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This mvention relates to a method for the fabrication of pho-
tonic biosensor arrays and applications of arrays produced by
the method 1n the biomedical field. A method for the fabrica-
tion of a biosensor array for plasmon resonance-based sens-
ing of a plurality of different biological targets simulta-
neously, the method comprising: (1) providing a transparent
substrate; 1) providing seed metallic nanoparticles 1n the
form of a colloid; (111) depositing said colloid as discrete
metallic 1slands on the transparent substrate, each of said
metallic 1slands comprising a plurality of metallic nanopar-
ticles; (1v) washing the substrate in order to remove unad-
hered material; (v) developing the substrate 1in a growth solu-
tion, which solution comprises a salt of the same metal which
1s present 1n the form of discrete metallic 1slands on the
substrate, a reducing agent, a capping agent and optionally a
surfactant; (v1) washing the developed substrate; and (vi1)
functionalising each of said metallic 1slands with a different
functionalising molecule using a common chemical process
to attach said different functionalising molecules to said
metallic 1slands.
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METHOD OF FABRICATION OF PHOTONIC
BIOSENSOR ARRAYS

FIELD OF THE INVENTION

[0001] This invention relates to a method for the prepara-

tion ol photonic biosensor arrays and applications of arrays
produced by the method 1n the biomedical field.

[0002] This application relates to UK patent application
number, 0705594.0 (and to the corresponding PC'T applica-
tion number, filed on the same day as this application
by the same applicant), the entire contents of both of which
are hereby incorporated by reference.

BACKGROUND TO THE INVENTION

[0003] Plasmon absorption in metal nanoparticles 1s highly
dependent on nanoparticle shape, size, and dielectric constant
of the surrounding medium. Strong plasmon absorption and
sensitivity to local environment have made metal nanopar-
ticles attractive candidates as sensors for a range of analytes
including DNA, metal 10ons, and antibodies.

[0004] Much of the work 1n this area has focussed on the
use of suspensions of metals, especially “noble” metals such
as gold or silver, gold being particularly suitable in view of 1ts
biocompatibility.

[0005] For example, in WO 2006/137851 (Virgima Tech
Intellectual Properties Inc.) the preparation of a metallic sus-
pension by the direct coating of silica nanoparticles by gold or
silver 1s reported. A method 1s described of making a metallic
suspension, involving the activation of silica particles 1 a
silica colloidal suspension; the nucleation of noble metal
atoms to the silica particles in the suspension and the subse-

quent growth ol noble metal particles on the silica particles at
the nucleation sites.

[0006] WO 2006/099312 (North-Western University)
relates to a Method of Producing Gold Nanoprisms and 1s also
concerned with metallic suspensions. WO 2006/065762
(Unmversity of South Carolina) and WO 2006/066180 (Intel
Corporation) relate to Surface Enhanced Raman Spectros-
copy (SERS) facilitated by the use of gold nanoparticles,
though the matenals provided employ continuous metallic
surtaces.

[0007] A more powerful method of utilising the interesting
photonic properties of nanoparticles would be to provide the
nanoparticles in the form of a 2D photonic array.

[0008] In general a photonic biosensor array, sometimes
called a microarray or biochip, comprises a collection of
probe spots to which different targets may attach. For
example in the case of a DNA microarray the probes are
oligonucleotides, cDNA or similar which are hybridised with
fluorescence labelled samples, typically of two colours, one
for the patient the other for the control. Typically, fluores-
cence from the hybridised array 1s then viewed to determine
to which spots binding has occurred. There are other types of
array such as protein arrays (including antibody arrays)
where spots of protein molecules (or antibodies) are used to
identily the complementary entity (antibodies or proteins).
Thus chemical compound arrays may be employed to search
for proteins and other biologically active molecules again by
employing functionalising molecules or entities 1n an array of
spots which bind with specific biological targets. In general,
however, all these techniques employ fluorescence labelling
of the targets to detect binding events on the array.
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[0009] The arrays provided by the methods of the present
invention do not employ fluorescence but mstead rely upon
plasmon resonance-based sensing. Broadly speaking 1n this
technique total internal reflection of light 1s used to generate
an evanescent wave which excites plasmons (a collective
clectronic excitation) 1n a metallic conductor, which are
modified by the presence of a target molecule on the surface
ol the conductor. The modification results 1n a shift, generally
in both wavelength and amplitude, of the plasmon resonance
peak detectable 1n the totally internally reflected light. Plas-
mon resonance-based sensing has the ability to detect very
small changes 1n the effective refractive index 1n a medium
adjacent the surface of the metallic conductor, for example
down to An of the order of 107 refractive index units (RIU).
[0010] It 1s known to employ label-free surface plasmon
resonance (SPR) based technology for studying biomolecular
interaction 1n real time and, 1n particular, technology for this
1s available from the Swedish company BlAcore AB; for
background technical information see published BlAcore
patent applications such as WO 2006/1335309, WO 94/00751,
U.S. Pat. No. 4,997,278, and WO 97/19375. However BIA-
core provide materials employing a continuous metal surface.
Some further technical background information relating to
plasmon resonance-based sensing in a different context (eva-
nescent wave cavity ringdown spectroscopy) can be found in

EvanesCo patent application WO 2005/088277.

