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Abstract

Microfluidic instrumentation offers unique advantages in biotechnology applications including 

reduced sample and reagent consumption, rapid mixing and reaction times, and a high degree of 

process automation. As dimensions decrease, the ratio of surface area to volume within a fluidic 

architecture increases, which gives rise to some of the unique advantages inherent to microfluidics. 

Thus, manipulation of surface characteristics presents a promising approach to tailor the 

performance of microfluidic systems. Microfluidic valves are essential components in a number of 

small volume applications and for automated microfluidic platforms, but rigorous evaluation of the 

sealing quality of these valves is often overlooked. In this work, the glass valve seat of hybrid 

glass/PDMS microfluidic valves was surface modified with hydrophobic silanes, 

octyldimethylchlorosilane (ODCS) or (tridecafluoro-1,1,2,2-tetrahydrooctyl)dimethylchlorosilane 

(PFDCS), to investigate the effect of surface energy on electrical resistance of valves. Valves with 

ODCS- or PFDCS- modified valve seats both exhibited >70-fold increases in electrical resistance 

(>500 GΩ) when compared to the same valve design with unmodified glass valve seats (7 ± 3 GΩ), 

indicative of higher sealing capacity. The opening times for valves with ODCS- or PFDCS-

modified valve seats was ca. 5x shorter compared to unmodified valve seats, whereas the closing 

time was up to 8x longer for modified valve seats, though the total closing time was ≤1.5 s, 

compatible with numerous microfluidic valving applications. Surface modified valves assemblies 

offered sufficient electrical resistance to isolate sub-pA current signals resulting from 

electrophysiology measurement of α-hemolysin conductance in a suspended lipid bilayer. This 
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approach is well-suited for the design of novel microfluidic architectures that integrate fluidic 

manipulations with electrophysiological or electrochemical measurements.
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INTRODUCTION

Microfluidic devices offer advantages over their bench-scale counterparts, making them 

highly desirable in biomedical applications. Small volume systems drastically decrease 

sample and reagent consumption, reduce mixing and reaction times, and are amenable to a 

high degree of system automation which enables portable, cost-effective, and high-

throughput analyses. Microfluidic systems have been widely used in biological analyses, 

such as polymerase chain reaction (PCR),1-2 DNA analysis,3-4 cell analysis,5-6 and protein 

separation.7-8 However, the continued development of miniaturized integrated analysis 

systems requires the development of microfluidic components with superior performance.9

Microfluidic valves are essential components of integrated microfluidic systems. They can 

be used individually or combined in series to form micro-pumps to provide various types of 

fluid control on chip to enable complex tasks, such as reliable sample injection,10-11 reagent 

mixing,12-13 sample sorting,14-15 and fluid delivery.16-17 The large variety of valve designs 

allows these miniaturized valves to be operated electrokinetically,18-19 pneumatically,20-21 

and thermally,22-23 which greatly broadens the versatility and application.

Microfluidic valves used for different applications can vary drastically in design and 

properties. For instance, valves actuated pneumatically for fast and precise control of 

operations24 exhibit millisecond response times compared to seconds to minutes of actuation 

time for thermal-activated valves favored for their simplicity in design and integration.22-23 

There is no single metric that is used to compare the performance of all microfluidic valves 

across the board. Therefore, the outcome of the resulting application plays a key role in 

evaluating the microfluidic valve performance. The ability to form a high quality seal that 
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prevents even minute quantities of fluid from flowing, a characteristic that we term 

sealability, is the common function of all microfluidic valves, and thus presents an important 

metric for evaluating microfluidic valve performance.

Although important, sealability is often under-evaluated. Sealability can be evaluated 

visually by the operation of valves filled with dye solutions,24, 25 but this approach is neither 

accurate nor sensitive in monitoring small degrees of leakage. On the other hand, electrical 

evaluation can provide sensitive, real-time characterization of microfluidic valve 

performance, which can be particularly useful in developing integrated microfluidic systems 

for electrochemical analyses. Electrical resistances of microfluidic valves in their closed 

states are direct measurements of valve sealability, enabling design optimization that can 

greatly influence device performance and experimental results.

Electrical resistance of microfluidic valves represents a limiting factor in the development of 

microfluidic systems for electrochemical measurements. To date, electrical resistances of 

microfluidic valves have predominantly been evaluated for polydimethylsiloxane (PDMS) 

valves, and have been reported between 2-10 GΩ.26-28 For applications in which pA currents 

are measured, such as bioelectrochemistry, electrophysiology, and single-electron transport, 

higher seal resistance may be required.

