng exF(k_'l' (¢ (pA))

Information). Figure 1 shows a set of ten parallel channels 3
with an effective width of 4gm. Two microfluidic channels Noa_ exp(i (@n — @ ))

were used to interface with the nanofluidic channels. N_g kT4 ®

The channels were first modified with biotin and were
characterized using conductance measurements (see Sugzquation 1 was integrated analytically, and in conjunction
porting Information). Biotin binds to the proteins avidin and with eqs 2-3, yielded a set of transcendental equations that
streptavidin, with interactions being among the strongest was solved using Matlab (see Supporting Information). lonic
noncovalent interactions known. To obtain asymmetric mobility was assumed to be 7:8 10°8 m?/Vs for both K"
surface charge distribution, the method of diffusion-limited and CI ions!® Channel height and width were assumed to
patterning’ (DLP) was used. Briefly, 1 mg/mL solution of  be 30 nm and 4@m, respectively, and half of the total 120
Alexa Fluor 488 labeled avidin (Invitrogen, Inc.) inx1 um length was assumed to be patterned with avidin.
phosphate buffered saline (PBS) at pH 7.2 was introduced The assumptions of one-dimensional transport, local
in only one of the microfluidic channels until half of the Donnan equilibrium at the junctions, and electroneutrality
channels were covered with avidin (Figure 1b) (see Sup- are the major simplifying assumptions used in our model.
porting Information). Because avidin is a highly cationic Similar models were found to be sufficient to qualitatively
protein®2l we expect a surface charge discontinuity in the explain rectification of transport in bipolar membraffemnd
nanofluidic channel. The diode was characterized using nanopipette¥ and do not significantly compromise the
conductance measurements and currealtage (—V) curves accuracy of results compared to the full Poissblernst-
were obtained (see Supporting Information). Finally, avidin Planck model of a nanofluidic diode, at least under forward
was again introduced on both sides of the channels to obtainbiag® (see Supporting Information). Similarly, under reverse
complete coverage of avidin, and the device was again bias, the model yields concentration depletion and near-zero

characterized using conductance measurementécurves
at low voltage bias £50 mV) were linear and vyielded

current, agreeing qualitatively with the full soluti&hThe
one-dimensional assumption is reasonable because time for

information on surface charge characteristics and channeldiffusion of ions across the channel is much smaller than

geometry, while those at high voltage biaslQ V) exhibited
current rectification.
To qualitatively explain rectifying behavior in our system,

we use a one-dimensional model considering only electro-

phoretic and diffusive fluxes and the quasielectroneutrality
condition. Local Donnan equilibriufiis assumed in order

transit time of the ions through the channel, and the ionic
concentrations are reasonably described by a uniform
potential across the channel (see Supporting Information).
The assumption of local Donnan equilibrium has been
justified in the case of a bipolar membral@he assumption
fails if the potential drop due to ionic current between two

to relate ionic concentrations and potentials across thepoints is comparable to the potential difference between those
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charge of 3 mC/rhon the avidin side anet1, 0, and 1 mC/

m? on the biotin side. Current rectification occurs even when
the surface charge on either half is of the same sign; however,
rectification is enhanced when one-half of the channel has
no charge or charge of the opposite sign. Figure 2b shows
theoretical predictions with a surface charge of 2, 3, and 5
mC/n? on the avidin side and 0 mC/won the biotin side.

As the surface charge on the avidin side increases, current
enhancement increases. It is also worth noting that the
direction of current enhancement is consistent with a higher
surface charge on the avidin sid&ygin — Obiotin > 0), Which

is expected due to the highly cationic nature of avidin.

Comparison of experimental data with theoretical predic-

tions suggests that the charge on the biotinylated side is close
to neutral or negative. However, conductance measurements
of the biotinylated channels before patterning avidin and of
the fully avidin-coated channels indicate that the magnitude
of surface charge of the avidin-coated surface is ap-
Figure 2. Diode |-V characteristics at 10 mM KCI. Solid circles  proximately 2 mC/m, while that of the biotinylated surface
represent experimental data, while the dashed line has slope equajs approximately 1 mC/f Experiments on another device
to the Condlyd‘:tlfance meaﬁ“red .”Silng a d‘.’O'_tage fbias ra”g?@’to showed that surface charge was positive for both avidin-
35 Y. Sl Ines are hecretal precicons or 120 107G g Coated and biotinylated surfaces (see Supporting Informa
of 1, 0, and—1 mC/n? in the biotin half of the channel and 3 tion). For surface charges of 2 mCiran the avidin side
mC/n? in the avidin half of the channel (a), and a surface charge and 1 mC/m on the biotin side, our model predicts mild
of 0 mC/n¥ in biotin half the channel and 2, 3, and 5 mC/mthe current rectification, with some current depletion under
avidin half of the channel (b). Theoretical predictions for experi- (averse bias but almost no current enhancement under
mentally measured s_un_‘ace charges (see Supporting_ I_m‘ormation)forward bias (Figure 2). This is in contrast to the observed
of 1 mC/n? on the biotin half and 2 mC/fon the avidin half g : .
(dotted lines) exhibit current decrease under reverse bias, but nocurrent enhancement under forward bias and marked current
significant current enhancement under forward bias in (a) and (b). depletion under reverse bias. The assumptions of the one-
Biotin side is at a higher potential under forward bias. dimensional model have been examined by comparison with
the full solution of the PoisseraNernst-Planck equation¥,

