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Abstract
The incorporation of affinity baits into N-isopropylacrylamide-hydrogel-based nanoparticles offers
a novel technology that addresses the major analytical challenges of disease biomarker discovery.
In solution in complex biologic fluids (e.g. blood or urine), core-shell bait-containing nanoparticles
can perform three functions in one step: (a) sieve molecules according to size, (b) sequestrate and
concentrate target analytes, and (c) protect analytes from degradation.

Introduction
There is an urgent need to discover novel biomarkers that provide sensitive and specific disease
detection,1–3 since it is widely believed that early detection of disease prior to symptoms will
lead to a dramatic improvement in treatment outcome.4 Biomarkers are nucleic acids, proteins,
protein fragments or metabolites5,6 indicative of a specific biological state, that are associated
with the risk of contraction or presence of disease.7 A serum or plasma sample is thought to
contain low-abundance circulating proteins and peptides which can provide a rich source of
information regarding the state of the organism as a whole.8 Despite the promise of serum
proteomics, there are three fundamental and serious physiologic barriers thwarting biomarker
discovery and translation to clinical benefit: 1. Important diagnostic biomarkers may exist in
extremely low abundance (concentration) in blood. Early-stage diseased tissue, such as pre-
metastatic cancer lesions, may constitute less than a few cubic millimeters. Biomarkers shed
into the circulation from such a small tissue volume will become highly diluted in the entire
blood volume. Relevant analytes may exist below the detection limits of mass spectrometry
and conventional immunoassays. 2. Resident proteins such as albumin and immunoglobulins,
accounting for 90% of circulating plasma proteins, confound and mask the isolation of rare
biomarkers.9 The vast majority of low abundance biomarkers are non-covalently and
endogenously associated with the resident proteins such as albumin and immunoglobulins,
which exist in a billionfold excess compared to the biomarker.8 3. Low-abundance biomarkers
can be rapidly degraded by endogenous and exogenous proteinases or clotting cascade enzymes
immediately after the blood sample is drawn from the patient. Indeed, degradation of candidate
biomarkers occurs also during transportation and storage of blood, leading to serious false-
positive and false-negative results.10 Over the past five years a variety of new technologies
have been applied to address these three fundamental challenges of biomarker discovery.11–
14 The technologies focus on improving the sensitivity of detection or the pre-analytical
separation and concentration of biomarkers. Two classes of technology that have had
significant impact are (a) nanotechnology-based nanosensors, and (b) protein biomarker
discovery and sequencing using mass spectrometry (MS).

Nanosensors with clinical applications
Significant advances have been made in building sensitive and reliable nanosensors for
diagnostic testing. One widely explored architecture for nanosensors is nanowires, whose
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working principle relies on the fact that the conductance of a nanosized channel changes upon
binding small numbers of biomolecules to probe receptors immobilized on the channel surface.
15 Extremely high sensitivity has been reached, e.g. prostate specific antigen (PSA) was
detected at concentrations of 1 fg/mL in model solutions. 16 Another example category of
nanosensors employs cantilevers coated with receptors specific for biomarkers of interest.
When the biomarker binds to the receptor, this causes an increase in mass that is detected by
cantilever deflection (static mode) or change in cantilever resonance frequency (dynamic
mode).17 Technologies such as beam deflection distance and piezo-resistive read-out,
commonly used in atomic force microscopy, are being used to detect the cantilever bending.
PSA concentrations of 0.2 ng/mL were detected in a BSA-containing solution with cantilever-
based nanosensors. 18 High levels of sensitivity have been achieved with the bio-barcode assay.
19 In this muliplex assay, magnetic microparticles and gold nanoparticles are combined in a
sandwich immunoassay incorporating a unique DNA sequence specific for the intended
analyte. PCR amplification and detection of the DNA bar code via hybridization to a chip
allows the identification of the analyte of interest. The detection limit for PSA using this
technology was reported to be 1 fg/mL.20 Ultra-sensitive immunosensors for protein
biomarkers have been proposed based on surface plasmon resonance (SPR).21 SPR can detect
molecules bound to a surface by subtle changes in the SPR angle. Probes are immobilized onto
the surface and the analyte-containing solution s passed through the surface. Binding between
analyte and probes causes changes in the SPR angle. Amplification methods employing gold
nanoparticles generated a linear response to PSA concentration down to 300 fM.22 Despite the
high sensitivity of nanosensors for measuring analytes, the critical question remains: What
analyte do you measure with the nanosensor? In order to realize the promise of biomarkers for
clinical benefit, new analytes must be discovered that provide sensitive and specific association
with disease. Thus the discovery of new specific disease-related-biomarkers still remains a
critical issue that can not be solved by improving the sensitivity of immunoassay technology
alone.23

