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Sub-picogram level sensitivity in HIV diagnostics
achieved with the europium nanoparticle
immunoassay through metal enhanced
fluorescence
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We describe a novel application of Metal Enhanced Fluorescence (MEF) to immunoassays for boosting the
signal through a single step modification of the europium nanoparticle based immunoassay with addition of
gold nanoparticles. The new limit of detection was found to be 0.19 pg mL™! which was much lower than
that of the conventional assay which was around 1.80 pg mL™?, thus achieving a ten-fold increase in the limit
of detection of p24, an early biomarker for HIV infections. Real world applications of the new technique
were demonstrated with the commercially available Perkin Elmer Alliance kits greatly improving their
sensitivity limits, thus demonstrating that the sensitivity and reproducibility of this approach are as good
as those of high-end, sensitive immunoassays. The results of this study pave the way for the
development of a highly sensitive screening protocol based on any fluorescent nanoparticle based

rsc.li/nanoscale-advances immunoassay.

1 Introduction

Acquired Immunodeficiency Virus (AIDS) is one the most
serious health challenges that the world is facing today." Since
this disease cannot be treated, the only way to prevent and
control the spread is by early diagnosis. Diagnosis of Human
Immunodeficiency Virus (HIV-1) infection, the causative agent
of AIDS, relies on the detection of HIV-1 RNA, capsid antigen
(p24), and anti-HIV antibody.” High levels of p24 antigen are
found during the early phase and also in the terminal stage of
AIDS.? 1t is also a useful marker for monitoring patient treat-
ment and for testing blood samples in regions where HIV-1 RNA
testing is not available. HIV-1 p24 antigen is usually detected by
enzyme-linked immunosorbent assay (ELISA) whose detection
sensitivity is 10-20 pg mL~'.* The conventional HIV-1 p24 ELISA
is an enzyme-based colorimetric assay in the sandwich immu-
noassay format.®

A wide array of immunoassay technologies are available
which can perform a range of biomolecular detections such as
the detection of HIV-1 p24 and HIV antibodies. But the basic
principle has always remained the same which is mostly the
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antigen-antibody interaction for analyte detection and use of
a fluorophore as a signal transducer (in fluorescence based
immunoassays®). Traditional immunoassays have been
suffering from inherent problems such as longer incubation
durations, slow assay kinetics and the requirement for
extremely accurate handling of reagents.” Moreover, in fluo-
rescence based immunoassays, the sensitivity is solely depen-
dent on the quantum yield of the reporting fluorophore and the
performance of the detection methodology applied in the
immunoassay.® Thus, the optimization of sensitivity and the
duration of the test is limited to these features of
immunoassays.

The past decade has seen significant improvement in the
sensitivity of HIV-1 p24 antigen assays. This improvement can
be attributed to implementation of immune complex disrup-
tion methods, using more efficient lysis buffers, and incorpo-
ration of tyramide-mediated boosting techniques in the assay.’
Another sensitive method, real-time immuno-Polymerase Chain
Reaction (immuno-PCR), has inbuilt amplification methods
which can detect 1000 HIV-1 RNA copies, or 40 attograms of
HIV-1 p24 antigen, per reaction.’ However, all these improve-
ments of detection sensitivity increase the complexity of testing
which makes their deployment in resource limited settings
unfeasible. Unlike these methods, immunoassays have no such
amplification step that can be performed during the detection
which can increase the analyte concentration to detectable
limits. However, with a simple modification of the immuno-
assay method, amplification of the fluorescence signal strength
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can be achieved, which is implementing the use of metal
enhanced fluorescence. Metal enhanced fluorescence can
greatly improve the sensitivity limit by one order of magnitude.

