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Surface Plasmon Coupled Fluorescence in the
Visible to Near-Infrared Spectral Regions using Thin
Nickel Films: Application to Whole Blood Assays

Kadir Aslan, Yongxia Zhang, and Chris D. Geddes*

Institute of Fluorescence, Medical Biotechnology Center, University of Maryland Biotechnology Institute,
701 East Pratt Street, Baltimore, Maryland 21202

Nickel thin films thermally evaporated onto glass supports
are used to demonstrate surface plasmon coupled fluores-
cence (SPCF) over a broad 400 nm wavelength range
(400-800 nm) for potential assays that can be run in buffer
and/or whole blood. In contrast to traditional fluorescence-
based assays, SPCF converts otherwise isotropic emission
into highly directional and polarized emission, an attractive
concept for surface assays. Theoretical Fresnel calculations
performed in the ultraviolet to near-infrared spectral range
(344-1240 nm) predict the near-field generation of surface
plasmons in 15 and 20 nm nickel thin films. The angles of
minimum reflectivity for nickel thin films with 10 nm SiOx

and 30 nm polymer overcoats over the 428-827 nm
wavelength range occur over a 10 degree range. To
experimentally corroborate the theoretical calculations,
a polymeric solution of five different fluorophores, POPOP
(λmax, emission )428 nm), FITC (517 nm), S101 (600 nm),
Zn PhCy (710 nm), and IR 780 (814 nm), were spin
coated separately onto 15 and 20 nm nickel thin films.
SPCF intensity (s- and p-polarized) from fluorophores at
the corresponding emission λmax was measured at angles
between 0-90 degrees. In addition, the free-space emis-
sion and SPCF intensity of FITC on 20 nm nickel thin
film were also measured to demonstrate the angular-
dependent nature of SPCF. SPCF from nickel thin films
was p-polarized and highly directional with λmax con-
firmed at an angle of 65 degrees for all the fluorophores
as predicted by Fresnel calculations. The utility of nickel
thin films for whole blood bioassays is demonstrated with
a long-wavelength fluorophore, where the SPCF intensity
of Zn PhCy (50 pM-50 µM) in whole blood at 710 nm
was measured at 65 degrees. Using Fresnel calculations
it is also predicted that the evanescent field above the
nickel films penetrates deeper into solution than for other
metals used to date for SPCF, an attractive notion in
SPCF-based biosensing applications.

Surface plasmon fluorescence spectroscopy (SPFS),1 a tech-
nique that utilizes the interactions of fluorescent species with thin
metal films, is becoming a useful tool in the analytical biosciences.
In SPFS, fluorescent species typically attached to biomolecules

are brought within close proximity to the metal surface via
biorecognition events between metal surface bound biomolecules
and the fluorescently labeled biomolecules as part of the bioassays
constructed on the metal surface. The fluorescence emission
detected from the sample side (free-space emission) or through
the prism (surface plasmon coupled fluorescence, SPCF) is then
used to quantify the biomolecule of interest. In this regard,
attomolar sensitivity in immunoassays based on SPFS has been
reported.2 One can also find other reports on SPFS for DNA
hybridization3-5 and protein detection.6

In SPFS, two modes of excitation of the fluorescent species
can be achieved: (1) Kretschmann (KR) configuration: through a
prism, (2) reverse Kretschmann (RK) configuration: directly from
the air or sample side.1 The description of both modes of excitation
has been given elsewhere.7 In fluorescence-based biosensing
applications that utilize an optically dense medium, such as whole
blood, the KR configuration is typically considered for the
excitation of fluorescent species. This is due to the effective
excitation of fluorescent species by the excitation light in the form
of an evanescent wave which penetrates several hundred nanom-
eters into the optically dense medium from the surface of the
metal. On the other hand, in the RK configuration, the efficiency
of excitation of the fluorescent species in optically dense medium
can be considerably less than as compared to KR because of the
sample thickness and inner filter effect. Regardless of the
excitation mode, the fluorescence emission can be detected as
both free-space isotropic emission and/or highly directional SPCF
emission. One can visually see the SPCF emission as a cone or
as a “ring” from the back of the film when a hemispherical prism
is employed.

