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ABSTRACT 
Peptide biosensor reagents are emerging as an alter-
native to typical antibody-based detection methods. 
Peptides can be rapidly isolated using bacterial dis-
play methods for new and emerging biothreats and 
can be chemically synthesized for rapid, large-scale 
production. With the emergence of peptide biosensor 
reagents, there is a growing need to develop methods 
for characterizing binding interactions. Capillary elec- 
trophoresis (CE) is a free-solution separation me- 
thod that is able to determine target and analyte 
binding association (Kb) and dissociation constants 
(Kd). In this study, the Kb, Kd, and peptide specificity 
of an isolated peptide binding reagent to protective 
antigen (PA) of Bacillus anthracis were evaluated us-
ing capillary electrophoresis at 10 and 20 kV. The 
relative binding specificity was rapidly assessed by 
measuring the peptide relative mobility shift at 20 kV 
at nonequilibrium using bovine serum albumin (BSA), 
horseradish peroxidase (HRP), and an anti-PA mo-
noclonal antibody (mAb). The αPA peptide was 
shown to be highly specific for PA, with a Kd = 177 
nM measured at 20 kV and Kd = 312 nM measured at 
10 kV. These results show that peptides from bacteri-
al display libraries can be rapidly tested for specifici-
ty and binding affinity, in solution, for use as a poten-
tial biosensor reagent against new and emerging bio- 
threats.  
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1. INTRODUCTION 
Since the use of Bacillus anthracis as a bio-weapon in 
the US in 2001, there has been a desire for an improved 
method for sensing small quantities of biological threats. 
The Protective Antigen (PA) protein of B. anthracis is 
the common shuttle protein in both the edema toxin and 
lethal toxin complexes. PA is an 83 kDa monomer that is 
activated by a cell surface furin protease to form a 63 
kDa oligomeric pore complex on the cell surface to 
transport lethal factor (LF) and edema factor (EF) pro-
teins into the cell [1]. In this study, the binding affinity 
and specificity of a synthetic peptide isolated for PA 
sensing are determined using capillary electrophoresis 
(CE).  

Accurately measuring binding affinity and rapidly as-
sessing binding specificity using minimal sample is crit-
ical for the analysis of protein-peptide interactions where 
sample is severely limited. A solution-based assay such 
as CE offers a highly sensitive solution technique re-
quiring minimal sample as an alternative to conventional 
surface bound immunoassay techniques such as enzyme- 
linked immunosorbent assays (ELISA) and surface plas- 
mon resonance (SPR) [2]. Surface-bound immunoassay 
techniques such as ELISA and SPR are particularly chal-
lenging for small peptide systems, as they require com-
plete surface adsorption of target material to a solid sup-
port, which can hinder the accessibility of binding sites. 
Alternatively, CE is a high-speed, highly sensitive, and 
easily automatable microfluidic method that can be used 
to measure the interactions between biomolecule targets. *Corresponding author. 
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To date, much of the work with CE and optical biosen-
sors has focused on aptamers or nucleic acid molecular 
beacons for target detection, typically with a mobility 
shift for the aptamer [3-6]. In this study, we show that 
affinity capillary electrophoresis (ACE) can be used to 
measure peptide specificity and binding affinity of a syn- 
thetic peptide selected from a bacterial display library to 
bind exclusively to PA of B. anthracis.  

Peptide display libraries are highly diverse combina-
torial libraries from yeast, phage, bacteria, and synthetic 
libraries that are screened against specific targets to iso-
late polypeptides for sensing, detection, and materials 
applications [7-10]. Analysis of target binding of the 
enriched display library population is typically per-
formed using flow cytometry to measure the on-cell 
binding affinity and on-cell specificity [11-14]. Flow cy- 
tometry requires long cell-growth times followed by 
washing and labeling steps but is able to analyze multiple 
samples for affinity while measuring specificity against a 
panel of potential cross-reacting targets [11]. Once the 
on-cell analysis of peptide libraries is complete, each 
peptide candidate is synthesized for off-cell analysis us-
ing ELISA and SPR [15,16]. ELISA is used for deter-
mining binding dissociation constants (Kd), as well as 
reagent specificity. SPR can be used for probing associa-
tion (kon) and dissociation (koff) rates along with binding 
dissociation constants [17-19]. Both ELISA and SPR 
require adsorption or attachment of the peptide or protein 
target. In ELISA, the target is adsorbed to a microwell 
plate surface, often polystyrene, and for SPR the target is 
adsorbed to a plasmon active surface, typically a glass 
slide with a silver or gold layer. The surface attachment 
or adsorption can impact the molecular recognition by 
restricting necessary conformational changes or limit 
binding due to surface steric interactions, as reported 
with biotin terminated peptides at streptavidin surfaces 
[20,21]. Alternatively, peptides can be used as the analyte 
in SPR experiments with immobilized targets, although 
high concentrations are necessary to achieve the required 
sensitivity and the risk of binding and rebinding is con-
stantly a problem [17,22]. 