MS-based biomarker discovery
To address this need for new analytes, mass spectrometry has become the preferred technique
for the discovery of candidate biomarkers in biological fluids.24,25 Advances in MS techniques
are offering the opportunity to use very complex biological samples to perform de novo analysis
of proteins, protein modifications and metabolites present in cells or tissues.26–30 Liquid
chromatography coupled with tandem mass spectrometry (LC MS/MS) has reached a
sensitivity in the order of attomolar concentration of analytes.31 Nevertheless, when complex
solutions are studied, diminished sensitivity of MS/MS can be attributed to its limited dynamic
range (3–4 orders of magnitude) compared to the extraordinarily wide concentration range of
blood proteins (ten orders of magnitude).1 Moreover, MS analysis accepts only a small input
volume, thereby limiting the number of molecules that can be sequenced and limiting the
resulting sensitivity. In fact, most low-abundance blood analytes routinely measured using
standard clinical laboratory immunoassay machines cannot be detected in the serum or plasma
proteome at the current sensitivity of MS. Increasing the dynamic range and the effective
sensitivity of current MS technology represents the key technological advance that could lead
to discovery of biomarkers previously unknown because of their low abundance in blood and
body fluids.

Hydrogel nanoparticles bridge the gap between detection and sensitivity
limits

Recently, a new application of nanotechnology has been proposed to bridge the gap between
MS-based biomarker discovery and nanosensor-based diagnostic tools. A variety of types of
nanoparticles have been applied to capture and separate proteins from complex mixtures prior
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to MS.32–36 These include solid silica particles and open-structure hydrogel particles. The most
promising group of nanoparticles used to date appears to be hydrogel-based. Hydrogel
nanoparticle affinity bait sequestration is a successful preprocessing step that can concentrate,
purify and protect biomarkers from degradation, capturing them from large volumes of
biological fluids and concentrating them in small volumes for analysis either with mass
spectrometry or immunoassay systems.35,36 Hydrogels are a class of so-called “smart”
materials37 that can perform desired mechanical actions in response to target stimuli, such as
changes in temperature, pH, or biological stimuli. Of particular interest, the Ulijn group
obtained enzyme-responsive hydrogels by incorporating enzyme-cleavable peptide linkers.
These peptides carried a cleavable site and charged arginine residues that caused electrostatic
repulsion of polymer chains. In the presence of the specific enzyme, these particles shrank due
to the peptide cleavage and consequent loss of the charged arginines.38 Deswelling of particles
due to the presence of the enzyme corresponded to a decrease in molecular accessibility of
about 30 kDa. Hydrogel materials therefore have the potential to be smart drug carriers able
to release their cargo at the desired location following a specific external stimulus.39,40

Hydrogel nanoparticles, integrated with matrices such as silica and ormosil, have been
proposed for the intracellular monitoring of small analytes (e.g. H+, Ca2+, Mg2+). These
specialized diagnostic microprobes have been named “probes encapsulated by biologically
localized embedding” (PEBBLEs).41 The microsensors are fabricated as nanosized particles
(20–100 nm) that contain an analyte-specific dye and a reference dye. When the analyte
interacts with the specific dye, it elicits a change in the fluorescence that can be compared to
the reference dye fluorescence. The inert matrix of the particles protects both the cell and the
sensor from mutual chemical perturbation.42

Affinity bait-containing hydrogel particles for solution biomarker harvesting and albumin
exclusion

Recently, specialized affinity bait-containing hydrogel particles have shown great promise for
biomarker harvesting. The particles simultaneously conduct molecular sieve chromatography
and affinity chromatography, in one step, in solution.35 These “smart” nano-particles conduct
enrichment and encapsulation of selected classes of proteins and peptides from complex
mixtures of biomolecules such as native human serum and urine, purify them from endogenous
high abundance proteins such as albumin, and protect them from degradation during
subsequent sample handling.35,36 This new class of hydrogel particles has a molecular sieving
shell surrounding a specific bait core (Fig. 1). Core-shell hydrogel particles are composed of
aN-isopropylacrylamide (NIPAm) shell, that can be modified to alter permeability or porosity,
surrounding a NIPAm-bait core which performs protein affinity binding in solutions. 35 The
porous structure of the shell excludes molecules above a sharp cut-off size (22–27 kDa, which
is the molecular weight of immunoglobulin light chains) from entering the interior of the
particle.35 The degree of porosity can be tuned by changing the percentage of cross-linker
N,N0-methylenebisacrylamide (BIS) with respect to the monomer (NIPAm). Given their
physicochemical properties, hydrogel particles can absorb large amounts of water (over 90%
of the particle volume), allowing polypeptides and other small molecules to penetrate the
polymer matrix,36,43 thus permitting rapid concentration of rare protein biomarkers. Particles
incubated with serum have been shown to trap the target analytes and separate them from carrier
albumin.35 The particles can be isolated by centrifugation, and candidate biomarkers can be
released from particles by means of electroelution or elution buffers.36 Elution methods are
available that are compatible with the current techniques for protein quantification, such as
mass spectrometry, 44 gel electrophoresis,45 immunoblotting, 46 ELISA,47 and other
immunoassays.48 The ratio of elution buffer volume to the original starting solution establishes
the concentration amplification factor. This concentration step is a fundamental point for
biomarker measurement and discovery because it provides a means to effectively raise the
concentration of rare biomarkers that become the input for a clinical measurement system such
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as an immunoassay platform36 or mass spectrometry. 35 Protein uptake by the particles is are
rapid, with more than 90% of the target protein in solution captured by the particles after 1
minute incubation.35 The extraction of proteins from solution is quantitative and no protein
can be detected in the supernatant after 30 minutes’ incubation in the studies performed to date;
35,36 thus the efficiency of capture approaches 100%. When applied to human serum and urine
samples, the harvesting particles showed low nonspecific binding and exclusion of albumin
and other high molecular weight serumderived proteins.35

