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a b s t r a c t
Bovine serum albumin antibodies (aBSA) have been screened from whole leporine anti serum on a biophotonic array. The array was initially printed with seed gold nanoparticles into a 96-spot conﬁguration,
and 130-nm gold nanoparticles were synthesised in situ on the surface of each spot. The gold nanoparticle surface was then functionalized with the proteins bovine serum albumin (BSA), ﬁbrinogen, and
immunoglobulin G (IgG) and with the amino acid glycine. The concentration of aBSA in the whole serum
was determined using a kinetic analysis of the time-dependent light scattering from the nanoparticles.
The aBSA–BSA kinetic parameters derived from the array are ka = (1.3 ± 0.3)  105 M1 s1,
kd = (4 ± 2)  104 s1, and KD = 3 nM, which compare favorably with those from continuous gold surfaces. The ultimate sensitivity of the array reader to the bulk refractive index (RI) is 1  104 refractive
index units (RIU), corresponding to 1 lg ml1 for aBSA. The nanoparticles appear to be more sensitive
than the continuous gold surface to the aBSA binding event from whole serum, and this is interpreted
in terms of the difference in RI contrast in the plasmon ﬁelds.
Ó 2008 Elsevier Inc. All rights reserved.

High-throughput screening of DNA and proteins on array chip
platforms using labeled technologies is now being used extensively
in the ﬁeld of systems biology. Protein chip arrays in particular have
been used to proﬁle the transcriptome of organisms such as proﬁling the transcriptome of whole organisms, including cancer cells
[1,2] and the human transcriptome [3]. The expectation is that analysis of the expression patterns of a whole organism will lead to an
understanding of the complexity of the system, although this is
only the beginning of the challenge given that the role of metabolites and signaling sugars is not yet included in the current array approaches [4]. However, all of the current applications use labeled
detection, usually ﬂuorescence, to detect the presence or absence
of a protein. Fluorescence is intrinsically vulnerable to quenching,
and the data can be only semiquantitative at best. Given the overhead time required to prepare the arrays, a simple presence or absence of a protein or a semiquantitative result is limiting, whereas a
label-free technology would ideally provide kinetic information
and absolute quantitative concentration levels of proteins generating information-rich data from the array.
The current lead technology for label-free screening is based on
the optical properties of the gold plasmon either on a continuous

surface, surface plasmon resonance (SPR),1 or as a nanoparticle,
localized particle plasmon [5]. The majority of the conventional
SPR platforms such as Biacore provide a two-channel analysis allowing the interrogation of single protein–protein interactions [6] from
which kinetic parameters have been derived. The extension to multiplex systems is also now beginning with instruments such as the
Biacore Flexchip, SPRi-Plex, GWC SPRimagerII, and Grafﬁnity for label-free protein expression analysis [7–9].
An advantage of gold nanoparticle structures over continuous
gold surface platforms for biosensing applications is the potential
to tailor the optical properties of the nanoparticle for each speciﬁc
assay [10]. Single nanoparticles have been suggested as possible
biosensors [11], and enhancement sensitivity to the biological processes has been achieved by control of the geometry such as nanopin optical resonators [12]. Optimization of the particle shape
allows the scattering properties, maximum scattering wavelength,
and (important for screening complex ﬂuids such as blood serum)
the penetration depth, dp, of the plasmon ﬁeld into the surrounding
medium to be tailored. The optical properties of the particle plasmon change in response to the biochemical binding event in the
plasmon ﬁeld of the particle that typically penetrates dp 20 nm.
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This may be compared with dp  300 nm for the continuous gold
surface in SPR instruments [13–15]. Hence, the nanoparticles are
less susceptible to the ‘‘biological noise” in the complex ﬂuid that
is present in more than 90% of the plasmon ﬁeld of a continuous
surface. Taking this further, electron beam lithography allows gold
particles to be designed and engineered in both size and shape and
to be arranged in regular or random conﬁgurations to maximize
the sensitivity of the particle plasmon to the binding event [16,17].
Control and optimization of the nanoparticle surface for labelfree detection determines the optical sensitivity of the technique,
but the biological speciﬁcity requires careful design of the biological assay printed onto each spot of the array. Kinetic analysis of
immunoassays for the speciﬁc detection of analytes [18] enables
the concentration of the target species in solution to be determined
[19]. The accuracy of the concentration determination, especially
in complex ﬂuids such as sera, depends on competing processes
such as nonspeciﬁc binding of blood proteins to the bioassay.
Here we present a microarray biosensor platform based on optical scattering properties of gold nanoparticles that have been synthesized in situ on the substrate surface. The array is then
functionalized with three proteins—bovine serum albumin (BSA),
immunoglobulin G (IgG), and ﬁbrinogen—as well as the amino acid
glycine. The whole antiserum for BSA is analyzed using a simple array reader. We previously presented the preliminary results from
the array reader [20] from which it is possible to derive kinetic
parameters and, hence, analyte concentrations. In the current article, we compare the results from the array reader with those from
the Nomadics SensiQ continuous gold SPR platform to establish the
sensitivity of the nanoparticle arrays in the complex whole blood
sera and to investigate the role of control spots in the kinetic analysis of the data.

