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ABSTRACT: We report a surface plasmon resonance (SPR)
biosensor for online detection of glyphosate. The surface of the
sensing element is decorated with an oligopeptide,
TPFDLRPSSDTR, which is identified by using phage display
library. This oligopeptide shows high binding specificity for
glyphosate (Kp, = 8.6 uM), probably because of the presence of
R and D in the oligopeptide. To detect glyphosate in buffer
solution, an SPR gold sensor chip is modified by using the
oligopeptide with a surface density of 0.6 1/nm® The
sensitivity of this oligopeptide-functionalized SPR biosensor
is 1.02 RU/uM whereas the limit of detection (LOD) is 0.58
uM. This oligopeptide functionalized SPR biosensor also
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shows good specificity against other analytes such as glycine, thiacloprid, and imidacloprid.

lyphosate (N-(phosphonomethyl)glycine) is a herbicide

that is used to kill weeds in farms, parks, and gardens.1
Glyphosate is toxic to plants because it can interfere with the
synthesis of aromatic amino acids such as phenylalanine,
tyrosine, and tryptophan by inhibiting the enzyme activity of 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS).” How-
ever, the widespread application of glyphosate has caused
several problems. For example, residues of glyphosate in water
may cause adverse effects on some aquatic plant species.>*
Recent studies also show that glyphosate is a potential
endocrine disruptor.” Currently, the maximum residue levels
(MRLs) of glyphosate in United States and Canada are 0.70
ug/mL (4.14 uM)® and 0.28 pg/mL (1.66 uM),” respectively.
Therefore, monitoring of glyphosate in crops, fruits, vegetables,
and drinking water has gained increasing importance.

Among numerous analytical methods, high-performance
liquid chromatography (HPLC)®® and gas chromatography—
mass spectroscopy (GC/MS)'”'" are widely used for the
detection of glyphosate and its main metabolite, amino-
methylphosphonic acid (AMPA). However, to achieve the
required limit of detection, derivatization of glyphosate to
incorporate chromophores or fluorophores is often needed.'>"
Some methods, such as coulometric,""* capillary electro-
phoresis,'>'® amperometry,’” and cyclic voltammetry,'® do
not require the derivatization step, but these methods usually
do not have high sensitivity and specificity. On the other hand,
enzyme-linked immunosorbent assay (ELISA) can be used to
detect glyphosate with high specificity. For example, Clegg et
al."” used a competitive ELISA for the detection and
quantitation of glyphosate with a detection limit of 7.6 ug/
mL. Similarly, Rubio et al*® described an ELISA for the
detection of glyphosate after it was derivatized with acetic
anhydride. This ELISA has a detection limit as low as 0.6 ng/
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mL. Both methods show good specificity toward a wide range
of agrochemicals, and the cross-reactivity is less than 0.1%.
However, a common problem in ELISA is the need to raise
antibodies. Since glyphosate is a small molecule, it needs to be
conjugated with bovine serum albumin (BSA) to form an
immunogen which can elicit an immune response in animals.
The production of antibodies is time-consuming and expensive,
and the batch-to-batch variation is a concern. In additon,
despite their good binding affinity and specificity, the antibodies
are vulnerable to environmental factors, especially high
temperature.21

