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Abstract
We have evaluated the feasibility of using nanoparticle (NP)-based assays for improving detection
sensitivity of HIV-1 p24 antigen. The first assay is a gold NP-based biobarcode amplification
(BCA) assay which could detect HIV-1 p24 antigen at levels as low as 0.1 pg/ml. Compared with
BCA, the lower limit of detection (LOD) for enzyme-linked immunosorbent assay (ELISA) was
10 ~ 15 pg/ml. These results demonstrate that the HIV-1 p24 BCA assay offers 100 ~ 150-fold
enhancement in the detection limit over the traditional colorimetric ELISA. Furthermore, the BCA
assay detected HIV-1 infection 3 days earlier than ELISA in seroconversion samples. A second
assay is the europium (Eu+) NP-based immunoassay (ENIA), which uses Eu+ NPs to replace gold
NPs in the BCA assay to further simplify the detection method and decrease the incubation time.
For detection of HIV-1 p24, the lower LOD for ENIA was 0.5 pg/ml. These results indicate that
the universal labeling technology based on NPs and its application may provide a rapid and
sensitive testing platform for clinical diagnosis and laboratory research.

Introduction
Nanotechnology is research at the atomic, molecular, or macromolecular scale using
nanomaterials that have a length scale of 1–100 nanometers (nm) although it may not be
restricted to 100 nm.[1] Nanomaterials have some unique physical, chemical, and biological
properties which are fundamentally different from those of the corresponding bulk material
and could be widely used in medical testing.[2] For example, relative to small size of
nanomaterials, they usually have large surface-to-volume ratio and could be easily labeled
with large amounts of different molecules; their physical properties are chemically
tailorable. In addition, nanomaterials also exhibit other unique physical properties, such as
very sharp melting temperature, magnetic properties, unusual target binding properties, and
different colors at different sizes of nanomaterials. In the past decade, nanotechnology, in
particular nanoparticle (NP)-based assays have been adapted to improve the sensitivity and
specificity of medical testing, and could provide new tools for clinical diagnosis due to their
potential for high degrees of sensitivity, specificity, multiplexing capabilities and ability to
operate without enzymes.[2]
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Diagnosis of infection of human immunodeficiency virus type 1 (HIV-1), the cause of
acquired immunodeficiency syndrome (AIDS), relies on the detection of HIV-1 RNA,
capsid antigen (p24) and anti-HIV antibody.[3] HIV-1 p24 antigen levels are significantly
high during the early, acute phase of infection and terminal stage of AIDS. It is also a useful
marker for predicting CD4+ T cell decline and disease progression, for early detection of
HIV-1 infection and improved patient management, as well as for testing the blood supply in
regions of the world where HIV-1 RNA testing is not available or practical. A possible
alternative to testing for HIV-1 RNA is HIV-1 p24 antigen which is usually detected by
enzyme-linked immunosorbent assay (ELISA). However, the detection sensitivity of the
conventional HIV-1 p24 ELISA is around 10–20 picograms per milliliter. It is an enzyme-
based colorimetric assay that involves multiple steps of incubation. Due to its requirement
for large sample volume, it is further restricted in the application of testing infant samples.
During the past decade, HIV-1 p24 antigen assays have been significantly improved by
implementing immune complex disruption methods, using more effective lysis buffer and
incorporating a tyramide-mediated boosted assay. It has been reported that the boosted
ELISA can decrease the lower limit of detection (LOD) of p24 antigen detection to ~1 pg/
ml.[4–7] Another sensitive method called real-time immuno-polymerase chain reaction
(IPCR) assay can detect 1000 HIV-1 RNA copies or 40 attograms of HIV-1 p24 antigen per
reaction.[8] However, all these improvements of detection sensitivity increase the
complexity of testing. Several years ago, we started to evaluate the feasibility to adapt
nanotechnology and nanomaterials especially NPs to improve assay sensitivity for proteins
including HIV-1 p24. In 2003, Mirkin’s group reported that by using gold NP-based
biobarcode amplification (BCA) assay and adequate antibodies, they could detect 30
attomolar concentrations of prostate specific antigen (PSA) in the serum sample.[9] Dr. Bao
from Nanosphere Inc. modified the system by using streptavidin (SA)-coated NPs. For
detection of PSA, they found that the new format could improve the dose response over
10,000-fold and the detection sensitivity by 1000-fold compared to ELISA.[10] The
enhanced sensitivity of the BCA assay is due to the amplification process that occurs in each
antigen recognition and binding event,[10,11] and a highly sensitive biobarcode detection
process that involves NP-based silver enhancement and a microarray method.[12,13] We
then further modified the BCA assay for sensitive detection of HIV-1 p24 antigen and
investigated other strategies that can simplify the detection method of BCA without having
significant impact on detection sensitivity, and found that highly fluorescent europium (Eu+)
NPs are suitable as replacement for gold NPs used in the original BCA assay. In our Eu+