[0011] There 1s, however, a need to provide an improved
method of preparation of photonic arrays suitable for use in a
wide variety of assay techniques, and 1n particular leading to
assay techniques with increased sensitivity.
[0012] Embodiments of the techniques we describe provide
a step towards solutions of these problems.

SUMMARY OF THE INVENTION

[0013] According to a first aspect of the invention there 1s
therefore provided a method for the fabrication of a biosensor
array for plasmon resonance-based sensing of a plurality of
different biological targets simultaneously, the method com-
prising:

[0014] (1) providing a transparent substrate;

[0015] (11) providing seed metallic nanoparticles in the
form of a colloid;

[0016] (111) depositing said colloid as discrete metallic
islands on the transparent substrate, each of said metallic
1slands comprising a plurality of metallic nanoparticles;

[0017] (1v) washing the substrate 1n order to remove unad-
hered material;
[0018] (v) developing the substrate 1n a growth solution,

which solution comprises a salt of the same metal which 1s
present 1n the form of discrete metallic 1slands on the sub-
strate, a reducing agent, a capping agent and optionally a
surfactant;

[0019] (v1) washing the developed substrate; and

[0020] (v11) functionalising each of said metallic 1slands
with a different functionalising molecule using a common
chemical process to attach said different functionalising mol-
ecules to said metallic 1slands.

[0021] Thus the invention provides a seed-mediated
method for nanoparticle growth directly on a substrate sur-
tace. This allows tag-free specific binding of biomolecules
observed on a sensor array based on grown-on-surface par-
ticles. Having the ability to use an uncoated substrate obviates
the need for one or more pattern control layers.
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[0022] In a related aspect the mmvention also provides a
biosensor array for plasmon resonance-based sensing of a
plurality of different biological targets, the array obtained by
or obtainable from the method of this first aspect of the
ivention.

[0023] The metallic nanoparticles are typically selected
from the group comprising copper, silver, gold, platinum,
palladium and 1ridium or a mixture or an alloy thereof. Gold
nanoparticles are preferred. In the latter case, advantageously
in the development step (v), the gold salt comprises HAuCl,
or a potassium, calcium, sodium, or lithium salt thereof.
[0024] Inaccordance with a preferred embodiment, in step
(1) of the method of the invention, the seed metallic nanopar-
ticles are substantially spherical with a diameter typically in
the range of from 2 to 6 nm, more preferably in the range of
from 3 to 4 nm. In accordance with a particularly preferred
embodiment, 3-4 nm spherical seeds may be produced by
reduction of Au”* (for example 3x10™* M HAuCl,) by excess
of NaBH, (3x10™° M) in the presence of tri-sodium citrate
capping agent (3x10™* M).

[0025] The seed particle colloid 1s typically printed 1n an
array of spots onuncoated silica or glass surface and the slides
are allowed to dry. The printed seed density (in terms of
number of particles per unit of surface area) determines the
density of the grown particles, therefore one can easily
achieve practically any desired surface coverage.

[0026] In accordance with a preferred embodiment of the
method of the invention, 1n development step (v), the growth
solution comprises a metal salt, a reducing agent and a cap-
ping agent. The capping agent may function additionally as a
surfactant and a capping agent 1s preferred which, following
deposition of the small seed nanoparticles, facilitates growth
of the larger “crystals™ 1n a sterically hindered environment. A
capping agent based on cetyltrimethylammonium halide, and
particularly the bromide (CTAB), 1s particularly preferred.
[0027] In accordance with a preferred method the surfac-
tant 1s selected from the group comprising or consisting of
tetrabutylammonium bromide, dodecyldimethylammonium
bromide, cetyltrimethylammonium bromide; the capping
agent 1s cetyltrimethylammonium bromide (CTAB) and the
reducing agent 1s ascorbic acid.

[0028] Othersuitable reducing agents are typically selected
from the group comprising sodium citrate, formaldehyde,
2-mercaptoethanol, dithiothreitol, and hydrazine.

[0029] Advantageously, the reducing agent 1s used 1n a
concentration of from 1x10~° M to use as the solvent itself,
more preferably of from 1x10™ M to 1x10™> M and more
preferably still of from 2x10™* M to 9x10~* M; the substrate
1s exposed to growth solution for a time in the region of from
S minutes to 100 minutes, more preferably of from 15 minutes
to 40 minutes and more preferably still of from 20 to 30
minutes; and the temperature at which the substrate 1s
exposed to growth solution 1s of from 0 to 95 degrees Celsius;
more preferably in the region of from 20 to 80 degrees Cel-
sius, and more preferably still of from 25 to 30 degrees
Celsius.

[0030] The functionalising step (vi1) advantageously com-
prises using a solution deposition head with a plurality of
nozzles to collect a plurality of said different functionalising
molecules from a plurality of reservoirs and to deposit said
plurality of functionalising molecules onto a respective plu-
rality of said metallic 1slands.

[0031] Diafferent functionalising molecules may be
attached to said metallic nanoparticles using the same ligand.
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The functionalising molecules are particularly varied, for
example proteins, antibodies, DNA/RNA strains, aptomers,
chelating agents and sequestering agents.

