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Abstract

Novel biotin—polyethylene glycol (biotin—PEG) gold nanoparticle probes have been synthesized
and used as universal constructs for the detection of protein (prostate-specific antigen, PSA) and
nucleic acid targets (microRNAs) from a single sample. Microarray assays based upon these
probes enabled sensitive detection of biomarker targets (50 fM for nucleic acid targets and 1 pg/uL
for the PSA target). Ways of detecting biomarkers, including nucleic acids and proteins, are
necessary for the clinical diagnosis of many diseases, but currently available diagnostic platforms
rely primarily on the independent detection of proteins or nucleic acids. In addition to the
economic benefits associated with the use of a single platform to detect both classes of analytes,
studies have shown that the simultaneous identification of multiple classes of biomarkers in the
same sample could be useful for the detection and management of early stage diseases, especially
when sample amounts are limited. Therefore, these new probes and the assays based upon them
open the door for high-sensitivity combination-target assays for studying and tracking biological
pathways and diseases.
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INTRODUCTION

Molecular bioassays represent important diagnostic tools for the identification of disease-
related biomarkers with significant research and clinical uses.! Typical target biomolecules
include nucleic acids (DNA,2 mRNA,3 and miRNA#%) and proteins (antibodies and antigens)®
that are associated with states of disease, therapeutic treatment, or drug screening.® Current
diagnostic approaches such as the enzyme-linked immunosorbent assay (ELISA) enable the
capture and detection of proteins through antibody—antigen binding interactions, and
oligonucleotide microarray and sequencing technologies allow for the identification and
discovery of specific nucleic acid targets, respectively. These methods have shown utility in
early-stage disease detection.”®

Despite the impressive capabilities of these conventional bioassays, there are limitations to
current technologies. ELISA assays are typically only able to identify single types of
molecules of interest.10 In addition, ELISA assays require larger volumes (mL) of reagents,
and our assay uses much smaller sample volumes (). Nucleic acid detection by
sequencing relies primarily on target amplification techniques that require multiple time-
consuming processing steps along with challenges related to successful primer design and
library generation.11:12 In addition, fluorophore-based nucleic acid detection probes may
suffer from self-quenching,3 hydrolysis,1* and dye bleaching!® that lead to diminished
assay sensitivity and misidentification of potential biomarkers.1® Beyond issues related to
assay sensitivity, current techniques are typically only capable of detecting individual classes
of biomarkers (i.e., nucleic acids or proteins)!’ at a time. Both economic and medical
arguments have been made for the need for multiplexed detection of nucleic acid and protein
molecules in a single platform.18-24 To this end, a few advances have been made, including
lateral flow devices,2° multifunctional biochips,2 microfluidic platforms,2° and
combinatorial micro-arrays.18

In this work, a combinatorial assay that provides the ability to simultaneously detect
multiple classes of biomolecules (nucleic acid and protein) has been developed. Gold
nanoparticle (AuNP) conjugates have been used as alternatives to fluorophore-based
probes, 28 in part because they can be amplified through electroless metal deposition, which
augments their ability to scatter light and enhances the sensitivity of the assay.16:27-39 The
assay combines the high-throughput multiplexing capabilities of microarrays with biotin—
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PEG—Iinked gold nanoparticle probes to achieve a system that enables simultaneous
detection of different classes of biomolecule targets (Scheme 1).

In a typical assay, using a commercial kit, biomolecules from a sample of interest are
conjugated to biotin and then added to array surfaces that are functionalized with capture
antibodies (protein detection) and complementary nucleic acid sequences (nucleic acid
detection) (Scheme 1). After slide washing, streptavidin and biotin—PEG—Iinked AuNP
probes are subsequently added onto the microarray to detect the captured biomarker targets.
To amplify the AuNP light-scattering signal intensity and modulate assay sensitivity,
additional gold is further deposited onto the biotin—PEG—AUNPs using a solution of 1 mM
HAuUCI4 and 5 mM NH,OH. The array is finally imaged using a Tecan LS reloaded laser
scanner at a wavelength of 633 nm to visualize the array surface and identify the captured
biomarker targets.

