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The calcium signaling protein calmodulin regulates numerous intracellular
processes. We introduce a sensitive microchip assay to separate and detect
calmodulin binding proteins. The assay utilizes an optimized microchip elec-
trophoresis protein separation platform with laser-induced fluorescence detec-
tion. Fluorescence-labeled calmodulin modified with a photoreactive diazirine
crosslinker allows selective detection of calmodulin binding proteins.Wedemon-
strate successful in-vitro crosslinking of calmodulin with two calmodulin bind-
ing proteins, calcineurin, and nitric oxide synthase. We compare the effi-
cacy of commonly applied electrophoretic separation modes: microchip capil-
lary zone electrophoresis, microchipmicellar electrokinetic chromatography/gel
electrophoresis, and nanoparticle colloidal arrays. Out of the methods tested,
polydymethylsiloxane/glass chips with microchip zone electrophoresis gave the
poorest separation, whereas sieving methods in which electro-osmotic flow was
suppressed gave the best separation of photoproducts of calmodulin conjugated
with calmodulin binding proteins.
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1 1 INTRODUCTION

Calmodulin (CaM) acts as a Ca2+-triggered molecular
switch to regulate more than 100 enzymes involved in
many biological pathways [1,2]. Sensitive and rapid ana-
lytical methods to detect the interaction of CaM with
calmodulin-binding proteins (CBPs) are needed to profile

Article Related Abbreviations: AF647, Alexa Fluor 647; CaM,
calmodulin; CBP, calmodulin binding proteins; CN, calcineurin; DDM,
n-dodecyl-β-d-maltopyranoside; eNOS, endothelial nitric oxide
syntheses; HEPES, 4-(2-hydroxyethyl)−1-piperazineethanesulfonic acid;
HPMC, hydroxypropyl methylcellulose; HVPS, high-voltage power
supply; MCE, microchip electrophoresis; MCZE, microchip zone
electrophoresis; NHS-LC-SDA, succinimidyl 6-(4,4 ´-azipentanamido)
hexanoate; PDMS, polydymethylsiloxane; PMMA, poly(methyl
methacrylate); TBE, Tris-borate EDTA

the CBP “interactome.” Existing methods for analysis of
CBPs, including the CaM-binding overlay technique [3,4],
affinity chromatography [5], and SDS-PAGE [6], are lim-
ited by long analysis time and low sensitivity. Additionally,
such methods require considerable amounts of sample—
a significant limiting factor in analyzing biological sam-
ples. Recently, Persechini and co-workers described a sur-
vey of CaM-CBP interactions in live cells by photoac-
tivated crosslinking with affinity-tagged CaM [7]. The
method provides detailed information about interactions
with CBPs but requires enrichment followed bymass spec-
trometry.
The goals of the present work are development of meth-

ods for rapid detection of CBPs. Microchip electrophoresis
(MCE) affords the promise of rapid protein separation
and sensitive detection coupled with laser induced
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fluorescence, allowing use of small sample volumes
[8,9]. However, applications of MCE to proteins are
potentially confounded by poor differentiation of SDS-
protein complexes based on electrophoretic mobility
alone [10]. Applications of MCE to proteins therefore
often incorporate separation modes such as electrokinetic
chromatography or sieving [11–14].
The aim of this work was to demonstrate separation

and detection of CaM-CBP conjugates by microchip meth-
ods for two model CBPs—endothelial nitric oxide syn-
thase (eNOS) and calcineurin (CN)—through detection of
fluorescence-labeled CaM. eNOS has a molecular mass of
∼135 kDa [15,16]. CN is a heterodimer consisting of a large
subunit (calcineurin A, ∼60 kDa), which binds to CaM,
and a smaller subunit (calcineurin B, ∼19 kDa) [17]. Our
goal was first to demonstrate photo-reactive crosslinking
of CaM with each of the model CBPs and then to evaluate
various separation modes: microchip zone electrophoresis
(MCZE), MEKC, and silica-nanoparticle colloidal arrays,
under a variety of separation conditions.