Multiple approaches have been investigated to increase valve sealability, and thus electrical 

resistance. Chen et al. evaluated the effect of fluid channel size, channel aspect ratio, and 

PDMS diaphragm thickness on electrical resistance of a magnet-actuated PDMS push-down 

valve.28 For pneumatic-actuated valves, pressure applied to close the valve has also been 

studied as a factor of electrical resistance.26-27 However, surface chemistry of the valve seat, 

a crucial factor in achieving high quality sealing, has not, to our knowledge, been 

investigated as a tool to increase electrical resistance, and thus sealability, of microfluidic 

valves.

In this study, we explored the effect of surface chemistry of the glass valve seat on electrical 

resistance of pneumatically-actuated PDMS/glass microfluidic valves. Glass substrates were 

modified with hydrophobic silanes to decrease the surface energy of the valve seats to more 

closely match that of PDMS. Electrical performances of microfluidic valves with 

unmodified glass valve seats and hydrophobic valve seats were evaluated and compared. The 

utility of these surface modified microfluidic valves was demonstrated via 

electrophysiological measurements, in which the high electrical resistance of the valves 

enabled isolation of current signal resulting from ion channel reconstitution into artificial 

lipid bilayers.

EXPERIMENTAL

Chemicals and Materials

Chrome-coated borosilicate borofloat glass slides were purchased from Telic Co. (Santa 

Clarita, CA). Microposit S1813 and chrome etchant were purchased from Microchem Corp. 

(Westborough, MA). HF was purchased from VWR (Radnor, PA). 

Octyldimethylchlorosilane (ODCS) and (tridecafluoro-1,1,2,2-
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tetrahydrooctyl)dimethylchlorosilane (PFDCS) were purchased from Gelest, Inc. 

(Morrisville, PA). Anhydrous toluene was purchased from Sigma-Aldrich (St. Louis, MO). 

1,2-Diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) was purchased from Avanti Polar 

Lipids, Inc. (Alabaster, AL). α-hemolysin (α-HL) was purchased from List Biological 

Laboratories, Inc. (Campbell, CA). H2SO4, H2O2 and KCl were purchased from EMD 

Chemicals, Inc. (Gibbstown, NJ). Acetone and toluene used for post-modification rinsing, 

and HEPES were purchased from Fisher Scientific International, Inc. (Pittsburgh, PA). 

HNO3 was purchased from Macron fine chemicals (Center Valley, PA). Ethanol was 

purchased from Decon Laboratories, Inc. (King of Prussia, PA). PDMS sheet (0.01 inch 

thick, 40 durometer) was purchased from Stockwell Elastomerics, Inc. (Philadelphia, PA). 

N-decane was purchased from ACROS organics (Fair Lawn, NJ).

Microfluidic Valve Slide Fabrication

All photolithography was performed in the cleanroom facility in the Department of 

Chemistry and Biochemistry at the University of Arizona. Valve designs were printed on 

acrylic films by CAD/Art Services (Bandon, OR). Chrome-coated glass slides were spin 

coated with Microposit S1813 to obtain uniform 1.5 μm thick coatings. Valve designs were 

transferred to the S1813 layer using standard photolithography. The pattern was developed 

into the chrome layer using chrome etchant. The glass substrate was then etched in 48% HF 

(6 min for the channel slide, and 15 min for the displacement chamber slide). The remaining 

S1813 and chrome were removed by sonicating the substrates in acetone and chrome etchant 

for 5 min each. Finally, the valve slides were rinsed with H2O and ethanol, and dried with 

compressed N2.

Surface Modification

The surface modification procedure was adapted from solution phase modifications 

previously reported.29-30 Briefly, etched valve slides were cleaned in 7:3 (v/v) H2SO4:H2O2 

for 5 min, and rinsed with H2O. Slides were then soaked in 1 M HNO3 for 1 h, rinsed 

consecutively with H2O and acetone, and dried with Ar. The activated slides were further 

dried at 110°C for 1 h and soaked overnight in 2% (v/v) ODCS in anhydrous toluene or 

PFDCS, in acetonitrile. Modified substrates were cleaned in toluene (ODCS) or acetonitrile 

(PFDCS), followed by acetone, H2O and ethanol via sonication, and then dried with Ar.