The choice of metal in SPFS is usually gold1,8 since it is inert
and amenable to chemical modification without the loss of physical
and electronic properties. Despite their versatility, the use of gold
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thin films is limited to the visible spectral range. In recent years,
there has been a resurgence in the investigation of other metals
to alleviate this problem: silver9 and aluminum10 and zinc thin
films7 were shown to work in the UV and UV to visible spectral
range, respectively. It was also shown that copper thin films11 can
also be used with fluorophores emitting >550 nm. It is important
to also note that the angle of reflectivity minimum varies with the
type and thickness of the metal used because of the optical
properties of the metal. However, there is a continued search for
metal(s) that can function in a broad wavelength range with the
possibility of covering the wavelengths for many commercially
available fluorophores. That is, a single metal thin film can utilize
fluorophores from the UV to NIR without the need to change
metal. The use of a single metal thin film for a wide range of
wavelengths affords the possibility of multiplexed assays to be
run on the same assay platform using multiple fluorophores (e.g.,
quantum dots) that can be excited with a single excitation source.
Thus, bioassays can potentially be run faster at a fraction of the
cost of running the same number of assays on multiple assay
platforms. In addition, it would be ideal if the reflectivity minimum
for such a metal thin film would occur at a fixed wavelength, which
would alleviate the need to change the observation angle, as is
commonly observed for silver thin films.

In this work, a detailed investigation of the utility of nickel
thin films for SPCF spectroscopy is presented. Fresnel calculations
were used to predict the optimum thickness of the nickel thin
film and the wavelength range of light that can couple to the nickel
thin films. The optimum thickness of the films was determined
to be in the 15-20 nm range. The spectral regions of light that
can couple to nickel thin films were calculated to be ≈344 to 1240
nm. Fresnel calculations predict the reflectivity minimum for
nickel thin films to occur at a range of angles from 60-70 degrees
for light at 428-827 nm. The experimental confirmation of Fresnel
calculations for nickel thin films was undertaken with five different
fluorophores with emission wavelengths falling in the range of
428-814 nm. The maximum value of SPCF emission intensity for
all fluorophores occurred at an angle of ≈65 degrees as predicted
by Fresnel calculations. From the experimental results it was
concluded that 20 nm nickel thin films have potential utility in
whole blood assays, which was demonstrated with a long
wavelength fluorophore, Zn PhCy. Fresnel calculations were also
used to predict the penetration depth of light (evanescent field),
above the metal surface. It was calculated that the evanescent field
penetrates to greater depth in solution than other metals used in
SPFS to date, making nickel thin films an excellent choice of metal
to be used in SPCF applications today.

EXPERIMENTAL SECTION
Materials. All fluorophores, 1,4-bis(5-phenyl-2-oxazolyl)ben-

zene (POPOP), fluorescein isothiocyanate (FITC), Zinc Phthalo-
cyanine (Zn PhCy), Sulforhodamine 101(S101), IR-780 Iodide
(IR780), poly(vinyl)alcohol (PVA, 98% hydrolyzed 13,000-23,000
MW), poly(methyl methacrylate) (PMMA, 100,000 MW), toluene,

chloroform (99.8% ACS Reagent), whole blood, silicone isolator
sample holders (press-to-seal), and silane-prep glass microscope
slides (were purchased from Sigma-Aldrich Chemical Co. (Mil-
waukee, WI, U.S.A.). Nickel thin films (15 and 20 nm) with 10
nm thick SiOx overlayer were separately deposited onto silane-
prep glass microscope slides by AccuCoat Inc., Rochester, NY,
U.S.A.

