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A
pplying electric fields is an effec-
tive means of manipulating fluid
and molecular transport through

nanofluidic channels or nanoporous media
for diverse applications including ion ex-
change, molecular enrichment, fractiona-
tion, filtration, and sensing. For example,
various nanoporous structures have been
created using etched nanochannels or
photopatterned nanoconstrictions to en-
rich proteins or nucleic acids in a fluidic
sample1�4 and to improve the detection
limits5�7 of molecular sensing devices. For
many such applications, it is important to
understand the impact of electric-field-
induced concentration polarization (CP) on
transport behavior and physical and chemi-
cal properties of the system.8�11 CP com-
monly arises as electrical current flows
through nanofluidic device elements inter-
faced with micro or larger-scale compart-
ments. Within nanoconstrictions, the con-
centration of ions in the electric double
layer (EDL) shielding surface charge be-
comes significantly higher than in the
bulk fluid. As a result, EDL carries a signifi-
cant portion of electrical current through
the nanofluidic element, and counterions
(to EDL) accumulate at the micro/nano

interface, where EDL ions selectively enter
the nanochannel. The counterions are also
depleted on the other side of nanoconstric-
tions, where EDL ions exit. Conditions favor-
ing the occurrence of CP may be best
described by the Dukhin number,12 a non-
dimensional constant comparing electrical
conductance of the bulk, Gb, to surface
conductance, Gs. When Gs is similar to or
greater than Gb, permselectivity and CP
generated by the nanofluidic element can
lead to significant temporospatial fluctua-
tions in electrical current, ion distribution,
transportation, and other system perfor-
mance parameters. In natural biological
systems, the transport of ions driven by
the electropotential established across the
plasma membrane through pore-forming
ion channels is also regulated by the perm-
selectivity imparted by charged amino acid
residues lining the channel surface.13,14

Studies elucidating the complexities of the
regulation of ion flux across cell membranes
are critical to understanding the structure
�function relationship of the ion channels
and its implication to disease development
and human health.15,16

Extensive theoretical and experimental
studies have focused on CP across synthetic
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ABSTRACT Under an applied electric field, concentration polarization

(CP) arises from ion permselectivity of most nanoporous materials and

biological ion channels. We present novel methods to quantitatively assess

CP-induced spatiotemporal changes of pH that may significantly impact

transport dynamics, device functionality, and physicochemical properties of

molecular analytes in devices with nanofluidic constrictions. We measured

pH fluctuations of >1.5 pH units and changes extending over 100's of

micrometers from nanoconstrictions. The degree of change depends on key system parameters including buffer composition, surface charge, and strength

of electric field. The results highlight the importance of neglected contributions of pH changes, and the approach can aid characterization and manipulation

of mass transport in nanofluidic systems.

KEYWORDS: nanoporous structure . pHmapping . concentration polarization . nanofluidic transport . preconcentrationmembrane .
electrokinetic transport
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nanoporous membranes, packed beds, and micro/
nanofluidic devices.10,17�23 It has been found that a
variety of factors, including surface charge, buffer ion
strength, and electric field strength, can affect the
extent of CP and eventually device performance. For
instance, adverse effects of CP on a nanoporous pre-
concentration membrane include temporal losses in
electrical currents, decreases in electrophoretic load-
ing efficiencies, zones of high electrical resistance, and
poor reproducibility.24 In microfluidic isoelectric frac-
tionation devices, CP can cause undesired entry of
proteins targeted for exclusion into the pH-specific
nanoporous membranes.25 A detailed understand-
ing is still severely limited by theoretical complexities
and experimental challenges. Particularly, CP-induced
change of pH at nanoporous structures is generally
neglected,8,12 and experimental investigation on this
important topic has been limited. Dynamic, localized
changes in acid�base chemistry caused by perm-
selectivity and ion accumulation and depletion at
the nanoconstrictions may contribute significant non-
linear behaviors, affecting important systemproperties
coupled to pH. Adding to the complexity, the surface
charge of nanomaterials may also be titrated in the
process, dynamically altering the character of EDL and
CP.26 The combined effects may dramatically alter the
physical properties and transport of biological analytes
and other soluble species that have titratable charged
groups. For example, local pH determines the charge
state of a protein analyte and affects its electromobility.
In addition, change of local pH may affect kinetics of
chemical reactions and molecular binding affinities
and directly interfere with molecular recognition and
sensing reactions designed to occur in the vicinity of a
nanoconstriction.