Thiol—PEG—Biotin Linker Synthesis

Novel biotin—PEG linkers with deliberately varied numbers of anchors (monothiol, cyclic
disulfide, and trithiol) were synthesized for subsequent conjugation to spheril gold
nanoparticles through gold—thiol adsorption chemistry49-43(Figure 1). The use of
molecular linkers containing multiple anchoring groups has been shown to increase AuNP
stability in biological environments through resistance to linker displacement by free
thiols**4° (Figure S1). As such, we chose to incorporate multianchor linkers in the context
of AUNP probes for the dual target class biomarker detection assay. Monothiol biotin—PEG
linkers (MW: 5000 Da) were purchased from Nanocs Inc. (Figure 1a) and used without
further modification to synthesize monothiol—biotin—AuNP probes, and cyclic disulfide—
PEG—biotin (Figure 1b) and trithiol—PEG—Dbiotin linkers (Figure 1c) were synthesized in-
house from commercially available reagents. Detailed linker synthesis protocols are included
in the Materials and Methods section below.

MicroRNA Detection Using Biotin-AuNP Probes

Biotin—PEG—AUNP probes with different thiol functionalities (monothiol, dithiol, and
trithiol) were synthesized by adsorbing the linkers to the gold nanoparticle surface (Figure
2a—c). The functionality of the bioassay was initially characterized using synthetic miRNA
target sequences before moving forward to simultaneous nucleic acid and protein detection
experiments (oligonucleotide sequence information is included in Table S1). A target
miRNA sequence (denoted as miRNA-1) was synthesized with a 3" biotinylation
modification for subsequent binding and detection using streptavidin and biotin—PEG—
AUNP probes, respectively. Monothiol, dithiol, and trithiol biotin —PEG—AUNP probes
were first used to investigate the ability of these probes to specifically detect miRNA-1.

Array slide surfaces were prepared using 3” amine terminal DNA capture oligonucleotides
complementary to the miRNA target. These DNA sequences were synthesized in-house,
purified by reverse-phase high-performance liquid chromatography (RP-HPLC), and
adsorbed onto CodeLink activated NHS-modified glass slides (Surmodics). Next, the
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biotinylated miRNA target was hybridized onto the capture oligonucleotides. After
stringency washes at 54°C to remove unbound miRNA, streptavidin and biotin—PEG—
AUNP probes were subsequently added onto the microarray to label the captured miRNA
targets. To amplify the light-scattering signal intensity, additional gold was deposited onto
the biotin—PEG—AUNP using HAuCl, and NH,OH.18:27 The microarray slide was finally
imaged using a Tecan LS reloaded laser scanner at a wavelength of 633 nm, and the images
were transferred to GenePix software for analysis. A control well was also included that
contained the glass slide-bound capture DNA oligonucleotide and biotin—PEG—AUNP
probe in buffer solution (no MiRNA target was added to this well).

Each biotin—PEG—AUNP probe (monothiol, dithiol, and trithiol) was able to detect the
miRNA target. Robust light scattering signal from the bound biotin—PEG—AUNP probe
was present for each nanoparticle probe type, as shown in Figure 3a—d. Importantly,
nonspecific binding between the biotin—PEG— AuNP probe, DNA capture sequence, and
glass surface was undetectable (Figure 3a). Quantitative analysis of the array slide showed
that the light scattering signal intensity increased with increasing numbers of nanoparticle
surface-bound anchors (monothiol, dithiol, and trithiol) (Figure 3e). The biotin—PEG
linkers used for each AUNP probe vary in molecular weight (monothiol: 5 kDa, cyclic
disulfide: 8.4 kDa, trithiol: 15 kDa), and we hypothesize that this difference in signal
intensity is due to decreased steric hindrance (lower biotin—PE— surface loading) with
increasing linker anchors?6 that ultimately enhances nanoparticle-target binding. In addition,
biotin—PEG—AUNP probes were also synthesized using different sizes of gold
nanoparticles (15 to 80 nm in diameter), and all of the probes demonstrated functionality in
detecting biotinylated miRNA (Figure S2).

An additional miRNA detection study was conducted to characterize the ability of the assay
to detect multiple miRNA sequences simultaneously. In addition, we investigated the
sensitivity of the assay toward miRNA targets. Monothiol biotin—PEG—AUNP probes were
used for the remaining studies due to their ease of synthesis and satisfactory assay
performance. A total of four distinct miRNA sequences (sequence information provided in
Table S1) were synthesized and functionalized with 3" biotin modifications for subsequent
detection using strep-tavidin and biotin—PEG—AUNP probes. After RP-HPLC purification,
the biotinylated miRNA strands were hybridized onto a 7th generation miRCURY locked
nucleic acid (LNA) microarray (Exiqon) that contains LNA and DNA capture sequences for
the four biotinylated miRNA targets of interest. After stringency washes to remove unbound
mIiRNA, streptavidin and biotin—PEG—AUNP probes were added onto the microarray to
label the captured miRNA targets. Gold deposition and microarray imaging were performed
as previously described.