Methods. Sample Preparation. The method for the deposi-
tion of fluorophores onto metallic thin films was published
elsewhere.7 In short, fluorophores were deposited onto nickel thin
films by spin coating a solution of polymers containing the
fluorophores. Stock solutions of POPOP and Zn PhCy (1 mM)
were prepared in toluene and mixed with a 5% PMMA solution to
make a POPOP solution with the following final concentrations:
0.1 mM POPOP and 0.1 mM Zn PhCy in 1%PMMA. Stock
solutions of FITC, S101 and IR780 (1 mM in water) were then
diluted with a solution of 5%PVA in water. The final concentrations
of fluorophore/polymer solutions were adjusted to 0.1 mM of
fluorophore and 0.1% PVA. Forty microliters of fluorophore/
polymer solutions were spin-coated onto nickel thin films (1 cm
× 1 cm) using a Chemat Technology Spin Coater (Model KW-
4A) with the following speeds: setting 1, 9 s; setting 2, 20 s. The
thickness of the polymer films was previously measured to be
≈25 nm for 0.1% PVA films, and a 1% PMMA film. It was
previously shown that the thickness of the polymer film spin
coated onto metal films is dependent on the size of the support,
the type, and the settings of the spin coater itself.7 Thus, similar
solution preparation conditions and settings were used to repro-
duce the results presented in this study.

Surface Plasmon Fluorescence Spectroscopy (SPFS).
Free-space and SPCF emission measurements were made accord-
ing to previously published methods:7 In this regard, the fluoro-
phore-coated nickel thin films were attached to either a hemi-
spherical or a right-angle prism made of BK7 glass with index
matching fluid, cf. Figure 1. The sample was excited using either
the Kretschmann (KR) or the Reverse Kretschmann (RK) con-
figuration in SPFS measurements. A hemispherical prism was
used only to collect the photographs of the SPCF “ring”. The
excitation of FITC, S101, Zn PhCy, and IR780 was undertaken
with a laser (473, 532, 594, and 594 nm, respectively) at an angle
normal to the surface. The excitation of POPOP was from a UV
light source (Mikropack D-2000 Deuterium) that was collimated
to a 5 mm spot on the sample geometry at an angle normal to the
surface using the RK configuration. The observations of the
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(11) Previte, M. J. R.; Zhang, Y. X.; Aslan, K.; Geddes, C. D. Appl. Phys. Lett.
2007, 91.

Figure 1. Experimental geometry. Schematic representation of
experimental setup for SPCF measurements carried out with (A) a
hemispherical prism is used to collect the “ring” of emission and from
nickel substrates (B) a 45-degree prism that affords for Kretschmann
(KR) and Reverse Kretschmann (RK) geometries to be used.
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surface plasmon coupled and free-space emission were performed
with a 600 µm diameter fiber bundle, covered with a 200 µm
vertical slit, positioned about 15 cm from the sample. This
corresponds to an acceptance angle below 0.1°. The output of the
fiber was connected to an Ocean Optics HD2000+ spectrofluo-
rometer to measure the florescence emission spectra through a
400, 600, 700, 800 nm long-pass filters for POPOP, S101, Zn PhCy,
and IR 780, respectively, and a 488 nm super notch filter
(Semrock) for FITC. Real-color photographs of the SPCF emission
were taken through an emission filter used for the excitation of
the samples placed on a hemispherical prism.

SPCF measurements in whole blood were performed using
both KR and RK configurations. In this regard, various
concentrations of Zn PhCy (emission peak at 710 nm) were
mixed with whole blood (1:1 v/v) and placed in two different
types of commercially available sample holders attached to
nickel thin films. The dimensions of the circular sample holders
were (diameter × depth): 2 × 1.5 mm2 or 9 × 2 mm2. Total
sample volume was 30 and 100 µL for the 2 × 1.5 mm2 or 9
× 2 mm2 sample holders, respectively.