Metal-enhanced fluorescence (MEF) refers to the use of
metal colloids and nanoscale metallic particles in fluorescence
systems.™ It was observed that when excited fluorophores are
placed in the vicinity of metal nanostructures, their emission
can couple to the dipoles on those plasmonic nanostructures,
which under certain conditions reradiate the emission which is
amplified compared to the free space emission of the fluo-
rophore.*” Importantly, fluorophore-metal systems are created
due to the high efficiency of coupling of the signal to the surface
plasmon modes on the metal nanoparticle systems.* This,
when combined with their high efficiency to radiate, results in
high fluorescence quantum yields and reduced emission life-
times. Hence, MEF has attracted a lot of attention which has
resulted in its implementation in specific analytical and
microscopy applications where increased brightness and
enhanced photostability are highly favored."* The outcome is
that we see an amalgamation of enhancement factor coupled
with enhanced photostability in the detection method."® The
major advantage is that the immunoassays with fluorophores
possessing low quantum yield can make use of the metal
enhanced fluorescence phenomenon to boost their sensitivity.

In this work, we describe a novel application of MEF through
a single step modification to a conventional nanoparticle based
immunoassay using gold nanoparticles which has resulted in
a ten-fold increase in its sensitivity. We have modified the
existing europium nanoparticle sandwich immunoassay with
MEF (MEF-ENIA) to achieve a sensitivity of less than 1 pg mL ™"
in the detection of HIV-1 p24. Along with the application in the
detection of p24 antigen, we explored how MEF enhances the
detection sensitivity with a known viral load. Furthermore, real
world applications were also demonstrated with regard to the
commercially available Perkin Elmer Alliance kits improving
their sensitivity limits. We also demonstrate that the sensitivity
and reproducibility of this approach are as good as those of
high-end, sensitive immunoassays and also that the method is
capable of providing better results with point of care testing in
resource limited settings. The results of this study can pave the
way for the development of a highly sensitive screening protocol
based on any fluorescent nanoparticle based immunoassay
which can be greatly beneficial in clinical settings and support
the control and prevention of the spread of AIDS.

2 Methods

2.1 Bioconjugation of europium nanoparticles (EuNPs)

The Bioconjugation of EuNPs was carried out using the EDC-
NHS coupling protocol.*® 100 pg of 200 nm europium nano-
particles (Thermo Scientific, USA) were dispersed in 10 mM
phosphate buffer (pH = 7.4) and were washed in centrifugal
spin columns. Nanoparticles were redispersed in Phosphate
Buffer Saline (PBS). The carboxyl groups were activated with
10 mmol L™ EDC (Thermo Scientific, USA) and 10 mmol L™*
NHS (Thermo Scientific, USA) in PBS buffer for 30 minutes. The
activated particles were washed once with wash buffer. To this
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solution, 100 uL solution of 1 mg mL ™" streptavidin (Scripps
Lab, USA) dissolved in carbonate bicarbonate buffer (pH = 9.0)
was added. The above prepared solution was incubated at room
temperature for 3 h following which the streptavidin conjugated
nanoparticles were washed 5 times with the wash buffer.

2.2 Immunoassay pI‘OtOCOl

A solution of capture antibody (ANT-152) (Prospec, USA) at
a concentration of 2 ug mL ™" was prepared by diluting the stock
solution with carbonate-bicarbonate buffer (100 mM, pH 9.6).
55 uL of this capture antibody solution was coated onto Nunc
maxisorp fluorescence microplates and the plates were incu-
bated for 24 hours at 4 °C. After the incubation period, the
plates were washed with wash buffer 5 times followed by
washing the wells with 300 pL of casein blocking buffer
(Thermo Scientific, USA). The casein block buffer, whose role is
to ensure that all the non-specific absorption sites are blocked,
was incubated for 30 minutes at 37 °C. The next step is addition
of the HIV-1 p24 antigen. The stock solution of HIV-1 p24
(Virogen, USA) was diluted with block buffer to prepare different
concentrations of the antigen. 100 pL of the antigen was added
to each well and incubated at 37 °C with shaking for 1 hour.
Following the incubation step, all the wells were washed 5 times
with wash buffer. In the consequent step, 100 pL of biotinylated
detector antibody (Perkin-Elmer, USA) was added to each well
and incubated at 37 °C for 60 minutes. This step completes the
formation of this antibody-antigen-antibody sandwich
complex in the well, to which 100 uL of streptavidin conjugated
europium nanoparticles (EuNPs) were added and left to incu-
bate again for 30 minutes at 37 °C with shaking. A final round of
washing was performed 5 times with wash buffer to avoid non-
specific interactions and reduce the background noise. The
microplate was placed in the SpectraMax M5 microplate reader
and the fluorescent signal intensities from the sandwich
immunocomplexes were measured in a time resolved mode
with excitation at 340 nm and emission at 615 nm. Subse-
quently, 100 pL of 150 nm gold nanoparticles (Sigma-Aldrich)
were added to obtain an amplified signal through metal
enhanced fluorescence. Once again, the signal was measured
and recorded using the SpectraMax M5 reader. All the experi-
ments were performed in triplicate. Samples with signal-to-
blank ratios (SBR) equal to or greater than 1.5 were consid-
ered positive for HIV-1 p24.