Contact Angle Measurements

Contact angles were measured using a DSA 10 MK2 drop-shape analysis system (Kruss, 

Germany) as previously described.30-31 A 1 μl aliquot of H2O was dispensed manually onto 

the surface of interest for contact angle analysis. Contact angles were measured using sessile 

drop method at ten locations on each surface, and repeated for three independent surfaces 

per modification.

Electrical Characterization of Microfluidic Valve Operation

Microfluidic valves were assembled according to Figure 1, and filled with testing solution (1 

M KCl, 5 mM HEPES at pH 7.4). Microfluidic valve operation was controlled by a 3-way 

micro solenoid valve (ASCO, Florham Park, NJ) toggling between vacuum (open) and 
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pressurized (closed) states.20 Electrical performance was evaluated using an EPC-8 patch 

clamp amplifier (HEKA Electronics, Bellmore, NY) with an ITC-16 DAQ board (Instrutech, 

New York). Opening and closing times (t10-90 and t90-10, respectively) were calculated from 

current vs. time plots for at least 3 valves per surface modification. To measure the electrical 

resistance, an increasing potential was applied across the valve ranging from −100 mV to 

+100 mV in 10 mV increments for 100 ms per increment.32 Resistance was calculated from 

the slope of i-V curves (n = 3). Valve opening and closing and the corresponding noise 

values were evaluated via application of a 10 mV holding potential.

Micropipette Fabrication

Schott glass capillaries (o.d. 1.5 mm, i.d. 1.0 mm, World Precision Instruments, Sarasota, 

FL) were cleaned by sonication in H2O followed by ethanol, and dried at 60 °C for 1 h. 

Dried capillaries were pulled into pipets using a P-97 micropipette puller (Sutter Instrument 

Co., Novato, CA), and cut and fire polished using a MF-900 microforge (Narishige, East 

Meadow, NY) to an aperture i.d. of 15-20 μm. The pipet surface was cleaned with 1 M 

HNO3 for 30 min, washed with H2O and then dried at 110 °C for 1 h. Pipets were then 

silanized with PFDCS vapor for 10 min in a heated chamber.33 Modified pipets were 

sequentially washed with acetonitrile, acetone, H2O and ethanol, then dried at 60 °C for 1 h 

prior to use.

Lipid Membrane Formation and Ion Channel Reconstitution

DPhPC dissolved in CHCl3 was dried under a stream of Ar gas then lyophilized (Labconco, 

Kansas City, MO) overnight. Dried lipid was resuspended in n-decane to a final 

concentration of 10 mg/ml. The micropipet was back filled with high K+ solution (1 M KCl, 

5 mM HEPES, pH 7.4). Black lipid membranes (BLMs) were formed across pipet tips via 

the tip-dip method.34-35 Briefly, 1 μl of the DPhPC solution was applied to the solution bath 

1 mm away from the tip of the pipet. The pipet was raised and lowered across the air-

solution interface multiple times to facilitate BLM formation. Once the pipet resistance 

increased from 100 kΩ (open pipet) to > 1 GΩ, an increasing potential ranging from 0 to 

1000 mV was applied to distinguish the putative BLM from multilayer lipid structures. BLM 

formation was confirmed by the presence of transient pores formed at higher potentials.32 

Ion channel reconstitution was accomplished by adding 0.5 μg of α-HL to bath solution (350 

μl) approximately 1 mm from the pipet tip. A holding potential of −40 mV was applied 

across the bilayer to drive ions through the channel for electrophysiological measurements. 

α-HL insertions were observed as ~1 nS stepwise increases in bilayer conductance per 

channel.30, 36-37

Data Analysis

Electrophysiological data was collected and analyzed using Patchmaster v. 2.80 software 

(Heka Electronik). Ion channel recordings were processed in TAC X4.3.3 software (Bruxton, 

Seattle, WA), and filtered at 1 kHz. Numerical values are presented as mean ± standard 

deviation, with the exception of electrical resistances of the surface modified valves, which 

necessitated estimation since the resistance values obtained exceeded the measurement range 

of the patch clamp amplifier. All experiments were performed in triplicate on at least 3 
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different valve assemblies or substrates. All statistical comparisons were performed using 

the two-tailed Student’s t-test at the 95% confidence interval.