Materials and methods
The study of the label-free protein–protein interactions was
performed using our custom-fabricated array reader, which interrogates an array printed on a glass slide in a near-ﬁeld illumination
conﬁguration. Light scattered from the array is collected normal to
the slide surface, and the variation of the scattered light intensity is
monitored in real time. Each element of the array is functionalized
with a protein, and the change in the scattered light intensity
allows the kinetics of the protein–protein interaction to be determined. The array reader ﬂow cell must allow concentration-limited
kinetics to ensure that the rate of adsorption is limited by the concentration of the analyte in solution and not by the diffusion and
ﬂow characteristics. A kinetic analysis of the time-varying scattered light intensity for each bioassay is then performed, and from
this the concentration of the antibodies in the serum may be
determined.
The array reader
The label-free array reader design was discussed brieﬂy elsewhere [20] but is presented in detail here. The array reader consists
of near-ﬁeld illumination conﬁguration using a Dove prism that is
integral to the ﬂow cell (Fig. 1). Radiation from continuous wave
laser diode (532 nm, 5 mW, Scitec Instruments) is expanded in a
Keplerian telescope to give a beam of 4 mm diameter to probe
the array of 2.7  3.3 mm physical dimensions. Radiation scattered
normal to the surface of the array is collected by an objective lens
(35 mm/f3.5, Pentax) adapted for macroimaging and detected
using a digital video camera (640  480 pixels, monochrome,
Luminera). Images of the array surface are taken at 15 Hz and
transferred to the computer, where they are averaged over a period
of 1 s (15 frames). Image analysis software searches for the array

640×480
video camera

PC
macro lens

flow in

flow out

532 nm / 5mW
dove prism
telescope
Fig. 1. Schematic diagram of the sensor array reader.