[0032] In certain preferred embodiments of the method of
the 1nvention, in functionalising step (vi1), a fraction of the
respective plurality of said metallic 1slands are left un-func-
tionalised and instead comprise a plurality of control spots.
It has been observed that when a turther source of metal 10ns
1s provided 1n development step (v) of this first method of the
invention, wherein this further source of metal 1ons 1s differ-
ent to the metal forming the plurality of metallic 1slands, a
closer degree of control 1s possible as regards the resultant
s1ze distribution of the grown nanoparticles.

[0033] Accordingly, 1n a second main aspect, the present
invention provides a method for controlling the size distribu-
tion of nanoparticles grown in accordance with the following
steps:

[0034] (1) provision of a transparent substrate;

[0035] (1) provision of seed metallic nanoparticles 1n the
form of a colloid;

[0036] (111) deposition of said colloid as discrete metallic
1slands on the transparent substrate, each of said metallic
1slands comprising a plurality of metallic nanoparticles;
[0037] (1v) washing of the substrate 1n order to remove
unadhered material;

[0038] (v) development of the substrate in a growth solu-
tion, which solution comprises a salt of the same metal which
1s present 1n the form of discrete metallic 1slands on the
substrate, a reducing agent, a capping agent and optionally a
surfactant;

[0039] which method comprises adding metal 1ons to the
growth solution of development step (v), wherein these addi-
tional metal 1ons are different to the metal forming the plu-
rality of metallic 1slands on the substrate.

[0040] In accordance with a related aspect, the substrates
bearing the nanoparticles with controlled size distribution
resulting form the method of this second aspect of the inven-
tion then undergo the following further steps: (vi1) washing;
and

[0041] (vi1) functionalisation of each of said metallic
1slands with a different functionalising molecule using a com-
mon chemical process to attach said different functionalising
molecules to said metallic 1slands.

[0042] Inaccordance with a particularly preferred embodi-
ment of this second aspect of the invention, the shape as well
as the size distribution 1s observed to be controllable by the
addition of the further source of metal 1ons.

[0043] Theadded metal 10ns are typically selected from the
group comprising copper, silver, gold, platinum, palladium
and iridium or a mixture thereof. Silver 1ons are preferred.
The concentration of the additive metal 10ns 1s typically in the
range of from 0.01% to 1% of the concentration of the metal
salt of the growth solution (1e the metal which 1s present in the
form of discrete metallic 1slands on the substrate); more pret-
erably from 0.05% to 0.95% of the concentration of the metal
salt of the growth solution; more preferably from 0.1% to
0.9% of the concentration of the metal salt of the growth
solution and more preferably still from 0.25% to 0.75% of the
concentration of the metal salt of the growth solution. Advan-
tageously, 1n order to maximise control of the size distribution
ol nanoparticles grown, the capping agent used will be a
cetyltrimethylammonium halide, and particularly preferred is
the bromide (CTAB) and the additive metal 1ons will com-
prise Ag™.
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[0044] Forexample, it was observed that once seeded slides
are developed in growth solution containing 2x10~*M
HAuCl,, 0.1M cetyltrimethylammonium bromide (CTAB) as
capping agent, and 4x10~*M ascorbic acid as reducing agent
for 20-30 minutes at 25° C. a variety of gold nano-shapes was
obtained. On addition of 1x10™°M Ag™* the size distribution of
grown particles was more uniform and gold nanocrystals
were highly faceted, which can improve sensitivity to the
change of the medium refractive index.

[0045] Insome preferred embodiments of the first and sec-
ond aspects of the present invention, the metallic nanopar-
ticles, which are preferably of gold, are highly anisotropic.
Furthermore they may have at least one dimension of less than
30 nm, preferably less than about 25 nm. At this point the
interaction between the evanescent wave and the metal
changes from being dominated by absorption to being domi-
nated by scattering. In some preferred embodiments the nano-
particles form optical antennas, that 1s, 1n embodiments, pairs
of rod-like nanoparticles separated by a gap of similar dimen-
sions to the width of a rod. More generally such an optical
antenna may comprise an adjacent pair ol nanoparticles, pret-
erably each with a length:width aspect ratio of greater than
2:1, and preferably having adjacent ends separated by a gap of
less than 100 nm, preferably less than 50 nm. In some pre-
ferred embodiments these comprise rod-shaped nanopar-
ticles but other shaped nanoparticles may also be employed,
for example generally triangular nanoparticles, or a combi-
nation of different shaped nanoparticles such as a rod-shaped
and an adjacent generally triangular nanoparticle.

[0046] In particular, preferably each nanoparticle of an
adjacent pair of nanoparticles has a length which 1s resonant
for a plasmon wavelength i the metal, more particularly
having a length which 1s approximately equal to an odd inte-
gral number of a plasmon half-wavelengths.

[0047] Theinventors believe that the enhanced electric field
in the gap between the nanoparticles also enhances Raleigh
scattering, and hence the overall sensitivity of the technique.
More generally, employing discrete 1slands of nanoparticles
rather than a continuous surface in a biophotonic array as
described above facilitates use of the array for detection of a
plurality of different biological targets simultaneously.

[0048] Unlike conventional microarrays, embodiments of
the above-described array allow the same chemistry to be
employed to attach a plurality of different types of function-
alising molecule to the metallic nanoparticles of the different
islands. Thus whereas conventionally each different tluores-
cent label requires a separate chemical process to attach the
label to a target or potential target, an array of the type we

describe 1s suitable for use with an automated ftabrication
method.