NP–based immunoassay (ENIA), the antibody-antigen sandwich complex bound to Eu+ NPs
can be directly measured using a fluorescence reader. Herein we report the progress of NP-
based new testing methods (BCA and ENIA) for sensitive detection of HIV-1 p24.

Methods and Results
BCA assay

As shown in figure 1, our modified BCA assay adapts a sandwich immunoassay format in
which HIV-1 p24 antigen is captured by a monoclonal anti-p24 antibody coated on the
surface of microtiter plate wells and further complexed with a biotinylated polyclonal anti-
p24 antibody. The monoclonal anti-p24 antibodies (#3537[14], #6521[15]) were obtained
through the NIH AIDS Research and Reference Reagent Program (Germantown, MD); the
biotinylated polyclonal anti-p24 antibody was purchased from ViroStat (Portland, MN). The
immune sandwiched complex is then coupled to SA-coated 15 nm gold NPs (British Biocell
Int., Cardiff, UK) through biotin-SA interaction followed by the binding of biotinylated
biobarcode DNAs at the surface of the NPs. After extensive washing between steps with
detergent solution to remove unbound or nonspecifically bound conjugates, the biobarcode
DNA LT68 were released into the supernatant by incubation at 80°C for 5 min and detected
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by a scanometric assay[12] in which CodeLink Activated slides (Amersham Biosciences,
Piscataway, NJ) printed with biobarcode capture oligonucleotides (complementary to the
specific 25mer biobarcode LT68 sequence) were hybridized with the barcode DNA LT68,
followed by the binding of barcode DNA to the dT20 gold NP chip-probe. The detection of
the biobarcode signal was done by enhanced silver staining solution (Nanosphere, Inc.,
Northbrook, IL) and quantified on an image analyzer Verigene ID (Version 1.1.6,
Nanosphere, Inc.).

Before analyzing patient samples, we used BCA and conventional colorimetric in-house
ELISA to establish calibration curves for purified HIV-1 p24 protein from PerkinElmer
HIV-1 p24 kits (PerkinElmer, Waltham, MA) (Fig. 2). The BCA assay exhibited a linear
detection range of 0.1 ~ 500 pg/ml, with a lower LOD of 0.1 pg/ml. However, at high target
concentrations (>100 ng/ml), the assay responses becomes nonlinear, and eventually, the
signal plateaus. Compared with the BCA assay, the detection range for ELISA was 10 ~
1000 pg/ml while the lower LOD for ELISA was 10 ~ 15 pg/ml (Fig. 2). These results
demonstrate that HIV-1 p24 BCA assay offers 100 ~ 150-fold improvements in the lower
detection limit over traditional colorimetric and ELISA or at least 10-fold more sensitive
than ultrasensitive ELISA under the current conditions. The BCA assay was further
evaluated in HIV-1 regular negative and positive serum or plasma samples. No false positive
results were observed in 30 HIV-1 negative normal healthy adult samples while HIV-1 p24
was detected in all 45 HIV-1 RNA positive samples including 23 seroconversion samples,
10 AIDS patient samples and 12 blood donor samples.[16] The average S/CO value for the
normal healthy adult samples was 0.57 ± 0.2 while the S/CO values for samples from
seroconversion panels, AIDS patients, blood donors and all HIV-1 positive were 4.3 ± 3.07,
9.34 ± 8.32, 5.33 ± 5.94 and 5.88 ± 6.01, respectively. Furthermore, for the seroconversion
samples, the average time when HIV-1 p24 was first detected by BCA and ELISA were 12
and 15 days after the first HIV-1 RNA positive by PCR. The PCR results of these
seroconversion samples were provided by Dr. Philip Norris. Therefore, the BCA assay
detected HIV-1 infection 3 days earlier than ELISA in seroconversion samples.[16]