RESULTS AND DISCUSSION

Microfluidic valves with high electrical resistance are highly desired for applications that 

integrate electrochemical detection or electronic communication by reducing current leakage 

which may lead to signal crosstalk or contribute to excessive background and/or noise in the 

system. Although extensive characterization of valve dimensions28,38 and actuation 

mechanisms 9 have led to an overall increase in valve performance in terms of decreased 

fluid leakage and improved valve response times, optimization of valve electrical resistance 

has been less studied. Valve resistances using traditional PDMS/glass interfaces, such as 

those present in normally closed geometry of the Mathies valve design38 (Figure 1) provide 

electrical resistances of up to 5 GΩ; however, these resistances are too low for applications 

that require low current (≤ pA) detection, such as ion channel measurements. Thus, 

improving the electrical resistance of microfluidic valves has the potential to greatly expand 

the development and application of integrated microfluidic devices for low current detection 

of biological processes.

In this work, we sought to improve the electrical resistance of PDMS/glass microfluidic 

valves by exploring the effect of surface chemistry. Though PDMS and glass seal 

sufficiently well to minimize fluid leakage and the corresponding leakage of dye molecules, 

the presence of a hydration layer at the glass surface leaves these flow junctions inherently 

permeable to ion leakage, and thus reduced electrical resistance. We hypothesized that valve 

seats with reduced surface energy, that more closely matched that of PDMS, would increase 

electrical resistance via more efficient elimination of residual aqueous solution between the 

valve seat and diaphragm in closed microfluidic valves.

To test this hypothesis, we modified glass valve seats with ODCS and PFDCS (structures 

shown in Supporting Information, Figure S2), and compared the electrical properties of 

surface modified and unmodified microfluidic valves. Previous study showed that ODCS 

and PFDCS modifications more effectively increase the water contact angle of a glass 

surface as compared to other silanes.30 Microfluidic valve seat modification was confirmed 

by water contact angle measurements (Supporting Information, Figure S3). Unmodified 

glass valve seats exhibited water contact angles of 70 ± 4 ° (n = 30) after photolithography 

and wet etching processes. This value is higher than previously observed for piranha etched 

glass30 and likely results from the complex chemical processing associated with etching. 

The water contact angle increased to 92 ± 3 ° (n = 30) and 99 ± 3 ° (n = 30) after ODCS and 

PFDCS modification, respectively, indicative of increased hydrophobicity and reduced 

surface energy of the valve seat substrates. PDMS diaphragms had a water contact angle of 

107 ± 1 ° (n = 9), agreeing well with previous observations.39-40 Reduced surface energy of 

the valve seat was anticipated to substantially improve the compatibility between PDMS and 

the valve seat, thus improving sealabilty and the resulting electrical resistance of the 

microfluidic valve.
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Dynamics of Surface-modified Microfluidic Valve Operation

To evaluate their electrical properties, microfluidic valves were filled with a solution 

comprised of 1 M KCl, 5 mM HEPES, pH 7.4. The choice of electrolyte solution 

substantially influences the overall system conductivity, thus a high K+ concentration was 

chosen to provide a challenge in obtaining high electrical resistance that would be 

commensurate with many biotechnology applications requiring electrochemical or 

electrophysiological detection.

We first evaluated and compared the dynamics of valve operation between unmodified, 

ODCS-modified, and PFDCS-modified valve seats. Current vs. time traces of valve 

operation are presented in Figure 2. Microfluidic valves with unmodified glass valve seats 

(Figure 2A) exhibited an initial sharp increase in electrical current upon actuation, followed 

by a slower upward drift of electrical current lasting ca. 0.5 – 1 s which ultimately led to the 

fully open state. This two-stage opening dynamic has been observed in other valves of 

similar design.27 We suggest that the two-stage opening dynamics may result from a rapid 

initial deflection of the PDMS diaphragm followed by a relatively slow equilibration of ion 

chemistry at the glass surface as an electrical double layer is produced, although further 

study is needed to understand this phenomenon. Valve closure shows a similar two-stage 

dynamic, which we attribute to a rapid expulsion of bulk solution from the valve followed by 

slow thinning of the hydration layer wetting the valve seat. A momentary increase in 

electrical current was observed at the moment of open-to-close valve actuation, the origin of 

which was unclear.