RESULTS AND DISCUSSION

In this study, we developed a novel method to
quantitatively map CP-induced pH changes inside
a functional micro/nanofluidic system. Using a
dual-emission pH-sensitive fluorescent dye, carboxy-
seminaphthorhodafluor (SNARF), we obtained high-
resolution spatiotemporal mapping of pH across
nanoconstrictions and surrounding microchannels. We
quantitatively investigated the dynamic change of local
pH as electric fields were applied to induce CP across a
nanoporous structure and compared the change of
pH to the degree of CP as indicated by the drop of
current through the same structure. We measured
pH fluctuations of >1.5 pH units and changes extending
over 100's of micrometers from nanoconstrictions. Possi-
ble mechanisms causing the shift of pH are discussed
on the basis of results generated in different experimen-
tal conditions. Specifically, we found that (1) electric
field strengths, (2) ion strength and composition of
the running buffer, and (3) surface charges of the

nanoporous structure are significant factors affecting
both the pH and the CP at the nanoconstrictions. We
also suggested preliminary models to understand the
complicated interplay of multiple factors leading to the
related phenomena at the micro/nano interface.

Experimental System and Calibration. Our device config-
uration shown in Figure 1A has a narrow 50 μm wide
nanoporous polyacrylamide matrix (PAM) fabricated
within isotropically etched glass microchannels (30 μm
deep � 100 μm wide) by in situ photopolymerization.
The average size of nanopores is controlled as a
function of monomer concentration in the precursor
solution, and the surface charge can be modulated by
copolymerization of cationic and/or anionic mono-
mers. The average diameter of PAMnanopores studied
is ∼1 nm for the relatively high concentration of
acrylamide monomer and bisacrylamide cross-linker
(44% T, 10% C). The pores are small enough to exclude
biomolecules larger than the pore diameter including
proteins and nucleic acids,27 which will stack at the
PAM with applied electrophoretic driving forces.24 The
small pore size and pore surface charge can result in
significant EDL conductance through the matrix. On
both sides of the PAM, the effective microchannel
diameter is orders of magnitude larger than the pores,
thus establishing CP conditions with high EDL con-
ductance in the nanoporous structure and negligible
EDL conductance in the microchannel.

As the acrylamide and bisacrylamidemonomers are
neutral, we introduced 0.3% (molar ratio) of either nega-
tively or positively charged acrylamido Immobiline
monomers in the total monomer solution to modulate
permselectivity of the resulting polyacrylamide nano-
constrictions, denoted here as PAM� and PAMþ, respec-
tively. We note that PAM without addition of charged
monomer exhibits a slight negative charge linked to
polymer hydrolysis, resulting in trends similar to PAM�.
Nanofluidic materials frequently exhibit negative surface
charge, where permselectivity of nanoconstrictions ex-
hibits CP with anion enrichment on its cathode side and
anion depletion on the anode side.8,12,19,20

An electric field was applied across the PAM nano-
constriction (Figure 1A) directed on each side through
only one of the intersecting microchannels. The chan-
nels leading to fluid reservoirs where no electric field
was applied provide insight to the contributions of
diffusive flux of ions that becomes more dominant
relative to electrophoretic transport in these side
channels. Cross-matrix current was monitored once
the electric field was applied. Note that the reported
field values are averages between two electrodes
across the long channel (20 mm) and relatively short
matrix (0.05 mm) segment. With CP, the field distribu-
tion is not uniform across the channel and dynamically
changes over time. The local resistance across CP-
induced depletion zones can become substantially
higher than other segments of the channel, resulting
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in substantially higher localized field strength and
limiting current.