Oligopeptide is a good candidate to replace antibodies in an
immunoassay as a biomolecular receptor.”** One important
advantage for oligopeptides is that they are more stable and
resistant to harsh environments.”> Second, it is easier to
synthesize oligopeptides with desired sequences for binding
specific targets.”* Previously, a large number of protein-binding
oligopeptide sequences have been identified by using phage
libraries. For example, Kim et al.*® identified oligopeptides
which bind to a cancer biomarker, tenascin C, by using a phage
library, and the selected oligopeptide can specifically recognize
tenascin C protein in mouse tissue. A phage library was also
employed to identify oligopeptides which bind to inorganic
materials, such as ZnS,26 CdS,”” Zn0O,*® and TiOz,29 and small
organic molecules such as trinitrotoluene (TNT) and 24-
dinitrotoluene (DNT).*° For example, Jaworski et al.*®
identified two oligopeptides that can specifically bind to TNT
and DNT from the phage library and demonstrated that the
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oligopeptides embedded in a hydrogel can selectively bind to
DNT molecules in gas phase. Cerruti et al.*' demonstrated that
the oligopeptides can be used as a sensitive layer for real-time
detection of TNT in water using a quartz crystal microbalance
(QCM). Recently, we have developed a surface plasmon
resonance (SPR) biosensor for the detection of two closely
related neonicotinoid molecules, thiacloprid and imidaclo-
prid.*>* The main advantage of a phage library is that phages can
be used to identify target-binding oligopeptides through
screening. However, in the studies mentioned above, insoluble
solids were used as binding targets during the screening
procedure. Therefore, the original phage library is not suitable
for molecules with high solubility such as thiamethoxam
(TMX) or glyphosate. To overcome this problem, Cho et al.**
reported a phage display in which saturated TMX solution was
used to prevent the dissolution of TMX crystals. In another
study, Cui et al.** immobilized octyltrimethoxysilane on a
silicon wafer as the binding target. This study showed that M13
phage can recognize molecules immobilized on solid surface.
They also introduced a “negative screening” method to
eliminate those phages that bind to the substrate.

Because glyphosate is highly soluble in water (10.1 mg/mL
in water at 20 °C), we modified the original phage library to
overcome the high solubility issue. First of all, glyphosate was
covalently immobilized on amine-functionalized glass beads
through EDC/NHS chemistry. The glass beads were used as a
solid support to prevent the loss of glyphosate during screening
procedures. Oligopeptides, identified from the phage library,
and their binding capabilities for glyphosate were characterized
in detail. We also developed a biosensor using surface plasmon
resonance (SPR) functionalized with the oligopeptides for
online detection of glyphosate in buffer solution.

B EXPERIMENTAL SECTION

Materials. Glass slides and dialysis membrane (MWCO:
1000 Da) were obtained from Fisher (U.S.A). Glyphosate,
thiacloprid, imidacloprid, and fluorescein isothiocyanate isomer
I (FITC) were purchased from Sigma (Singapore). Glycine,
cysteine, methanol (HPLC grade), and dimethyl sulfoxide
(DMSO) were purchased from Merck (Singapore). Glass beads
(Supelco, d = 75 pum), N-(3-dimethylaminopropyl)-N'-ethyl-
carbodiimide hydrochloride (EDC), N-hydroxysulfosuccini-
mide sodium salt (Sulfo-NHS), Tween-20, (3-aminopropyl)-
triethoxysilane (APES), sodium carbonate, agar, polyethylene
glycol (PEG, MW = 8000 g/mol), and isopropyl f-p-
thiogalactoside (IPTG) were purchased from Sigma (Singa-
pore). Ph.D.-12 phage display library kit was purchased from
New England Biolabs (U.S.A). Luria broth base was purchased
from Invitrogen (Singapore). S-Bromo-4-chloro-3-indolyl-f-p-
galactoside (X-gal) was purchased from Duchefa (The
Netherlands). Tris buffer (1M, pH 8.0), phosphate buffer
saline (PBS buffer, 10X) and TE buffer (10 mM Tris-HCl pH
8.0, 1 mM EDTA) were purchased from First Base
(Singapore). Oligopeptides (purity >95%) were synthesized
by GenicBio (Shanghai, China). BIAcore gold sensor chip
(uncoated), borate buffer (10 mM disodium tetraborate, pH
8.5, and 1 M NaCl), glycine-HCl (10 mM glycine-HCl, pH
2.0), HBS-EP buffer (0.01 M HEPES, pH 7.4, 0.15 M sodium
chloride, 3 mM EDTA, and 0.005% v/v surfactant P20) were
purchased from GE Healthcare (Singapore). Deionized water
(18 MQ cm) was obtained from a Millipore filtration system.