Fresnel Calculations. Fresnel calculations were performed
according to our previously published procedure.7 Penetration
depth calculations were performed for metals using three-phase
(glass/metal/water) Fresnel calculations. The maximum value
for the z-component of the electric field (Ez

2) that occurs at
the angle of reflectivity minimum is normalized with respect
to the highest value and plotted against the thickness (depth)
above the metal.12

RESULTS AND DISCUSSION
Figure 2 shows the results of Fresnel calculations that were

employed to predict the interactions of p- and s-polarized light at
620 and 827 nm with nickel thin films with various thicknesses
(15-50 nm). The reflectivity values in Figure 2 were normalized
to compare the angle of minimum reflectivity for the nickel thin
films of different thicknesses. It is important to note that the
reflectivity minimum is indicative of the efficiency of surface
plasmon generation in metals.12 In SPFS, excited states (dipoles)
can couple to/induce surface plasmons more effectively at the
angle of reflectivity minimum, that is, coupled fluorescence quanta
radiates at this angle. In addition, the extent of coupling of
luminescence increases as the reflectivity value decreases. Thus,
normalized reflectivity values can be semiqualitatively used to
assess the utility of the thickness of thin metal films in SPFS.
Figure 2A-Top and 2B-Top show that the normalized reflectivity
for incident p-polarized light at 620 and 827 nm is minimal at
52-60 degrees for 15 nm nickel thin films. A closer look at Figure
2A-Top and 2B-Top reveals that 20 nm thick nickel films can also
be used for SPCF since the normalized intensity and the angle of
reflectivity minimum occur between 52-70 degrees. In addition,
the extent of coupling of s-polarized light to surface plasmons is
predicted to be the largest for 15 and 20 nm nickel thin films as
shown in Figure 2, panels A-Bottom and B-Bottom. Fresnel
calculations also predict that as the thickness of the nickel thin
film is increased the s-polarized component of coupled light is
decreased. Nevertheless, the extent of coupling of p-polarized light

(12) Knoll, W. Annu. Rev. Phys. Chem. 1998, 49, 569–638.

Figure 2. Determination of nickel substrate thickness for SPCF. Four-phase Fresnel reflectivity curves for p-(top) and s-(bottom) polarized light
at (A) 620 nm and (B) 827 nm for nickel substrate thicknesses ranging from 15 to 50 nm with a 10 nm SiOx overlayer.
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is predicted to be much larger than the extent of coupling of
s-polarized light for 15 and 20 nm nickel thin films as compared
to 25-50 nm nickel thin films, cf. Figure 2. In this regard, the
ideal thickness for the nickel thin films for SPFS was concluded
to be 15 f 20 nm. Real-color photographs of nickel thin films
(Supporting Information, Figure S1) show the semi-transparent
nature of these thin films.

Subsequently, the range of fluorophores that will most ef-
ficiently couple to nickel thin films was determined from four-
phase Fresnel reflectivity curves that were calculated for a wide
range of wavelengths (344-1240 nm) and are shown in Figure 3.
As shown in Figure 3, panels A-Top and B-Top, Fresnel calcula-
tions predicted that p-polarized light in the wavelength range of
428-1240 nm can induce surface plasmons at a fixed range of
angles (50-60 degrees and 55-65 degrees for 15 and 20 nm nickel
thin films, respectively). It was also found that the angle of
reflectivity minimum for 344 nm incident light is shifted to wider
angles (60-70 degrees). From these calculations it can be
concluded that 15 and 20 nm nickel thin films can be used in
SPCF applications over the wavelength range of 344-1240 and
428-1240 nm without the need to change the observation angle,
respectively. This is an interesting prediction which has never been
reported for metal thin films for SPCF applications to date.1,7-11

The extent of coupling of s-polarized light to nickel thin films is
predicted to decrease as the wavelength of light is increased as
shown in Figure 3, panels A-Bottom and B-Bottom.

It is important to emphasize the possible implications of the
results shown in Figure 3. Most of the commercially available
bioassays today employ fluorophores, fluorescent proteins, and
quantum dots emitting at wavelengths >400 nm. Subsequently,
nickel thin films are predicted to be a single assay platform in
SPFS, for use in both the ultraviolet and NIR spectral range, a

much better choice than other metallic thin films. It is also
interesting to place these theoretical predictions in context with
the use of other metals for SPCF. In these other reports,9-11 the
wavelength dependence of the reflectivity minimum of the metals,
allows for the angular separation of different wavelengths, at
different angles. Here, nickel thin films can provide for emission
at the same angle, but over a broad wavelength range, making
them particularly attractive for fixed angle and fixed geometry
experimental settings.