Phosphate-buffered saline (1� PBS, 10 mM Na
phosphate, and 150 mM NaCl, pH 7.5), a standard
buffer widely used for bioanalysis, served as a repre-
sentative solution for evaluation. Phosphate buffer
without added salt (1� PB, 10 mM Na phosphate,
pH 7.5) was also evaluated to examine the influence
of ionic strength.

To examine dynamic on-chip pH changes induced
by CP across PAM, we mixed 20 μM SNARF into the
running buffer loaded into the device and simulta-
neously recorded fluorescent images at SNARF's two
emission peak wavelengths (Figure 1B). SNARF is
well characterized and developed for intracellular pH
measurement.28,29 It was also used for single-point pH
monitoring in capillary electrophoresis.30 In the buffers
we used, both protonated and unprotonated SNARF,
with emission peaks at 540 and 680 nm, respectively,
when excited at 488 nm (Figure 1C), are negatively
charged (Supporting Information Scheme S1) and will

migrate toward the anode when an electric field is
applied. Since the ratio of the two emission inten-
sities, not the relative value of any single fluorescent
intensity, is used to calibrate and calculate local pH
(Figure 1D), quantitative measurement can be ob-
tained despite spatially fluctuating dye concentra-
tion caused by molecular accumulation and deple-
tion during CP events inside the micro/nanofluidic
devices. Although adding complexity to the imaging
process compared to nonratiometric pH-sensitive
dyes such as fluorescein,31 ratiometric measurement
is suited for measuring pH when dynamic and un-
predictable changes in the dye concentration occur.

Time-Lapse 2D pH Mapping Across Polyacrylamide Matrix.
We find that temporospatial pH changes at PAM�

nanoconstrictions can be significant with PBS buffer
and an electric field as low as 25 V/cm, as shown in
Figure 2A. After application of the electric field at 25 V/
cm for 30 s, pH at the cathode side of the PAM�

decreased from the starting value of 7.6 to ∼6.0. The
affected region of enrichment (with pH lower than 7.4)

Figure 1. Experimental systems. (A) Layout of the glass chip used for pH mapping across a 50 μm long nanoporous
polyacrylamidematrix (PAM) fabricated inside a 30 μmdeep and 150 μmwidemicrochannel (not to scale). SNARF is mixed in
channels filled with running buffer and 1%methyl cellulose. As a constant voltage is applied through two electrodes, current
across the nanoporous matrix is monitored concurrently as the fluorescent signals of SNARF are measured. (B) The chip is
mounted on an inverted confocalmicroscope sample stage. The 1mm� 1mmarea surrounding the PAM is excited at 488 nm
in a scanning mode. Dual emission images are collected simultaneously by two photomultiplier tubes (PMTs) every 30 s. (C)
Emission spectra of SNARF (20 μM) excited at 488 nm in PBS titrated to different pH. (D) On-chip calibration of SNARFemission
ratio R = f540/f680 vs pH.
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expanded from 50 μm beyond the PAM� at 30 s to
700 μm at 5 min into the branching channels. An ion
depletion zonewas generated on the anode side of the
PAM�, where SNARF dyewas quickly depleted as it was
driven by the electric field toward the anode along
with other anions while not being replenished due to
permselectivity of the nanoporous matrix (Supporting
Information Figure S1). SNARF fluorescence was too
weak for pH measurement in the heart of the ion
depletion zone, but significant increase in pH above
8.5 was observed closer to the edges of the depletion
zone. The affected area was much larger on the deple-
tion sidewith a pHhigher than 8.5 atmore than 500μm
away from the PAM�within 30 s at 25 V/cm.We cannot
measure whether pH changes were even more ex-
treme in the SNARF-depleted regions, but pH gradients
at the edges suggest higher pH extremes in this region.
Concurrent recording of electrical currents showed
that the current dropped ∼70% within 2 min after
application of the electric field (Figure 2B), which is a
standard indication of CP.