ENIA
Although the BCA assay successfully avoids the use of enzymes while achieving high
sensitivity with significantI improvements in early detection of HIV-1 infection, it takes
several hours to perform and needs microarray-based testing method for detection. The
current BCA assay format is still not feasible for use in resource-limited areas. Therefore,
we evaluated other NPs to simplify the assay format, and identified ENIA using Eu+ NP as
suitable for rapid and sensitive detection of HIV-1 p24 (Fig 3). The difference between BCA
and ENIA is that Eu+ NPs modified with SA were used to replace gold NPs to bind to the
antigen-antibody sandwiched complex followed by the binding of biotinylated anti-SA
antibody and SA-coated europium chelates (PerkinElmer). Since each Eu+ NP contains
around 30,000 europium ions, the Eu+ NPs can produce intense long-lifetime fluorescence
lights which are identical to those in the dissociation-enhanced lanthanide
fluoroimmunoassay (DELFIA) method and can be measured directly in Victor Multilabel
Counter (PerkinElmer).[17] A calibration curve for the purified HIV-1 p24 was established
(Fig. 4). ENIA exhibits an analytical target concentration range of three orders of
magnitude, with a lower LOD of 0.5 pg/ml. The preliminary evaluation showed that all 50
HIV-1 negative serum samples were HIV-1 p24 negative while 10 AIDS patient samples
were positive for HIV-1 p24 by our ENIA assay. Furthermore, evaluation of 40 plasma
samples infected with hepatitis B and C, and West Nile virus found no false positive. Thirty
eight plasma samples composed of the duplicates of 19 HIV-1 seroconversion samples were
tested. The results for the duplicate samples were consistent. Among the 19 HIV
seroconversion samples, 8 were negative by both PCR and ENIA; 9 out of the 11 HIV RNA
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positive samples were positive for p24 by ENIA. One of the p24 antigen negative samples
by ENIA was the first PCR positive bleed with viral load of <100 copies/ml; another p24
negative sample was the 7 day bleed after the first positive PCR and had a viral load of 2500
copies/ml. These results indicated the ENIA may miss samples of very early HIV infection
and relative low viral load possibly due to its slightly lower sensitivity than BCA. Further
evaluation of these samples is on-going with an enhanced ENIA. However, the ELISA
missed 4 HIV-1 RNA positive samples. Among them, two samples which were bled 7 and
32 days after the positive PCR, respectively, were p24 positive by ENIA. These preliminary
results indicate that the universal labeling technology based on Eu+ NPs and its application
may provide a rapid and sensitive testing platform for clinical diagnosis and laboratory
research.