The bioassay enabled simultaneous capture of all four miRNA targets at concentrations of 1
UM(Figure 4a), 10 pM (Figure 4b), and 1 pM (Figure 4c). Light-scattering signals from the
biotin—PEG—AUNP probes after a single gold deposition were visualized at each
concentration. Next, the sensitivity of the assay was investigated using the four different
miRNA targets at various concentrations (5 pM, 1 pM, 200 fM, and 50 fM), as shown in
panels d and e of Figure 4. In addition, quantification of the light-scattering signal generated
by the biotin—PEG—AUNP probes is included in Figure 4f. Importantly, with this assay,
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one can detect and differentiate target concentrations from 50 fM to 5 pM. The large range
of detection (fM—pM) along with a sensitive assay limit of detection (50 fM) enabled by
these biotin—PEG—AUNP probes demonstrates the versatility of the assay and prompted us
to investigate detection of nucleic acid and protein targets, simultaneously.

Simultaneous and Combinatorial miRNA and Protein Detection

We used our previously studied miRNA target sequence (miRNA-1) and prostate-specific
antigen (PSA, Bios-Pacific) as target molecules for this proof-of-concept experiment. PSA
was chosen as a well-studied and extensively characterized protein marker that has primary
and secondary monoclonal antibodies that are commercially available (Bios-Pacific).
Detection of miRNA and protein antigen was performed using slides obtained from Full
Moon BioSystems that were printed with arrays of amine-modified capture DNA
oligonucleotides (10 nmol) and PSA-specific monoclonal antibody (100 ng/100 /1,
BiosPacific) along with positive-control biomolecules (biotinylated bovine serum albumin
(BSA) and biotinylated PEG) and negative-control biomolecules (BSA and a DNA sequence
that is not complementary to miRNA-1). All of the capture molecules were printed on the
slide in the order shown in Figure 5.

The assay enabled the detection of miRNA, protein antigen, and miRNA and antigen in
combination simultaneously on one microarray slide. An assay control well without the
addition of miRNA or PSA (Figure 5a) displayed light-scattering signals only from the
positive control spots (biotinylated BSA and biotinylated PEG). Wells that contained either
miRNA or PSA targets (panels b and ¢ of Figure 5, respectively) gave nanoparticle light-
scattering signals in the correct array rows. In the final well (Figure 5d), both miRNA and
PSA were detected simultaneously, along with the positive control biomolecules. In
addition, we have calculated a 3o threshold for the BSA (negative control) wells for each
experiment to ascertain the statistical significance of each measurement (7= 5). The 3o
values are included in the Figure 5 caption, and the results show that in each case the signal
intensities of the target spots are above this threshold and as such represent statistically
significant signals. From these experiments, we conclude that this assay is capable of
detecting both antigen and RNA individually or in a combinatorial fashion on the same slide
using biotinylated gold nanoparticle probes.

An important observation from this experiment is that in all cases the signal intensity from
the negative control positions (BSA and noncomplementary DNA) was low and
distinguishable from the target positions of interest (Figure 5). We also prove the utility of
using this assay for direct detection of biotinylated surface-bound proteins (biotinylated
BSA) and polymers (biotinylated PEG), the two positive-control biomolecules. The use of
biotin—PEG—AUNP probes enabled simultaneous biomolecule detection with low
background signal.

DISCUSSION

Cancer progression is characterized by the presence of multiple biomarkers whose
expression changes throughout various stages of the disease.*” As such, the ability to
simultaneously detect and identify multiple classes of biomarkers (nucleic acids and
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proteins) in one sample is important for disease diagnosis and management,*8 especially
when only small amounts of patient samples are available.*® A variety of strategies related to
DNA and protein detection on the same platform are currently in development.2550:51 Many
of these platforms are based on either fluorescence®2 or electrochemical®3:5* detection
techniques that are experimentally complicated, laborious, and expensive (with respect to
reagents or experimental setups). We have developed a high-throughput, array-based assay
using biotin—PEG—TIinked gold nanoparticle probes that exhibits high sensitivity and has
the capability to detect nucleic acid and protein targets in a multiplexed manner. Importantly,
this platform includes inexpensive detection probes that are easy to synthesize from
commercially available reagents. Furthermore, these biotin-linked gold nanoparticle probes
are chemically stable for at least six months without a loss of function.

