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We have built a high-resolution differential surface
plasmon resonance (SPR) sensor for heavy metal ion
detection. The sensor surface is divided into a reference
and sensing areas, and the difference in the SPR angles from
the two areas is detected with a quadrant cell photodetector
as a differential signal. In the presence of metal ions,
the differential signal changes due to specific binding of
the metal ions onto the sensing area coated with properly
selected peptides, which provides an accurate real-time
measurement and quantification of the metal ions. Selective
detection of Cu2+ and Ni2+ in the ppt-ppb range was
achieved by coating the sensing surface with peptides NH2Gly-Gly-His-COOH and NH2-(His)6-COOH. Cu2+ in drinking
water was tested using this sensor.

Introduction
The detection and quantification of heavy metal ions are
important in many applications, including environmental
monitoring, waste management, developmental biology, and
clinical toxicology. A number of techniques have been
developed over the years for heavy metal ion analysis,
including atomic absorption spectrometry (1), inductively
coupled plasma mass spectrometry (2), anodic stripping
voltammetry (1, 3, 4), X-ray fluorescence spectrometry (5),
and microprobes (6). These techniques in general require
expensive equipment, sample pretreatment, and/or analyte
preconcentration steps. Therefore, a simple, rapid, inexpensive, selective, and sensitive method that permits realtime detection of metal ions is still a challenging goal. In
addition, due to the danger that the heavy metal ions pose
to operators, minimal sample handling is desirable.
To design highly selective metal ion sensors, several
innovative recognizing elements based on organic chelators
(7), organic polymers (8), proteins (9), peptides (3, 10-13),
cells (14), and DNA/RNA (15) have been developed. Peptides
are particularly attractive for this purpose since combinatorial
chemistry can be used to find optimal amino acid sequences
for specific metal-ion recognition. A highly specific molecular
recognition element must be matched with a sensitive
detector to convert the specific metal-ion recognition event
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into an electrical, mechanical, or optical signal. Surface
plasmon resonance (SPR) is one of the most sensitive methods
for detection of analyte binding events (16, 17). SPR is based
on detecting the resonance of surface plasmons, or collective
oscillations of electrons, in a metallic film with light. Because
the resonance condition is extremely sensitive to the refractive
index of the medium adjacent to the metallic film, the
presence of analyte molecules on the surface of the metallic
film can be accurately detected (18, 19). High specificity of
SPR sensors is usually achieved by modifying the metal
surface with a layer of appropriate ligand molecules as
recognizing elements, such as those mentioned above
(20-22). Once molecules bind to the surface, SPR sensors
can also be used to study conformational changes of surfacebound molecules (23).
We have recently reported on a simple SPR sensor that
achieves high resolution by using a bicell or a quadrant cell
photodetector (18, 19, 24). These setups allowed us to achieve
an angular resolution of 10-5 deg. Particularly, the use of
quadrant cell detection allowed us to reduce mechanical
vibrations, thermal drifts, and the influence of the refractive
index changes in the bulk solution (18). In this paper, we
demonstrate the selective detection of different metal ions
in the ppb and ppt ranges by combining the high-resolution
SPR with highly selective peptides as molecular recognition
elements.