[0049] Thus 1n a preferred aspect the invention provides a
method of fabricating a biosensor array for plasmon reso-
nance-based sensing of a plurality of different biological
targets, the array comprising a transparent substrate having a
surface bearing a plurality of array spots for plasmon reso-
nance sensing, each of said array spots comprising a discrete
metallic 1sland to which 1s attached functionalising molecules
for binding to a said biological target, different said 1slands
bearing different said functionalising molecules for binding,
to different ones of said biological targets, and wherein total
internal reflection of light at said surface at a wavelength at or
near a said plasmon resonance results in scattering of said
light away from said surface, said scattering being modulated
by said binding of said biological targets.
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[0050] More particularly 1 preferred embodiments the
functionalising of the metallic 1slands uses a solution depo-
sition head such as inkjet print head under automatic control
to collect a plurality of functionalising molecules from a
corresponding plurality of reservoirs, and to deposit these
onto a respective plurality of the metallic 1slands. In this way
an array may be provided with a very large number of differ-
ent functionalising molecules without the need for special
chemistry to attach each one.

[0051] As the skilled person will understand, many differ-
ent types ol functionalising molecule may be employed
including, but not limited to: oligonucleotides, cDNA, RNA
such as mRNA, proteins, antibodies, antigens, and in general
anything which binds to a specific biological target molecule
(1including potential drug molecules).

[0052] The same ligand may be used to attach many differ-
ent functionalising molecules to the metallic nanoparticles.
Suitable ligands include, but are not limited to, DSP (dithiobis
succinimidyl propionate) and related materials; a streptavi-
din-biotin link may additionally or alternatively be employed.

[0053] In some preferred embodiments the methods of the
first and second aspects of the invention provide an array
including a plurality of control spots, in particular spots lack-
ing any such functionalising molecules. Preferably these are
physically close to the functionalised assay spots, for
example less than 200 um or 100 um, or 50 um. Preferably
cach functionalised spot has an associated control spot. This
1s 1mportant 1n a very high sensitivity array of the type we
describe since the temperature coellicient for refractive index
variations can be of order 10~ to 10™*/° C. and thus even
temperature changes of 1/1000° C. can have a significant
clfect on the results. Similarly spatial and temporal variations
in the 1llumination of the array can also have a significant
impact on the measured output. In practice without the use of
control spots the signal {from the array can merely appear to be
noise.

[0054] In some preferred embodiments the methods of the
first and second aspects of the mvention provide an array
including a plurality of control spots, wherein one or more of
said plurality of control spots are configured such that they
may detect changes in the bulk refractive index. Changes in
the bulk refractive index (An) of the order of 1x10™> or lower
refractive index unmits (RIU) may be detected by appropriately
configured control spots.

[0055] In accordance with a particularly preferred embodi-
ment the methods of the first and second aspects of the inven-
tion provide an array including a plurality of control spots,
which are typically regularly spaced spots (for example
30x’70 nm) constructed from electron-beam lithography with
a pitch typically of the order of 400 nm. A configuration of
regularly spaced spots (30x70 nm) constructed from elec-
tron-beam lithography in a regular array of pitch 400 nm
when 1lluminated 1n the near-field configuration of the array
reader shows sensitivity to changes in the bulk refractive
index of 1x107> RIU, as demonstrated, for example, by a
switch 1n organic solvent or from water to another solvent
such as phosphate buifered saline.

[0056] Such one or more control spots provide a speciiic
measure of bulk compositional changes. A control spot sen-
sitive only to bulk refractive index has significant advantages
in array design. For example, the refractive index of a blood
sample 1s dominated by the protein load and the bulk refrac-
tive index sensor spot will provide a direct measure of blood
refractive index and composition. The overall protein load
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determines the kinetics of non-specific binding so a bulk
refractive index determination enables the non-specific bind-
ing rate to be predicted. The bulk refractive index can act as a
bench-mark for all assay spots. Apparent binding rate con-
stants for each assay on each spot may vary from spot to spot
depending on the non-specific binding. Averaging over the
total repeats of the assay on the array will produce an empiri-
cal rate of binding for the target analyte. The empirical rate
may be scaled by the bulk RI to estimate the contribution from
non-specific binding. This will inform the confidence in the
extracted concentration of the target analyte. Furthermore,
during the preparation of the blood sample prior to analysis
there may be the addition of other reagents. Variation of the
bulk composition may be monitored for composition changes
including the addition of the correct sample modifying
agents.

[0057] Inpreferred embodiments the substrate provided for
use in the methods of the mvention includes means for cou-
pling light into the array. Thus 1n some embodiments the array
may be fabricated on a substrate which 1s configured as a
Dove prism. However in some other preferred embodiments
light 1s launched into the edge of a substantially flat, planar
substrate which waveguides the light within the thickness of
the substrate; such an edge coupling may comprise, for
example, a lens on the edge of the substrate or a grating on a
surface of the substrate. A waveguided configuration can
substantially reduce the cost of the optical components 1n a
practical embodiment of reading apparatus for the array.

