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Abstract

Clinically relevant biomarkers exist in blood and body fluids in extremely low concentrations, are
masked by high abundance high molecular weight proteins, and often undergo degradation during
collection and transport due to endogenous and exogenous proteinases. Nanoparticles composed of
a N-isopropylacrylamide hydrogel core shell functionalized with internal affinity baits are a new
technology that can address all of these critical analytical challenges for disease biomarker discovery
and measurement. Core-shell, bait containing, nanoparticles can perform four functions in one step,
in solution, in complex biologic fluids (e.g. blood or urine): a) molecular size sieving, b) complete
exclusion of high abundance unwanted proteins, ¢) target analyte affinity sequestration, and d)
complete protection of captured analytes from degradation. Targeted classes of protein analytes
sequestered by the particles can be concentrated in small volumes to effectively amplify (up to 100
fold or greater depending on the starting sample volume) the sensitivity of mass spectrometry,
western blotting, and immunoassays. The materials utilized for the manufacture of the particles are
economical, stable overtime, and remain fully soluble in body fluids to achieve virtually 100 percent
capture of all solution phase target proteins within a few minutes.
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INTRODUCTION

There is an urgent need to discover novel biomarkers that provide sensitive and specific
detection of early stage disease when it is highly treatable. The low abundance and low
molecular weight proteins and metabolites present in the blood provide a wealth of potential
information and have great promise as a source of new biomarkers [1-3]. Unfortunately they
comprise less than 1 percent of the blood molecules, and in many cases exist in attomolar
concentrations. The remainder of the proteins and peptides comprising the complex circulatory
proteome range from 10712 mg/mL to 103 mg/mL, spanning ten orders of magnitude, with a
few high molecular weight proteins such as albumin and immunoglobulins accounting for 90%
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of total protein content [4]. Conventional protein detection methods, such as two dimensional
gel electrophoresis (2-DGE), do not have the sensitivity and resolution to detect and quantify
low abundance, low molecular weight proteins and metabolites. In spite of the moderately high
detection sensitivity of modern mass spectrometers (attomolar concentration), the input volume
is only a few microliters, and the sensitivity and resolution is influenced by the complexity of
the protein mixture. The usual sample preparation steps for mass spectrometry (MS)
experiments begin with depletion of high abundant proteins using commercially available
immunoaffinity depletion columns. After depletion, fractionation is performed by means of
size exclusion chromatography, ion exchange chromatography, and/or isoelectric focusing.
However, removal of abundant native high molecular weight proteins can significantly reduce
the yield of candidate biomarkers because it has been recently shown that the vast majority of
low abundance biomarkers are non-covalently and endogenously associated with the carrier
proteins that are being removed [5-8]. Methods, such as size exclusion ultra filtration under
denaturing conditions [9], continuous elution denaturing electrophoresis [10], or fractionation
of serum by means of nanoporous substrates [11] have been proposed to solve this problem,
but these methods are very time consuming, reduce the yield, and add sources of variability to
the sample processing. In the past there has been no routine method for purifying and enriching
low molecular mass peptides and metabolites from complex protein mixtures and biologic
fluids in solution.

In addition to the difficulties associated with the harvest and enrichment of candidate
biomarkers from complex natural protein mixtures (such as blood), the stability of these
potential biomarkers poses a challenge. Immediately following blood procurement (e.g., by
venipuncture) proteins in the serum become susceptible to degradation by endogenous
proteases or exogenous environmental proteases, such as proteases associated with the blood
clotting process, enzymes shed from blood cells, or associated with bacterial contaminants
[12-15]. Therefore, candidate diagnostic biomarkers in the blood may be subjected to
degradation during transportation and storage. This becomes an even more important issue for
the fidelity of biomarkers within large repositories of serum and body fluids that are collected
from a variety of institutions and locations where samples may be shipped without freezing.