spots within the regular pattern of the array mask, which is then
reﬁned to the position of the actual spots. Each array spot is typically 150 lm diameter, corresponding to 128 pixels in the acquired
image. The averaged intensity within each area gives the brightness of the array spot that is followed in real time. The laser intensity ﬂuctuations across the surface of the array are normalized to
the initial brightness.
The performance of the array reader is compared with a commercial SensiQ SPR instrument from ICX Nomadics. The instrument
is an integral chip containing the light source, the detector, and the
two-channel, carboxyl-functionalized sensor surface. Proteins
were immobilized on the carboxyl surface by activation of the carboxyl groups with N-(3-dimethylaminopropyl)-N0 -ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS). The
protein is immobilized through any primary amine on its surface,
which displaces the NHS leaving group, forming a peptide bond—
a conventional EDC/NHS coupling chemistry [21]. There is no control over the orientation of the protein on the surface, but statistically all possible surfaces—including the epitope for the antibody—
are presented.
Chemicals
Gold(III) chloride trihydrate (HAuCl43H2O, 99.9%), silver nitrate
(AgNO3, 99%), cetyl–trimethyl–ammonium bromide (CTAB, 95%),
sodium citrate (C6H5Na3O72H2O, 99.9%), BSA (98%), ﬁbrinogen
(60%), murine IgG (80%), delipidized whole antiserum anti-BSA
(developed in rabbit, 3.7 mg/ml BSA antibody, 60 mg/ml other serum proteins, product no. B1520), EDC (98%), and NHS (98%) were
obtained from Sigma–Aldrich. Glycine (analytical grade) was supplied by Fisher Scientiﬁc. Sodium borohydride (NaBH4, 98%) was
supplied by Lancaster. (L+) Ascorbic acid (C6H8O6, 99%) was obtained from Acros. Dithiobis-succinimidyl propionate (DTSP, 97%)
was supplied by Fluka. Throughout the experiments, 18 kX deionized water was used as a solvent when required.
Photonic surface preparation
The in situ synthesis of the gold nanoparticles forming the photonic surface allows the physical dimensions and the orientation of
the array to be established easily. The array preparation sequence
is as follows: (i) the seed nanoparticles are printed from a colloid
using an inkjet printer; (ii) the slides are removed from the printer
and placed into the growth solution; (iii) the slides are washed;
and (iv) the slides are returned to the printer to print the array assays. The seed particles are spherical gold nanoparticles with a
diameter in the range of 3 to 4 nm and are prepared using a rapid
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sodium borohydride reduction of Au(III) to Au(0) and then stabilized with a citrate surface ligand. Then 0.6 ml of ice-cold 0.1 M
NaBH4 solution was rapidly added to the 20-ml solution containing
3  104 M HAuCl4 and 3  104 M sodium citrate, stirring quickly.
The resulting gold colloid was left to mature for 2 to 3 h before the
printing step.
The seed nanoparticles were printed in 12  8 rectangular arrays on an uncoated 25  25-mm square glass slide using an inkjet
printer (Arrayjet Aj100). The seed colloid is mixed with glycerol in
a 3:1 ratio to ensure the correct viscosity for the printing buffer for
well-formed spots during the inkjet printing step. The printed
slides were dried in air (50 °C, 20 min), and excess glycerol along
with particles not adhering to the slide surface were washed off
with water; after rinsing the slides were visually transparent.
The gold nanoparticles responsible for the photonic properties
of the sensor array are synthesized on the glass slide surface using
a seed growth-mediated wet chemistry similar to the solution
chemistry proven for the synthesis of rod-shaped particles
[22,23]. The objective is to extend the particles, ideally producing
one target shape particle with optimized photonic properties.
The growth solution contains 0.1 M CTAB, 2  104 M HAuCl4,
2  106 M AgNO3, and 4  104 M ascorbic acid. The slides are
completely immersed in the growth solution for 20 min at an
approximate temperature of 28 °C. After the surface synthesis,
the arrays are clearly visible on the surface of the glass slide with
a characteristic reddish-brown color. The growth phase requires
the surfaces to be stabilized by the surfactant CTAB, which remains
over the surface of the particles and the slide after the synthesis is
complete. The surface of the particles needs to be clean and free
from the CTAB to ensure accurate biofunctionalization, and the
CTAB is removed through extensive washing cycles in water. The
resulting nanoparticles have been imaged by a scanning electron
microscope (SEM) (Fig. 2) and show a truncated polyhedral shape
with an average diameter of 130 ± 6 nm (mean ± SD).
The ﬁnal array is shown in Fig. 3A under near-ﬁeld illumination
in the array reader. Although the regular pattern of spots covered
with gold nanoparticles is successfully produced, the brightness
of the individual spots is not uniform across the area of the spot,

with marked enhanced brightness around the perimeter of each
spot. This is thought to reﬂect the concentration proﬁle of the seed
particles left in the drying pattern on the surface of the substrate.
To compensate for the nonuniformity of the spot, some image ﬁlters have been developed to maximize the refractive index sensitivity (RIS), removing pixels where there is no brightness change.
This reduces the number of working pixels under each spot from
approximately 128 to 100.