CE promises a rapid, solution-based microfluidic tech- 
nique to determine peptide affinity and specificity. In 
addition, CE employs both UV absorbance and high- 
sensitivity laser-induced fluorescence (LIF) for detection 
as low as picomolar concentrations of analyte [23]. LIF 
detection is advantageous for analysis of hazardous pro-
tein toxins using dye-labeled peptide sensing reagents 
since only a small amount of material is required for de-
tection and analysis.  

The current study demonstrates the use of affinity ca-
pillary electrophoresis (ACE) as a rapid method for spe-
cificity analysis of an anti-PA (αPA) peptide isolated 
from a bacterial display library. The principles of ACE 

can be extended to measure reagent specificity, especial-
ly for peptide display reagents isolated in a complex ma-
trix: streptavidin magnetic beads, other surface display 
peptides, and cell lysate materials. Specificity measure-
ments using ELISA can be limited to available antibodies 
for sandwich assays, whereas SPR specificity would re-
quire optimizing immobilization and retention of activity 
of a large number of separate cross-reacting proteins to 
test on chip. In this paper, an all-in-one CE approach is 
developed for rapid affinity and specificity studies and 
evaluation of peptides for incorporating into PA and B. 
anthracis biosensors is demonstrated.  

2. MATERIALS AND METHODS  
2.1. Reagents and Materials 
All chemicals were purchased from Sigma-Aldrich (St. 
Louis, MO; USA) unless otherwise stated. Protective 
antigen (PA) protein of Bacillus anthracis was purchased 
from List Biological Laboratories, Inc. (Campbell, CA; 
USA). Bovine Serum Albumin (BSA) and horseradish 
peroxidase (HRP) purchased from Thermo Fisher Scien-
tific (Rockford, IL; USA) and an anti-PA mouse monoc-
lonal antibody (mAb) from U.S. Biological (Swampscott, 
MA; USA) were diluted in run buffer (10 mM Potassium 
Hepes pH 7.5) prior to use. EZ-Link Sulfo-NHS-Biotin 
(Thermo Fisher Scientific; Rockford, IL; USA) was used 
to biotinylate PA for magnetic sorting with Dynabeads® 
MyOne™ Streptavidin T1 beads (Invitrogen, Carlsbad, 
CA; USA). An αPA peptide, DGLHPWWNNAPLGQR, 
was synthesized with a N-terminal FITC label (αPAFITC) 
using an aminohexanoic acid (Ahx) spacer (RS Synthesis; 
Louisville, KY; USA) and was used for all LIF-CE stu-
dies.  