[0058] Inanotheraspect the invention provides a method of
plasmon resonance-based sensing of a plurality of different
biological targets simultaneously, the method comprising:
coupling light of at least one wavelength into a biosensor
array fabricated in accordance with a method of the invention
such that total internal reflection of said light at said surface
generates an evanescent wave field which excites plasmons 1n
said functionalised metallic nanoparticles and scatters said
light; tflowing a fluid carrying a plurality of said biological
targets for analysis over said array; imaging said scattered
light from said array to generate image data for said biological
targets carried by said fluid; and analysing said image data to

determine levels of said biological targets carried by said
fluad.

[0059] Thus, 1n embodiments, we employ a technique
which interrogates dark-field scattering from the array rather
than analysis of the totally internally reflected light.

[0060] In some preferred embodiments the imaging 1s per-
formed 1n real time to follow the binding kinetics of the
targets. This can generate a time series of data values for each
spot, hence facilitating 1dentifying a potential pathological
condition by matching binding kinetics additionally or alter-
natively to a bound level of the target per se. Thus a more
accurate “fingerprint” of a condition may be established.

[0061] In some preferred embodiments light of two wave-
lengths 1s employed, one to either side of a plasmon reso-
nance peak. The signals at these two different wavelengths
may then be combined for increased accuracy/sensitivity, in
particular by forming a ratio of the signals (intensity changes)
at the two different wavelengths. More particularly it the
wavelengths straddle the peak then 1f the peak moves in
wavelengths then one signal may go up whilst the other goes
down so that forming a ratio (or combining by subtracting)
will enhance the combined signal.

[0062] The scattering from the array may be viewed from a
front side (1.e. the surface carrying the spots) or from a back
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side (1.e. through the thickness of the substrate towards the
spots). Viewing from the back side has the advantage of
freeing the top surface for biology without mterfering with
the optical path. In both cases, however, dark-field scattering
1s present.

[0063] Embodiments of the method may determine a dii-
terential binding signal. To see how this works in the case of
a functionalised spot, consider the case of an array which has
spots of bovine serum albumin, (BSA) and fibrinogen; blood
serum may have an antibody to BSA, aBSA but if the animal
(or human) from which the blood was obtained needs fibrino-
gen then no antibody to fibrinogen should be present. Thus
binding events will include non-specific binding events for
fibrinogen and a combination of non-specific and specific
binding events for BSA. Thus 1t can be seen that in, say, an
antibody array some spots may include polyclonal as well as
monoclonal antibodies.

[0064] Unexpectedly 1t has been found that compensating
signals as described above allow extremely sensitive detec-
tion of specific binding events against a high level back-
ground of non-specific binding events.

[0065] In a further complementary aspect the invention
provides a method of plasmon resonance-based sensing of a
plurality of different biological targets simultaneously, the
method comprising: coupling light of at least one wavelength
into a biosensor array fabricated 1n accordance with a method
of the invention such that total internal reflection of said light
at said surface generates an evanescent wave field which
excites plasmons in said functionalised metallic nanopar-
ticles, said light comprising polarised light with polarisation
modulation; detecting an orientation of an elliptical polarisa-
tion of said totally internally reflected modulated polarised
light; and outputting a target sensing signal dependent on
binding of a said biological target to a said functionalising
molecule responsive to detection of a change 1n said elliptical
polarisation orientation.

[0066] Inthis specification nanoparticles refers to particles
with at least one dimension, preferably two or three dimen-
s1ons, of less than 1 um, preferably 500 nm, more preferably
300 nm. Embodiments may have all dimensions less than 1
um and at least one dimension less than 100 nm.

[0067] Features of the above-described embodiments and
aspects of the invention may be combined 1n any permutation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0068] These and other aspects of the invention will now be
turther described, by way of example only, with reference to
the accompanying figures in which:

[0069] FIGS. 1a to 1d show, respectively, a photograph of
an embodiment of a photonic biosensor array fabricated
according to an embodiment of the invention, nanoparticles

on a metallic island of the array of FIG. 1q, an enlarged image
of the nanoparticles of FIG. 15 and FI1G. 1d shows an enlarged
image ol nanoparticles with a more uniform size distribution

than those shown 1n FIG. 1c.

[0070] FIG. 2a represents a schematic diagram of a nano-
particle optical antenna, and FIG. 25 a schematic illustration
of all alternative configurations of a nanoparticle optical
antenna,

[0071] FIGS. 3a to 3¢ show, respectively, stages 1n attach-
ing a functionalising molecule to a gold nanoparticle surface;
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[0072] FIGS. 4a to 4¢ show, respectively, microarray fab-
rication apparatus for fabricating a microarray in accordance
with an embodiment of the invention, and first and second
control spot configurations.

[0073] FIG. 3 shows a control spot configuration for 30x70
nm gold rods with a pitch of 400 nm 1n accordance with an
embodiment of the invention.