Bioarray printing
The nanofabricated photonic surface on each spot of the array
may then be functionalized with the proteins for the assays, printing control spots nearby. The entire slide is immersed in a solution
of DTSP (1 mg ml1 in 1:1 [v/v] isopropanol/dimethyl sulfoxide
[DMSO]) [21], which contains a dithiol group that dissociates at
the gold surface speciﬁcally forming the stable S-Au and a highly
reactive succinimidyl ester. Attack by primary amine groups on
the outer surface of the target protein results in peptide coupling
to the sensor surface, which is stable in physiological conditions
and at moderately low and high pH levels. Slides were immersed
in the DTSP solution at room temperature for 15 min, washed with
isopropanol, and dried. This completes the ﬁrst step.
The second step requires the proteins to be printed to each array spot. This must be performed rapidly because the DTSP succinimidyl ester has a hydrolysis half-life of approximately 20 min
[21], which restricts the protein number density on the surface.
Concentrated protein solutions (1 mg/ml BSA, 0.6 mg/ml ﬁbrinogen, 0.06 mg/ml IgG, in phosphate-buffered saline [PBS]) and glycine (20 mg/ml in PBS) are printed in the pattern shown in
Fig. 3B, with a number of repetitions of each assay distributed
across the array to improve statistical signiﬁcance. The printed
drops have a volume of approximately 0.3 nl per spot; they are
incubated for 40 min to allow the coupling reaction to be completed. The excess solution is washed with water, and the slides
are then stored at 5 °C.
The array design allows comparison of speciﬁc and nonspeciﬁc
BSA antibodies (aBSA)–BSA binding using ﬁbrinogen, IgG, or glycine spots as a control. The responses from each spot with identical
assays are averaged to provide the kinetic trace for the binding of
the antiserum to the target protein on the array surface.

Results

Fig. 2. SEM image of the nanoparticles grown from gold seed particles deposited on
silica substrate. Coverage = 14 ± 2%; size = 130 ± 6 nm.

The sensitivity of the array spots to both bulk and local refractive index (RI) changes are important parameters in the design of
the array reader. The sensitivity to bulk RI is assessed by changing
the composition of a solvent above the array with binary mixtures
of isopropyl alcohol and water; each mixture has a tabulated RI value [24]. The sensitivity of the array prior to functionalization with
the adsorbed proteins is assessed by monitoring the change in the
scattered intensity as a function of bulk RI composition. A change
in the bulk index from 1% isopropanol in water to pure water is
shown in Fig. 4A. The RI of the binary mixture from pure water
to pure isopropanol varies over the range of 1.333 to 1.377 at
20 °C and standard pressure. The change in scattered brightness
with RI is shown in Fig. 4B, illustrating a linear correlation with
correlation coefﬁcient r2 = 0.9992 and v2 = 5.796  107. The gradient of the linear ﬁt is 174 ± 2% RIU1 for the data presented in
Fig. 4B. This gradient is a measure of relative sensitivity of the
manufactured photonic surface to the bulk RI and is used to characterize the sensitivity of the different nanoparticles synthesized
under different growth conditions. The sensitivity for all surfaces
fabricated during these experiments falls in the range of 150 to
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Fig. 3. Array. (A) Image in the array reader. (B) Key to the array assay locations.

[20]; however, similar sensitivities and properties are observed
from consistent operating procedures.
The effect of bulk RI on the light scattering behavior can be used
to describe the smallest detectable change of bulk RI; hence, the
absolute RIS of the sensor may be written as
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where mean I is scattered light intensity and rI is its standard deviation. Subscripts 1 and 2 would correspond to analytes with different bulk RI values. Fig. 4B shows how the light scattering intensity
follows the analyte RI change. Typically, the manufactured sensor
arrays demonstrated a mean RIS of approximately 5  104 RIU,
but the spot-to-spot variability was far from ideal and the RIS of
spots on the same sensor ranged from 1.5  104 to 8  104 RIU
for each spot.
The array reader performance and sensitivity depend on the response of the surface to proteins binding to the gold surface or formally a change in the polarizability of the medium within the
plasmon ﬁeld. This may be measured by the response of the spot
to protein binding, the rate of adsorption, and the total change in
RI for a monolayer coverage. The smallest detectable change and
the rate of adsorption to the surface are important characteristics
both of the surface–protein interactions and the system ﬂuidic regime. It is essential that the ﬂuidic parameters are not limiting the
kinetics of the protein–protein interactions and that the ﬂow cell
parameters have been optimized. The ﬂuidic parameters for two
ﬂow cell designs for the array reader are compared with the ﬂow
cell characteristics for the SensiQ SPR instrument in Table 1. Flow
cell A has a large volume and a low Reynolds number (Re), requiring a large sample and slow transport properties to the surface.
Flow cell B and the SensiQ ﬂow cells have similar volumes and
higher Reynolds numbers, requiring much smaller samples and
better transport properties. The rate constant for the adsorption
of aBSA to a BSA-functionalized surface is shown in Fig. 4A as a
function of the ﬂow rate through the SensiQ ﬂow plasmon chip.
The observed antibody–antigen binding rate increases with
increasing ﬂow rates until a concentration-limited rate is observed
at 30 ll min1, (Fig. 5A). At this ﬂow rate, the association rate con-

