






molinate curves were performed with undiluted agricultural
runoff-water samples from different areas of Uruguay (Figure S-
4, Supporting Information).
Nanopeptamers Allow the Development of Non-

competitive Lateral-Flow Tests. A major advantage of
noncompetitive assays is that they can be developed into simple
formats with a positive visual end point. Our initial attempts to
adapt PHAIA into lateral-flow assays were not successful, most
probably due to the filamentous nature of the phage that
promoted the formation of aggregates with the colloidal labels.
Fortunately, this limitation was overcome using nanopep-
tamers. Figure 3A shows the results of a lateral-flow assay set up
using MoAb 14D7 as the capture reagent immobilized on

polyester-backed nitrocellulose membranes and colloidal-
carbon labeled avidin complexed to pA for detection (see the
Supporting Information). For the sake of comparison, we also
developed the molinate assay in a lateral-flow competitive
format using MoAb 14D7 as capture antibody and the molinate
derivative 7b (S-2-(p-aminophenyl)-ethyl-hexahydroazepine-1-
carbothioate) coupled to conalbumin, which was labeled with
colloidal carbon for detection, Figure 3B. A molinate
concentration of 2.5 ng/mL caused a visible test line in the
noncompetitive assay, while 32 ng/mL produce a weaker test
line than the negative control in the competitive assay, as was
agreed upon by four independent observers in three different
repetitions of the test. This is in agreement with the
densitometry analysis of the strips, Supporting Table S-1A
(Supporting Information). In addition to the positive reading,
the noncompetitive test performed with a 10-fold improved
sensitivity. The assay was then tested for matrix interference
using 10 runoff water samples from agricultural areas of
Uruguay spiked with 0, 1.0, 1.5, 2.5, 5, and 20 ng/mL of
molinate. The strips were read by four independent observers,
all of whom detected a visible reaction line with concentrations
of 2.5 ng/mL or higher, Figure S-5 (Supporting Information).

Nanopeptamer Based ELISA and Lateral-Flow Test for
Clomazone. To explore the general utility of the method, we
also developed nanopeptamer-based assays for the herbicide
clomazone. To this end we used the anticlomazone MoAb 5.617

and the anti-IC synthetic peptide X11 (biotin-SGSGCLEAP-
NIEGC) complexed with SPO or avidin. This peptide has been

Table 1. Cross Reactivity (%) of Nanopeptamer pA and PHAIA Assays with Related Thiocarbamate Pesticidesa

aAll data are the mean of two independent experiments. A value of 0 means that there was no observable cross-reactivity at the highest concentration
tested, 104 ng/mL.

Figure 3. Noncompetitive nanopeptamer pA-based (A) and
competitive (B) lateral-flow assays for molinate. The nitrocellulose
strips were tested with buffer containing various concentrations of
molinate (ng/mL) as denoted in the figure.

Analytical Chemistry Article

dx.doi.org/10.1021/ac3031114 | Anal. Chem. 2013, 85, 1177−11821180



previously isolated from phage libraries panned against the
clomazone-MoAb 5.6 IC.9 For ELISA, the assay conditions
were optimized essentially as described for the molinate test,
which allowed one to obtain a LOD = 1.2 ng/mL and SC50 =
3.4 ± 0.2 ng/mL using SPO-pX11 (Figure 4A). This represents

an improvement of 3.3 and 8.3-fold regarding the assay setup
with the same antibody in a competitive format (LOD = 4 ng/
mL and IC50 = 28 ± 1.1 ng/mL, respectively).17 The assay was
also adapted into a lateral-flow format using avidin-pX11
labeled with carbon black, which allowed one to detect up to
2.5 ng/mL of clomazone (Figure 4B); the densitometry data is
shown in Supporting Table S-1B in the Supporting
Information.

■ CONCLUSIONS
Our results show that in spite of big structural differences, the
streptavidin/avidin-based nanopeptamer properly reproduces
the binding characteristics of the phage particles. Indeed, the
dihedral D2 molecular symmetry of the streptavidin homote-
tramer positions two pairs of biotin binding sites on opposite
faces of the protein, and thus the distance between the biotin
carboxylated oxygens that anchor the peptides are ∼2 nm on
the same face and ∼3 nm on opposite faces of the complex.18