Surface Functionalization of Glass Beads. The
schematic cartoon for the functionalization of glass beads is

shown in Figure 1. First, glass beads were functionalized with
(3-aminopropyl)triethoxysilane (APES). To clean the surface,
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Figure 1. Schematic illustration for the immobilization of glyphosate
on amine-modified glass beads by using EDC/NHS chemistry.

500 mg of the glass beads were immersed in a 5% Decon-90
solution (a commercially available detergent). After 2 h of
constant shaking, the glass beads were sonicated in the solution
for 15 min. After this, they were rinsed with DI water and
sonicated for 15 min twice. Clean glass beads were then rinsed
with methanol twice and dried at 50 °C overnight. To silanize
the glass beads, 50 mg of the glass beads were incubated in 1
mL of aqueous solution containing 90.4 mM of triethoxysilan
APES at 50 °C under gentle rocking. After 1 h, the solution was
decanted, and the glass beads were washed thoroughly with DI
water and methanol to remove residual silanes. The APES-
coated glass beads were heated in a 100 °C vacuum oven for 15
min to allow the cross-linking of APES. To examine the surface
density of amine groups, the APES-coated glass beads were
incubated in sodium carbonate buffer (100 mM, pH 9.0)
containing 10 ug/mL of FITC. After 1h, the glass beads were
washed thoroughly with 0.1 wt % SDS solution and DI water to
remove remaining FITC. To observe fluorescent images, 2 uL
of water containing suspended glass beads was dispensed onto a
piece of glass slide. Fluorescent images of all samples were
observed with a fluorescence microscope (Eclipse E200, Nikon,
Japan), which was equipped with an FITC/EGFP filter (USA).
All images were captured by using a digital camera (ACT-2U,
Nikon) mounted on top of the fluorescence microscope with
exposure time of 1s. The fluorescent images were analyzed by
using Image] (1.42Q) to obtain fluorescent intensity profiles.
After that, glyphosate was immobilized on the amine-function-
alized glass beads. First, 10 mg/mL of glyphosate was dissolved
in 10 mM HEPES buffer (pH 7.0) containing 200 mM of EDC
and 50 mM of Sulfo-NHS to activate carbonyl groups on
glyphosate. After 10 min, 200 L of the solution was mixed
with 50 mg of APES-coated glass beads. After 1 h of reaction,
the supernatant was decanted, and the glass beads were washed
twice with 0.1 wt % SDS solution and DI water to remove
nonreacted glyphosate. The glyphosate surface density was
determined by using the fluorescent method as described
above.

Phage Display. Figure 2 shows the phage display library
screening employed in this study. Briefly, 10 yL of phage library
(1 X 10" pfu/mL, complexity 2.7 X 10°) was added to 1.5 mL
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Figure 2. Schematic illustration of using the phage library for
screening glyphosate-binding oligopeptides. (1) A phage library is
incubated with glass beads functionalized with glyphosate, (2) the
bound phages are eluted by lowering pH, (3) the phages are exposed
to APES-coated glass beads for negative selection, (4) the phages are
collected that do not bind to the glass beads, (S) the surviving phages
are amplified, (6) the screening procedure is repeated with the
amplified phage, (7) the phage colony is purified with plate titering,
and (8) DNA is sequenced, and oligopeptide sequence is deduced
from a codon table.

ssDNA sequencing

of 0.1% TBST buffer which contains 50 mM of Tris-HCI (pH
7.4), 150 mM NaCl, and 0.1% v/v of Tween-20. Then, this
solution was mixed with 20 mg of glyphosate-coated glass beads
and incubated for 30 min under vigorous shaking. After 30 min,
the buffer solution was decanted, and the glass beads were
washed with 1 mL of fresh 0.1% TBST buffer 10 times to
remove nonspecific adsorbed phages. Bound phages were
eluted with 1 mL of 0.2 M glycine-HCl (pH 2.2), 1 mg/mL of
BSA, and the solution was collected and neutralized with 150
UL of 1 M Tris-HCI (pH 9.1). To exclude phages which bind to
the glass beads, the eluted phages were mixed with 20 mg of
APES-coated glass beads (negative screening). Subsequent
steps of phage amplification, titering and DNA sequencing
stegg can be found in the manual of Ph.D-12 phage display
kit.