two points. Under forward bias, there is no depletion region and it has been found to be valid at least in the forward bias

at the junction, and the potential drop is small compared to €aS€- It makes it unlikely that the on.e_-di.mensional trgnsport
the applied voltage bias. Under reverse bias, there is almos@SSumption or the Donnan local equilibrium assumption can
zero ionic current, and the potential drop due to ionic current &ccount for the discrepancy in surface charge. The most
is small compared to the potential drop across the depletion!ikely reason for the observed discrepancy is that surface
region that forms at the junctiofi.Moreover, this current ~ Properties being difficult to control, surface charge may have
being close to zero does not affect our subsequent argument§hanged in the avidin patterning step or in the final step of
or comparison with experimental results. Our model and full €0ating the entire surface with avidin. Conductance measure-
solutions of the PoisserNernst-Planck equatioisuggest ~ Ments (see Supporting Information, Figure S1) reveal that,
that a depletion region does not form in the channel if the While diode conductance lies in between those of the
surface charge changes in (nonzero) magnitude across Hdiotinylated channel and the fully avidin coated channels,
junction but not in sign. We have incorporated here the its conductance deviates by approximately 50% from the
simplest possible model that gives some intuition and expected value calculated using conductance of the biotiny-
succeeds in qualitatively explaining the current rectification 'ated and avidin-coated channels. It may also indicate that
phenomenon. characterization of transport in such systems based only on
Experimental and theoretickt-V curves obtained at KCI surface charge is inadequate. It must be noted that modeling
concentration of 10 mM in£10 V bias range show Of current rectification in bipolar membraréd>2% and
rectification of ionic current (Figure 2)—V curves obtained ~ hanopore¥ shows that quantitative prediction of transport
in the £50 mV bias range were linear. Experimental data in such systems is difficult and only qualitative agreement
are denoted by dark circles, while the dashed lines havemay be expected.
slopes equal to conductance measured in the low bias regime To gain some insight into the mechanism of current
(50 mV). Relative to current extrapolated linearly from rectification, ionic concentration profiles and corresponding
low-bias measurements, there is current enhancement wherlectric potential predicted theoretically are shown for 10
the biotin side is at a positive potential (forward bias) and mM KCI at bias voltages oft+5 and —5 V, respectively
current depletion under reverse bias. Theoretical predictions(Figure 3). The left half of the channel is assumed to have
(solid lines) show qualitative agreement with experimental a surface charge of 3 mC#rtavidin-coated), while the right
results. Figure 2a shows theoretical predictions with a surfacehalf is assumed to be neutral (biotinylated). When there is
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Figure 3. Theoretical predictions of the ionic concentration and © g:g
electric potential profiles along nanofluidic diode calculated using 020
the one-dimensional model. The avidin half of the channel has a o0 s 0 5 10 -
positive charge of 3 mC/fnand the biotin half is neutral. (a) Under Voltage (V) Voltage (V)

forward bias of 5 V, there is concentration enhancement in the

channel. (b) Under a reverse bias-65 V, there is concentration Figure 4. Diodel—V characteristics at different KCI concentrations

depletion in the channel, and the electric potential drops sharply at (a—f). Solid circles represent experimental data, while the dashed

the junction of positive and neutral surface charge. Channel height line has slope equal to the conductance measured using a voltage

is 30 nm, and KCI concentration is 10 mM. bias range of-50 to 50 mV. Solid lines are theoretical predictions
for a 120um long, 40um wide channel with a height of 30 nm

o . . . and a surface charge of 3 mCin the avidin half of the channel
no electric field along the channel, negative chloride ions and 0 mC/r in the biotin half of the channel. Biotin side is at a