2.3 Preparation of plasma samples with a known viral load

Prior to the preparation of the plasma samples for the immu-
noassay, they were confirmed to be HIV negative or HIV positive
using standard HIV detection kits. Further, the viral load was
calculated using the PCR techniques. To prepare the test
samples, 2 pL of plasma was diluted in 188 pL of casein block
buffer and 10 pL of 10% aqueous solution of Triton X-100 was
added. The samples were diluted by one order of magnitude,
sequentially, to obtain the desired concentrations of the viral
loads to be tested with the conventional immunoassay and
MEF-ENIA.

This journal is © The Royal Society of Chemistry 2019
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3 Results

3.1 Choice of plasmonic nanoparticles

Gold nanoparticles were chosen as the signal enhancers
because of their wide range of size dependent surface plasmon
resonance which allows their application in different nano-
particle based immunoassays employing different fluo-
rophores.” Due to their high chemical stability, even small gold
nanoparticles are observed to be stable indefinitely. The surface
modifications are simpler and conjugations are easily done
because the surface chemistry of gold is well studied allowing
easy surface modification and binding of biomolecules.'**
Additionally, there are many methods of synthesis of gold
particles and shells of a variety of shapes.”® Thus, gold nano-
particles were chosen as the signal enhancers for our
experiments.

The first choice that was to be made was the size of gold
nanoparticles to be used in the immunoassay. The fluorescence
enhancement is controlled by the degree of spectral overlap
between the plasmon resonance and the excitation/emission
wavelengths of the fluorophore.>*** Specifically, the emission
wavelength of europium nanoparticles must be slightly blue-
shifted from the plasmon resonance of gold nanoparticles for
maximum enhancement to occur.”® There are a wide range of
sizes available for the gold nanoparticles but keeping in mind
the conditions for spectral overlap and the emission wavelength
of EuNPs as 615 nm, the ideal size for gold nanoparticles that
have a plasmon oscillation frequency, which is blue shifted, is
150 nm which has a plasmon resonance wavelength of nearly
630 nm. The absorption and the photoluminescence spectra are
presented in Fig. 1(a) and (b). Moreover, if there is any change in
the features of gold nanoparticles due to agglomeration, the
enhancement factor would drastically decrease as the spectral
overlap condition will not be met for MEF to occur. Thus,
neither larger nor smaller particles can be used in this study
and the size has to be around 150 nm. Thus, we chose 150 nm
gold nanoparticles for all our subsequent studies.

An important feature in the choice of the gold nanoparticles
in this study is the surface functionalization. The 150 nm gold
nanoparticles (Sigma-Aldrich) which are used in this study are
citrate ligand functionalized with a shelf life of 6 months. The
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citrate ligands act as the capping agents which prevent the
agglomeration of the nanoparticles. Apart from the role of
a capping agent, the citrate groups also prevent non-specific
absorption between gold nanoparticles and EuNPs. This can
be attributed to the weak electrostatic interactions between
streptavidin on EuNPs and citrate on gold nanoparticles, which
are negligible to cause any non-specific absorption.** This
ensured that the gold nanoparticles did not negatively affect the
sensitivity of the immunoassay.

The next important parameter that affects the signal
enhancement levels is the concentration of the gold nano-
particles that are being added. To assess the correct concen-
tration of the gold nanoparticles, the EUNP immunoassay was
performed for a fixed concentration of p24 with different
concentrations of gold nanoparticles (150 nm) being added
before the measurement of the signal. The signal was measured
with and without the gold nanoparticles to see the percent
change that occurs in the signal response once the gold nano-
particles are added. The detailed protocol of the immunoassay
is presented in Fig. 2. Fig. 3 schematically shows the increase in
the signal strength after addition of gold nanoparticles. The
percent change for different concentrations of gold nano-
particles is plotted in Fig. 4.