[0074] FIG. 6 illustrates the sensitivity to changes in the
bulk refractive index achievable by use of appropriate control
spot configuration, as evidenced by a switch 1n the solvent, 1n
accordance with an embodiment of the invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0075] Referring firstly to FIG. 1: FIGS. 1a to 1¢ show a
plasmon resonance-based sensing biosensor array at increas-
ing levels of magnification. In FIG. 1¢, in particular, it can be
seen that rod-like triangular and pancake-shaped (gold) nano-
particles are present. This has advantages as explained further
below. Broadly speaking a surface of the type illustrated in
FIG. 1¢ can be fabricated by depositing small seed nanopar-
ticles and then growing larger “crystals™ in an environment in
which local growth i1s effectively sterically hindered, for
example by a surfactant such as CTAB. FIG. 1d (when viewed
in comparison with FIG. 1¢) shows the effect of additive
metal ions (here Ag™) during the development stage of the first
method of the invention, and specifically the closer degree of
control possible on the size distribution of resultant particles.
[0076] Referring now to FIG. 2a, this shows as pair of
rod-like nanoparticles 202a, b on a transparent substrate 200
in vertical cross-section. FIG. 25 shows a view from above
showing various alternative configurations for the nanopar-
ticles 202. In some embodiments the length of a nanoparticle,
1, may be approximately 130 nm, (a half plasmon wavelength
at light wavelength of 830 nm); the dimensions w and t may
be inthe range 20 nm to 60 nm, for example around 30-50 nm.
The gap g between the nanoparticles may be in the region 20
nm to 60 nm, for example around 30 nm. This configuration
1s believed to substantially enhance the electric field 1n the gap
and hence enhance scattering mediated by plasmon reso-
nance within the nanoparticles, thus increasing the sensitivity
of the array.

[0077] Having fabricated the nanoparticle 1slands of the
spots for the microarray the nanoparticles are tfunctionalised
by attaching biomolecules of any desired type. One pretferred
procedure using DSP as a linkage 1s shown in FIGS. 3a to 3¢
in which a functionalising molecule 300 1s shown being
attached to a gold nanoparticle surface. The skilled person
will understand that other techniques may also be employed
for example using a streptavidin-biotin linkage.

[0078] FIG. 4a shows apparatus 400 for automatically fab-
ricating a plasmon sensing-based biosensor array according
to an embodiment of the invention. In embodiments apparatus
400 comprises an Arrayjet Limited (Edinburgh, UK) Aj 100
instrument which has an inkjet type print head 402 coupleable
to a capillary head 404 and movable on a support 406 in one
dimension to collect material 1n solution from a plurality of
reservolrs 408 and to deposit the material onto arrays 410 on
a movable stage 412. (The control and cleaning mechanism 1s
omitted for clarity).

[0079] In operation the apparatus 400 of FIG. 4a 1s used
first to deposit seed gold nanoparticles onto the arrays, which
are afterwards developed oftline and then replaced on stage
412. Then the reservoirs are replaced with reservoirs contain-
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ing different functionalising molecules which are then
attached to the gold nanoparticles by a straightforward pro-
cess of selecting the different functionalising molecules from
reservolrs 408 and depositing these onto the assay spots on
the arrays 410. By contrast with fluorescence-labelling tech-
niques common linkage chemistry can be used for a wide
range ol different functionalising molecules, thus enabling
automation of the functionalisation process. The inkjet print
head 402 {facilitates non-contact printing, thus preventing
damage to the assay spots.

[0080] FIG. 45 shows spots on an array 410 1llustrating one
example configuration of assay spots 420 and associated con-
trol spots 422. FI1G. 4c¢ illustrates an alternative configuration.
In practice 1t has been found important that the control spots
are physically close to the assay spots, to enable good com-
pensation for variations in parameters such as temperature,
flow over the microarray, and 1lluminating light beam unifor-
mity. Preferably at least one control spot 1s within 100 um,
preferably within 50 um of an assay spot.

[0081] FIG. 5 shows a control spot configuration for 30x70
nm gold rods, 500, with a pitch of 400 nm 1n accordance with
an embodiment of the invention. It has been found that such a
configuration of regularly spaced spots (30x70 nm) con-
structed from electron-beam lithography 1n a regular array of
pitch 400 nm when 1lluminated 1n the near-field configuration
of the array reader shows sensitivity to changes 1n the bulk
refractive index of 1x107> RIU. This is demonstrated by a
switch 1n organic solvent and from water to phosphate buil-
ered saline. When viewed normal to the surface there 1s no
change in the scattered radiation intensity and therefore does
not show sensitivity to binding proteins onto the gold surface
and 1n this regard 1t 1s an excellent control spot for bulk
compositional changes.

[0082] FIG. 6 1illustrates the sensitivity to changes in the
bulk refractive index achievable by the use of the control spot
configuration shown in FIG. 5. The range of solvents used to
evidence the effect are indicated. The effect 1s presented 1n
terms of relative brightness change. Such one or more control
spots provide a specific measure of bulk compositional
changes. A control spot sensitive only to bulk refractive index
has significant advantages in array design. For example, the
refractive index of a blood sample 1s dominated by the protein
load and the bulk refractive index sensor spot will provide a
direct measure of blood refractive index and composition.
The overall protein load determines the kinetics of non-spe-
cific binding so a bulk refractive index determination enables
the non-specific binding rate to be predicted. The bulk refrac-
tive index can act as a bench-mark for all assay spots. Appar-
ent binding rate constants for each assay on each spot may
vary from spot to spot depending on the non-specific binding.
Averaging over the total repeats of the assay on the array will
produce an empirical rate of binding for the target analyte.
The empirical rate may be scaled by the bulk RI to correct
estimate the contribution from non-specific binding. This will
inform the confidence in the extracted concentration of the
target analyte. Furthermore, during the preparation of the
blood sample prior to analysis there may be the addition of
other reagents. Vanation of the bulk composition may be
monitored for composition changes including the addition of
the correct sample modilying agents.