Experimental Section
Instrumentation. We have described the SPR setup in detail
in ref 18. Briefly, the setup is based on Kretschmann
configuration, in which a p-polarized laser beam (λ ) 635
nm) is focused through a prism onto a metal film placed on
the prism. Because the incident beam is focused, it spans
over a range of incident angles depending on the focal
distance and beam width. At the so-called resonance angle,
the incident light is absorbed by the surface plasmon, and
the reflection drops to a minimum, which results in a thin
dark line known as the SPR dip (Figure 1A). We use a gold
film that is divided into a sensing area and a reference area.
The SPR dips from the two areas are simultaneously
monitored by a quadrant cell photodetector, containing four
nearly identical photocells (A, B, C, and D). The resonance
angles from the sensing and reference areas are detected by
differential signals, (A - B)/(A + B) and (C - D)/(C + D),
respectively, which are recorded with a digital oscilloscope
(Yokogawa, DL708). Prior to each measurement, the prism
is rotated to bring the SPR dip to the center of the reflected
beam, and the quadrant photodetector is adjusted to balance
not only A and B for the sensing signal but also C and D for
the reference signal (Figure 1B). When the analyte is injected
into the cell, both the sensing and the reference SPR dips
shift due to the small but finite change in the solution
refractive index. However, since the sensing area is modified
with metal ion recognizing molecules, specific binding of
metal ions onto the sensing area causes an additional dip
shift. The differential signal, (A - B)/(A + B) - (C - D)/
(C + D) eliminates the effect due to the solution refractive
index change, which allows us to detect the specific metal
ion binding with an accuracy of 10-5 deg (Figure 1B). Because
the four photocells (on a single chip) are nearly identical,
thermal drift and mechanical noises are also subtracted out,
thus providing a simple, rapid, and accurate method to detect
metal ions (18).
Gold Film Modification. The gold film (∼50 nm thick)
was evaporated on BK7 glass slides by an ion beam coater
(model 681, Gatan Inc.). The film was separated in two parts
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FIGURE 1. Schematic representation of the differential SPR setup. (A) A diode laser is focused with a cylindrical lens through a prism
onto the gold film supported on the prism (not shown for clarity). The gold film is divided into a sensing area and a reference area. The
reflected beams from the two areas have dark lines (SPR dips), corresponding to resonance of surface plasmon, when the incident angle
is appropriately adjusted. A quadrant cell photodetector simultaneously measures the SPR dips from the reference (C, D) and sensing (A,
B) areas. (B) Prior to each measurement, the quadrant photodetector is adjusted to balance A, B, C, and D, so that (A - B)/(A + B) (C - D)/(C + D) ∼ 0. When the analyte is injected into the cell, the specific adsorption of metal ions onto the sensing area causes a
shift in the SPR dip position, which is detected by the differential signal (A - B)/(A + B) - (C - D)/(C + D).

FIGURE 2. Schematic representation of the different routes to modify the sensing and reference areas. The sensing area was modified
with short peptides using two methods, while the reference area was modified with dodecanethiol self-assembled monolayer using PDMS
stamping (see Experimental Section for details).
with a gap of 100-200 µm. One part was modified as reference
area with a self-assembled monolayer of 1-dodecanethiol
(DDT) (Aldrich) using a poly(dimethylsiloxane) (PDMS)
stamp, and the second part was designated as sensing area.
After modification with DDT, the reference part became
hydrophobic, which prevented the adsorption of hydrophilic
species. The sensing area was modified with short peptides
chosen to sense specifically copper and nickel ions. Two
different kinds of modification procedures were used to
1258
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immobilize the peptides on the sensing area. The first one
(method 1) was carried out similarly to ref 3 while the second
one (method 2) comprised the chemisorption of synthesized
cysteamine-modified peptides (Figure 2). Method 1 included
the following steps: (a) overnight incubation of the gold film
in 1mM 11-mercaptoundecanoic acid (MUA) (Sigma) ethanolic solution followed by rinsing with ethanol; (b) activation
of the carboxylic groups by incubation of the MUA-modified
gold surface in 0.1 M 2-(morpholino)ethanesulfonic acid