2 MATERIALS ANDMETHODS

2.1 Materials and reagents

All reagents and samples were prepared with doubly-
deionized water from an ultrapure water system (Barn-
stead, Dubuque, IA). Alexa Fluor 647 C2-maleimide was
obtained fromMolecular Probes (Eugene, OR). T34C-CaM
was expressed and labeled with Alexa Fluor 647 (AF647)
as described previously [18]. Samples of eNOS were gifts
from David Arnett (Northwestern College, Orange City,
Iowa) and Anthony Persechini (School of Biological Sci-
ences, University ofMissouri, Kansas City). CNwas kindly
provided by Paul M. Stemmer (Wayne State University).
Hetero bi-functional amine-reactive diazirine crosslinkers
[succinimidyl 6-(4,4 ´-azipentanamido) hexanoate (NHS-
LC-SDA)], and Zeba spin desalting columns were pur-
chased from Pierce (Rockford, IL). Tris-HCl ready gels,
tris-glycine buffer, and Precision Plus Protein dual-color
standards were purchased from Bio-Rad (Hercules, CA).
Polyvinylidene fluoride membranes (0.45 μm) were pur-
chased fromMillipore (Bedford, MA). Enhanced chemilu-
miniscence (ECL) detection kits were purchased from GE
Healthcare (UK). CaM polyclonal and monoclonal anti-
bodies were purchased from Santa Cruz Biotechnology
(Paso Robles, CA). Polydimethylsiloxane (PDMS) and a
curing agent were purchased from Ellsworth Adhesives
(Minneapolis, MN). Poly(methyl methacrylate) (PMMA)
was obtained from McMaster-Carr (Elmhurst, IL, USA).
Fused silica capillaries (id: 50 μm and od: 364 μm) were
purchased from Polymicro Technology (Molex, Lisle, IL).

SU8 10 negative photo resist and silicon wafers were
purchased from Micro-Chem (Newton, MA) and Silicon
Inc. (Boise, ID), respectively. Silicon nanobeads were pur-
chased from Bangs Laboratories (Fishers, IN). Platinum
(Pt) wire was purchased from Ted Pella (Redding, CA). n-
Dodecyl-β-d-maltopyranoside (DDM), 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), DMSO, sodium
hydroxide, and tris-HCl were purchased from Fisher Sci-
entific (Fair Lawn, NJ). Tris-borate EDTA (TBE) 10×
buffer (CE grade), boric acid, hydroxypropyl methylcellu-
lose (HPMC), and SDS were acquired from Sigma–Aldrich
(St. Louis. MO).

2.2 Methods

CE separations were performed in a Beckman P/ACETM
MDQ instrument (Beckman, Fullerton, CA) as described
elsewhere [19]. The electrophoresis platform used in
this study is described elsewhere [19]. Microchips were
mounted on X-Y translational stage (Newport, Irvine, CA).
Fluorescence was excited by a 633-nm He-Ne laser. A
Nikon TE 300microscopewas used for LIF detection. High
voltage was supplied by four independently controlled
high-voltage power supply (HVPS) channels (UltraVolt,
Ronkonkoma, NY) and applied between the reservoirs of
the microfluidic device. The reservoirs were connected to
the HVPS channels with Pt leads. A LabVIEW program
was used to control the HVPS and data collection. PDMS-
based microchips were fabricated by standard soft lithog-
raphy at the Adams Micro-Fabrication facility (University
of Kansas) as described previously [19]. Glass microchips
were fabricated as described previously [20,21]. Microflu-
idic channels in the device were checked under a micro-
scope, and any particles were removed using 0.1 M NaOH
or isopropyl alcohol with pressure. PDMS/glass and glass
chips were conditioned with 0.1 M NaOH and deionized
water for 5 min each followed by run buffer for another
5 min. Before the separation, the device was checked again
for any clogging. Silicon nanoparticle microfluidic chips
were based on a chip with a simple “T” wafer (10 mm
separation channel and 4 mm side arms). Self-assembly
of beads in the separation channel was carried out as pre-
viously described [22]. After self-assembly of the colloidal
array, silica-nanoparticle microfluidic devices were equili-
brated with the run buffer for 20 min prior to use.
The Cys residue in T34C-CaM was labeled with AF647

throughmaleimide chemistry as described previously [18].
The labeled protein is hereafter referred to as CaM-AF647.
Samples were heat-denatured in the presence of 3.5 mM
SDS at 95◦C for 5 min prior to the separation. CN and
eNOS were crosslinked separately with NHS-diazirine
according to the manufacturer’s protocol [23]. Briefly,
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F IGURE 1 Detection of photochemically crosslinkedCaM-CN andCaM-eNOS byNHS-LC-SDA. SDS-PAGE (left) andwestern blot (right)
show photoproducts of CaM-CN (∼77 kDa) in lane 5 and CaM-eNOS (∼153 kDa) lane 6