RI of aqueous isopropanol solution (RIU)
Fig. 4. (A) Sensitivity to the change of the bulk RI on switch of the analyte solution
from 1% aqueous isopropanol to water. Estimated RIS = 1.5 ± 104 RIU. (B) Linearity
of the light scattering response to the change in the bulk RI of the analyte solution.
r2 = 0.9992; v2 = 5.796  107.

Table 1
Microﬂuidic parameters for the SensiQ and array reader ﬂow cells.

500% RIU1. The sensitivity of the surface is derived from the optical properties of the nanoparticles, their geometrical parameters
[25], seed particle surface density, and surface synthesis conditions

Array cell A
Array cell B
SensiQ

V (nl)

Hydraulic
diameter (lm)

Linear ﬂow
velocity (mm s1)

Reynolds number

90,000
1500
85

3000
30
28

0.47
29
37

3
300
200

238

Whole serum BSA antibody screening / R.V. Olkhov et al. / Anal. Biochem. 385 (2009) 234–241

A

A
c-f

1.2

a

b

b

400

Δ brightness (%)

SensiQ response (RU)

500

300

a
200

0.6

c

100

0

0.0
1

2

3

0

4

5

10

time (min)

B

B
1.8

d

1.2

e
Δ brightness (%)

1.6

ka (M-1s-1)

15

time (min)

1.4

1.2

0.6

f
g

1.0

h
0.0

0.8
0

10

20

30

flow rate (μl

40

0

50

Fig. 5. Effect of the analyte ﬂow rate used in the SensiQ-based experiments on the
observed BSA antibody–antigen association rate. (A) Transient response curves
corresponding to 5-ll/min (a), 10-ll/min (b), 20-ll/min (c), 30-ll/min (d), 40-ll/
min (e), and 50-ll/min (f) ﬂow rates of approximately 14 nM anti-BSA analyte
solution. (B) Association rate constants derived from the curves shown in panel A.

stant is (1.7 ± 0.2)  105 M1 s1 (mean ± 2SD) (Fig. 5B). The SensiQ
and array reader SPR platforms (with ﬂow cell B) produce comparable rate constants for the BSA–aBSA adsorption, establishing conﬁdence in the performance of the array reader.
Having established a concentration-limited ﬂow regime, the array printed according to the key in Fig. 3B was analyzed. The IgG,
glycine, and ﬁbrinogen all are expected to show nonspeciﬁc binding when the BSA antiserum is introduced to the array. Therefore,
each of the other protein-functionalized spots could act as a nonspeciﬁc binding control spot for the aBSA binding to BSA. Binding
of aBSA to BSA using IgG, ﬁbrinogen, and glycine as control surfaces
is shown in Fig. 6A, where the largest surface coverage for binding
can be seen in channels a and b, that is, the glycine- and IgG-functionalized spots. Using glycine as the reference, the response of the
nanofabricated surfaces to varying concentrations of aBSA was
measured and is presented in Fig. 6B. Conﬁdence in the correct
kinetic response of the surface requires the adsorption rate for
aBSA–BSA to be the same as that observed for the continuous gold
surface platforms. The detailed association rate for aBSA–BSA is

5

10

15

time (min)

min-1)