2.2. Selection of αPA Peptide 
A series of αPA peptides were isolated from the eCPX 
bacterial display library (Cytomx Therapeutics; San 
Francisco, CA) using a microfluidic magnetic sorter 
(MMS; Cynvenio Biosystems) as described previously 
[21,24]. Briefly, an aliquot of the randomized Escheri-
chia coli library containing 3 × 1010 unique surface-ex- 
pressed, randomized 15-amino acid peptide clones was 
grown at 37˚C while shaking at 250 RPM in 500 mL 
Luria Broth (LB) growth media containing 25 µg/mL 
chloramphenicol (LB-Cm25) to an OD600 of approx-
imately 0.6. After mid-log growth, the peptide display 
library was induced with a final concentration of L-ara- 
binose of 0.04% (w/v) [25]. The cells were shaken at 
37˚C for an additional 45 mins, before pelleting approx- 
imately 2 × 1011 cells by centrifugation at 5000 × g for 
20 mins. The pelleted library was depleted of all strepta-
vidin binders with a negative sort, as previously de-
scribed before selection of αPA peptides [24]. Four 
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rounds of MMS sorting were performed with decreasing 
biotinylated PA protein concentrations in each round 
(600, 300, 150, 75 nM). PA protein was suspended in 1 
mL phosphate buffered saline with 0.5% bovine serum 
albumin (PBSB) containing biotinylated protective anti-
gen, and incubated with the peptide display library at 4˚C 
for 45 mins. Cells were centrifuged as above and re- 
suspended in 1 mL PBSB buffer with T1 streptavidin 
coated beads. After 45 mins at 4˚C with rotation, mag-
netic sorting was performed using the MMS to enrich the 
bacteria population that was bound to the PA-magnetic 
bead conjugate. After each round of magnetic separation, 
the bead-bound enriched library was grown overnight in 
LB-Cm25 media supplemented with 0.2% glucose to 
proceed with further sorting rounds. After four rounds of 
sorting, clones were sequenced (Genewiz; Germantown, 
MD; USA) to determine the amino acid sequence for the 
random peptide expressed on the cell surface. 

2.3. Capillary Electrophoresis (CE) Analysis  
CE analyses were performed on a P/ACE™ MDQ 
(Beckman Coulter; Brea, CA; USA). Uncoated fused- 
silica capillaries (37 cm total length, 30 cm effective 
length, 50 μm i.d., 375 μm o.d.) from Beckman Coulter 
were used for all separations. The sample storage tem-
perature was maintained at 4˚C prior to separation and 
each experiment was performed with the capillary car-
tridge temperature held at 25˚C. The electrophoresis vol-
tage was either 10 kV or 20 kV in normal polarity mode. 
Sample detection was achieved using laser-induced fluo-
rescence (LIF) measured at 488 nm excitation and 520 
nm emission using a 3 mW argon ion laser. Prior to using 
a new capillary, each capillary was conditioned accord-
ing to manufacturer instructions using methanol, water, 
0.1 M HCl, 0.1 M NaOH, water, and run buffer (10 mM 
potassium Hepes pH 7.5). Prior to beginning experiments 
at the start of each day, the capillary was washed with 0.1 
M NaOH for 5 mins, followed by run buffer for 10 mins.  

2.3.1. Rapid Peptide Specificity Analysis  
The peptide specificity analysis was performed by CE 
using PA (positive control), BSA, HRP, and an anti-PA 
mAb at 20 kV as described above. Each protein was in-
cubated with the αPAFITC peptide at a 1:1 ratio (3 μM 
final concentration) in 20 μL total volume with run buf-
fer and 1.5 μM fluorescein as an internal mobility stan-
dard for 30 mins at room temperature. The samples were 
stored at 4˚C prior to injection, with each separation 
performed with the capillary cartridge temperature held 
at 25˚C. Each sample was analyzed for a mobility shift 
difference compared to the initial αPA mobility shift. The 
specificity of the αPA peptide was measured at 20 kV 
against a commercial anti-PA monoclonal antibody and 
two proteins used in immunoassays with a similar pI to 

PA protein (pI = 5.64), bovine serum albumin (BSA; pI = 
5.6) and horseradish peroxidase (pI = 6.35). The relative 
mobility shift was measured in triplicate at both 10 kV 
and 20 kV to determine the binding affinity and dissocia-
tion constant of the αPA peptide as a function of PA pro-
tein concentration.  