NHS-LC-diazirine (10 mM) was prepared in DMSO.
Solutions of ∼50 μM CaM-AF647 and ∼25 μM CBP were
prepared in 10 mM HEPES buffer, pH 7.4, containing
2 mM Ca2+. The crosslinker and CaM-AF647 (50:1) were
incubated for 30 min at room temperature. The reaction
was quenched by adding tris⋅HCl, pH 8, to obtain a final
concentration of 100 mM tris, followed by incubation at
room temperature for 5 min. Unreacted linker and salts
were removed by Zeba desalting spin columns. CaM-
AF647 labeled with crosslinker was mixed with a solution
of CBP (CN or eNOS) at a 1:1 ratio (∼10 μM each). The
mixture was incubated for 30 min at room temperature,
followed by argon saturation for 30 min. The mixture
was photo-irradiated at 350 nm for 15 min in a Rayonet
photo-chemical reactor (Bradford, CT) with four bulbs (15
W each) [24].

3 RESULTS

3.1 Photochemical crosslinking of
calmodulin-diazirine with calcineurin and
endothelial nitric oxide synthase

NHS-LC-SDA with a 12.5-Å spacer was selected to capture
CBPs by crosslinking. Such linkers have been successful
in inter-protein crosslinking [25]. Figure 1 shows the
SDS-PAGE and western-blot analysis of CBPs photochem-
ically crosslinked with CaM-AF647. The monoclonal CaM
antibody recognized a band corresponding to the CaM-CN
photoproduct, which has an expected molecular mass
of ∼77 kDa (Lane 5), and the CaM-eNOS photoproduct,
which has an expected molecular mass of ∼153 kDa (Lane
6), respectively. However, binding of CaM monoclonal
antibody was also observed to CN (Lane 3), apparently to
the CN-A subunit (∼60 kDa), and to a band with lower

molecular mass, possibly containing the CN-B subunit.
Recognition of the CN-B subunit may result from its 35%
homology with CaM [26].
Other crosslinkers were not as successful for crosslink-

ing CaM with CBPs (data not shown). For example,
NHS-SDA with a short spacer did not yield interprotein
crosslinking under our experimental conditions. Multi-
ple labeling of CaM-AF647 with NHS-LC-SDA was also
observed by mass spectrometry (see Supporting Infor-
mation). Therefore, a mixture of multiple AF647-labeled
species was likely formed by the photo-crosslinking reac-
tion. The presence of CaM-CN in crosslinked samples was
checked by in-gel digestion and mass spectrometric anal-
ysis of bands isolated by SDS-PAGE. Mass spectrometric
analysis of tryptic digested peptides verified the presence of
CaM and CN in the CaM-CN crosslinked sample (Support-
ing Information Figure S3). However, the presence of CaM
in the CaM-eNOS crosslinked sample could not be verified
by analysis of tryptic peptides, suggesting that this pho-
toproduct, whose presence was detected by western blot-
ting and microchip electrophoresis (see below) is present
in lower abundance.