Fig. 6. Dependence of the transient scattering signal corresponding to the BSA
antibody–antigen binding on the chosen reference and the concentration of a BSA in
analyte solution. (A) Fixed [aBSA] = 28 nM with varying reference: (a) glycine; (b)
IgG; (c) ﬁbrinogen. (B) Glycine reference with varying [aBSA]: (d) 28 nM; (e) 18 nM;
(f) 14 nM; (g) 9 nM; (h) control buffer injection. Dashed curves are simulations
based on ka = 1.3  105 M1 s1.

shown in Fig. 7, and the dissociation rate may be observed following the buffer change. The response of each spot may be calibrated
for RI change based on the response of the surface to the bulk RI
changes of solvent, and this is plotted on the right-hand axis of
Fig. 7; binding 9.5 nM aBSA to the BSA assay spots using the glycine
channel as a control produces a 4RIbulk = (4.6 ± 0.1)  103 after
approximately 18 min of deposition time.
Discussion
The response of the nanofabricated surface requires the nanoparticle scattering intensity to change on binding the target species. Ideally, this change should be linear, and within the ﬂow
cell of the instrument this should lead to concentration-limited
kinetics. The results from the array reader have been compared
at each stage with the SensiQ continuous gold surface SPR platform
and, therefore, are comparable with all SPR surfaces. The variation
in scattered intensity depends both on the choice of wavelength
and on maintaining constant laser illumination over the surface
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The data do not allow the complete separation of these processes, but a compensation for nonspeciﬁc binding is possible by
subtraction of the temporal response from a control spot on the array. Subtracting the control trace gives
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time (min)
Fig. 7. Transient scattering signal observed on sensor array exposure to the 9.5-nM
BSA antiserum solution using a glycine reference spot. Solid black curves
correspond to the best ﬁt curves from Eq. (4): ka = (1.4 ± 0.2)  105 M1 s1 and
kd = (4 ± 2)  104 s1.

of the array. The temporal laser power ﬂuctuations are a limit to
the performance of the current instrument. A signiﬁcant advantage
of the array conﬁguration is the availability of control spots to control for a number of instrumental effects, most of which are removed by simply averaging the assay response over a number of
assay spots. Both the careful use of control spots and the assay
averaging increase the signal-to-noise ratio, sensitivity, and conﬁdence level in the performance of the array reader.
For the continuous surface and particle plasmon sensors, the arrival of the protein in the plasmon ﬁeld changes the plasmon, and
this is usually monitored as a change in maximum excitation angle
or scattering intensity. Importantly, the plasmon characteristics
will change irrespective of whether the proteins bind speciﬁcally
or nonspeciﬁcally to the functionalized surface. Successful binding
to the biospeciﬁc surface is the source of the signal; nonspeciﬁc
binding or protein presence in the plasmon ﬁeld, but not at the surface, is a source of biological noise to the detection event. Determination of the concentration of the target analyte in solution
requires a kinetic analysis of the assay biospeciﬁc binding event;
an array spot with constant protein surface coverage and a known
association rate constant will cause a change in the scattering
intensity from which the concentration may be derived.
A model describing the kinetic response for aBSA binding to the
BSA-functionalized array assay spot may be expressed as follows:

d0
¼ ka ½aBSAð0m;aBSA  0aBSA Þ  kd 0aBSA
dt
X
X
n
n
þ
ka;i ½proti ð0m;i  0i Þ 
kd;i 0i :
i

There are some hidden assumptions in this procedure, principally that the nka and nkd constants are the same for interactions
between blood proteins and differently functionalized spot surfaces. Eq. (3) may be integrated analytically to give

D0ðtÞ ¼ 0m ka ½aBSA

1

0.0

d0
d0
d D0
ðBSAÞ 
ðcontrolÞ ¼
¼ ka ½aBSAð0m;aBSA  0aBSA Þ  kd 0aBSA :
dt
dt
dt
ð3Þ

ð2Þ

i

The ﬁrst three terms in Eq. (2) are the conventional Langmuirian
adsorption isotherm with surface coverage 0, ka is the adsorption
rate constant, and kd is the desorption rate constant. The maximum
coverage for the BSA on the surface is given by 0m , which is competitive with all other proteins also landing on the surface. 0m;i is
the coverage for each proteini, where i is the running index relating
P
to all other proteins in the antiserum and
0m;i = 1 for a complete
monolayer. The summation term in Eq. (2) is a sum over all possible proteins [proti] in the antiserum binding to the surface with a
similar Langmuirian adsorption isotherm. Each process is modeled
by an adsorption rate constant nka,i, a desorption rate constant nkd,i,
and a surface coverage 0m;i and 0i .