Phage Binding Analysis. We determined the strongest
and most selective glyphosate-binding phages using single-
phage binding assays. First, five single-phage colonies
expressing different oligopeptides, including TPFDLRPSSDTR
(P,), TDIRLRPLDKRI (P,), RLKPRSDIKPIR (P;),
SDTPLIKRLDFP (P,), and RRSDLKPIRPLK (P;), were
amplified to ~10' pfu/mL by using Escherichia coli
(ER2738). Then, 200 uL of the amplified phage solution,
together with original phage library, was added to 20 mg of
glyphosate-coated glass beads separately. After one round of
screening, the bound phages were eluted from glyphosate-
coated plates by 0.2 M glycine-HCI (pH 2.2), 1 mg/mL BSA
solution, and then neutralized with 1 M Tris-HCl (pH 9.1).
This eluted phage was titered on LB/IPTG/Xgal plates as
described above, and the number of blue plaques was counted
to determine the phage titer in plaque-forming units per mL
(pfu/mL).

Surface Plasmon Resonance (SPR). Glyphosate-binding
oligopeptide TPFDLRPSSDTRGGGC (P;-cys) and alanine-
substituted control oligopeptide TPFALAPSSATAGGGC (P,,-
cys) were custom synthesized by GenicBio (Shanghai, China).
GGGC was added to the carboxyl-terminus of the original
sequence to provide a spacer and an anchoring point (through
cysteine) for immobilization. To immobilize the oligopeptide
on the SPR gold sensor chip, the oligopeptide was dissolved in

immobilization buffer (10 mM disodium tetraborate and 1 M
NaCl, pH 8.5) to a final concentration of 1.0 mg/mL. Then, the
solution was injected into the flow cell of a sensor chip under a
constant flow rate of 1 uL/min for 325 min. After
immobilization, the sensor chip was rinsed with HBS-EP buffer
for 30 min to remove unreacted oligopeptides. To avoid
nonspecific adsorption of glyphosate, we blocked the sensor
chip with 10 mM of cysteine. In the BIAcore SPR system, a
response of 1000 RU corresponds to a change in surface
density of about 1 ng/mm23® The surface density of
oligopeptides on the SPR sensor chip surface was calculated
on the basis of this number.

Next, HBS-EP buffer containing different concentrations of
glyphosate were injected sequentially into a flow channel at a
flow rate of 2 yL/min at the beginning of each cycle. Each cycle
consists of a binding step for 3 min, a rinsing step with fresh
HBS-EP buffer for 2.5 min, and a regeneration step with
glycine-HCl solution (pH 2.0) for 1 min. To eliminate
background signal, a reference flow channel (blocked with 10
mM of cysteine only) was subjected to the same binding cycle.
Reported SPR sensorgram data are the difference between the
test channel (immobilized with oligopeptide) and reference
channel (only blocked with10 mM of cysteine). The final
binding responses for different glyphosate concentrations are
obtained from the SPR sensorgrams at 500 s.