[0083] A substance to be analysed, for example blood
serum, may be provided to the microarray for sensing by, for
example, a syringe coupled to a duct above the array spots to
flow the substance, for example serum, over the microarray.
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Embodiments of the apparatus permit samples of bloody flmid
to be analysed directly (optionally diluted, for example with
saline) because, 1n embodiments the use of some spots as
controls enables compensation for non-specific binding. In
more sophisticated embodiments a microfluidic fan-out along
one or more edges of the array of spots may be provided.

[0084] Thus we have described a method for the fabrication
ol a plasmon resonance-based biosensing microarray which
in embodiments employs discrete 1slands of conductive nano-
particles and which, in embodiments, 1s viewed 1n a dark-field
scattering arrangement, preferably at two wavelengths one to
either side of the resonant peak, preferably with at least some
of the spots being used as controls. This combination of
features enables a combination of both very high sensitivity
and also selectivity, more particularly discrimination against
non-specific binding events. By following binding kinetics of
a plurality of targets over time using such a microarray a
characteristic fingerprint of a condition may be obtained
based upon a multi-dimensional data set comprising time
series data indicative of binding kinetics for a plurality of
characterising targets. This multidimensional data may be
fitted to one or more corresponding templates to 1dentify the
condition with a high degree of accuracy and sensitivity.

[0085] Thus aspects related to the invention provide meth-
ods and apparatus to perform such an identification of a
condition by fitting multi-dimensional data, in particular
from a plasmon resonance-based biosensing microarray as
described above.

[0086] No doubt many other effective alternatives will
occur to the skilled person. It will be understood that the
invention 1s not limited to the described embodiments and
encompasses modifications apparent to those skilled in the art
lying within the spirit and scope of the claims appended
hereto.

EXAMPLES

[0087] An example procedure for seed-mediated growth of
gold nanoparticles on silica or glass surface 1s as follows:

[0088] 1.3-4 nm spherical seeds are produced by reduction
of Au™* (3x10~*M HAuCl,) by excess of NaBH,, (3x10—°M)
in the presence of tri-sodium citrate capping agent (3x107
aM).

[0089] 2. Seedparticle colloid 1s printed 1n array of spots on
the uncoated silica or glass surface and the slides are allowed
to dry. The printed seed density (1in terms of member of
particles per unit of surface area) determines the density of the
grown particles, therefore one can easily achieve practically

any desired surface coverage (which can, of course be varied
from spot to spot to produce kind of monochrome image).

[0090] 3. The seeded slides are washed 1n water to remove
excess of citrate and any particles which were not adhered to
the surface.

[0091] 4.Theseeded slides are developed in grown solution
containing 2x10™*M HAuCl,, 0.1M cetyltrimethylammo-
nium bromide (CTAB) as capping agent, and 4x10~*M ascor-
bic acid as reducing agent for 20-30 minutes at 25° C. pro-
ducing the variety of gold nano-shapes (shown in FIG. 1¢). In
the presence of 1x10™°M Ag™ the size distribution of grown
particles 1s more uniform and gold nanocrystals are highly
faceted, which can improve sensitivity to the change of the
medium refractive index (shown in FIG. 1d).
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1.-28. (canceled)

29. A method for the fabrication of a biosensor array for
plasmon resonance-based sensing of a plurality of different
biological targets simultaneously, the method comprising:

(1) providing a transparent substrate;

(1) providing seed metallic nanoparticles in the form of a
colloid;

(111) depositing said colloid as discrete metallic 1slands on
the transparent substrate, each of said metallic 1slands
comprising a plurality of metallic nanoparticles;

(1v) washing the substrate 1n order to remove unadhered
material;

(v) developing the substrate 1n a growth solution, which
solution comprises a salt of the same metal which 1s
present 1n the form of discrete metallic 1slands on the
substrate, a reducing agent, a capping agent and option-
ally a surfactant;

(v1) washing the developed substrate; and

(vi1) functionalising each of said metallic 1slands with a
different functionalising molecule using a common
chemical process to attach said different functionalising,
molecules to said metallic 1slands.

30. A method as claimed 1n claim 29, wherein the substrate

comprises an uncoated silica/glass surtace.

31. A method as claimed 1n claim 29, wherein the metallic
nanoparticles comprise copper, silver, gold, platinum, palla-
dium and iridium or a mixture or an alloy thereof.

32. A method as claimed 1n claim 29, wherein, 1n step (11),
the seed metallic nanoparticles provided in the form of a
colloid are substantially spherical with a diameter in the range
of from 2 to 6 nm.

33. A method as claimed 1n claim 29, wherein, 1n develop-
ment step (v), the growth solution comprises a metal salt, a
reducing agent, a capping agent and a surfactant.

34. A method as claimed 1n claim 29, wherein, 1n develop-
ment step (v), the growth solution comprises a metal salt, a
reducing agent, and the capping agent cetyltrimethylammo-
nium bromide (CTAB).