The experimental confirmation of the theoretical predictions
of the Fresnel calculations was undertaken with a series of
experiments, where SPCF from five different fluorophores emit-
ting in the 428-814 nm wavelength range was measured and
compared with the Fresnel calculations, which additionally account
for polymer layer where fluorophores are embedded. Since both
15 and 20 nm thick nickel films were predicted to have utility in
SPFS, both of these samples were used. Figure 4 shows these
results for POPOP (Figure 4, panels A and B) and FITC (Figures
4, panels C and D). It is important to note that the thickness of
the polymer film containing the fluorophores was kept at ≈25 nm
to avoid waveguide modes that result in emission at multiple
observation angles.9 The maximum SPCF intensity for POPOP
appears to occur at 65 degrees on both 15 and 20 nm nickel thin
films as predicted by the Fresnel calculations. The SPCF intensity
was significantly larger than the free-space emission (120 de-
grees). In addition, the extent of p-polarized emission was larger
than the s-polarized emission (up to 2-fold), unlike the free-space
emission where the extent of p- and s-polarized emission were
somewhat similar, providing strong experimental evidence for
SPCF from nickel thin films. Similar results were also observed
from samples containing FITC, Figure 4, panels C and D,
respectively. The maximum SPCF intensity was observed at ≈65

Figure 3. Determination of nickel substrate wavelength range for SPCF. Four-phase Fresnel reflectivity curves for p- (top) and s- (bottom)
polarized light at 344, 428, 517, 620, 689, 775, 827, 1033, and 1240 nm for (A) 15 nm Ni and (B) 20 nm Ni with a 10 nm SiOx overlayer.
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degrees, and the ratio of p-polarized to s-polarized emission was
≈2-fold. In addition, the angular distribution of FITC emission
on 20 nm nickel thin films was also measured to demonstrate the
unique features (emission at a specific angle and preferential
emission of p-polarization) of SPCF as compared to the tradition-
ally observed isotropic free-space emission (Supporting Informa-
tion, Figure S2).

The free-space emission was significantly less than the SPCF,
which was due the efficient coupled emission from fluorophores
placed in close proximity to the metal. It is also important to note
that the free-space emission is expected to increase as the
thickness of the polymer film containing fluorophores is in-
creased.7 On the basis of the results described above, it is
concluded that the performance of both 15 and 20 nm nickel thin
films for SPCF from POPOP and FITC were similar.

Panels A and B of Figure 5 show that the maximum SPCF
intensity at 600 nm from S101 on both 15 and 20 nm nickel thin
films occurs at an observation angle of 65 degrees as predicted
by Fresnel calculations. The extent of coupled s- and p-polarized
emission was similar from 15 nm nickel thin films (Figure 5A),
and it was larger for p-polarized emission from 20 nm nickel thin
films (Figure 5B). This can be explained by the differences in
coupling of light at 65 degrees as predicted by Fresnel calculations:
for a 15 nm nickel thin film, Fresnel calculations predict that the
normalized s-component of light to be 0.6 while the same value
for a 20 nm nickel film is 0.7. That is, more s-polarized light is
expected to couple to a 15 nm nickel thin film as compared to a
20 nm nickel thin film. Panels C and D of Figure 5 show that the
maximum SPCF intensity at 710 nm for Zn PhCy is observed at
65 degrees. The extent of coupled p-polarized emission at 710 nm

was slightly larger than s-polarized emission for both 15 and 20
nm nickel thin films. In addition, the SPCF intensity for S101 and
Zn PhCy was larger than the free-space emission, which is due
to the placement of fluorophores within close proximity of the
nickel surface.