We observed that there is a quenching phenomenon which
occurs at higher concentrations of gold nanoparticles. As the
concentration is reduced the percent quenching decreases and
an amplification is observed. The enhancement of the signal
increases till it peaks at the concentration of 0.01 mg mL ™" after
which it drops again. The quenching observed happens because
of the narrow gap between the dipoles and gold nanoparticles at
higher concentrations. In metal-enhanced fluorescence, a fluo-
rophore must be at a distance of several nanometers from the
metallic film or the nanoparticle to avoid quenching of the
fluorescence through non-radiative energy transfer with the
metal.”® At the appropriate distance, quenching is reduced
significantly and the enhanced electric field of the surface
plasmons improves the excitation rate and reduces the lifetime
of the fluorophore, with the net effect of higher fluorescence
intensity.®*® Theoretically, this appropriate distance is the
average distance between the particles in the ensemble. But, it
cannot be measured experimentally due to the dynamic and
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(a) Absorbance spectra of 150 nm gold nanoparticles. (b) Absorbance and photoluminescence spectra of 200 nm europium nanoparticles.
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Fig. 2 Schematic illustration of the protocol involved in metal enhanced fluorescence based ENIA.
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Fig. 3 A schematic comparing the fluorescence emissions in the conventional immunoassay and metal enhanced fluorescence based ENIA.
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Fig. 4 The dependence of percent change in signal intensity on the
concentration of gold nanoparticles.

chaotic movement of particles in solution. The only way to
maintain it is via the optimization of the concentration of the
nanoparticles. As understood from Fig. 4, the increased
concentration of gold nanoparticles causes overcrowding due to
the small volume available for the particles to move around,
which reduces the distance between the gold nanoparticles and
the europium fluorophores. This crowding reduces as the
concentration reduces because the lower concentration implies
more degree of movement for the particles. The nanoparticles,
when at an optimal concentration, are at the optimal distance to
interact with the emitting dipoles and maximum enhancement
occurs.”” As the concentration is further reduced the number of
nanoparticles available to enhance the signal falls drastically
and thus, the signal response also falls. Thus, the enhancement
of fluorescence is a delicate balancing act between the optimal
distance between the nanoparticle and the fluorophore, and the
optimal number of nanoparticles.

3.2 Application of metal enhanced fluorescence to ENIA

With the parameters optimized, the MEF was applied to euro-
pium nanoparticle immunoassays for the detection of HIV-1
p24 in clinical samples. In order to test the difference in the
immunoassay results by adding the gold nanoparticles for MEF,
a standard ENIA was performed with varying concentration of
HIV-1 p24. The conventional immunoassay procedure was fol-
lowed and the signal was measured directly from the antibody-
antigen-antibody sandwich. This step was immediately fol-
lowed by the enhancement step where 100 uL of 0.01 mg mL ™"
gold nanoparticles (150 nm) were added per well and the signal
was recorded again.

The results are very promising, indicating probable appli-
cation of MEF in immunoassays in future. A two-fold signal
enhancement was observed when we added gold nanoparticles
to the plate wells. Not only was the signal enhanced, the
sensitivity of the assay also increased two-fold when it came to
the lower end of the dynamic range of detection as seen in
Fig. 5. The ENIA which could detect up to 4 pg mL ™" of p24 with
standard parameters of the assay was able to detect 1 pg mL ™"
as seen from Fig. 6. The new limit of detection was calculated to
be 0.19 pg mL~' which was much lower than the limit of

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Comparison of calibration curves of conventional ENIA (black
line) and MEF-ENIA (red line).

detection of the conventional assay which was around 1.80 pg
mL ™. Hence, we see a ten-fold increase in the limit of detec-
tion. The reason for the multifold increase of sensitivity can be
explained by the ability of metal nanoparticles to reject the far
field noise and specifically amplify the near field signal.”® The
signal was found to be stable over the triplicate tests and also
substantially higher than the blank signal measured. The signal
intensity increase that was observed was tested across multiple
repetitions of the assay. Thus, we could confirm the signal
enhancement which happened after addition of gold
nanoparticles.