1  expððka ½aBSA þ kd ÞtÞ
;
ka ½aBSA þ kd

ð4Þ

where 0m , ka, and kd are ﬁtting parameters, although kd is too small
to be determined accurately during the adsorption phase of the kinetic trace.
The choice of control assay from which to derive D0 is important for the accuracy of the kinetic parameters and ultimately
the derived concentration of the target species in solution. As can
be seen in Fig. 6A, using glycine and IgG as a control spot assay produces similar kinetic traces with ﬁtted rate constants of ka (glycine) = (1.4 ± 0.2)  105 M1 s1 and ka (IgG) = (1.6 ± 0.2)  105
M1 s1, whereas the ﬁtted rate constant for ﬁbrinogen is ka
(ﬁbrinogen) = (1.8 ± 0.3)  105 M1 s1. The isoelectric points for
glycine, ﬁbrinogen, and IgG are pI (glycine) = 5.97, pI (ﬁbrinogen) = 5.8, and pI (IgG) = 6.0 [26], suggesting that all three surfaces
are negatively charged at physiological pH and that the interaction
is not purely electrostatic but rather there are some additional protein–protein interactions that determine the measurements in the
whole serum. The faster rate and lower 0m for ﬁbrinogen, together
with the similar rates observed for glycine and IgG surfaces, suggest that nonspeciﬁc binding observed for the ﬁbrinogen spots is
a misnomer for these processes, and the kinetics is indicative of
the speciﬁc ﬁbrinogen protein–protein interactions with the antiserum proteins.
The antibody–antigen interaction is controlled by two rate constants: the adsorption rate ka and the desorption rate kd (Eq. (4)).
Each of the kinetic traces at the different aBSA concentrations
can be analyzed in detail. The data set collected at different con-
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Fig. 8. Pseudo-ﬁrst-order rate constants for BSA antibody–antigen binding derived
from light scattering array sensor data. The slope from the linear ﬁt corresponds to
the second-order rate constant ka = (1.3 ± 0.3)  105 M1 s1.
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centrations of analyte (0–30 nM aBSA) shows the expected variation of rates with increasing concentrations (Fig. 6B), and a plot
of the observed pseudo-ﬁrst-order rate constant versus concentration shows a linear plot from which the second-order rate constant, ka = (1.3 ± 0.3)  105 M1 s1, may be derived (Fig. 8).
Switching the buffer back to PBS, however, causes the aBSA–BSA
complex to dissociate, and kd may then be determined from the
desorption phase (Fig. 7) and averaged over the data set. The two
rate constants are ka = (1.4 ± 0.2)  105 M1 s1 and kd = (4 ± 2) 
104 s1, from which KD = kd/ka = 3 ± 2 nM. Taking the parameters
obtained from the linear pseudo-ﬁrst-order plot (Fig. 8), we may
derive the concentration of the antibody in the antiserum from
the single-trace data (Fig. 7) as 8.8 ± 2.0 nM. This may be compared
with the stated concentration (based on the manufacturer speciﬁcation) of 9.5 nM, an error of 15%, which represents the future
accuracy of the array reader at determining the antibody concentration in antiserum.
The same measurements were performed on the SensiQ continuous gold SPR platform in our laboratory and by Nomadics [27],
and from these values of KD also were derived (Table 2). There have
been other reports of aBSA–BSA kinetics in the literature [27–29],
including a study where the coupling was used to attach red blood
cells to the surface [30]. In that study, the ka rate constant was diffusion limited by the red blood cells onto which the antigen was
attached. Similarly, a recent study on Biacore instruments in 22
laboratories determined the association and dissociation rate constants for prostate-speciﬁc antigen (PSA) and its antibody. The
rate constants ka = (4.1 ± 0.6)  104 M1 s1 and kd = (4.5 ± 0.6) 
105 s1 [31], leading to a KD = 1.1 ± 0.2 nM. The deviation in the
measurements across the laboratories is 15% (1 SD). Furthermore,
an analysis of myoglobin-anti-myoglobin gave ka = 2.6  104 M1
s1 and kd = 2.0  103 s1 [32], indicating that the measurements
on the SensiQ and array reader platforms are consistent with antibody–antigen binding events reported across the literature.
The scattering intensity change at the nanoparticle surface may
be calibrated using the change in RI of bulk solutions of known
compositions, from which the maximum change in RI for aBSA–
BSA may be determined as (5.6 ± 0.1)  103 RIU. This ﬁgure may
be compared with the change in RI observed on the continuous
gold platform of (9.5 ± 0.1)  104 RIU, resulting in a particle/surface 4RIbulk ratio of 5.9. Studies on continuous gold surfaces have
derived a conversion of 103 RIU = 1 ng mm2 [27,33–36], so that
from our value of 0m = 5.6  103 RIU we obtain 5.6 ng mm2 or
1.6 to 2.1 layers of IgG on the surface.
The interaction between the plasmon ﬁeld and the biologically
active layer is the important factor in controlling the sensitivity of
the plasmon to the binding event. To a ﬁrst approximation, the
plasmon ﬁeld of the nanoparticle penetrates approximately
60 nm into the medium above the nanoparticles, which may be
compared with 300 nm for the continuous gold surface [37]. However, the biological layer is only approximately 10 nm thick (serum
albumin has a mass of 66 kDa and the dimensions 7.5  7.5  4 nm
[38], and IgG is 5  13  13 nm [39]) to allow the antigen on the