3.2 Capillary electrophoresis of
calmodulin conjugates with calmodulin
binding proteins

As a benchmark formicrochip separations, CEwas carried
out for the CaM-CBP conjugates. Methods are described
in ref. [19]. Figure 2 shows electropherograms obtained for
the separation of CaM-eNOS (A) and CaM-CN (B) pho-
toproducts separately. In this analysis, HPMC was added
to the BGE (75 mM boric acid, pH 9.2, 3.5 mM SDS, and
0.05 % (m/v)HPMC). HPMC is expected to reduce the EOF
and nonspecific surface adsorption of analytes onto the
capillary wall by coating the capillary surface [27].
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F IGURE 2 CZE of CaM-CBP conjugates. Electropherograms of
(A) CaM-eNOS and CaM-AF647; (B) CaM-CN and CaM-AF647; (C)
a mixture of CaM-eNOS and CaM-CN. Peaks 1, 2, and 3 are CaM-
eNOS, CaM-CN, and CaM-AF647, respectively. The field strength
was 241.9 × 103 V/m with a 0.31-m bare silica capillary (id 50 μm),
BGE: 75 mM boric acid, pH 9.2, 3.5 mM SDS, 0.05% (m/v) HPMC

Peaks 1, 2, and 3 in Figure 2C were assigned to CaM-
eNOS, CaM-CN, and CaMAF647, respectively, based on
migration times of individual samples of CaM-CN and
CaM-eNOS, (Figure 2A and B). Analytes migrated in
reverse order according to molecular mass. However, a
mixture of CaM-CN and CaM-eNOS photoproducts could
not be fully resolved under the same experimental condi-
tions (Figure 2C).

3.3 Separation of calmodulin conjugates
with calmodulin binding proteins by
microchip electrophoresis with gated
injection

MCZE separation of CBPs crosslinked with CaM-AF647
was tested with several different microfluidic devices
(glass, PDMS/glass, PMMA/glass), different injection
methods (gated and crossed), and different run buffers
(tris, HEPES, TBE, and boric acid) to compare the
resolution achieved. Gated injection is driven by EOF
whereas crossed injection is based on the electrophoretic
mobility of analytes. Under MCZE with normal polarity,
cathodic EOF drives the net flow toward the cathodic lead.
Separation is based on the electrophoreticmobility relative
to the EOF.

F IGURE 3 Microchip electrophoresis of CaM-CN and CaM-
eNOS photoproducts with a 0.10-m serpentine glass chip. (A) Mix-
ture of CaM-AF647 (∼150 nM), CaM-CN photoproducts (∼100 nM),
and AF647 (10 nM). Peaks 1 and 3 are assigned to CaM-CN photo-
products, peak 2 to CaM-AF647, and peak 4 to AF647. (B) Mixture
of CaM-AF647, CaM-eNOS photoproducts, and AF647. Peaks 1 and
3 are assigned to CaM-eNOS photoproducts, peak 2 to CaM-AF647,
and peak 4 toAF647. For both separations the buffer compositionwas
50 mM boric acid, pH 9.2, 3.5 mM SDS, separation potential 7.5 kV,
injection time 0.3 s. The detection length was ∼0.08 m

Figure 3 shows MCZE of CaM-AF647 and CaM-CBP
photoproducts in a 0.10-m glass serpentine chip. The EOF
was adjusted by changing the pH and ionic strength of the
BGE. Among a range of separation conditions tried, the
best separation was obtained with a BGE of 50 mM boric
acid, pH 9.2, with 3.5 mM SDS. Higher pH and higher field
strengths generated higher EOF, but some low-abundance
photoproducts could not be detected, possibly due to the
band broadening and co-migration (data not shown). Low
ionic strength buffers reduced the resolution whereas high
ionic strength buffers such as 150 mM boric acid, pH 9.2
resulted in inconsistent gating, high Joule heating, and
electrolysis (data not shown).
A mixture of CaM-AF647 and CaM-CN photoproduct

was separated by MCZE (Figure 3A). AF647 was also
included in the mixture as a positive marker. Peaks 1 and
3 can be assigned to CaM-CN photoproducts and peaks 2
and 4 to CaM-AF647 and AF647, respectively. Migration
times of CaM-AF647 and AF647 were determined in a sep-
arate experiment. CaM-AF647 was assigned by the peak
shape, peak intensity, and migration time. The identity of
the AF647 peakwas confirmed by spikingwith AF647. The
assignment of the CaM-CN photoproduct is based upon
migration times and peak shapes observed for CaM-CN
photoproducts alone. The S/N ratio was above 5 for peak
1 (Figure 3A). Dual peaks for CaM-AF647 were observed at
concentrations of CAM-AF647 of roughly 50 nM or higher
whereas only a single peak was resolved at lower concen-
trations (5–10 nM).
Similarly, Figure 3B shows the separation of a mixture