2.3.2. PA-αPA Binding Analyses 
The αPA peptide (3 μM final concentration) was mixed 
with varying PA protein concentrations (0 - 3 μM) in a 20 
μL total volume in 10 mM potassium Hepes pH 7.5 run-
ning buffer that contained 1.5 μM fluorescein as an in-
ternal mobility standard. Fresh buffer vials were used 
between each sample to avoid buffer depletion, as well as 
concerns with altering the binding affinity due to residual 
PA or peptide in the column or run buffer. Furthermore, 
to avoid sample contamination, the capillary was washed 
with 0.1 M NaOH for 2 mins, water for 2 mins, and buf-
fer for 10 mins between each measured sample. All sam-
ples were injected with pressure injection using 0.5 psi 
for 5 s. The binding constant (K) can be determined by 
performing a non-linear fit of the binding isotherm due to 
the change in relative mobility of the αPA at varying PA 
concentrations. The peptide-PA complex, (αPA)PA, free 
substrate, αPA, and the mobility of the saturated complex, 
(αPA)PAsat, are graphed and fit to the expression adapted 
from Jiang et al. [26]. 
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3. RESULTS AND DISCUSSION 
Using the MMS and a bacterial display library enables the 
rapid isolation and subsequent identification of a peptide 
reagent as an antibody alternative in less than one week 
[27]; each round of MMS sorting with bacterial display 
requires one-day for target binding, MMS sorting, and 
overnight growth of enriched, positively selected clones. 
Besides being semi-automated, the MMS sorting is per-
formed in closed-system with a disposable cartridge to 
limit user exposure to dangerous biological targets [24]. 

After four rounds of MMS sorting with PA, the resul-
tant single clones were analyzed on-cell to determine the 
best PA binding clone. The best clone is determined by the 
sample that has the highest affinity and best specificity 
on-cell compared to all samples tested. In this current 
study, the clone that had the best affinity and specificity 
contained the insert for the amino acid sequence 
DGLHPWWNNAPLGQR displayed on the cell outer 
membrane surface, as determined by translating the va-
riable region of the DNA sequence in the eCPX 3.0 library 
vector [11]. The peptide was synthesized with an N-ter- 
minal FITC for CE analysis using LIF of the peptide  
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affinity and specificity in solution.  

3.1. αPA Specificity Analysis by CE 
Specificity analysis of the αPA peptide (Figure 1) with 
PA, BSA, HRP, and mAb resulted in the αPAFITC peptide 
having the greatest mobility difference, approximately 20 
s mobility shift at 20 kV, when incubated with the PA 
sample. The αPAFITC peptide shows no mobility differ-
ence when incubated with BSA and HRP implying no 
interaction with these proteins. A mobility shift of ap-
proximately 6 s was measured with the (αPA)mAb. It 
was not too surprising that the (αPA)mAb showed a 
small relative mobility shift since we would expect that 
similar hydrophobic and electrostatic interactions exist 
between the (PA)mAb and (αPA)PA complexes to direct 
the binding interactions. The αPA peptide displayed high 
specificity for PA overall compared to BSA, HRP, and 
(PA)mAb. The lack of interaction with BSA was impor-
tant since BSA is used at 0.1% - 0.5% during the 
enrichment of cell populations in bacterial display library 
sorting. Lack of binding to HRP would enable this pep-
tide to be used in future peptide ELISA studies with PA 
[21].  

Peptide specificity from peptide display libraries is 
critical, but often overlooked, especially for peptides de- 
veloped for reagent use in sensors and diagnostics of 
complex samples: serum, soil, water, etc. Peptide affinity 
CE provides a rapid method to determine, within minutes, 
the specificity of display peptides rather than using other 
conventional, more time-consuming methods such as 
ELISA, flow cytometry, and SPR. CE can be automated 
to rapidly screen against BSA, HRP, and primary or sec-
ondary antibodies prior to more conventional immunoas- 
say analysis.  

3.2. αPA Mobility Shift with Protein 
The αPAFITC displays a 50 s mobility shift when bound 
with PA protein at saturation (~3000 nM) as determined 
by CE experiments with PA protein at 10 kV at nonequi-
librium (Figure 2(a)). Varying the PA concentrations 
from approximately 3000 nM to 0 nM resulted in a 
marked shift in the αPA-PA complex mobility from larg-
est mobility shift toward the free αPAFITC peptide. In 
each sample at 10 kV, there was no observed free 
αPAFITC peptide, which is typically observed in nonequi-
librium capillary electrophoresis of equilibrium mixtures 
experiments (NECEEM) [28-31]. The absence of a free 
peptide peak at nonequilibrium suggests that the peptide 
is in rapid equilibrium, or rebinding, between the un-
bound state and the complex with PA, similar to what is 
often observed in SPR measurements with small mole-
cule analytes or peptides [17]. 