Panels A and B of Figure 6 show the Fresnel reflectivity curves
calculated for s- and p-polarized light at 814 nm and the experi-
mental SPCF intensity values collected at 814 nm from the IR780
dye on 15 and 20 nm nickel thin films. Similar to all the
fluorophores studied here, the maximum SPCF intensity from
IR780 on both 15 and 20 nm nickel thin films occur at an
observation angle of ≈65 degrees, which is indeed a significant
benefit of our approach. These observations were consistent with
the Fresnel calculations, where the reflectivity minimum was
predicted to occur at ≈ 65 degrees. The extent of coupled
p-polarized emission was larger than the s-polarized emission, up
to ≈2-fold. The results presented in Figures 5 and 6A show that
nickel thin films in combination with a long wavelength fluoro-
phore or even potentially quantum dots or fluorescent proteins
have potential utility in SPCF-based whole blood assays.

The visual demonstration of SPCF from nickel thin films over
a wide range of wavelengths was undertaken by capturing the
“ring” of emission with a digital camera. The real-color photo-
graphs of the plasmon-coupled emission are shown in Figure 6C.
In this regard, fluorophore-doped nickel thin films were placed
onto a hemispherical prism, and the fluorophores were excited
in the RK configuration (from the sample side at an angle normal
to the nickel surface). The SPCF is emitted as a “ring” from the
back of the hemispherical prism. Since SPCF intensity is signifi-

Figure 4. SPCF on nickel substrates from POPOP and FITC. Five-phase Fresnel reflectivity curves showing p- and s- polarized light for (A)
15 and (B) 20 nm nickel substrates with 10 nm SiOx and 30 nm PVA overlayers. Experimental p- and s- polarized emission collected at 428 nm
from 100 mL of solution (POPOP in PMMA and toluene) on nickel substrates with 10 nm SiOx. Five-phase Fresnel reflectivity curves showing
p- and s- polarized light for (C) 15 and (D) 20 nm nickel substrates with 10 nm SiOx and 30 nm PVA overlayers. Experimental p- and s- polarized
emission collected at 517 nm from 100 mL solution (FITC in PVA) on nickel substrates with a10 nm SiOx overlayer.
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cantly larger than the background (i.e., p/s contrast ratio), the
image of the emission “ring” was captured with a digital camera
when projected onto a screen. Figure 6C shows the emission
“ring” for red (710 nm), green (517 nm) and blue (428 nm)
wavelengths, demonstrating the utility of nickel thin films for
SPCF applications for all three primary colors of emission.

One of the interesting features of SPCF is the preferential
emission of p-polarized light over s-polarized light.8,13 In this
regard, the theoretical values of the ratio of p- to s-polarized light
(p/s) were calculated from normalized Fresnel reflectivity curves
and compared with the p/s values extracted from experimental
data for all fluorophores used in this study, (Supporting Informa-
tion, Figure S3). Fresnel calculations predict the p/s values to be
≈ 2.3 and 2.8 for 15 and 20 nm nickel thin films (428-814 nm).
The experimental p/s values appear to be similar, for the most
part, to the theoretical p/s values for 20 nm nickel films. On the
other hand, the theoretical and experimental p/s values only totally
agree for fluorophores with emission wavelengths of 428 and 517
nm and deviate for the fluorophores with emission wavelengths
g600 nm for 15 nm nickel films. Thus, it is concluded that 20 nm
nickel thin films are the best choice for SPCF applications
employing fluorophores with emission wavelengths in the visible
to NIR spectral regions. It is also interesting to note that 15 nm
nickel thin films can be employed for SPCF applications using
fluorophores emitting in the visible spectral range. While beyond
the scope of this “proof-of-concept” study, it is thought that the
deviations in experimental p/s values from those determined

theoretically lie in the ability of our optical-trains to efficiently
collect light over this broad wavelength range.