The strength of CP (inferred from rates and magni-
tude of current drop) and rates and extent of pH
changes all tended to increase with increasing electric
field. Field strength dependenciesweremeasured over
the range of 12.5 to 100 V/cm, as shown in Figure 2B
and C. One exception where CP was not indicated
was with PAM� at 12.5 V/cm; no measurable changes
in current were observed over 10 min, and pH also

remained relatively stable. With PBS at 25 V/cm, the
current dropped more than 50% within 30 s. As field
strength was increased, the electrical current decayed
at a faster rate to a limiting current. Following a similar
trend, pH decreased on the cathode side of the PAM�

as field strength was increased, but it took more time
for pH to reach a stable state extending into the
microchannels than for electrical current stablilization.

Effect of Buffer Composition on Concentration Polarization
and Change of pH. We find a strong dependency of CP-
induced pH changes on buffer properties. Phosphate
buffer for the pH range evaluated consists of mono-
valent hydrogen phosphate anion and its conjugate
base dihydrogen phosphate anion adjusted to set
and regulate the pH. Phosphate has some capacity
to regulate pH in response to local changes in ionic
balance by protonation/deprotonation according to
eq 1:

H2PO4
�THPO4

2� þHþ; pKa ¼ 7:2 ð1Þ
The acid dissociation constant (pKa 7.21) relevant in

the pH range studied here describes the dissociation of
dihydrogen phosphate (H2PO4

�) to hydrogen phos-
phate (HPO4

2�) andHþ. The ionic strength of the buffer
solution also influences pH in accordancewithDebye�
Huckel theory of interionic forces including significant
contributions fromNaCl (150mMat 1�) in PBS, serving
in biological applications to achieve isotonicity with
cells and avoid osmotic shock.

Figure 2. Time-lapse 2D pH mapping of PAM�. (A) An electric field of 25 V/cm is applied across a nanoporous PAM�

nanoconstriction fabricatedwith neutral acrylamidemonomers. Substantial pH drop occurs on the cathode side of thematrix
within 30 s, and the affected area propagates to >700 μm away from the PAM�within 5 min. On the anode side of the PAM�,
depletion of SNARF molecules along with buffer ions prevents mapping of pH in this zone. Further away from the PAM�,
where the fluorescent signal is detectable, pH increases to >8.5 within 30 s. (B) Faster decrease of electrical current through
nanoconstrictions (normalized by starting current I0) with increasing electric field strength. (C) Faster drop of pH on the
cathode side of PAM� with increasing electric field strength. Each pH value is the average of the 80 μm � 80 μm area by the
PAM�, as shown by the red square in (A).
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To investigate the effect of ionic strength and buffer
composition on CP-induced changes in local pH, we
compared pH maps across PAM� with two different
buffer systems at 25 V/cm: PBS (10 mM Na phosphate
and 150 mM NaCl) and phosphate buffer (PB) (10 mM
Na phosphate without added salt). Fluorescent ima-
ging of SNARF confirms a depletion zone on the anode
side of PAM� in both cases. Change of electric current
shown in Figure 3A indicates a stronger CP with lower
ionic strength PB than with PBS, which is expected
based on the Dukhin number theory. Lower ion con-
centration of PB increases the relative number of ions
in the EDL compared to the bulk fluid, and as a result, a
more dominant EDL conductivity leads to a stronger CP
and faster current drop. However, a stronger CP does
not necessarily correlate with a stronger pH change, as
our data also show that pH in the enrichment zone
(cathodic side of PAM�) with PB was stable, whereas a
large drop in pH (from 7.6 to 6.0) was observed with
PBS (Figure 3A).

To understand these different patterns of pH
change, we analyze two aspects of changing distribu-
tion of solution ions that influence pH: (i) local changes
in the total ionic strength and (ii) local changes in the
relative distribution of different ionic species asso-
ciated with differential flux of cations vs anions across
the nanoporous matrix.