To attempt to decrease the complex dissociation and  

 
Figure 1. CE rapid specificity analysis of 
αPAFITC (dash) with a positive control PA (blue), 
BSA (red), HRP (green), and a mouse mAb 
(black). The PA shows the greatest mobility shift, 
the mAb shows less of a mobility shift, and both 
the BSA and HRP show no mobility shift differ-
ence compared to the αPAFITC alone. Each sam-
ple is normalized to the fluorescein internal mo-
bility standard (square). 

 

    
(a)                          (b) 

Figure 2. ACE measurements of PA and αPAFITC peptide 
at (a) 10 kV and (b) 20 kV. The resultant αPAFITC mobil-
ity shift is shown at each PA concentration tested, refe-
renced to the internal electro-osmotic flow standard 
(“M”). 

 
observe free and bound complex, the samples were run at 
20 kV under nonequilibrium conditions. At 20 kV under 
nonequilibrium conditions, the maximum mobility shift 
of the αPAFITC with 3000 nM PA (saturation) is 30 s 
(Figure 2(b)). Increasing the current and thereby de-
creasing the separation time did not change the outcome 
of the measurement; the (αPA)PA complex did not com-
pletely dissociate to a measurable bound vs. unbound 
sample ratio, typical of NECEEM.  
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3.3. αPA Binding Affinity to PA  
In the absence of a dissociated peak at nonequilibrium, 
typical NECEEM sample analysis was not possible; one 
benefit of NECEEM for Kd measurements is that single 
concentrations of target and analyte are required since the 
dissociation constant is calculated using the ratio of areas 
for bound and unbound portions. For the αPA binding to 
PA, the absence of an unbound αPAFITC peak during 
nonequilibrium conditions necessitated using relative 
mobility shift with varying PA concentrations to calculate 
the peptide-protein binding constant Kb. The relative 
mobility shift compared to the internal fluorescein mo-
bility standard for the 10 kV equilibrium (Figure 3(a)) 
and the 20 kV (Figure 3(b)) was fit to Equation (1), non-
linearly, to determine the binding constant (Kb) and dis-
sociation constant (Kd = 1/Kb). The calculated Kb and Kd 
are within a factor of 2 for the 10 kV and 20 kV samples, 
312 and 177 nM respectively.  

4. CONCLUSION 
The emergence of peptide biosensor reagents requires a 
rapid, solution-based alternative to surface-bound im-
munoassays to evaluate peptide affinity and specificity. 
CE can be used to rapidly determine peptide affinity and 
peptide specificity, which is a critical component when 
using peptide reagents in place of antibodies for detec- 
tion and sensing. The αPA peptide showed strong speci- 
ficity for PA with little cross-reactivity to the anti-PA 
 

 
(a) 

 
(b) 

Figure 3. Binding affinity analysis for Kb 
and Kd determination of the αPAFITC peptide 
with various concentrations of PA protein at 
(a) 10 kV and (b) at 20 kV. The data was fit 
to a nonlinear function using Equation (1). 

mAb and no binding to BSA or HRP. CE is a versatile, 
automatable method to determine binding affinity for 
peptide-protein interactions as presented in this study. In 
the absence of a dissociated αPAFITC peak, typical NE-
CEEM analysis could not be used necessitating determi-
nation of the binding constant (Kb) from the relative mo-
bility differences at various PA concentrations. For CE 
and other microfluidic biosensor techniques, the relative 
mobility shift of the dye-labeled peptide with and with-
out target is suitable for quantitative analysis or for adap- 
tation for qualitative sample analysis in a sensor format. 
This peptide-protein CE characterization is suited for 
peptide affinity characterization, incorporation of dye- 
labeled peptides into portable microfluidic devices, or 
other solution-based optical sensors capable of measur-
ing changes in the peptides mass, charge, or structure. 
ACE with peptides isolated from bacterial display libra-
ries provides a rapid method to determine off-cell speci-
ficity and affinity and revealed the rapid binding-re- 
binding kinetics of this αPA peptide at nonequilibrium. 
This study shows the suitability of peptides as sensing 
reagents for CE, similar to previous reports that have 
used nucleic acid aptamers in a CE biosensor. Current 
efforts include adapting the αPA peptide into a nanoflud-
ic platform for more rapid binding analysis and de-
creased sample volumes. 
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