Current vs time traces of valve operation for ODCS-modified and PFDCS-modified valve 

seats are shown in Figure 2B and 2C, respectively. A similar two-stage opening dynamic 

was observed for both ODCS- and PFDCS- modified valves, albeit with a more rapid second 

stage than observed in valves with unmodified glass valve seats. Interestingly, both silanized 

valves exhibited a distinct three-stage closing dynamic consisting of a rapid but modest 

decrease in electrical current, followed by a relatively slow downward drift in conductivity, 

and concluding with a rapid and substantial reduction in current to arrive in the fully closed 

state. The underlying mechanisms of this three-stage closing dynamic are not clear; 

however, the initial rapid reduction may result from the decreased volume of solution in the 

valve seat following application of closing pressure. The slower reduction in the second step 

may be due to slower exclusion of residual solution in the gap between the more 

hydrophobic surfaces due to lower capillary forces at the silane-modified interfaces. Finally, 

upon exclusion of solution from the valve seat/PDMS interface the comparable surface 

energy between these layers leads to rapid sealing upon direct interaction. Surprisingly, 

however, the thinning occurs from a state of overall higher conductivity with modified valve 

seats (i > 15 nA) as compared to unmodified glass valve seats (i < 5 nA). More study is 

needed to elucidate the mechanisms that lead to the observed open and closing dynamics in 

these valves; however, the observed actuation dynamics are compatible with many common 

valving applications.

Actuation times for bare glass and surface-modified valves were then evaluated and 

compared (Table 1). Opening time (t10-90), defined as the rise time of the current trace from 

10% - 90% of maximum open-valve current, was measured to be 28 ± 12 ms (n = 12) for 
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unmodified glass valve seats, which is consistent with previous reports of similar valve 

designs.20, 41 The opening time for valves silanized with ODCS (6 ± 3 ms, n = 9) and 

PFDCS (5 ± 2 ms, n = 9) were statistically shorter than that of unmodified glass, which we 

attribute to reduced intermolecular forces between the solution and both the diaphragm and 

valve seat. Although, closure time (t90-10) for surface-modified valves (1200 ± 490, n = 9 for 

ODCS-modified valves, and 980 ± 350, n = 9 for PFDCS-modified valves) were longer than 

that obtained for unmodified glass valves (150 ± 30 ms, n = 9) by a statistically significant 

amount; however, these values were still within the typical operating ranges reported for 

other microfluidic valves.25, 42-43 Closure time varied greatly between individual valve 

assemblies for silane-modified valve seats, resulting in the large standard deviations of 

closure time reported in Table 1. A thorough understanding of the underlying mechanisms of 

valve actuation dynamics, which lies beyond the scope of the present work, will be needed 

to improve and optimize valve closure time. We can conclude, however, that silanized valve 

seats, as reported here, are better suited for applications that prioritize electrical isolation 

over rapid valve actuation times. Still, providing sufficient time (1-10 s) to ensure complete 

valve opening and closing is an accepted practice in many applications.38 Moreover, many 

applications, such as electrophysiological studies, may require seconds to minutes of 

electrochemical recording,36, 44 in which case closure times on the order of low seconds will 

not pose a significant limitation.

Electrical Characterization of Surface-modified Microfluidic Valve Assemblies

Valves with >10 GΩ, and preferably > 500 GΩ, resistance are desired to isolate small current 

signals (pA to nA) in many electrochemical applications. For example, with a holding 

potential (Vh) of 50 mV, a 10 GΩ valve resistance yields leakage currents of 5 pA, compared 

to 0.1 pA for a 500 GΩ valve resistance. Typical ion channel currents are in the 1 – 50 pA 

range.

Electrical resistances of microfluidic valves with unmodified and silanized valve seats are 

compared in Table 1. Valves with unmodified glass valve seats yielded electrical resistance 

of 7 ± 3 GΩ (n = 9), agreeing well with previous reports for pneumatic PDMS diaphragm 

valves.26-27 Resistance values for unmodified glass valve seats were calculated from slopes 

of i-V curves (Figure 3, squares). Electrical current measured across the closed valve 

increased with increasing applied potential, indicating ion current leakage at the valve seat/

diaphragm interface. However, current did not increase with increasing applied potential for 

silane-modified valve seats (Figure 3, diamonds and triangles), remaining near the noise 

limit for these measurements. Thus, electrical resistance was too high to be reliably 

calculated from the slope of these i-V curves. Based on the observed noise level of steady-

state current recordings under fixed holding potentials, we estimated 500 GΩ to be the 

highest resistance that could be reliably measured with the patch clamp amplifier utilized in 

these studies. Therefore, we estimate the electrical resistance of both silane surface-modified 

valves to be > 500 GΩ (n = 9). Thus, silanization of glass valve seats with either ODCS or 