It is known that changing the ionic strength of PBS
can result in significant changes in solution pH due to

ion interactions.32 To assess the relative influence of
ionic strength changes, bulk solution pHwasmeasured
at different dilutions of the 20� PBS stock (200 mM Na
phosphate and 3 M NaCl). Figure 3B shows that the pH
increases from6.5 at full 20� stock concentration to 7.5
at the 1� PBS level loaded into chips and reaches a
maximum of ∼7.8 when diluted to 0.2� (2 mM of Na
phosphate and 30 mM NaCl). Further dilution of PBS
decreases the pH toward the unbuffered pH of water.
Increasing the ionic strength to a similar level by
adding NaCl to 1� PB results in a similar change of
pH (pH = 6.5 with 1.4 M NaCl). Compared to PBS, a
solution of 10 mM PB has substantially lower initial
ionic strength. Equivalent increases in the concentra-
tion of PB alone yields a much smaller decrease of pH,
and it would require order of magnitude higher con-
centration factors to approach similar ionic strength
contributions influencing pH (Figure 3B). These bulk
solutionmeasurements give some indication of the pH
extremes thatmight be reached in a simple ion dilution
and enrichment model of CP, as depicted in Figure 3C.
For example, greater than 20-fold enrichment of ionic
strength from the initial 1� PBS is required to approach
the pH minimum measured within the enrichment
zone on the cathode side of the PAM�. We notice that
a simple model of ion dilution in the depletion cannot
explain the pH maximummeasured on the anode side
of the PAM� as, at most, a maximum pH of 7.8 is
expected at ∼5-fold dilution of 1� PBS. However pH

Figure 3. Effect of buffer composition on concentration polarization and change of pH: comparison between PBS and PB. (A)
Change of pH on cathode side of PAM� and cross matrix current with PBS or PB. The pH and current are measured
concurrentlywith electricfield at 25 V/cmapplied. Each pH value is the averageof the 80μm� 80μmarea on the cathode side
of the PAM�, as shownby the red square in Figure 2A. Purple dotted line indicates the timewhen the electricfield is turnedoff.
As soon as the applied field was removed, the pH slowly re-equilibrated back toward the starting pH due to diffusive
transport. (B) Change of bulk solution pH at different dilutions of 20� PBS (200mMNa phosphate and 3 M NaCl) and 20� PB
(200 mM Na phosphate), indicating a more significant decrease of pH with higher concentration of PBS than with PB.
(C) Schematic of the suggested model explaining the decrease of pH caused by increasing concentration of ions in the ion
enrichment zone induced by CP in PBS. With PB, ion concentration in the ion enrichment zone is much lower than in PBS;
therefore pH remains relatively stable despite a stronger CP, as indicated by a faster drop of current.
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values above 8.5 weremeasured. We also note that the
effect of ionic strength on pH is different depending
upon the buffer composition. Our measurements of
the pH of several commonly used buffers for electro-
phoresis are summarized in Supporting Information
Table S1, demonstrating different buffers have differ-
ent levels of pH change in response to the increase of
salt and total ion concentration. Although CP-induced
pH changes are complicated beyond simple ionic
strength consideration, the ionic strength of initial
running buffer is clearly an important factor to consider
in attempting to minimize or enhance CP-induced pH
changes.

Differential ion flux is important to consider, espe-
cially in light ofmeasured pH extremes. Themagnitude
of CP-induced pH shifts can be explained by shifts in
acid/base equilibria linked to permselectivity of the

matrix for the ionic species involved (Figure 5A).
Between pH 5 and 9, the dominant forms of phosphate
buffering ions are H2PO4

� and HPO4
2� in eq 1. This

coupled with the acid/base equilibrium of water,

H2OTHþ þOH�; pKa ¼ 7 ð2Þ
and charge andmass conservation dictates pH shifts in
response to differential transport of ions across the
matrix. On the cathode side of the PAM�, anions Cl�,
H2PO4

�, and HPO4
2� accumulate in the anion enrich-

ment zone in front of the negatively charged matrix
due to cation permselectivity of the nanopores. Mean-
while cations including Naþ continue tomigrate through
the matrix and toward the cathode. With PBS, OH� is
generated and Hþ decreased in the anion depletion
region to balance higher local Naþ. The H2PO4