of CaM-AF647, CaM-eNOS photoproducts, and AF647 in
a 0.10-m glass serpentine chip. Conditions, including the
run buffer, were the same as that for Figure 3A. Peaks
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2 and peak 4 were assigned as CaM-AF647 and AF647,
respectively. Increasing the concentration of CaM-eNOS
photoproduct in the sample verified the identity of peak 3
(Figure 3B). A possible shoulder (peak 1) also corresponds
to a band observed in CaM-eNOS photoproducts alone.
Separation of a mixture of CaM-CN and CaM-eNOS

photoproducts was attempted with a 0.10-m glass serpen-
tinemicrochip under the same conditions described above.
However, it was not possible to resolve CaM-CN and CaM-
eNOS photoproducts due to similar migration times (see
Supporting Information Figure S4). The peaks labeled 3 in
Figure 3A and B have similar migration times in the two
samples (80–85 s in Figure 3A or at 75–80 s in Figure 3B).
The position of the peak between CaM-AF647 (peak 2) and
AF647 suggests that the electrophoretic mobility of CaM-
CN (Figure 3A) or CaM-eNOS (Figure 3B) lies between
that of CaM-AF647 and AF647 itself. These peaks may also
correspond to fragments of CaM-CN or CaM-eNOS photo-
products with similar migration times. As a result of the
similar migration times for CaM-CN and CaM-eNOS pho-
toproducts (Figure 3A and B), it was not possible to sepa-
rate them by MCZE.
Applying different separation voltages (5–10 kV), ionic

strengths (10–150 mM boric acid), pH (8.2–10), and sepa-
ration lengths (0.040–0.095 m) did not improve the reso-
lution of co-migrating peaks (data not shown). Further, it
was very difficult to maintain high voltages due to Joule
heating and electrolysis, and bubbles generated at the elec-
trodes caused chip failure. To suppress EOF, a polymer
additive, HPMC was used in separate experiments (results
not shown). However, even with very low concentrations
of HPMC (0.01% m/v) it was impossible to obtain repro-
ducible gated injections. The reduction of EOF decreased
the ability to establish the fluidic gate and hence the repro-
ducibility of gated injections.

3.4 Separation of calmodulin
conjugates with calmodulin binding
proteins by pinched injection

As an alternative toMCZE,microchip-basedmethodswere
also tested under conditions chosen to suppress EOF.
Gated injection is not efficient with low EOF. There-
fore, pinched (or cross) injection with “pull back” was
used to inject the sample. Voltages were controlled via a
high-voltage relay box to perform injections and separa-
tions [19]. During the resting stage, a positive voltage was
applied to the sample waste reservoir, while no voltage
was applied to the buffer and buffer waste reservoirs. Dur-
ing the injection step, a high positive voltage was applied
to the buffer waste reservoir, whereas the buffer reservoir
was grounded. At the same time, a relatively low positive

F IGURE 4 Separation of CaM-CN and CaM-eNOS photoprod-
ucts with a PDMS/glass chip andEOF suppression. (A) Electrophero-
grams for a series of repeated injections. A simple “T” PDMS/glass
chip with a 0.035-m separation channel was used. Peak 1 was iden-
tified as CaM, peaks 2 and 3 as CaM-CN photoproducts, and peak
4 as CaM-eNOS photoproducts. Consecutive multiple runs (n = 5)
show consistent migration times. (B) Apparent mobility versus rela-
tive molecular mass of analytes. The linear least squares fit yields log
μ=−0.0010Mr – 7.98, whereMr is the relative molecular mass. Peak
3 was used for the mobility calculation of CaM-CN. Error bars show
the standard error. The separation conditionswere as follows: 4×TBE
(360 mM tris-borate, 8.0 mM EDTA), pH 8.3, 0.05% (m/v) HPMC,
10 mM SDS, separation potential 800 V, detection length ∼0.015 m

voltage was applied to both the sample and sample waste
reservoirs to prevent leaking into the separation channel.
HPMC (90 kDa) and a high ionic strength buffer, 4× tris-
borate EDTA (4× TBE, consisting of 360 mM tris-borate,
8.0 mM EDTA), pH 8.3, were used to suppress EOF [28].
Figure 4 shows the electropherogram for a mixture of