Table 2
Speciﬁc BSA antibody–antigen interaction rate constants from the array reader and
SensiQ plasmon platforms.

Array reader (aBSA)–(glycine)
Array reader (aBSA)–(IgG)
Array reader (aBSA)–(ﬁbrinogen)
SensiQ
SensiQ
(Nomadics aBSA immobilized)
Note: Values are means ± 2 SD.

ka (105 M1 s1)

kd (104 s1)

1.3 ± 0.2
1.6 ± 0.2
1.8 ± 0.3
1.7 ± 0.2
1.46

4±2

3±2

3±2
3.52

2±2
2.4 ± 0.1

KD (nM)

surface and the antibody attachment, enabling us to deﬁne an RI
contrast, j, as the ratio of the integral depth of the biological layer
to the exponentially decaying penetration depth of the plasmon
ﬁeld. For the gold nanoparticles (subscript p) or continuous surface
(subscript s), the RI contrast ratio jp/s is given by

jp=s ¼ 1  elb =dp=s ;

ð5Þ

where lb = 10 nm is the protein layer thickness and dp/s is the penetration depth of the respective plasmon ﬁeld. An analysis of the
plasmon penetration depth dp/s (or particle radius) versus jp/js
(the ratio of the RI contrast for the particle and the surface) shows
that for the particles we have been using in the experiment the ratio
is 4.68, in excellent agreement with the greater sensitivity of the
nanoparticles to the aBSA–BSA layer. This may point to a general
advantage that particles have over continuous surfaces that have
a large penetration depth and, thus, are sensitive to changes in
the bulk RI well above the biologically active surface that is a source
of RI noise and poor RI contrast.
Conclusion
An array, printed with seed nanoparticles and grown into larger
particles by surface synthesis, has been functionalized with proteins and used successfully to screen for antibodies in whole blood
sera. The label-free detection platform was interrogated using a
simple array reader that monitors the change in scattered light
intensity from the surface nanoparticles on binding the target antibody. The detection limit is 108 M, corresponding to an antibody
concentration in a serum of 1 lg ml1. Comparison of the sensitivity of the nanoparticle surface with that of the continuous gold surface indicates a ﬁvefold greater sensitivity of the particles when
interpreted in terms of the RI contrast of the biologically active
layer to bulk within the plasmon ﬁeld. The RI contrast advantage
suggests that particles may be engineered to a speciﬁc length
and aspect ratio to optimize the scattering efﬁciency and maximize
the RI contrast advantage for a speciﬁc biological assay.
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