On the other hand, M13 has a ∼6 nm × 1000 nm rodlike
structure, covered by ∼2700 copies of the minor protein pVIII
arranged in a fish-scale pattern, and the use of a phagemid
system for the generation of the virons yields phage particles
with approximately 200 copies of pVIII expressing the peptide,
meaning an average distance between peptides close to 10
nm.19 In addition, the peptide is tethered in a different way in
both systems. For the sake of simplicity, the peptides were
synthesized with a biotin residue added to their N-terminus,
while they are expressed as pVIII N-terminal fusions on the
phage. Considering the differences in valences and display
features of both systems, it seems that the specific recognition
of the IC by the peptide can be transferred out of the “phage
context” with a considerable degree of flexibility.
As demonstrated here, the availability of phage-free reagents

for noncompetitive assays could have a major impact in the
development of rapid two-site tests for small molecules with a
positive visual end point, a feat not possible with the available
technology. Since the strategy for the selection of anti-IC phage
borne peptides is well established, and considering the varied
offer of commercially available streptavidin conjugates, nano-

peptamers may be the long-sought detection reagent for the
development of fast noncompetitive assays for small analytes.
In that sense a major proof of concept contributed by our work
is their use in the development of lateral flow test for small
molecules with a positive reading improving the sensitivity and
interpretability of these tests.
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Figure S-1. Reactivity of the pA-Nanopeptamer against the molinate-antibody 

immunocomplex and the uncombined antibody. Plates were coated with 10 µg/mL of 

MoAb 14D7 (a), 5 µg/mL (b), 2.5 µg/mL (c), or 1.25 µg/mL (d) and incubated with 

two-fold serial dilutions of pA-Nanopeptamer in the presence (black circles) or absence 

(white circles) of molinate (100 ng/mL) using a starting concentration of Nanopeptamer 

concentration of 2.4 µg/mL. An approximate 50-fold molar excess of biotinylated 

peptide was used for these ELISAs.  
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Figure S-2. Effect of the final concentration of pA-Nanopeptamer on the molinate 

noncompetitive ELISA. Microtiter plates coated with 10 µg/mL of MoAb 14D7 were 

incubated with two-fold serial dilutions of standard molinate and different 

concentrations of pA-Nanopeptamer. White squares (pA-Nanopeptamer, 6 µg/mL) 

SC50= 4.0 ± 0.3 ng/mL; white circles (pA-Nanopeptamer, 3 µg/mL) SC50= 3.7 ± 0.2 

ng/mL; white triangles (pA-Nanopeptamer, 0.75 µg/mL) SC50= 8.7 ± 0.4 ng/mL; black 

circles (pA-Nanopeptamer, 0.38 µg/mL) SC50= 20.3 ± 1 ng/mL; white diamonds (pA-

Nanopeptamer, 0.18 µg/mL) SC50= 32.4 ± 1 ng/mL. From these experiments a final 

concentration of 0.75 µg/mL pA saturated SPO-pA-Nanopeptamer was chosen for 

further experiments.  
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Figure S-3. Effect of pA to SPO ratio in pA-Nanopeptamer assay performance. 

Microtiter plates were coated with 10 µg/mL of MoAb 14D7.  SPO was preincubated 

with the approximate following molar ratios of biotinylated peptide to SPO: 50 

(squares, SC50= 5.5 ± 0.3), 6.5 (circles, SC50= 7.7 ± 0.3), 1.5 (triangles, SC50= 15.8 ± 

1.0) and 0.6 (diamonds, SC50= 55.6 ± 3.42). Similar results were obtained with the 

p1M-Nanopeptamer (not shown). 
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Figure S-4. Matrix effect on the molinate pA-Nanopeptamer assay. MoAb 14D7 (10 

µg/mL) was used for coating and SPO (0.75 µg/mL) complexed with a 50 fold molar 

excess of pA (triangles) for detection. The test was performed with molinate dissolved 

in assay buffer (circles) or undiluted water from agricultural runoffs, squares, triangles, 

diamonds or crosses, for water samples 1-4, respectively 
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Figure S-5. Lateral-flow analysis of molinate in surface water samples using the 

avidin-pA Nanopeptamer labeled with carbon-black. Water samples from rivers and 

dams of Uruguay were spiked with various amounts of molinate mixed with 5% (v/v) of 

concentrated (10 x) PBS-T before the assay. Only the 0-2.5 ng/mL range is shown.   
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Supporting Table S-1. Strip densitometry measurements of molinate and 

clomazone Nanopeptamers Lateral-Flow Assays. A) and B), densitometry values 

corresponding to lateral-flow strips shown in figures 3 and 4, respectively 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B 

Molinate  

(ng/mL) 

Peak Area Clomazone 

(ng/mL) 

Peak Area 

0 167.7 0 145.2 

2.5 1087.3 2.5 565.6 

5 2307.7 5 1571.3 

10 3292.4 10 3875.7 

25 3971.3 25 7375.3 

200 8324.1 200 8058.3 

Images were processed with the ImageJ software (NIH)  

 