B RESULTS AND DISCUSSION

Immobilized Glyphosate on Glass Beads. To immobi-
lize glyphosate on the surface of glass beads, the glass beads
were first functionalized with APES. The surface density of
amine groups at different APES concentrations was quantified
by using fluorescence as shown in Figure 3A. We note that the
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Figure 3. Determination of surface free amine density on the glass
beads by using the fluorescence method. (A) Fluorescence images of
the glass beads after silanization at different APES concentrations, as
indicated in the numbers below. The scale bar is 100 um. (B) Surface
free amine density as a function of APES concentration.

fluorescence intensity of the glass beads increases with the
increase of APES concentration. This is expected because a
higher APES concentration can lead to a higher surface density
of primary amine groups, which can react with FITC. Figure 3B
shows the calculated surface density of amine groups as a
function of APES concentration. When the APES concentration
is 90.4 mM, the surface density of amine group reaches 0.58
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(amine/nm”) (see Supporting Information [SI]), which is
smaller than the reported value (2.5 amine/nm?).”” This is
probably because the surface density of the silanol group is
lower (we did not activate the glass beads with strong acids/
bases). From Figure 3B, we also noticed that the glass surface is
saturated with the amine group when the APES concentration
is 904 mM. To achieve the best result for glyphosate
immobilization, we fixed the APES concentration at 90.4 mM
in the following experiments.

Next, glyphosate was immobilized on the APES-coated glass
beads by using NHS/EDC chemistry. To quantify the amount
of glyphosate immobilized on the surface, we used fluorescence
to determine the surface density of the free amine group before
and after the immobilization. Then, the difference in free amine
group before and after the reaction is taken as the amount of
immobilized glyphosate on the surface. Figure 4A shows the
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Figure 4. Determination of surface glyphosate density on the glass
beads by using fluorescence method. (A) Fluorescence images of the
glass beads after immobilization of glyphosate at different glyphosate
concentrations, as indicated in the numbers below. Scale bar is 100
um. (B) Surface glyphosate density as a function of glyphosate

concentration.

fluorescence images of the glass beads after they react with
glyphosate at various concentrations. We note that the
fluorescence intensity generally decreases with increasing
glyphosate concentration. However, when the glyphosate
concentration is 10 mg/mL, no fluorescence is observed,
indicating that all free amine groups are consumed during the
reaction. Figure 4B shows the surface density of glyphosate as a
function of glyphosate concentration used in the immobiliza-
tion. We can see that the surface density of glyphosate increases
when the glyphosate concentration is increased from 0 to 10
mg/mL. When the glyphosate concentration is 10 mg/mlL, the
surface is already saturated with glyphosate. Therefore, we used
10 mg/mL of glyphosate to obtain a full coverage of glyphosate
on the surface in the following experiments.

Identification of the Glyphosate Binding Phage. To
obtain glyphosate-binding oligopeptides, we employed glyph-
osate-decorated glass beads as our binding targets and APES-
coated glass beads as the negative screens during the phage
library screening process. After three rounds of screening, 36 of
the blue phage plaques containing a single colony were isolated.
Figure SA shows that 26 out of 36 phage colonies display
oligopeptide TPEDLRPSSDTR.*® In the literature, Schon-

(A)

Phage (N) Sequence (C) ! Hydrophobic Fre
No. 1 2 3 4567 8 9101112 P (%) a-
1 TPFDLRPSSDTR 693 16.67 26/36
2 TDIRLRPLDKRI 1122 33.33 4/36
3 RLKPRSDIKPI R 1213 25 1/36
4 SDTPLIKRLDFP 6.9 33.33 1/36
5 RRSDLKPIRPLK 1213 25 1/36
6 RRKIKPRRRIRP 131 16.67 1/36
7 TRIRPLRRRKPI 13.0 25 1/36
8 RR I PKL I KRRLR 1301 33.33 1/36
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Figure S. (A) Oligopeptide sequences identified by using phage library
screening against glyphosate-functionalized glass beads after 3 rounds.
(B) Binding ratio of selected phage colonies to glyphosate-
immobilized glass beads and plain glass beads. The phage colonies
used in this experiment are isolated single-phage colonies which
express oligopeptides, Py, P,, P;, P,, P, or random oligopeptides. The
error bar represents a standard deviation of three parallel experiments.