Discussion
In this report, we have presented results using novel NP-based assays for sensitive and early
detection of HIV-1 p24 antigen. Our preliminary data and other research results confirm that
NP-based assays could dramatically increase the detection sensitivity of protein
immunoassays, and have potential utility in improved diagnosis, point-of-care usage and
even blood donor screening.[2,16–18] This is an important advancement since unlike
nucleic acid molecules, protein molecules per se cannot yet be duplicated in in vitro testing
assays. There are several ways to improve the sensitivity of protein assays. One way to boost
signal intensity for protein detection is amplification of surrogate markers. For example,
immuno-PCR (IPCR) uses oligonucleotide as a surrogate marker and PCR for amplification.
[19] However, PCR generally requires complex instrumentation for target amplification and
detection, and is sensitive to contamination, ultimately limiting its utility in point-of-care
venues, in particular in resource-limited countries. The BCA assay increases its detection
sensitivity mainly through two steps: 1) to use the released biobarcode DNA as surrogate
markers to amplify the target signal. Amplification occurs as a result of the large number of
biobarcode DNA strands that bind to the NPs and are released from Ag-Ab-Ag-NPs
complexes in each antigen recognition and binding event;[9,11] 2) to use highly sensitive
microarray method for detection.[12] The advantages of the BCA assay are its ultrasensitive
detection capabilities in the absence of enzymatic reactions. However, specific
instrumentation and long incubation times (~6 hours) are needed to achieve these limits of
detection. Another way to improve detection sensitivity is to use novel labeling technology.
Commonly used labeling technologies in immunoassays include enzyme activity, and
chemicals (chemiluminescence and fluorescence). A major disadvantage of the enzyme-
based colorimetric ELISA is its relatively low detection sensitivity. In the past decade,
lanthanide chelates have been successfully used in immunoassay, such as the DELFIA
technology. DELFIA immunoassay is a highly sensitive assay with stable signal, high
signal-to-noise ratio, no enzymatic step, flexible platform and short incubation time.
Recently, polystyrene nanoparticle containing lanthanide chelates have been reported to
significantly improve detection sensitivity of PSA.[20,21] The improved detection
sensitivity is due to the huge content of Eu+ ions in a single NP, and in particular the unique
characteristic of the time-resolved lanthanide chelates without self quenching even at high
millimolar concentrations. Our study indicates that the Eu+ NPs, especially SA-coated NPs,
may be more useful than Eu+ chelates in developing assays with high amplification ratios
and extremely high detection sensitivity. Other advantages of our NP-based assays include
1) reagents are either biotinylated or labeled with SA, so the systems are easily adapted to
detection of different targets; 2) the assays do not involve any enzymatic reactions for target
amplification or detection, it does not need specific devices or equipments for reactions or
storage of the reagents; 3) the assay format is similar to ELISA, which is widely used in
laboratories and clinics, it does not need specific instruments and training; 4) like ENIA, it is
more suitable for high-throughput screening. However, we need to further simplify the
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testing system to make it rapid and easy to use; and to further improve its detection
sensitivity. We believe that with these modifications, NP-based assays could be useful for
diagnostics and blood donor testing particularly in resource-limited settings.
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Figure 1.
Scheme of Biobarcode amplification (BCA) assay for detection of HIV-1 p24 antigen.
HIV-1 p24 is captured by anti-p24 coated microtiter wells and sandwiched with biotinylated
secondary anti-p24 antibody. The immune complex is then coupled with 15nm gold NPs
modified with SA that recognizes and binds biotinylated biobarcode DNA. After extensive
washing and heating at 80°C for 5 min, biobarcode DNAs are eluted and detected by
microarray method in which the released biobarcode DNAs are first hybridized with the
capture oligos immobilized on the surface of glass slides. Gold NPs coated with T20 probe
complementary to the other half of the biobarcode DNA are then hybridized to the captured
biobarcode DNA. Finally, silver ions in the staining solution are reduced and grow around
NPs to facilitate visualization of the hybridization event. The results are recorded and
quantified with the Verigene ID system Nanosphere Inc., Northbrook, IL).
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Figure 2.
Increased sensitivity of BCA assay compared to in-house ELISA in detecting HIV-1 p24
antigen. HIV-1 p24 positive control antigen, ranging from 0.1 to 500 pg/ml in serial dilution
in PBS, served as targets. The normalized relative signal intensities are represented as the
ratios of samples over the cut-off value of the negative control (S/CO). BCA assay is
represented by open square; ELISA by open circle. The error bar represents the standard
deviation of at least three independent repeated experiments for each assay. The correlation
between the HIV-1 p24 BCA assay and the concentrations of HIV-1 p24 was r = 0.9357 (R2

= 0.8756; p < 0.0001).
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Figure 3.
Scheme of Eu+ NP-based immunoassay (ENIA) for detection of HIV-1 p24 antigen. ENIA
uses monoclonal anti-PA antibody coated microtiter wells to capture HIV-1 p24 that is then
sandwiched with secondary biotinylated anti-p24 antibody. The Eu+ NPs modified with SA
recognize and bind the above biotinylated antigen-antibody complex. The addition of
biotinylated anti-SA antibody and SA-coated Eu+ chelates (PerkinElmer) facilitate the signal
intensity of the binding event. After extensive washing, the fluorescence signal released
from the sandwiched complex are then recorded and quantified with the Vector Mutlilabel
Counter (PerkinElmer).
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Figure 4.
Increased detection sensitivity of ENIA in detecting HIV-1 p24 antigen. Purified HIV-1 p24
antigen, ranging from 0.5 pg/ml to 500 pg/ml in serial dilution in PBS, served as targets. The
normalized relative signal intensities are represented as the ratios of samples over the cut-off
value of the negative control (S/CO). ENIA assay is represented by closed cycle. The error
bar represents the standard deviation of at least three independent repeated experiments for
each assay. The correlation between the S/CO ratio by p24 ENIA assay and the
concentrations of HIV-1 p24 was r = 0.9979; R2 = 0.9959; p < 0.0001.
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