accumulate in excess in the avidin half of the channel to higher potential under forward bias.
neutralize the positive charge on avidin. When a positive
voltage bias is applied to the biotin side, chloride ions from KCI, surface charge effects are negligible and the theoretical
the avidin side travel to the biotin side. It results in and experimental—V curves exhibit linear characteristics.
concentration enhancement in the channel, and the magnituderhe effect of surface charge is evident at 100 mM KCI.
of the axial electric field varies accordingly such that a Theory predicts a slight current rectification at 100 mM KCl,
constant current of chloride ions is maintained. The electric which is also observed experimentally, although current
potential varies smoothly along the channel, there is high enhancement is not seen.
ionic current, and the diode is in forward bias. However,  While the experimental results match closely with theo-
when the biotin side is at a negative voltage bias, chloride retical predictions at KCI concentrations of 1 mM and above,
counterions in the avidin side are driven away from the biotin there is a large deviation at lower KCI concentrations of 10
side. It results in concentration depletion inside the channel, and 100uM. Surprisingly, experimental data show current
and the electric potential drops sharply across the avidin decrease under forward bias instead of the expected current
biotin junction. Under this condition, very little ionic current  enhancement and do not exhibit the expected current
flows through the channel, and the diode is in reverse bias. depletion under reverse bias. In addition, current saturation
This mechanism is similar to that of current rectification in  observed at 1 mM under forward bias is not expected from
conical nanopores and bipolar membranes, in that currenttheoretical predictions. There are several factors that affect
enhancement is associated with concentration enhancemenibnic transport and complicate the system at lower KCI
and current depletion is associated with concentration deple-concentrations that could account for high current under
tion. reverse bias. Enhanced water dissociation in bipolar mem-
Diode characteristics for different KCI concentrations are branes results in a large current under reverse?bdsyhich
shown in Figure 4, along with theoretical predictions for a may also be expected to occur in our device and may explain
surface charge of 3 mC/on the avidin side and 0 mC/m  the high current under reverse bias. This water dissociation
on the biotin side. Theoreticat-V curves are used with the  could also lead to pH changes resulting in variation of surface
intention of qualitatively illustrating general trends predicted charge on the biotinylated surface, which could further
by the model. It is seen that current rectification is prominent increase the current. However, under forward bias, concen-
at intermediate concentrations of 1 mM and 10 mM KCI, tration polarization effects arising near the channel entfdnce
but not at higher or lower concentrations. At higher may play a role in the observed current decrease (see
concentrations of KCI, the effect of surface charge is small Supporting Information). Solution of the full Poissen
due to high bulk ionic concentratiow/gh < nyu). At 1 M Nernst-Planck equations in the case of a nanofluidic diode
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exhibits a significant potential drop and concentration entrance of a nanofluidic channel. This material is available
depletion in the reservolf, which may decrease the ionic free of charge via the Internet at http:/pubs.acs.org.
current. These results point to the importance of the
microfluidic—nanofluidic interface, which is poorly under-
stood and difficult to model. It is clear from the above (1) Karnik, R; Fan, R.; Yue, M. Li, D.Y.; Yang, P. D.; Majumdar, A.
; i ; PO o Nano Lett.2005 5, 943-948.
dlscu_ssmn that, while rectlflcatlo_n can be qualltatl_vely (2) Karnik, R. Castelino, K.: Fan, R.; Yang, P.: Majumdar, Mano
explained, a complete understanding of ion transport in the Lett. 2005 5, 1638-1642.
nanofluidic diode will require further study. However, there ~ (3) Stein, D.; Kruithof, M.; Dekker, CPhys. Re. Lett.2004 93, 035901.
is clear evidence for rectification of ionic transport at higher () Plecis, A: Sehoch, R. B Renaud, Rano Let.2008 5, 1147~
KCI concentrations, which agrees qualitatively with theoreti-  (5) Schoch, R. B.; Bertsch, A.; Renaud, Rano Lett.2006 6, 543
cal predictions of the one-dimensional model. 547. _ _

In this work, we have demonstrated a current-rectifying () Karik R.; Castelino, K.; Majumdar, Appl. Phys. Lett2006 88
nanofluidic diode using the method of diffusion-limited  (7) pu, Q.: Yun, J.; Temkin, H.; Liu, SNano Lett.2004 4, 1099
patterning. Devicd—V characteristics agree qualitatively 1103.
with a one-dimensional theoretical model at moderate to high ) ¥/ang. ¥ C.; Stevens, A.L; Han, J. Rnal. Chem2005 77, 4293-
ionic concentrations. At low ionic concentrations;V (9) Siwy, Z.: Fulinski, A.Phys. Re. Lett. 2002 89, 198103.
characteristics suggest that effects at the channel entrance(10) Siwy, Z.; Apel, P.; Baur, D.; Dobrev, D. D.; Korchev, Y. E.;
and water dissociation play a significant role in transport ’g‘;;”;ggrl‘;?&%poh“ R Trautmann, C.; Voss, KSDif. S¢i2003
through the diode. This study illustrates flow control using  (11) siwy, z.; Heins, E.; Harrell, C. C.; Kohli, P.: Martin, C. B. Am.
surface charge patterning in nanofluidic channels in the Chem. Soc2004 126, 10850-10851.
regime of high voltage bias. This device can be rationally 12 'égv;‘;%‘ik?;l’ Despic, A.; Bockris, J. O. M. Phys. Chem1959
designed and is amenable to integration with other nano- (13) Hurwitz, H. D.; Dibiani, R.J. Membr. Sci2004 228 17—43.
fluidic and microfluidic channels. Our experiments suggest (14) Xu, T. W. Desalination2001, 140, 247-258.

e ; ; i (15) Daiguiji, H.; Oka, Y.; Shirono, KNano Lett.2005 5, 2274-2280.
that the nanofluidic diode or devices based on similar (16) Siwy, Z. S.- Powell. M. R.: Petrov, A Kalman. E.- Trautmann, C..
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