The fundamental and serious physiologic barriers thwarting biomarker discovery and
measurement can be summarized as follows:

1. The extremely low abundance (concentration) of candidate markers in blood and
urine, are below the detection limits of mass spectrometry and conventional
immunoassays. In its early stage, the diseased tissue constitutes a small proportion of
the patient’s tissue volume, thus generating a low amount of biomarkers.

2. Masking by resident proteins: Resident proteins such as albumin and
immunoglobulins, accounting for greater than 90% of circulating plasma proteins,
confound and mask the isolation of rare biomarkers. The majority of low abundance
biomarkers are non-covalently and endogenously associated with the resident proteins
such as albumin, which exist in a billion fold excess compared to the rare biomarker.

3. Biomarker lability: Low abundance biomarkers are rapidly degraded by endogenous
and exogenous proteinases immediately after the blood or urine is drawn from the
patient. Degradation of candidate biomarkers occurs also during transportation and
storage of blood, leading to serious false positive and false negative results [14].

Core shell, affinity bait hydrogel nanoparticles have been recently proposed in order to address
these fundamental roadblocks to biomarker purification and preservation [16,17]. The
nanoparticles contain a bait that targets classes of analytes (e.g., basic proteins, acidic proteins,
post translational modified proteins). When mixed with a body fluid such as blood or urine,
the nanoparticles simultaneously conduct molecular sieve chromatography and affinity
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chromatography, in one step, in solution [16,17]. The nanoparticles sequester all target
molecules away from albumin association and completely exclude albumin [16,17]. The
molecules captured and bound within the affinity matrix of the particles are protected from
degradation by exogenous or endogenous proteases, even when the proteolytic enzyme
penetrates the particle, most likely due to the fact that the protein molecules are immobilized
on the affinity bait [16,17]. Thus in one step, in solution, over a period of minutes, “smart”
nano-particles conduct enrichment and encapsulation of selected classes of proteins and
peptides from complex mixtures of biomolecules, purify them away from endogenous high
abundance proteins such as albumin, and protect them from degradation during subsequent
sample handling. Proteins sequestered by the nanoparticles are eluted in small volumes, thus
increasing their concentration, permitting analysis by a variety of techniques, such as mass
spectrometry, western blotting, and immunoassays [16,17].

AFFINITY BAITS

A menu of bait chemistries has been created to selectively bind and concentrate a diverse range
of biomarkers, such as a) proteins and peptides, b) metabolites, c) lipids and fatty acids, d)
nucleic acids, and €) post translationally modified peptides (e.g. glycosylated and
phosphorylated). Bait chemistries include charge-based bait (acrylic acid, allylamine co-
monomer), triazine loaded dye (cibacron blue), beta-cyclodextrin, or boronic acid. Example
bait chemistries are depicted in Fig. (1).

Acrylic acid acts as a bait for polypeptides and proteins that have net negative charge.

The affinity of polypeptides to charged particles has been proven to be higher than the affinity
of polypeptide for carrier proteins and depends on the value of the isoelectric point of proteins
and the dissociation constant of particles [16]. A further class of molecular baits is triazine
derived textile dyes (Cibacron blue F3G-A, Procion red H8BN) [18]. The mechanism by which
proteins bind to the blue dye is still unclear. Hypotheses include a) interaction between
dinucleotide fold structural domains of proteins with the dye, which can assume a conformation
that mimics the orientation and the anionic groups characteristic of NAD [19], b) clusters of
apolar residues within the protein molecule interact with the aromatic rings of the dye molecule,
or of positively charged group which binds the sulfonate residues [20], ¢) complex protein-dye
interactions, probably ionic and hydrophobic [21] Dye loaded hydrogel particles are being
successfully employed to uptake small proteins and hormones from serum and other body
fluids, such as urine. Cyclodextrins are cyclic glucose oligosaccharides that have lipophilic
inner cavities and hydrophilic outer surfaces, that are capable of interacting with hydrophobic
guest molecules to form noncovalent complexes, and have been extensively used as vector for
drug delivery [22]. Cyclodextrin has been shown to bind steroids [23-25], cholesterol [26],
and DOPA [27]. Hydrogen bonds, VVan der Waals interaction, and electrostatic interactions are
thought to be the forces that attract and stabilize guest molecules that have suitable size and
preferably hydrophobic character [28]. We have also designed particles that contain boronic
acid groups, which are known to form complexes with thiol groups on target biomolecules.
Boronate ion has been used for affinity chromatography applications involving the selective
isolation of nucleotides, RNA, glycated proteins and glycoenzymes [29-34].