In this work, three unique biotin—PEG—AUNP probes were synthesized for investigating
probe stability toward free-thiol molecules in solution. Dithiothreitol (DTT) studies
indicated that dithiol and trithiol-linked AuNP probes showed greater colloidal stability
toward free thiols in comparison with the monothiol AuNP probes (Figure S1). It is also
important to note that the sensitivity and dynamic range of biotin—PEG—AUNP assay can
be tuned through additional gold reductions that result in enhanced light scattering for low
concentration targets.18 The ability to modulate the nanoparticle probe size, biotin—PEG
linker chemistry (number of terminal anchors), and light-scattering signal amplification
enables the synthesis of detection probes with high tailorability for different assay
conditions. This tunability is important when assaying multiple types of biomarkers that may
be present at varying concentrations in a single sample. In addition, we have shown that
these probes are able to interface with conventional microarray platforms (Exigon 7th
generation miRCURY LNA microRNA microarrays and microarrays from Full Moon
Biosystems) without the generation of false-positive signals.

The methodology and unique nanoscale detection probes developed in this work have
several important advantages over existing technologies. The use of biotin—streptavidin
interactions in a sandwich format results in specific target detection and allows for the
identification of essentially any biotinylated molecule. In addition, the incorporation of PEG
linkers onto the gold nanoparticle surface reduces the tendency for nonspecific probe
adsorption and increases the specificity of the assay for a wide variety of molecules®®
(proteins, nucleic acids, and polymers). This assay is ideally suited for sensitive, selective,
high-throughput screening of any biotinylated biomarker, and future studies will investigate
the utility of using this assay for identification of unique disease states through simultaneous
profiling of diverse biomarkers. Finally, because DNA-modified gold nanoparticle probes
have been used to detect a wide class of targets beyond nucleic acid and proteins, including
small molecules®® and metal ions,5” one can also envision future applications of the biotin—
PEG—AUNP probes developed in this work for detection of these classes of analytes.

EXPERIMENTAL PROCEDURES
Synthesis of Biotin—PEG Linkers

Cyclic disulfide—PEG— biotin linkers were synthesized by addition of a 100 zM solution
of lipoic acid—PEG—maleimide (Nanocs Inc.; MW: 3400 Da) to a 100 &M solution of thiol
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—PEG—biotin (N anocs Inc.; MW: 5000 Da). The mixture was placed on a shaker at 25°C
for 17 h. After incubation, the mixture was filtered using a 7000 Da cutoff filter (Thermo
Fisher Scientific).

Trithiol—PEG—biotin linkers were synthesized by addition of a 100 zM solution of 4-arm
—PEG—thiol (Laysan Bio, MW: 10 000 Da) to a 100 xM solution of biotin—PEG—
maleimide (Laysan Bio, MW: 5000 Da). The mixture was placed on a shaker at 25°C for 17
h. After incubation, the mixture was filtered using a 10 000 Da cutoff filter (Amicon, EMD
Millipore).

Biotin—PEG—AUNP Probe Synthesis

A 5 nM solution of gold nanoparticles was mixed with a 4 M solution of PEG—biotin
linker (monothiol—PEG—biotin, cyclic disulfide— PEG—biotin, or trithiol—PEG—biotin)
and shaken at 25°C for 24 h. After incubation, buffer solution containing 1.5 M NaCl, 100
mM phosphate (pH 7.2), 1% BSA, and 0.2% Tween was added to bring the final buffer
concentration to 0.15 M NaCl, 10 mM phosphate, 0.1% BSA, and 0.02% Tween. After an
additional 1 h, the salt concentration was raised to 0.3 M NaCl using 5 M NaCl, and the
mixture was kept shaking at 25°C for 1 h. The biotin—PEG—AUNP probes were aliquoted
into low retention tubes (Eppendorf) and centrifuged at 12000g for 25 min at 25°C to
remove excess reagents. After removal of the supernatant and two additional washes with
nanopure water, the probes were resuspended in buffer (1x PBS, 0.1% BSA, 0.02% Tween)
and stored at 4°C until further use.

Oligonucleotide Preparation

MicroRNA and DNA oligonucleotide sequences were synthesized on a MerMade 12 system
(Bioautomation) and MM48 oligonucleotide synthesizer (BioAutomation), respectively,
using standard solid-phase synthesis protocols and reagents (Glen Research).
Oligonucleotide sequences were purified by RP-HPLC using a Microsorb C18 column
(Varian) with 0.1 M triethylammonium acetate (TEAA) at pH 7 with a linear gradient of
100% CH3CN. Elution of the oligonucleotides was monitored at a wavelength of 254 nm.