� and
HPO4

2� ions are depleted in this region leaving it more

Figure 4. Change of pH and current across positively and negatively charged nanorestrictions (PAMþ and PAM�) at different
electric field strength. PAMþ and PAM� are fabricated with the addition of 0.3% charged Immobiline monomers. (A�F) pH
images measured 10 min after application of electric field at indicated strength in PBS buffer. (G, H) Normalized cross-matrix
current measured at 30 s increments after electric field was applied across PAMþ and PAM�.
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susceptible to pH fluctuation. On the cathode side,
continuing flux of Naþ but accumulation of Cl� and
phosphate anions pushes local pH downward as Hþ

increases balancing charge. However, the titration of
HPO4

2� to H2PO4
� buffers against pH changes to some

extent. With PB as compared to PBS, the substantially
lower Naþ and lack of Cl� lessen tendencies for pH
change on both sides of the matrix, and a higher
relative concentration of buffering ions tends to stabi-
lize the pH in the enrichment zone.

Time-Lapse pH Mapping across Positively and Negatively
Charged Polyacrylamide Matrix. To study the impact of
switching the polarity of surface charge on CP-induced
pH changes, we compared positive and negative sur-
face charge variations in Figure 4. Snapshots of pH
maps of PAM� and PAMþ in PBS were measured at 10
min after application of the electric field (Figure 4A�F).
The change of pH across PAMþ was similar to PAM� in
that the pH tended to drop on the cathode side of the
matrix, but therewere notable differences (Figure 4D�F).
At a low electric field of 12.5 V/cm, PAMþ maintained
a stable pH map (Figure 4D). At a higher voltage of
25 V/cm the change of pH is relatively mild, with only
a narrow zone (∼50 μm) of higher pH on the cathode
side of the matrix in the cation depletion region
(Figure 4E). At a stronger electric field of 50 V/cm, the
pH on the cathode side of PAMþ decreased sharply to
∼6.0 in the depletion region, whereas on the anode
side, the pH also decreased but at a smaller level

to ∼6.6. The magnitude of pH shifts and the size of
regions affected are much smaller than observed for
PAM� (Figure 4F). Current drop at 25 and 50 V/cm
across PAMþwere less than half the drop across PAM�

(Figure 4G, H), indicating weaker CP.
The observed changes with PAMþ are not aligned as

well with a simple model of ionic strength dependence
since the pH shifted opposite the trend expected in the
ion depletion region (now on the cathode side). Here
again coupled effects of ionic strength and differential
transport of anions vs cations as illustrated in Figure 5B
must be considered to explain the local pH shifts.
At PAMþ the permselectivity is reversed compared
to PAM�, and thus negatively charged phosphate buf-
fering anions H2PO4

� and HPO4
2� along with Cl� are

carried through the EDL. The depletion and enrichment
regions are also reversed across the matrix with cations
(Naþ) instead of anions being excluded and therefore
enriched on the anode side and depleted on the
cathode side. The charge neutrality in the microchan-
nels is maintained by the acid/base chemistry (eqs 1
and 2). Overall, with a more stable concentration of
phosphate buffering ions across the PAMþ and in the
depletion region, the pH is better regulated. In the
enrichment region (on the anode side of PAMþ), the
accumulation of Naþ is expected to shift the acid/base
equilibrium to higher pH, while higher ionic strength is
expected to lower the pH. The pH is lowered by a
modest amount at 50 V/cm, indicating that the ionic

Figure 5. Schematic of the suggested model explaining the change of pH across negatively and positively charged
nanoconstrictions. (A) On the cathode side of negatively charged nanoconstrictions, a high concentration of
phosphate ions in the anion enrichment zone leads to increased concentration of Hþ and a lower pH. On the anode
side, depletion of phosphates in the anion depletion zone leads to higher pH. (B) With positively charged
nanoconstrictions, because buffering phosphate ions can cross nanoconstrictions through the EDL, the pH is more
stable even with electric-field-induced CP.
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strength effect dominates somewhat at the higher field
strength. In the depletion zone, dilution of ions can
increase PBS pH (up to∼5-fold dilution levels). However,
as Naþ is depleted, the acid/base equilibrium is expected
to shift pH lower, while the phosphate buffer (not
depleted in this case) would attenuate the shift in pH to
some extent. The most significant change in the deple-
tion region at 50 V/cm is a drop in pH to∼6, implicating
differential transport of ions as the dominant factor.