PFDCS achieved > 70-fold increase in electrical resistance, which supported the hypothesis 

that ODCS- and PFDCS- modified valve seats improved the elimination of a conductive 

hydration layer at the valve seat/diaphragm interface. The resulting microfluidic valves with 
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hundreds of GΩ resistance have high potential for isolating low current electrochemical 

signals.

Silanization of glass valve seats provided only a surface monolayer of ODCS or PFDCS. We 

evaluated the robustness of valve performance against repeated valve actuations to determine 

whether the mechanical stress of diaphragm-to-valve seat contact would impact the 

monolayer modification and the resulting electrical properties. Specifically, we evaluated the 

ability to retain the initial closed-state resistance after multiple cycles of valve actuation. 

Electrical resistances of silanized valves in the closed state were measured after every ten 

cycles of actuations, and resistance values were normalized to resistance measured on the 

first cycle of actuation (Supporting Information, Figure S4). No statistically significant 

variation in electrical resistance was observed over > 40 cycles of operation. While this 

study was limited to 40 actuation cycles, valves were routinely operated for >100 cycles in 

other experiments with no observed aberrant effects on electrical conductivity of the closed 

valves (data not shown).

In summary, electrical resistance increased > 70-fold for microfluidic valves with both 

ODCS- and PFDCS- modified valve seats. We attribute increased resistance to the effective 

elimination of aqueous solution at the diaphragm/valve seat interface as a result of decreased 

surface energy of the silanized glass substrate. A 5-fold reduction in valve opening times and 

statistically significant reductions in RMS noise were also observed for silanized valve seats. 

High electrical resistance and improved noise characteristics present opportunities for 

integrating surface-modified microfluidic valves with electrochemical detection of signals in 

pA to nA regime.

Electrical Isolation of Ion Channel Signals

To demonstrate the utility of surface-modified valve seats for isolating low current signals, 

we evaluated the efficacy of silanized microfluidic valves for electrically isolating 

electrochemical measurements. Electrophysiological monitoring of ion channel 

reconstitution into a synthetic lipid bilayer was chosen as a model measurement, since the 

low magnitude of ion current in this system provides a greater challenge for microfluidic 

valve resistance than many electrochemical signals. A synthetic lipid bilayer was formed at 

the tip of a PFDCS- modified glass micropipette, and alpha-hemolysin (α-HL) was added to 

the bath solution to allow spontaneous reconstitution into the bilayer. α-HL is a bacteria-

derived pore forming protein commonly used in ion channel sensor platforms,37, 45-46 and in 

the characterization of BLMs.30, 36 To validate the sealability of the valve, the reference 

electrode and recording electrodes were placed in fluid reservoirs on opposite sides of the 

valve seat. Thus the path of conductance was through the valve.

The insertion of α-HL into the bilayer was monitored via current measurement under a 

constant bias potential of −40 mV. Each pore insertion resulted in a step of ca. −40 pA in the 

current vs. time trace (Figure 4A), which was equivalent to a conductance of ca. 1 nS per α-

HL pore, agreeing well with previous reports of α-HL conductance.30, 36-37 Figure 4B 

shows the all-points histogram of the insertions shown in Figure 4A, illustrating discrete 

current changes and well-resolved 1 nS conductance characteristic of α-HL insertions. α-HL 
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reconstitution was allowed to proceed for several minutes until the ion conductance reached 

a steady state.

PFDCS-modified valve seats were used to evaluate the efficacy in isolating the 

electrophysiology signals. The current vs. time trace for a valve operated in series with an α-

HL-functionalized BLM is shown in Figure 4C. Figure 4D shows the all-points histogram 

for the experiment illustrated in Figure 4C. The conductance state of the α-HL 

functionalized BLM, measured with the valve in the open state, is well-resolved from the 

current baseline achieved when the microfluidic valve was in the closed state. In this case, 

BLM conductance was −520 ± 4 pA (n = 6), which corresponds to the insertion of 13 α-HL 

pores. The measured current when the valve was closed was 0.3 ± 0.1 pA (n = 6), which 

corresponded to the noise limit of the patch clamp amplifier operated under these conditions. 