Buffer Solution Preparation

Assay buffer solution containing 1x PBS (Sigma-Aldrich, pH 7), 1% BSA (Sigma-Aldrich),
and 0.02% Tween (Sigma-Aldrich) was used for sample dilution (AuNP probe and
biomolecule targets) and all slide-washing steps.

MicroRNA Biotinylation

The 3’ terminal biotinylation of microRNA target molecules was accomplished using a
commercial kit (RNA3” End Biotinylation Kit, Pierce) according to the manufacturer’s
specifications.

Antibody Biotinylation

The biotinylation of secondary PSA antibody (BiosPacific) was accomplished using a
commercial kit (Antibody Biotinylation Kit for IP, Pierce) according to the manufacturer’s
specifications.
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Simultaneous Nucleic Acid and Protein Detection

MicroRNA and prostate-specific antigen (BiosPacific) targets were diluted in assay buffer
and captured onto a custom array from Full Moon BioSystems at 54°C for 2 h. The location
of the surface-bound capture molecules that were adsorbed onto each well of the array is
given in Figure 5. The slide was then washed with prewarmed (54°C) assay buffer.
Biotinylated secondary antibody (10 wg/mL, BiosPacific) was added to the wells that
contained PSA target for 30 min at 25°C and then washed with buffer. Next, the microarray
was treated with streptavidin (10 pg/mL, Thermo Fisher Scientific) at 25°C for 20 min,
washed with 1x PBS buffer, and then dried. This binding step was performed at 25°C to
avoid denaturation of the streptavidin protein. The arrays were subsequently treated with 100
pM of 30 nm monothiol biotin—PEG—AUNP probe for 20 min at 25 °C, washed with 1x
PBS, and dried. The microarray was treated with HAuCl, (1 mM) and NH,OH (5 mM) for
45 s, thoroughly washed with deionized water, and dried. The microarrays were finally
imaged using a LS Reloaded laser scanner (Tecan) using 633 nm laser wavelength, and the
images were transferred to GenePix software for analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Synthesis of biotin—PEG linkers for AUNP probe conjugation. (a) Monothiol linker. (b)

One-step synthesis of cyclic disulfide linker. (c) One-step synthesis of trithiol linker.
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Figure 2.
Biotin—PEG gold nanoparticle probe functionalization. (a) Conjugation of monothiol biotin

—PEG linker to AuNP surface. (b) Conjugation of disulfide biotin—PEG linker to the
AUNP surface. (c) Conjugation of trithiol biotin—PEG linker to AuNP surface.
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Figure 3.
MicroRNA detection using biotin—PEG—AUNP probes. (a) Control well containing biotin

—PEG—AUNP probe and complementary capture oligonucleotide (without miRNA target).
(b) Monothiol—PEG—AUNP probe. (c) Dithiol—PEG—AUNP probe. (d) Trithiol—PEG—
AUNP probe. (e) Signal intensity values generated from biotin—PEG—AUNP probes.
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Figure 4.

Analysis of bioassay performance and sensitivity for miRNA detection. Simultaneous
visualization of four distinct miRNA sequences at (a) 1 ¢M, (b) 10 pM, and (c) 1 pM
concentrations. (d) Layout of microarray subgrid showing location of miRNA capture sites.
(e) Concentration-dependent detection of four distinct miRNA targets. (f) Light scattering
signal quantification of biotin—PEG—AUNPs bound to miRNA targets from (e).
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Figure 5.

Simultaneous detection of nucleic acid and protein targets using biotin—PEG—AUNP
probes. (a) Detection of positive control molecules (PEG—biotin and biotinylated BSA); 3o
threshold = 315 au. (b) Detection of miRNA and positive control molecules (PEG—biotin
and biotinylated BSA);, 3o threshold = 216 au. (c) Detection of PSA protein and positive
control molecules (PEG—biotin and biotinylated BSA); 3o threshold = 105 au. (d)
Simultaneous detection of miRNA, PSA, and positive control molecules (PEG—biotin and
biotinylated BSA); 3o threshold = 339 au.
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Scheme 1. Workflow for Simultaneous Capture and Detection of Nucleic Acid and Protein Target
Molecules Using biotin—PEG AuNP Probes®

4Biomolecules are biotinylated and added to microarray slides containing capture molecules
(complementary nucleic acid sequences or primary capture antibodies). Streptavidin and
biotin—PEG—AUNPs are subsequently applied to the slide and then amplified with 1 mM
HAuUCI,4 and 5 mM NH,OH to detect the captured targets.
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