The experimental model studied here focused on
anionic buffer ions resulting in smaller pH changes
and lower current drop when nanopore surface
charge is positive. If the buffering species counters
surface charge and is conducted through the EDL,
buffering capacity can serve to reduce the extent of
current drops and pH changes on both sides of the
nanoconstriction. Some buffer compositions such as
Tris-glycine buffer are buffered by both cationic and
anionic species, further emphasizing the complex
dependence of dynamic CP and locally induced pH
changes on buffer choice and ionic composition. An
improved understanding will help guide the choice of
running buffer and surface charge characteristics to
better predict and mitigate or enhance CP-induced
effects to suit an application.

CONCLUSION

Although characterization of the results is based
on a highly simplified model and many aspects of
the observed phenomenon are coupled, this is the
first quantitative study of often neglected changes
of pH at nanoconstrictions. As CP-induced pH shifts
have been difficult to account for both theoretically
and experimentally, this approach helps in identify-
ing the extent of pH shifts that may occur and in
mapping contributions of several factors. The mag-
nitude of pH changes at the micro/nano interface
caused by CP as demonstrated here can significantly
impact the behavior and performance of nanofluidic
devices. With ratiometric temporospatial pH map-
ping, dynamic and unpredictable pH changes can be
qualitatively and quantitatively analyzed across a
wide range of micro/nanosystem parameters. The
models depicted here in Figure 3C and Figure 5
include multiple coupled mechanisms contributing
to pH changes at nanoconstrictions. A descriptive
correlation of multiple factors with CP including
dependence on field strength, buffer composition,
and surface charges will help facilitate more in-
depth theoretical and experimental study in the
future.

METHODS
Reagents. Carboxy SNARF-1 and N,N0-methylenebisacryl-

amide were from Invitrogen (Calsbad, CA, USA). Acrylamide
solution (40%), 3-(trimethoxysilyl)propyl methacrylate (98%),
methylcellulose, sodium phosphate, and glacial acetic acid
were from Sigma (St. Louis, MO, USA). 2,20-Azobis[2-methyl-
N-(2-hydroxyethyl)proprionamide] photoinitiator (VA-086) was
from Wako Chemicals (Richmond, VA, USA). PBS buffer (20�),
Tris-buffered saline (20�), and borate buffer (20�) were from
Thermo Scientific (Rockford, IL, USA). Immobiline solutions (0.2
M) were from Fluka (Buchs, Switzerland). Bogen's Universal pH
indicator was from The Science Company (Denver, CO, USA).

Device Fabrication. A glass (fused silica) microfluidic device
with nanoporous polyacrylamide matrix photopolymerized
in situ was fabricated as previously described.24,33 Briefly, the
devices were designed in-house and were fabricated at Caliper
Life Sciences (Hopkinton, MA, USA) using standard wet etching
techniques with chromiummasks fabricated by Photo Sciences
Inc. (Torrance, CA, USA). Microchannels were 30 μm deep
throughout the chip, with 500 μmdiameter circular holes drilled
into the top layer of the device to allow access to the channels.
We first coated the channels with methacrylate-terminated
silane via a 30 min incubation with a 2:3:5 (v/v/v) mixture of
3-(trimethoxysilyl)propyl methacrylate, glacial acetic acid, and
deionized water. The channels were then rinsed twice with
methanol and twice with DI water, thoroughly dried with a
vacuum, and stored dry until PAM fabrication. For nanoporous
PAM fabrication, the devices were loaded with a mixture of
acrylamide/bisacrylamide cross-linker (44% T, 10% C, where% T
represents the total monomer mass concentration, and % C
represents themass percentage of bisacrylamide cross-linker to
total monomer) and 2 mg/mL VA-086 photoinitiator. For nega-
tively charged and positively charged PAMs, 20 mM pKa 3.1 and
pKa >12 Immobiline was added into the monomer mixture,
respectively. After about 10min for the liquid inside the channel
to reach a quiescent state, 30 μmwide PAMs were polymerized