Signal isolation such as this is possible only when ion current through the closed valve is 

significantly lower than that through the α-HL functionalized BLM, making the valve the 

current-limiting element of the series circuit. As such, surface-modified microfluidic valves 

present the opportunity to develop novel microfluidic architectures that integrate fluid 

manipulations with electrochemical measurements.

CONCLUSIONS

In this work, the surface energy of the valve seat component of hybrid PDMS/glass 

microfluidic valves was investigated as a tool to increase the electrical resistance of 

microfluidic valves. Upon surface modification of the glass valve seat with hydrophobic 

silanes, OCDS and PFDCS, that more closely match the surface energy of PDMS, and 

reduced valve opening time. Electrical performance was sufficiently enhanced to enable 

electrical isolation in electrophysiology measurements of ion conductance via α-HL pores.

Although further work is required to elucidate specific mechanisms of improved 

performance in these valves, the current work demonstrates a facile approach to preparing 

microfluidic valves capable of achieving electrical isolation of electrochemical signals in the 

pA regime via fluidic manipulations. This capability presents the opportunity for new 

functionality in integrated microfluidics, such as utilizing microfluidic valves for frequency 

modulation in electrochemical measurements in a manner analogous to an optical chopper. 

Additionally, we foresee the potential for these valves to enable highly multiplexed 

electrochemical measurements from a single potentiostat or amplifier. In general, the ability 

to achieve high quality electrical isolation via fluidic manipulation presents a new tool in the 

design and development of integrated microfluidic systems for electrochemical 

measurements.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of PDMS/Glass Pneumatic Valve Design.
A. Exploded view of microfluidic device assembly. A 250 μm thick PDMS diaphragm layer 

is sandwiched between a glass pneumatic layer (top) and a glass fluidic layer (bottom) 

which includes the valve seat. The valve seat dimensions: 620 μm (l) x 130 μm (w). B. 
Cross-sectional view of valve operation. The valve is maintained in the closed state via 

pressure application of 60 kPa (see Supporting Information, Figure S1) applied to the 

displacement chamber.20 Vacuum application at the displacement chamber results in the 

open valve state by displacing the PDMS diaphragm.
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Figure 2. Current vs. time traces of microfluidic valve operation
A. Unmodified glass valve seat B. ODCS-modified valve seat C. PFDCS-modified valve 

seat. In all cases, rapid increases in current signal were observed when the valves were 

switched from closed state to open state. When switched from open state to closed state, 

PFDCS- and ODCS- modified valves exhibited 3-step closings which were not observed in 

unmodified valves. Vh = 10 mV.
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Figure 3. I-V curves for microfluidic valves in the closed state.
Increasing electrical current was observed with increasing voltage application for 

unmodified glass valve seats (squares), indicating ion current leakage across the closed 

valve. ODCS-modified valves (diamonds) and PFDCS-modified valves (triangles) showed 

no evidence of ion current.
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Figure 4. Electrical isolation of low amplitude electrophysiological signals
A. Step changes of ca. −40 pA in the current vs. time trace indicate the insertion of 

individual α-HL pores into a synthetic lipid bilayer B. The all-points histogram of the data 

in panel A is shown. Single ion channel resolution is evident via well-resolved conductance 

states at ca −40 pA and −80 pA. C. The current vs. time trace of valve operation placed in 

series with α-HL functionalized BLM is shown. D. The all-point histogram of the data in 

panel C is shown. The population at −520 ± 4 pA indicates a BLM functionalized with 13 α-

HL pores. When the valve was closed, the detectable current is 0.3 ± 0.1 pA. BLMs for this 

comparison were formed on PFDCS-modified pipettes.
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Table 1.

Characterization of unsilanized and silanized valves

Surface Condition Valve Resistance
(GΩ) Opening time

a

(ms)
Closure Time

b

(ms)

Unmodified 7 ± 3 30 ± 20 150 ± 30

ODCS > 500 6 ± 3 1200 ± 490

PFDCS > 500 5 ± 2 980 ± 350

a.
The opening time is defined as t10-90, the time for microfluidic valve to increase from 10% to 90% of the maximum signal.

b.
The closure time is defined as t90-10, the time for microfluidic valve to decrease from 90% to 10% of the maximum signal
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