35. A method as claimed 1n claim 29 wherein said metallic
nanoparticles comprise gold nanoparticles.

36. A method as claimed i1n claim 35, wherein, in the
development step (v), the gold salt comprises HAuCl, or a
potassium, calctum, sodium, or lithium salt thereof.

37. A method as claimed 1n claim 35, wherein, in the
development step (v), the capping agent 1s CTAB and the
reducing agent 1s ascorbic acid.

38. A method as claimed 1n claim 29, wherein functional-
1sing step (vil) comprises using a solution deposition head
with a plurality of nozzles to collect a plurality of said difier-
ent functionalising molecules from a plurality of reservoirs
and to deposit said plurality of functionalising molecules onto
a respective plurality of said metallic 1slands.

39. A method as claimed 1n claim 38, wherein said different
functionalising molecules are attached to said metallic nano-
particles using the same ligand.

40. A method as claimed 1n claim 38, wherein, 1n function-
alising step (vi1), a fraction of the respective plurality of said
metallic 1slands are left un-functionalised and instead com-
prise a plurality of control spots.

41. A method for controlling the size distribution of nano-
particles grown 1n accordance with the following steps:

(1) provision of a transparent substrate;

(1) provision of seed metallic nanoparticles 1n the form of
a colloid;




US 2010/0137157 Al

(111) deposition of said colloid as discrete metallic 1slands
on the transparent substrate, each of said metallic 1slands
comprising a plurality of metallic nanoparticles;

(1v) washing of the substrate 1n order to remove unadhered
material;

(v) development of the substrate 1n a growth solution,
which solution comprises a salt of the same metal which
1s present in the form of discrete metallic 1slands on the
substrate, a reducing agent, a capping agent and option-
ally a surfactant;

which method comprises adding metal 10ns to the growth
solution of development step (v), wherein these addi-
tional metal 1ons are different to the metal forming the
plurality of metallic 1slands on the substrate.

42. A method as claimed 1n claim 41, which comprises the
turther steps of (v1) washing; and (vi1) functionalisation of
cach of said metallic 1slands with a different functionalising
molecule using a common chemical process to attach said
different functionalising molecules to said metallic 1slands.

43. A biosensor array for plasmon resonance-based sens-
ing of a plurality of different biological targets, the array
obtained by or obtainable from the fabrication method of
claim 29.

44. A biosensor array as claimed in claim 43 comprising a
transparent substrate having a surface bearing a plurality of
array spots for plasmon resonance sensing, each of said array
spots comprising a discrete metallic 1sland to which 1s
attached functionalising molecules for binding to a biological
target, ditlerent said 1slands bearing different said function-
alising molecules for binding to different ones of said bio-
logical targets, and wherein total internal reflection of light at
said surface at a wavelength at or near a said plasmon reso-
nance results in scattering of said light away from said sur-
face, said scattering being modulated by said binding of said
biological targets.

45. A biosensor array as claimed 1n claim 43 wherein said
metallic nanoparticles have at least one dimension of less than
30 nm.

46. A biosensor array as claimed 1n claim 43 wherein said
nanoparticles comprise rod-like nanoparticles.

47. A biosensor array as claimed 1n claim 43 wherein said
nanoparticles 1include nanoparticles forming an optical
antenna for said light wherein said optical antenna comprises
an adjacent pair of nanoparticles having a generally rod-like
or triangular shape, and having adjacent ends separated by a
gap of less than 100 nm, preferably less than 50 nm, said
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nanoparticles having physical lengths which are resonant for
a said plasmon resonance at substantially the same optical
wavelength.
48. A biosensor array as claimed 1n claim 43 further com-
prising a plurality of control spots, a said control spot sub-
stantially lacking said functionalising molecules.
49. A biosensor array as claimed 1n claim 48 wherein a said
control spot 1s capable of detecting a change in the bulk
refractive index (An) of the order of 1x107> or lower refractive
index units (RIU).
50. A biosensor array as claimed in claim 43 wherein said
different functionalising molecules are attached to said
metallic nanoparticles using the same ligand.
51. A biosensor array as claimed in claim 43 wherein said
metallic nanoparticles comprise gold nanoparticles.
52. A method of plasmon resonance-based sensing of a
plurality of different biological targets simultaneously, the
method comprising:
coupling light of at least one wavelength 1nto a biosensor
array as claimed in claim 135 such that total internal
reflection of said light at said surface generates an eva-
nescent wave field which excites plasmons 1n said func-
tionalised metallic nanoparticles and scatters said light;

flowing a fluid carrying a plurality of said biological targets
for analysis over said array;

imaging said scattered light from said array to generate

image data for said biological targets carried by said
flmid; and

analysing said image data to determine levels of said bio-

logical targets carried by said fluid.

53. A method as claimed 1n claim 52 wherein said imaging,
1s performed in real-time to follow binding kinetics of said
biological targets carried by said fluid, and wherein said anal-
ysing comprises determining time variations of binding of
said different targets to said different functionalising mol-
ecules.

54. A method of analysing a plurality of different biologi-
cal targets simultaneously, the method comprising;:

fabricating an array according to the method of claim 1;

passing a fluid carrying a plurality of said biological targets

for analysis over said array; and

detecting said biological targets carried by said fluid by

imaging light scattered by plasmon resonance at said
functionalised metallic 1slands.
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