(MES) (Sigma) buffer solution (pH 7) containing 15 mM
N-hydroxysuccinimide (NHS) (Sigma) and 75 mM 1-ethyl3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)
(Sigma) for 30 min; and (c) peptide immobilization on a NHSactivated surface by incubation in a 15 mg/mL NH2-GlyGly-His-COOH (Bachem) solution prepared in MES pH 7 or
a 15 mg/mL synthesized NH2-(His)6-COOH solution prepared
in DMF. The immobilization following method 2 was carried
out by placing 200-300 µL of 46 mM peptide aqueous solution
on the sensing area for 1-2 h while the reference area was
masked with DDT-modified PDMS stamp.
The peptides NH2-(His)6-COOH (for method 1), NH2-GlyGly-His-cysteamine (for method 2) and NH2-(His)6-cysteamine (for method 2) were synthesized on a Milligen 9050 using
a peptide continuous-flow and Fmoc chemistry with HCTU
[2-(1H-6-chlorobenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate] as coupling reagent. In the case
of cysteamine peptides, a cysteamine 4-methoxytrityl resin
(Novabiochem, La Jolla, CA) was used. Synthesis reagents
were purchased from Applied Biosystems (Foster City, CA),
AnaSpec (San Jose, CA), and Peptides International
(Louisville, KY). The synthetic peptides were cleaved from
the resin with 95% triflouroacetic acid containing 2.5%
triisopropylsilane and 2.5% water. After that, the cleavage
solvent was evaporated in a SpeedVac vacuum centrifuge
(Savant Instruments, Holbrook, NY). The sample was then
diluted with diethyl ether, causing part of the peptide to
precipitate. A second peptide fraction was extracted from
the ether solution with water, followed by drying the aqueous
solution in the SpeedVac. Mass spectra were performed to
check final molecular weight of the synthesized peptides (see
Supporting Information). NH2-Gly-Gly-His-cysteamine was
purified through HPLC. Cysteamine peptide concentrations
were assessed spectrophotometrically by determining thiol
group concentration through oxidation with 5,5′-dithiobis(2-nitrobenzene) (Ellman’s reagent).
Copper and Nickel Ion Detections. Gly-Gly-His-modified
sensing areas (11) were used to detect Cu2+ while (His)6modified films (25) were employed to sense Ni2+. To evaluate
the degree of specificity for each metal ion, cross interference
studies were performed. The response of the SPR sensors
were tested in deionized water (Nanopure, 18 MΩ‚cm) upon
successive injections of different concentrations (800 pM100 µM) of metal ion solutions (Cu(NO3)2 (Aldrich) and NiCl2
(Aldrich)) prepared in deoinized water. All the solutions were
prepared in ultracentrifuge plastic tubes previously treated
with 6 M nitric acid and thoroughly washed with ultrapure
water using calibrated micropipets. The sample cell in which
the gold film was mounted was made of Teflon. A 10 µL
sample solution was injected into the sample cell, and the
SPR response was monitored and recorded continuously
during the process.

Results and Discussion
Nickel and Copper Ion Detection. Figure 3 shows the time
course of the differential signal (A - B)/(A + B) - (C - D)/
(C + D) upon introduction of nickel ions into the sample
cell. The sensing area was modified with (His)6-cysteamine
according to method 2. The increase in the differential signal
after each Ni2+ injection indicates that the specific binding
of Ni2+ on (His)6 takes place. The measurement is sensitive
enough to detect the specific binding of Ni2+ in real time
from solution concentrations as low as 41 pM (2.4 ppt)
without preconcentration or stirring the solution.
Figure 4 (curve for method 2) shows the corresponding
differential signal change as a function of Ni2+ concentration.
A linear response with a sensitivity of (0.0020 ( 0.0001) deg/
nM, and a regression coefficient of 0.9854 is observed. The
results obtained onto a MUA-(His)6-modified gold surface

FIGURE 3. Time course of the SPR differential signal (A - B)/
(A + B) - (C - D)/(C + D) upon Ni2+ injections. The sensing area
is modified with a monolayer of (His)6-cysteamine, and the reference
area is covered with a self-assembled monolayer of DDT. The Ni2+
concentrations added to the solution cell in each injection are
indicated.

FIGURE 4. SPR differential signal change as a function of Ni2+
concentration onto a MUA-(His)6 (method 1, 9) and cysteamine(His)6 (method 2, 0) modified sensing area. Full lines show the
corresponding fitting to eq 1.

(method 1) under similar conditions are also shown for
comparison. In this case, the sensitivity is lower than that
obtained on films resulting from method 2, which indicates
that method 2 is more effective than method 1 to produce
good surface coverage of (His)6. However, the detection limit
achieved by method 1 is still low (178 pM or 10.4 ppt). The
Langmuir-like features defined in the response for method
1 are summarized in Table 1 (see details below).
In parallel, the analytical response toward Cu2+ on GlyGly-His-modified gold surfaces was studied. The time course
of the differential signal (A - B)/(A + B) - (C - D)/(C + D)
showed similar features to those shown in Figure 3 (not
shown) that demonstrate the ability of our SPR sensor to
detect trace amount of Cu2+ in real time. Figure 5 shows the
typical response of Gly-Gly-His-modified SPR sensors as a
function of Cu2+ concentration by using both immobilization
methods (method 1 and 2). Method 2 gives a wider dynamic
range (limited by saturation of Cu2+ binding), but its detection
limit (0.1 ppb) is not as good as that achieved by method 1
(∼2 ppt). The analytical parameters assessed for Gly-GlyHis-cysteamine (method 1) could not be improved even after
further peptide purification (HPLC). Thus, thermodynamic
affinity constants (K) for copper binding on the peptide
VOL. 39, NO. 5, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY

9

1259

TABLE 1. Comparative Analytical Performance and Thermodynamic Parameters for Different Surface Modifications
(His)6-Ni2+
immobilization method

detection
limit

thermodynamic
parameters

178 pM
∆θsat ) (0.0012 ( 0.0001) deg
(10.4 ppt) K ) (4 ( 2) × 108 M-1
2 (chemisorption through thiol bond) 41 pM
sensitivity ) (0.0020 ( 0.0001) deg/nM
(2.4 ppt)
1 (MUA-NHS activation)

FIGURE 5. SPR differential signal change as a function of Cu2+
concentration onto a MUA-Gly-Gly-His (method 1) and cysteamineHis-Gly-Gly (method 2) modified sensing area. Full lines show the
corresponding fitting to eq 1. Symbols 0 and O for method 2 represent
data taken from independent experiments performed with different
SPR sensors built up under the same conditions.
modified surfaces resulting from both immobilization methods were estimated by using Langmuir-like equation:

∆θ ) ∆θsatC(M2+)/((1/K) + C(M2+))

(1)

where ∆θ is the SPR shift, ∆θsat is the SPR shift at the
saturation, and C(M2+) is the metal ion concentration,
respectively (Table 1). This equation assumes that the SPR
shift is proportional to the number of bound metal ions, the
binding sites are independent, and the complexation equilibrium is given by:

Au-peptide + M2+(aq) a Au-(peptide-M2+)

(2)

The value of K found for copper binding on Au/MUA/GlyGly-His (∼6 × 108 M-1) was higher than that for copper on
Au/cysteamine/His-Gly-Gly (∼4 × 106 M-1) [The affinity
constant values (K) estimated under these conditions could
be “apparent” K since the SPR signal change obtained for
each binding metal concentration could be still under kinetic
control rather than being at equilibrium.], which indicates
a more effective Cu2+ binding for MUA-Gly-Gly-His (method
1). Figure 6 shows the chemical structure of both ligands
(MUA-Gly-Gly-His and cysteamine-His-Gly-Gly) after immobilization procedure. Although the immobilized peptide
(NH2-Gly-Gly-His-COOH) is the same in both cases, a steric
impediment could cause a weaker Cu2+ binding in the case
of cysteamine-His-Gly-Gly-NH2 (B), since His is closer to
gold surface. However, the lower affinity constant in this
case gives a higher dynamic range required for copper
detection in real samples.
Table 1 summarizes the analytical performance of the
(His)6 and Gly-Gly-His SPR sensors for Ni2+ and Cu2+
detections using different peptide immobilization methods.
The best sensitivity achieved for Ni2+ detection was the Au
1260
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Gly-Gly-His-Cu2+
detection
limit

thermodynamic
parameters

32 pM
(2.0 ppt)
1.6 nM
(0.10 ppb)

∆θsat ) (0.0027 ( 0.0003)°
K ) (6 ( 1) × 108 M-1
∆θsat ) (0.008 ( 0.001)°
K ) (4 ( 1) × 106 M-1