The utility of nickel thin films in SPCF-based whole blood
assays was investigated using the fluorophore Zn PhCy (emission
peak at 710 nm) and 20 nm nickel thin films. In this regard, a
solution of Zn PhCy at various concentrations was mixed with
whole blood and placed in a sample holder that is attached to
nickel thin films. Since whole blood is an optically dense medium,
two different sample holders (Diameter × Depth) ) 9 × 2 mm2

and 2 × 1.5 mm) were employed to investigate the effect of
sample volume on the measured SPCF intensity. Total sample
volume (including whole blood and a solution of fluorophores)
was 30 and 100 µL for 2 × 1.5 mm2 and 9 × 2 mm2 sample
holders, respectively. In addition, two configurations for excita-
tion, KR and RK configurations were also used. In the RK
configuration, the fluorophores are excited from the sample
side normal to the surface, and the excitation of fluorophores
is through the prism placed under the nickel thin films in the
KR configuration as shown in Figures 1B and 7A-Inset.

Figure 7A shows the SPCF intensity at 710 nm for the various
concentrations of Zn PhCy mixed with whole blood (in the
diameter × depth) 9 × 2 mm2 sample holder) using KR and RK
configurations. In additional experiments, whole blood was
replaced by water to simulate SPCF-based bioassays run in
buffer using both KR and RK configurations. As expected, the
SPCF intensity from fluorophores mixed with whole blood was
lower than for fluorophores in water. Larger SPCF intensities
were measured from all samples in the RK configuration. It is
important to note that the diameter of the sample holder (9
mm) allowed the mixture of fluorophores in whole blood to

(13) Knoll, W.; Zizlsperger, M.; Liebermann, T.; Arnold, S.; Badia, A.; Liley, M.;
Piscevic, D.; Schmitt, F. J.; Spinke, J. Colloids Surf., A 2000, 161, 115–
137.

Figure 5. SPCF on nickel substrates from S101 and Zn PhCy. Five-phase Fresnel reflectivity curves showing p- and s- polarized light for (A)
15 and (B) 20 nm nickel substrates with 10 nm SiOx and 30 nm PVA overlayers. Experimental p- and s- polarized emission collected at 600 nm
from 100 mL solution (S101 in PVA) on nickel substrates with 10 nm SiOx. Five-phase Fresnel reflectivity curves showing p- and s- polarized
light for (C) 15 and (D) 20 nm nickel substrates with 10 nm SiOx and 30 nm PVA overlayers. Experimental p- and s- polarized emission collected
at 710 nm from 100 mL solution (Zn PhCy in toluene and chloroform) on nickel substrates with a10 nm SiOx overlayer.
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spread throughout the sample holder affording for the excita-
tion of fluorophores and thus the detection of SPCF emission.
It is also important to note that although the dynamic range of
emission intensity is 10-fold lower in whole blood samples as
compared to water samples, the background emission is still
significantly lower than the intensity values in whole blood

samples, and thus it is concluded that SPCF can be used in
real life whole blood assays.

In addition, the effect of the volume and the shape of sample
holder on the SPCF intensity were investigated using another
commercially available sample holder (diameter × depth ) 2 ×
1.5 mm2, 30 µL sample volume) and compared with the results

Figure 6. SPCF on nickel substrates from IR 780. Five-phase Fresnel reflectivity curves showing p- and s- polarized light for (A) 15 and (B)
20 nm nickel substrates with 10 nm SiOx and 30 nm PVA overlayers. Experimental p- and s- polarized emission collected at 814 nm from 100
mL solution (IR 780 in PVA) on nickel substrates with 10 nm SiOx overlayer. (C) Real-color photographs of red (710 nm), green (517 nm), and
blue (428 nm) SPCF emission from samples placed on a hemispherical prism. An excitation filter corresponding to the wavelength of excitation
was placed in front of the digital camera.