in the device by exposure to a shaped UV laser beam (355 nm
frequency-tripled Nd:YAG). Excess monomer solution was
removed via vacuum; channels were rinsed twice with metha-
nol. Finally, we coated the channels of the chips with linear
polyacrylamide by loading the channel with a solution of
4% acrylamide and 2 mg/mL VA-086 photoinitiator and expos-
ing the device to a 100 W flood UV lamp for 6 min. Following
exposure, excess solution was removed via vacuum, and
the channels were flushed twice with methanol and filled with
water until use.

Device Operation. Channels was filled with appropriate run-
ning buffer (PBS or PB) mixedwith 1%methylcellulose (MC) and
200 μM SNARF via capillary wicking. MC was added to mini-
mized electroosmotic flow.33 The chip was then mounted onto
a custom-made manifold for easy access to the channels.34

About 80 μL of channel solution was added in each channel
reservoir. Platinum electrodes were inserted into each reservoir
and connected to a custom-made programmable high-voltage
power supply. A 25 V/cm (or as indicated) electric field potential
was applied between the cathode and anode port for a
preprogrammed duration of time. The cross PAM current was
measured from the same power supply every 30 s. The field was
directed on each side of the PAM through only one of the
intersecting microchannels (Figure 1A). The intersecting micro-
channels help in photopolymerizing the PAM, allowing quick
rinsing of unpolymerized monomer solution, and are also
important for integrated analytical uses facilitating delivery of
different sample analytes, chemical reagents, and buffers to the
PAM and subsequent redirection of processed samples for
downstream analysis.

SNARF Emission Spectra Measurement. SNARF emission spectra
were measured with 488 nm excitation using a fluorescent
spectrometer (Perkin-Elmer, LS55) in PBS and phosphate buffer
titrated from pH 6 to 9.

Onchip SNARF Calibration. For time-resolved pH mapping in a
micro/nanofluidic device, calibration was performed by filling
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representativemicrochannels with buffer solutions titrated over
a range of pH and measuring fluorescent responses with the
imaging system (when CP is not induced). Images of fluorescent
emission at 540 and 680 nm of the channel with 488 nm
excitation were acquired using a confocal microscope (BioRad
LaserSharp2000) and a krypton/argon laser. The optical system
setup is illustrated in Figure 1B. Emission filters at 540( 32 and
680 ( 32 nm were chosen to optimize the ratiometric imaging
response measured as

R ¼ f540
f680

where f540 and f680 are the background-subtracted fluorescence
emission intensity simultaneously measured using two PMTs.
The calibration curve of R vs pH shown in Figure 1D is based on
fitting a second-order polynomial equation by least-squared
linear regression

pH ¼ 4:3R2 � 9:2Rþ 10:8

which was used to correlate a measured R value to a specific pH
value between pH 5.8 and 8.5 pH mapping.

Dynamic pH Mapping. The manifold with the chip filled with
SANRF in the channel and electrodes connected to the power
supply was mounted on a confocal microscope (Bio-Rad)
sample stage. After the electric field was applied, dual emission
images at 540 and 680 nmof the area of interest (1mm� 1mm)
were scanned simultaneously every 10 s. Scanning time for each
set of dual images was within 1 s. Afterward, we analyzed the
images and generated pH maps using computer software
ImageJ (http://rsbweb.nih.gov/ij/) and Matlab (Mathworks)
based on the ratio of fluorescent intensity of each pixel mea-
sured at 540 and 680 nm and the pH vs R calibration curve.

Bulk Solution pH Measurement. We measured the pH of bulk
buffer solution with a benchtop electronic pH meter (Mettler
Toledo, Seven Multi InLab Micro) and further verified the result
with several colorimetric pH indicators: neutral red (pH 6.8�8.0),
bromothymol blue (pH 6.0�7.6), and Bogen's Universal pH
indicator (pH 1�12).
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