brunn et al.** reported that glyphosate receptors, such as -
enolpyruvylshikimate-3-phosphate synthase (EPSPS), contains
strictly conserved residues of Arg (R)-124, Asp (D)-313, Arg
(R)-344, and Arg (R)-386. Binding of glyphosate to these
residues can inhibit the EPSPS activity and block the shikimate
pathway for synthesis of the aromatic amino acids.
Coincidently, our most abundant oligopeptide
(TPFDLRPSSDTR), and second most abundant oligopeptide
(TDIRLRPLDKRI), also contain two Arg (R) and two Asp
(D) residues. Therefore, R and D are probably responsible for
the binding of glyphosate through hydrogen bonding and
electrostatic interaction. However, more studies and molecular
simulations are needed to elucidate the exact binding
mechanism of the oligopeptide to glyphosate.

To compare the binding capability and specificity of a phage
containing glyphosate-binding oligopeptides, we amplified five
single-phage colonies expressing oligopeptide sequences
TPEDLRPSSDTR (P,), TDIRLRPLDKRI (P,), RLKPRSDIK-
PIR (P,), SDTPLIKRLDEP (P,), and RRSDLKPIRPLK (P;),
to a titering around 10'> pfu/mL. Then, these amplified phage
colonies together with the original phage library were
introduced to glyphosate-immobilized glass beads, respectively.
After washing, the bound phage was eluted and titered. The
binding ratio is defined as the number of bound phages divided
by the number of input phages. Figure 5B shows that the phage
colony containing P, has the highest binding ratio (19.2%),
which is about 2800 times higher than that of the original phage
library. The second highest is P,, which has a binding ratio of
5.2% (800 times higher than that of the original phage library).
Interestingly, we notice that both P, and P, contain a
homology tripeptide sequence DXR (X = LT, I, or K),
which is probably responsible for the binding of glyphosate.

For testing their binding specificity, we also introduced phage
colonies expressing these oligopeptides to plain glass beads. In
this experiment, P,, P,, P;, P,, and Py have similar binding

dx.doi.org/10.1021/ac400273g | Anal. Chem. XXXX, XXX, XXX—XXX
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Figure 6. (A) SPR sensorgrams for different concentrations of glyphosate (0, 2, 4, 8, 16, 32, and 64 uM). The sensor chip is modified with P;-cys
with a surface density of 0.6 1/nm” (B) SPR responses at various glyphosate concentrations. The inset shows a linear response region when the
glyphosate concentration is below S uM. (C) Fitting SPR signal response R vs (—R/C) by using the Langmuir isotherm. (D) SPR responses to 16
UM of glyphosate, glycine, thiacloprid, and imidacloprid by using a sensor chip decorated with either P;-cys or P, -cys.

ratios, suggesting that the binding to plain glass beads is
nonspecific in nature. These results, when combined, suggest
that the phage colony containing P, has good selectivity to
surface-immobilized glyphosate.

SPR Biosensor for Detecting Glyphosate. To detect
glyphosate, a SPR gold sensor chip was functionalized with an
oligopeptide P;-cys in situ. After the immobilization, SPR
shows an increase of 1659.3 RU, suggesting that oligopeptide is
successfully immobilized, and the surface density is 0.6 1/
nm>* To detect glyphosate, HBS-EP buffer containing
glyphosate was injected to start a binding cycle which includes
a binding step, a rinsing step, and a regeneration step.
Sensorgrams at different concentrations of glyphosate in Figure
6A shows that, with increasing concentration of glyphosate, the
SPR response increases accordingly. To get the equilibrium
binding constants of the oligopeptide receptor to glyphosate,
we collected the final SPR response after each binding cycle at
500 s and plotted the final SPR responses against glyphosate
concentration.