Figure 7. Whole blood measurements. (A) SPCF measurements in whole blood using Kretschmann (KR) and Reverse Kretschmann (RK)
geometries. (B) Investigation of the effect of sample (containing whole blood) volume and thickness on the SPCF intensity. The solution of
fluorophore was omitted in the sample labeled “background”.
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obtained using the larger sample holder (100 µL). Figure 7B
shows the comparison of SPCF intensity collected from a mixture
of 50 nM Zn PhCy mixed with whole blood in both sample holders.
The use of the smaller sample holder resulted in SPCF intensities
very close to background levels, in comparison to detectable SPCF
intensities from the larger sampler holder using both KR and RK
configuration. In the smaller sample holder the mixture of
fluorophore solution and whole blood prevented the appropriate
excitation of fluorophores to yield any detectable signal. This can
be explained by the increase in the path length of light through
whole blood.

It is well-known that light incident upon on a metallic thin film
can propagate as an evanescent wave along the metal thin film/
dielectric interface (x-direction).12 In addition, the evanescent wave
has an amplitude perpendicular to the metal thin film/dielectric
interface and decays exponentially in the z-direction.12 The
penetration depth of this light into the dielectric is in the order of
several hundred nanometers and indeed provides for the op-
portunity for the selective excitation of fluorophores in close-
proximity to the metal thin film. The comparison for the calculated
penetration depths (using Fresnel calculations) for light at 620
nm above nickel, silver, copper, and gold thin films were also made
(Supporting Information, Figure S4). Fresnel calculations predict
that at a distance of 500 nm above nickel thin films, the evanescent
field at 620 nm wavelength can retain 40% of its original intensity
as compared to 1% of light that can penetrate to that distance for
other metal films used in SPCF. This prediction makes nickel thin
films highly attractive in SPCF-based bioassays as compared to
gold, silver, zinc, and aluminum given the following:

(1) That more light can be potentially detected from fluorescent
species present above nickel thin films, which is especially
attractive for cell-based assays. Given that the size of cells and
other microorganisms are g1 µm, the collection of more light in
these assays will potentially lower the detection limit of the assays.

(2) A wide variety of biological assays (immunoassays (e.g.,
cardiac markers,14 IgG) DNA hybridization (hepatitis C15), ELI-
SAs) can be constructed on nickel thin films, and have comparable
if not better sensitivity to gold and silver, within the same
penetration depths.

(3) Nickel is an inexpensive metal to prepare surfaces for SPCF
applications, as compared to gold and silver.

(4) While the toxicity of nickel is of great interest at the cellular
level,16 protective SiO2 layers can readily be incorporated to
prevent the direct contact of both cells and/or users to nickel.
Interestingly, polymer coatings can also be used, where the
effect of the both the polymer thickness and nature of the
material can be modeled using Fresnel calculations.

(5) Fresnel calculations show broad wavelength transmission,
suggesting applicability to analytical sensing in the ultraviolet to
NIR spectral regions.

(6) Both our theoretical calculations and experimental findings
show that coupled luminescence through thin Nickel films occurs
over a narrow range of angles. This suggests that “fixed angle”
geometries can be used over a broad range of wavelength
applications, as compared to silver and gold films,6,9 where there
is a strong dependence of emission angle with coupling wavelength.

CONCLUSIONS
The use of nickel thin films in SPFS to generate highly

polarized and directional emission is demonstrated. Fresnel
calculations predict that light at 344-1240 nm can effectively
couple to 15 and 20 nm nickel thin films at a fixed 10 degree
wide observation angle, located between 60 and 70 degrees from
the normal of the surface. SPCF from five different fluorophores
with emission wavelengths falling in the range of 428-814 nm
were experimentally observed at an angle of ≈65 degrees, in
excellent agreement with Fresnel calculations. It was found that
the extent of measured p-polarized light was larger than (up to ≈
2.8 fold) that of s-polarized light, confirming the observed emission
from the back of the nickel film is indeed nickel plasmon-coupled.
From the experimental results it was concluded that 20 nm nickel
thin films have potential utility in whole blood assays, which was
demonstrated with a near-IR fluorescent probe Zn PhCy (emission
peak at 710 nm). Fresnel calculations also predict that light can
penetrate to a greater distance than other metal thin films, making
the nickel thin films an excellent choice of metal to be used in
SPCF applications today.
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