Protection of labile biomarkers from proteolytic degradation
Labile biomarkers, encapsulated into the particles, are also protected against proteolytic
degradation, which is an additional serious impediment to biomarker identification. Such
stabilization occurs even when the protease is small enough to penetrate the inner space of the
particles.35

Bait chemistries are designed to selectively bind diverse classes of
biomarkers

The incorporation of the bait drives the uptake ofmolecules in solution and assures that captured
molecules are preserved from degradation. The bait molecule can be incorporated in the
hydrogel particle by copolymerization or covalent binding to functionalities present in the
particle. A number of bait chemistries have been explored to selectively bind and concentrate
different classes of biomarkers such as (a) small proteins and peptides, (b) metabolites, (c)
post-translationally modified peptides (e.g. glycosylated and phosphorylated), (d) nucleic
acids, and (e) lipids and fatty acids. Bait chemistries comprise charge-based bait (acrylic acid,
allylamine co-monomer), triazine-loaded dye (cibacron blue), β-cyclodextrin and boronic acid
(Fig 2). At physiological pH, acrylic acid (pK ¼ 3.5) and allylamine (pK ¼ 9.6949) have affinity
for cationic and anionic polypeptides and proteins, respectively. An example bait chemistry is
the family of triazine-derived textile dyes (e.g., Cibacron blue F3G-A, Procion red H8BN)50

that have been used in affinity chromatography due to their highly specific molecular
recognition and low cost.51 The mechanism by which proteins bind to Cibacron blue dye is
still unclear, but hypotheses include (a) interaction between the dinucleotide fold structural
domain of proteins and the dye, which can assume a conformation that mimics the orientation
and anionic groups characteristic of NAD,52 (b) proteins possessing a cluster of apolar residues
interact with the aromatic rings of the dye molecule, or with positively charged groups which
bind the sulfonate residues, 53 or (c) complex interactions, probably ionic and hydrophobic.
54 Dye loaded hydrogel particles have been successfully employed to uptake small proteins
(IL-18) and hormones (hGH) from urine and to greatly increase the sensitivity of current
diagnostic techniques. 36 Nanoparticles have been designed that contain cyclodextrins.
Cyclodextrins are cyclic glucose oligosaccharides that are typically cone-shaped with
lipophilic inner cavities and hydrophilic outer surfaces. Because of their structure,
cyclodextrins are soluble in aqueous solutions and interact with hydrophobic molecules to form
noncovalent complexes via hydrogen bonds, Van der Waals interaction, and electrostatic
interactions; 55 these properties make them ideal candidates as drug delivery vectors.56

Cyclodextrins have been shown to bind small hydrophobic molecules, such as cholesterol,57

steroids,58 and DOPA.59 Finally, the capability of boronic acid groups to form complexes with
thiol groups has been exploited as a bait strategy for hydrogel nanoparticles. Affinity
chromatography based on the -boronate ion has been successfully applied for the selective
isolation of nucleotides, RNA, glycated proteins and glycoenzymes.60–65 When an analyte of
interest is sought, as reported in Fredolini et al.,36 the first step is choosing a bait that has the
highest affinity for the analyte. The second step is optimization of parameters that affect the
uptake process: (a) the surface area of the particle, which depends on the dimension of the
particle that can be controlled during the synthesis by tuning the concentration of total monomer
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and initiator; (b) the porosity of the particle, which depends on the percentage of the
crosslinking agent with respect to the total monomer during particle synthesis; (c) the
characteristics of the solution to be incubated with the particles (pH, ionic force, etc.). Bait
strategies include moieties that target classes of analytes. The choice to target a class of analytes
instead of a specific molecule has been motivated by the necessity to be as general as possible
for biomarker discovery,35 since we do not know ahead of time what we are looking for.
Moreover, even when the interest was focused on a specific analyte, class-targeting particles
proved to have binding capacity large enough to avoid masking and interference from
competing proteins.36 Nevertheless, biologic ligands, receptors, and antibodies are logical as
candidate bait molecules for specific ligands. Acrolein-containing particles can be created that
carry a free aldehyde group for the covalent immobilization of antibodies and peptides.66