FIGURE 6. Schematic representation of the chemical structure of
NH2-Gly-Gly-His-COOH after immobilization procedure through (A)
method 1 (MUA-NHS activation) and (B) method 2 (chemisorption
through thiol bond).
film modified with (His)6 through thiol-Au bond. In this case
the SPR signal was out of scale before the surface was
saturated, which prevented us from estimating the Ni2+
binding affinity constant. The rest of the sensors showed
Langmuir-type adsorption isotherm which means that a
calibration plot of the response reciprocal versus concentration reciprocal would be the better way to use for sample
analysis. However, the matrix of real samples can change the
specific adsorption features, so that this table gives us only
a rough idea about the analytical performance of the SPR
sensors (see Copper Analysis in Drinking Water). To check
the reproducibility of the SPR sensors, we have performed
the measurements using different gold films. Figure 5 shows
an example of two separate measurements (0 and O in Figure
5) that are in good agreement with each other.
Interference Analysis and Stability. To use peptidemodified SPR sensors for routine analysis, a number of factors
must be addressed in addition to sensibility, detection limits
and reproducibility described above. These include the
interference from metal ions in real samples and reusability
of the sensing surface.
Cu2+ can be a serious interference for Ni2+ detection (and
vice versa) since both ions form square planar 4N complexes
with peptides in solution (25). Therefore, we decided to study
the Ni2+-Cu2+ cross interference. We tested the response of
Cu2+ and Ni2+ on MUA-(His)6- and MUA-Gly-Gly-Hismodified surfaces, respectively. Exposure of (His)6-modified
surface to Cu2+ did not produce SPR response (<170 nM),
showing that (His)6 is selective for Ni2+ detection. However,
Gly-Gly-His surface is sensitive to both Cu2+ and Ni2+. For
example, 170 nM Ni2+ on Gly-Gly-His produced a SPR
response that is about half of the response obtained for Cu2+

effect on the Cu2+ binding. The linear response simplifies
the data analysis since a test consisting of one injection of
sample and one injection of Cu2+ standard is accurate enough
to determine drinking water Cu2+ content.
In summary, we have demonstrated a method to analyze
metal ions in drinking water by combining a high-performance differential SPR with surface modification of short
peptides. In comparison to other techniques, such as atomic
absorption spectrometry, our SPR sensors are simple, low
cost and portable, yet with high sensitivity without the need
of sample preconcentration or pretreatment, so we believe
that the SPR sensor may be a good alternative for testing
metal ion in drinking water.
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FIGURE 7. Calibration plot for Cu2+ internal standard addition
analysis of drinking water using a SPR sensor built with cysteamineHis-Gly-Gly (method 2) modified sensing area.
with the same concentration on the same peptide. Since,
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interference problem on Gly-Gly-His. We did not investigate
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such as Co2+, Pb2+, Ba2+, Cd2+, Ca2+, Fe3+, Zn2+, and Hg2+
(11).
As for the reusability of the sensing surface (Au film), we
observed that it is possible to regenerate the peptide-modified
surface and to obtain a similar response (93%) by dipping
the modified surface in 0.1 M perchloric acid for 30 s.
Furthermore, the SPR sensor stored at room temperature
can be reused at least 1 week later.
Copper Analysis in Drinking Water. We have tested the
ability of our SPR sensor to analyze Cu2+ in drinking water
(tap water) (Ni2+ in drinking water is negligible) (26). Control
of Cu2+ levels in drinking water is important since shortterm exposure of high Cu2+ levels produces gastrointestinal
distress while long-term exposure generates liver or kidney
damage. Cu2+ levels are critical for people with Wilson’s
disease since they need to know if the normal copper ion
levels of drinking water exceed the action level. Normally,
Cu2+ levels are checked in drinking water plants to ensure
that copper concentration is lower than 1.3 ppm (maximum
permitted by EPA) (26). However, erosion of water deposits
and corrosion of plumbing systems can dramatically increase
the local concentrations. So a simple, fast, and accurate sensor
that can test both local tap water and distribution system
water is necessary. To perform drinking water analysis, we
found that Gly-Gly-His-cysteamine modified surfaces (method
2) have better dynamic range and that the sample needed
a dilution factor of ∼20 at least. Thus, the injection of 15 µL
of tap water to 300 µL of deionized water was good to detect
Cu2+ coming from drinking water. Figure 7 shows the internal
standard addition analysis performed on one of the samples.
The average Cu2+ concentration for two water samples taken
from the same tap along 1 week was (0.34 ( 0.03) ppm, which
is consistent with the finding by atomic absorption spectroscopy. This Cu2+ content is 6 times higher than that
declared by the water plant (27), which could indicate
additional Cu2+ from the distribution system.
We noted that the calibration plots for Cu2+ in drinking
water were different from that obtained in deionized water
(Figure 5). The calibration plots of the standard internal
addition analysis were linear up to 2.1 µM Cu2+ ion
concentrations and showed an important sample matrix
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