CaM-CN and CaM-eNOS. A sample plug was introduced
into the separation channel of a 0.035-m PDMS/glass chip
by cross-injection. To promote the formation of micelles
10 mM SDS, which is above the critical micelle concentra-
tion, was used in both the sample and run buffers. Mul-
tiple runs under these conditions are shown in Figure 4A,
which shows four distinct peaks. The peakswere identified
based on their migration times. Consistent injections and
migration times were maintained throughout the analysis.
Figure 4B shows the dependence on the log mobility on
molecular mass for the separations in Figure 4A.
Similar electropherograms obtained with PDMS/

PMMA chips are shown in the Supporting Information
Figure S4. Adjustments of analyte concentrations, field
strengths, and run buffer conditions did not improve
the resolution in either PDMS/glass or PDMS/PMMA
chips. HPMC adsorbed onto the PDMS channel walls, as
observed through the microscope. The buildup caused
band broadening and clogging of channels. Maximum
usage time of amicrochipwith those separation conditions
was approximately 30 min.
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3.5 Separation of calmodulin conjugates
with calmodulin binding proteins by
silica-nanoparticle chips

Silica-nanoparticle colloidal arrays have proven useful
for size-based microfluidic separations [19,22]. A self-
assembled colloidal array with 170-nm silica-nanoparticles
in a 0.01-m PDMS/glass microchip was used for the anal-
ysis. TBE 3× (270 mM tris-borate, 6.0 mM EDTA), pH
8.3 with 3.5 mM SDS was selected for low conductivity
and low EOF. The detection length was ∼5 mm. Figure 5
shows electropherograms of a mixture of CaM-AF647,
CaM-CN photoproducts, and CaM-eNOS photoproducts.
Each peak was identified by its migration time and by
spiking of individual samples. CaM-AF647, CaM-CN, and
CaM-eNOS photoproducts were partially resolved with a
3× TBE run buffer (Figure 5A). The migration order was
compatible with sieving by the silica nanoparticle array
where smaller analytes migrate more quickly followed by
larger analytes [29]. The presence of unresolved shoul-
ders suggests the presence of multiple photoproducts.
Resolution depended on the ionic strength. With 4× TBE,
CaM-CN andCaM-eNOS photoproducts were not resolved
in a mixture containing both proteins (Figure 5B). Peak 3
corresponds to an apparent low-abundance photoproduct
of CaM-eNOS, which was only observed in concentrated
samples under relatively low field strengths. Separation
was further degraded with a 5× TBE run buffer (data
not shown). Deviations of migration times, peak shape,
and intensity of proteins were observed in consecutive
runs. Background also increased, decreasing sensitivity
to species with low abundance. The relation between the
log mobility and molecular mass for the separation in
Figure 5A is shown in Figure 5C.

4 DISCUSSION

CBPs were selectively detected by fluorescence of CaM-
AF647 bound to CBPs. The binding affinity of CaM with
CBPs is typically very strongwithKd values in the nanomo-
lar or sub-nanomolar range andwith correspondingly slow
off-rates [11,12]. However, electrophoretic separation con-
ditions, such as heat denaturation in the presence of SDS
and buffers with high ionic-strength, could disrupt CaM-
CBP complexes. Hence, photo-induced cross linking was
used to preserve conjugation of CBPs with CaM-AF647
under the denaturing conditions used for separation. SDS-
PAGE and western blotting demonstrate the formation of
conjugates (Figure 1), as do the results from the separations
shown in this paper.
Separation of the CBP photoproducts by CZE was poor