Properties of hydrogel core-shell bait nanoparticles
NIPAm-AAc particles have been produced with extremely high yield and reproducibility
between and within batches.35,36 The particles have very good colloidal stability at room
temperature during the time required for capture, storage and elution of protein analytes (at
least 48 hours), and no precipitation was observed, as depicted visually in the report by
Fredolini et al.36 The colloidal stability may be very important for rapid uptake. The core-shell
nanoparticles have a size of approximately one micron and have been successfully studied and
characterized by traditional flow cytometry.35 The particle size was very homogeneous, as
shown in Fig. 3.

Applications of hydrogel nanoparticle harvesting and sieving functions
The envisioned used of this technology is a population of harvesting particles that contain
multiple subpopulations specific for individual classes of low molecular weight molecules
present in whole blood and other body fluids, such as urine, cerebrospinal fluid, sweat, saliva,
nipple aspirates, and amniotic fluid. The particles would simply be stored within the collection
tube containing the blood or body fluid. Following introduction of the blood or body fluid, the
respective particle populations will remove all of their target molecules, in one step, in solution,
from the entire volume of the sample and concentrate, as well as protect the sequestered analyte
from degradation. The particle populations carrying different baits can be functionalized with
fluorescent dyes and separated by flow cytometry for respective analysis of their harvested
biomarker class. The disulfide containing cross-linking agent N,N0-cystaminebisacrylamide
(CBAm) provides a means for introducing thiol groups into NIPAm-based hydrogels.41 CBAm
can be incorporated as a cross-linking monomer during formation of the particle. Incubating
the disulfide-cross-linked hydrogel with aqueous buffer containing mild reagents such as
dithiothreitol or tris-2-carboxyethylposphine liberates the sulfurs in the form of thiol groups.
These thiol groups can then be used for the chemo-selective covalent attachment of
functionalized fluorescent labels such as Alexa Fluor 488 C5 maleimide (Invitrogen). By
varying the amount of CBAm monomer incorporated in the hydrogel, it is possible to control
the dyeloading capacity of the particle, and thus the degree of labeling.

Conclusion
Future work will be focused on optimizing the separation and washing methods, which are
currently based on centrifugation aided by magnetic separation. In this manuscript all
applications of the particles are ex vivo, but possible applications in vivo can be envisioned
for the future. NIPAm-coated particles have shown low cytotoxicity in previous studies,67 and
were not significantly internalized by macrophages, likely due to steric repulsion. Importantly,
the repulsion of NIPAm-coated particles did not decrease at 37 °C, above the phase transition
temperature at which the polymer chains are expected to shrink and the particle reduces in size.
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67 Nevertheless, if injection into patients is to be considered in the future, we can also
contemplate using FDA-approved polymers such as polyethylene oxide, polylactic acid and
polyglycolic acid. Finally, we can envision the extension of the biomarker-harvesting particles
to other collection receptacles, such as an adhesive patch for the sampling of skin transudate,
exudate, and sweat. The patch configuration would take advantage of the concentration and
preservation functions of the particles.
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Fig. 1.
Schematic representation of particle structure and function. (a) Particles are constructed with
a bait-containing core, surrounded by a sieving shell. (b) When introduced into a complex
solution, such as serum, core-shell particles perform affinity capture of low-molecular-weight
proteins from the carrier protein albumin and function as a molecular weight sieve with total
exclusion of high molecular weight proteins.
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Fig. 2.
Summary of bait chemistries. Chemical formulas of the baits are shown in the right-hand
column, and the class of target molecules is shown in the left-hand column. Baits include
comonomers (e.g. acrylic acid) or chemical moieties that are covalently bound inside the
particle in a second reaction after polymerization (e.g. Cibacron Blue F3G-A).
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Fig. 3.
Atomic force microscopy images of NIPAm-AAc particles. Particles suspended in MilliQ
water (pH 5.5, 1 μg/mL) were deposited on freshly cleaved mica under a humid atmosphere
at room temperature for 15 minutes and dried under nitrogen. The particles exhibit a uniform
size distribution (diameter 800 nm). The scale bar for particle height shows a maximum height
varying from 100 to 280 nm. The AFM picture was acquired under dry conditions, therefore
the particles are distorted (flattened) from their spherical shape due to drying on the mica
surface.
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