The nonlinear behavior of the MEF-ENIA standard curve can
be understood by the saturation of photon-plasmon coupling
within the metal nanoparticles at higher p24 concentration.
Due to the increasing photon count at higher concentrations of
analyte, the number of photons that couple with the plasmon of
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Fig. 6 The calibration curves with a resolved axis indicating the lower
limit of the dynamic range of detection achieved with conventional
ENIA (black line) and MEF-ENIA (red line).
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the gold nanoparticles increases. After a certain concentration,
there is an excess of photons which results in the inability of the
gold particles to interact with the excess photons. Conse-
quently, this causes a fall in the signal enhancement resulting
in the nonlinear nature of the standard curve.

The limit of detection has improved from 1.8 pg mL™* to 0.19
pg mL~ ' which is a ten-fold increase. While the absolute change
in the value may seem insignificant, the increase in sensitivity
can be of more prominence when it can be observed for less
sensitive assays. Thus, the increase in sensitivity is a great
performance improvement which can be further applied to any
other immunoassay if the right size of gold nanoparticles is
chosen and spectral overlap conditions are met.

3.3 Application of MEF to improve the detection limit of
samples with a known viral load

The next step was to check the application of MEF in dealing
with other real world limitations like the detection of low viral
numbers. The detection of a low number of viral copies has
been a problem with immunoassays and has been traditionally
dealt with PCR based techniques. Thus, in order to improve the
sensitivity of the assay to detect low copy numbers, MEF can be
a possible modification to the immunoassay protocols that can
boost the sensitivity by an order of magnitude. The immuno-
assay was performed with clade B sample, which was
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Fig. 7 Calibration curves obtained for the conventional immunoassay
(black curve) and MEF-ENIA immunoassay (red curve) in the detection
of p24 in samples with a known viral load.
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sequentially diluted to certain orders of magnitude, to test the
application of MEF methodology. The test was performed and
the signal was measured following which the enhancement step
was performed by addition of gold nanoparticles. The signals
were recorded and plotted for comparison.

A striking improvement in the sensitivity was observed when
the gold nanoparticles were added for signal enhancement. As
seen from Fig. 7, the sensitivity has been improved by an order
of magnitude. The previous detection limit was reported to be
10* which has improved to 10°. This order of magnitude
increase was reported with a standard incubation period of one
hour. If this metal nanoparticle enhancement is performed with
higher incubation durations, then maybe the limit can be ex-
pected to be further lowered. This leads to a possibility of
having an immunoassay protocol which is extremely sensitive
which can pick up markers in the early stages of infection.

3.4 Application of MEF to improve the sensitivity of
commercially available Perkin Elmer Alliance kits

With an increased sensitivity observed in a variety of applica-
tions, one of the real problems which can be tackled is
increasing the sensitivity of detection with antibodies of
commercially available kits which are reported to have lower
sensitivity compared to ANT-152 (ProSpec) which are used in
ENIA. The Perkin Elmer Alliance kit has been reported to have
a sensitivity of 12.5 pg mL™' in an enzyme substrate based
reporting format, which may not be enough for the sensitive
detection of p24 in early stages of infections. Thus, the Perkin
Elmer commercially available antibody coated kit was used to
check the sensitivity through ENIA, instead of ELISA, and the
sensitivity was found to be 8 pg mL~". To further increase the
sensitivity of this commercially available kit, the MEF step was
added while performing the immunoassay and the signals were
recorded before and after the addition of gold nanoparticles.
The blank measurements were made with PBS which also acted
as a negative control. The signal intensities were then divided by
the blanks to obtain the signal to blank ratios. The recorded
signals are tabulated in Table 1.