(Figure 2), consistent with our previous observation for

F IGURE 5 Separation of CaM-CBP photoproducts in a silica-
nanoparticle colloidal array in a PDMS/glassmicrofluidic device. The
particle diameter was 170 nm, detection length ∼5 mm. (A) Run
buffer: 3× TBE, pH 8.5 with 3.5 mM SDS, separation field strength
5.8 × 103 V/m. Peaks 1, 2, and 3 can be identified with CaM-AF647,
CaM-CN photoproduct, and CaM-eNOS photoproduct, respectively.
(B) Run buffer: 4× TBE, pH 8.5 with 3.5 mM SDS, field strength
4.3 × 103 V/m, total concentration of the mixture ∼60 nM. Peak 1
corresponds to CaM-AF647, peak 2 to both CaM-CN and CaM-eNOS
photoproducts, and peak 3 to a CaM-eNOS photoproduct. (C) Appar-
ent log mobility versus relative molecular mass of analytes for the
separation shown in A with 3× TBE, n = 3

a set of model proteins [19]. MCZE was also ineffective
(Figure 3). The most effective separation conditions for
CaM-AF647, CaM-CNphotoproduct, and CaM-eNOS pho-
toproduct resulted from suppression of EOF and pinched
injection (Figure 4). Themigration order was from smaller
molecules (highest mobility) to larger molecules (lowest
mobility). The separation conditions used for that analysis,
with SDS concentrations higher than the critical micelle
concentration, could be conducive to separation by sieving
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or MEKC. In the latter, separation depends on differential
interactions of the proteinswithmicelles [29,30]. However,
the peak ordering is consistent with sieving, in which the
largest molecule has the lowest mobility and the smallest
molecule has the highest. An Ogston sieving model pre-
dicts a linear relationship between the log of the apparent
mobility, logµ, and the relativemolecularmass,Mr [31–33].
The approximate linearity of the plot (Figure 4B) suggests
that the separation is roughly consistent with the Ogston
sieving model. This observed behavior might be explained
by the presence of HPMC in the run buffer. HPMC was
added to suppress EOF, but might also act as a sieving
matrix as reported in previous studies [34,35].
Separation by silica-nanoparticle colloidal arrays was

somewhat less effective. Although the mobility decreased
with molecular mass, the log mobility does not fit well to
a linear dependence. This may be a result of uncertain-
ties in the molecular mass of the CaM-CBP photoprod-
ucts. In contrast, a set of model proteins (CaM, BSA, and
concanavalin) separated in amicrochip silica-nanoparticle
array yielded mobilities with a linear dependence of the
log of the mobility on molecular mass, consistent with the
Ogston model [19]. The effective pore size of the colloidal
array plays amajor role in sieving-based separations with a
short detection length (∼5 mm). The thickness of the elec-
trical double-layer around a silica-nanoparticle depends on
the ionic strength of the BGE [22]. The resolution with
5× TBE may be poor compared to that with 3× or 4×
TBE because the reduced width of the double layer per-
mits closer approach of the negatively charged protein-SDS
complex to the negatively charged surface of the nanopar-
ticles, resulting in an effectively larger pore size. Hence,
sieving by the silica-nanoparticle array appears to be more
effective with 3× TBE than with 5× TBE, enhancing the
band separation.
It is important to consider the possibility that more

than one photoproduct may be formed by the photo-
crosslinking reaction. Multiple labeling of CaM with the
crosslinker (Supporting Information Figure S2) may have
generated different photo-reactive species, and the non-
specific reactions of diazirine with any C-H bond could
lead to the formation of multiple photoproducts. The pres-
ence ofmultiple photoproducts with low abundancemight
be responsible for the decreased resolution in CaM-CBP
separations compared to separations of a set of three stan-
dard proteins [19].

5 CONCLUDING REMARKS

The work reported here demonstrates the development of
a fast and sensitive (LOD, ∼5 nM) method for detecting
CBPs. We tested the efficacy of separation of model CBPs

using a variety of microfluidic devices, separation modes,
and dynamically modified channel surfaces. Dynamic
coating with additives such as SDS, and HPMC were used
to control the surface adsorption of proteins. The best sep-
arations were obtained by suppressing EOF and using siev-
ing. Separations were likely further complicated by the
apparent presence of a distribution of photoproducts. Fur-
ther optimization of the separations of a mixture of CaM-
CBP could likely be achieved by using a combination of
two or more separation modes on a single device. The
separation module of the developed platform could be
converted in to a two-dimensional separation method to
enhance the separation efficiency and peak capacity. For
example, a silica-nanoparticle colloidal array could be cou-
pled with MCZE under low-EOF conditions.
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