Figure 6B shows the binding curve of glyphosate from 0 to
64 uM. The inset of Figure 6B shows a linear region of the
binding curve between 0 and 5 yM. From the slope of the
straight line, we can determine that the sensitivity of the SPR
sensor is 1.02 RU/ uM and the limit of detection (LOD) is
0.58 uM.** By applying the Langmuir isotherm, the
equilibrium dissociation constant (Kp) for glyphosate can be
determined to be 8.6 uM by plotting R against (—R/C), where
R is the SPR signal response, and C is the corresponding
concentration of glyphosate in buffer solution, as shown in
Figure 6C.

To identify the role of R and D on the oligopeptide’s binding
specificity, we replaced R and D residues in P;-cys with A to
obtain an alanine-substituted oligopeptide TPFALAPSSA-
TAGGGC (P,-cys) as control. To compare these two

oligopeptides, HBS-EP buffer containing 16 M of glyphosate
was injected into the SPR sensor chip functionalized with P;-
cys or P -cys. Figure 6D shows that, when 16 uM of glyphosate
solution is injected, the SPR response on P, -cys functionalized
sensor chip is 1.4 RU, which is 6 times lower than that of the
sensor chip functionalized with P;-cys (8.6 RU). To test the
binding specificity for glyphosate, buffer solution containing 16
UM glycine, thiacloprid, and imidacloprid are sequentially
injected into the SPR sensor chip. Figure 6D shows that the
SPR responses for glycine, thiacloprid, and imidacloprid on P;-
cys immobilized sensor chip are only about 1 RU. These
results, when combined, suggest that the R and D motifs are
responsible for binding glyphosate, and the SPR biosensor
functionalized with oligopeptide P;-cys has good binding
specificity toward glyphosate.

Finally, to study the influence of ionic strength and pH on
the binding strength, we first prepared HBS-EP buffer
containing different concentrations of MgCl, and 16 uM of
glyphosate. Figure 7A shows that the SPR response decreases
with increasing Mg®" concentration. This is probably because
the strong ionic strength can screen the electrostatic
interactions between oligopeptide and glyphosate molecules
and reduce the binding strength. Next, to study the influence of
pH on the binding strength, we adjusted the pH of the HBS-EP
buffer (native pH 7.4) by using hydrochloric acid solution (1
M). Figure 7B shows that the SPR response decreases fast
when the pH is below 6.5. We propose that this is because the
net charge of oligopeptide (pI = 6.93) changes from negative to
positive, and the electrostatic interaction between oligopeptide
and glyphosate is affected. This is not surprising because one
common method to regenerate the SPR sensor chip (remove
the bound molecules) is using low pH solution (such as
glycine-HCI, pH 2.0).

dx.doi.org/10.1021/ac400273g | Anal. Chem. XXXX, XXX, XXX—XXX
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Figure 7. SPR results showing factors that influence the binding
strength of oligopeptide to glyphosate. (A) Effect of ionic strength and
(B) effect of pH.

Bl CONCLUSIONS

In conclusion, we describe a modified phage display method to
enable the biopanning for glyphosate, a highly soluble
herbicide. The glyphosate is covalently immobilized on
amine-modified glass beads through EDC/NHS chemistry.
After three rounds of biopanning, one 12-mer oligopeptide,
TPFDLRPSSDTR, was identified from the phage library. The
repeatedly and alternately appearing amino acid residues of R
and D in the oligopeptide sequence may be responsible for the
high binding affinity and specificity. To develop a SPR
biosensor for online detection of glyphosate in buffer solution,
the modified oligopeptide, TPFDLRPSSDTRGGGC, was
immobilized on the gold surface of a SPR sensor chip, and
the binding kinetics of glyphosate to oligopeptide were studied.
The oligopeptide functionalized SPR biosensor showed good
specificity, and the LOD of this biosensor can achieve 0.58 yM.
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Additional description on the fluorescence test for binding
specificity and conversion of fluorescence intensity into surface
density of FITC. This material is available free of charge via the
Internet at http://pubs.acs.org.
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