There was a considerable improvement in the signal despite
the low signal strength due to lower concentration. While the
signal to blank ratio, as seen from the table, was higher for 10
pg mL ", 5 pg mL ™" had a signal to blank ratio of less than 1.5.
In this case, this meant that the sample cannot be conclusively
characterized as positive, whereas, once the MEF step was per-
formed and the signal was measured again, we could see an
increase in the signal intensity and also the signal to blank ratio

Table 1 Comparison of signal strengths of conventional ENIA and MEF-ENIA with capture antibodies from a Perkin Elmer kit Alliance kit

Signal intensity (relative fluorescence units)

Corresponding signal to blank ratio

Concentration of

HIV-1 p24 (pg mL ) Conventional ENIA MEF ENIA Conventional ENIA MEF ENIA
5 1554 1996 1.41 1.82

10 3258 5577 2.97 5.08
Blank wells 1102 1178 — —
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Table 2 Comparison of various europium nanoparticle based
immunoassays for the detection of HIV-1 p24 antigen with MEF-ENIA

Limit of detection

S.No. Method (pg mL™Y) Reference

1 Microfluidic chip 5.0 29

2 Conventional ENIA 3.3 30

3 Conventional ENIA 1.8 Present work
4 Bio-barcode amplification 0.5 4

5 MEF-ENIA 0.19 Present work

increased to 1.8, which makes the sample HIV positive. Thus,
the sensitivity of Perkin Elmer Alliance kits can be increased by
almost two fold by addition of gold nanoparticles. This can
imply further increase in sensitivity with other more sensitive
nanomaterials or upon optimization of immunoassay
parameters.

Due to the enhancement factor, MEF can boost the sensi-
tivity of immunoassays and help in realizing much lower
sensitivities with pre-existing assay methodologies like
conventional ENIA. Table 2 presents the comparison of limits of
detection of other assays with that of MEF-ENIA. Clearly, addi-
tion of the MEF method to conventional ENIA has led to
achieving sub picogram sensitivity in assays which were less
sensitive previously.

Based on the results achieved in this novel modified assay,
we have once again opened up the possibility of using immu-
noassays for ultrasensitive detection of p24 with minimal
modification to the assay format. This one step modification is
much simpler and effective compared to other modification
steps involved in bio-barcode amplification and microfluidics.
Thus, MEF based assays can be a useful and simple tool for
application in resource limited settings where there is a need
for simpler and techniques with minimal
infrastructure.

sensitive

4 Conclusion

We have modified the europium nanoparticle sandwich
immunoassay with metal enhanced fluorescence through gold
nanoparticles to achieve a sensitivity of less than 1 pg mL ™" in
the detection of p24 which is an early biomarker for HIV
infections. The results are very promising indicators of the
application of MEF in immunoassays in future because a ten-
fold enhancement of the limit of detection was observed
when we added gold nanoparticles to the plate wells. Not only
was the signal enhanced, the sensitivity of the assay was also
increased manifold when it came to the lower end of the linear
range of detection as seen in Fig. 6. The ENIA which could
detect up to 4 pg mL™" of p24 with standard parameters of the
assay was able to detect 1 pg mL ™" which is the new sensitivity
now observed for ENIA. The new limit of detection was calcu-
lated to be 0.19 pg mL ™', which was much lower than the limit
of detection of the conventional assay, which was around 1.80
pg mL~'. With a ten-fold increase in the limit of detection, we
could surpass the picogram barrier to achieve a sub-picogram
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level sensitivity. The reason for this multifold increase of
sensitivity can be explained by the ability of MEF to reject the far
field noise and specifically amplify the near field signal. The
signal was found to be stable over the triplicate tests and also
substantially higher than the blank signal measured. The
amplification of the signal that was observed was tested across
multiple repetitions of the assay. Thus, we could confirm the
signal enhancement which happened after addition of gold
nanoparticles.

Real world applications of the new technique were demon-
strated with the commercially available Perkin Elmer Alliance
kits greatly improving their sensitivity limits, thus, demon-
strating that the sensitivity and reproducibility of this approach
are as good as those of any other high-end, sensitive immuno-
assay and also that the method is capable of providing better
results with point of care testing in resource limited settings.
The results of this study pave the way for the development of
a highly sensitive screening protocol based on any fluorescent
nanoparticle based immunoassay which can be greatly benefi-
cial in clinical settings and support the control and prevention
of the spread of AIDS.
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