CORE SHELL ARCHITECTURE FOR MOLECULAR SIZE SIEVING

During fabrication of our new class of core-shell hydrogel particles we tailor the chemistry of
the core bait to specifically capture clinically relevant and low abundant biomarkers. Core-

shell hydrogel particles are composed of a N-isopropylacrylamide (NIPAm) shell, which can
be modified to alter permeability or porosity, surrounding a N-isopropylacrylamide (NIPAm)-
bait core to perform affinity binding to proteins in solutions. The porous structure of the shell
excludes molecules above a sharp molecular weight cut-off size from entering the interior of
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the particle. The degree of porosity can be tuned by changing the percentage of cross-linker
N,N’methylenebisacrylamide (BIS) with respect to the monomer. Over 99% of the particle
volume is composed of water allowing polypeptides and other small molecules to penetrate
the polymer matrix [35], and also permitting concentration of rare protein biomarkers. Thus,
each class of particle will sequester and concentrate a class of all analytes below a molecular
weight cut-off that selectively recognize the bait Fig. (2). An experimental demonstration of
the molecular size sieving properties of the particles is shown in Fig. (3). All of the solution
phase chemokine molecules, including those that were associated with albumin, were totally
removed from solution, captured and concentrated by the particles, whereas albumin was
completely excluded.

PROTECTION FROM DEGRADATION

Labile biomarkers, encapsulated into the particles, are protected against proteolytic
degradation, because they are immobilized on the affinity bait, thereby hindering protease
recognition and cleavage.

One of the major source of problems that hinders the discovery and measurement of candidate
biomarkers is the degradation of biomarkers by endogenous and exogenous proteases. The
same chemokines shown in Fig. (3) (MEC/CCL28, SDF-1B/CXCL12b, CCL24) were
incubated with trypsin at 37 C in the presence or absence of nanoparticles and the solutions
were analyzed with SDS-PAGE. As shown in Fig. (4), trypsin rapidly degraded each
chemokine in the absence of the sequestration by particles (Fig. (4), lanes 2, 5, and 8). In marked
contrast, chemokines incubated with trypsin and particles (Fig. (4), lane 3, 6, and 9) generated
a single species band that was not fragmented, suggesting that particles successfully preserved
biomarkers from proteolysis.

TARGET BIOMARKER CONCENTRATION — THE CONCEPT

All the target analytes present in the bulk fluid are captured and then collected in a small
volume, thereby increasing the concentration. The concentration factor depends on the starting
incubation volume and the final volume in which the proteins are collected (Fig. (5)). The
nanoparticles effectively amplify the concentration of low abundance biomarkers captured by
hydrogel particles into a small volume that is a small fraction of the starting volume. Particles
incubated with serum or urine trap the target analytes and are isolated by centrifugation.
Affinity biomarkers are then released from the particles by means of elution buffers. The ratio
of the volume of elution buffer to the original starting solution establishes the concentration
amplification factor. This concentration step provides a means to effectively raise the
concentration of rare biomarkers that become the input for a measurement system such as an
immunoassay platform or mass spectrometry.

AMPLIFICATION OF BIOMARKER CONCENTRATION AS MEASURED BY
IMMUNOASSAYS

Platelet derived growth factor (PDGF) was chosen as a highly challenging model for cancer
related biomarker analysis because it is present in blood in extremely low concentration (0.1-
3.0 ng/mL), with a short half life (2 minutes) [36]. The PDGFs are a family of peptide growth
factors that signal through cell surface tyrosine kinase receptors and stimulate various cellular
functions including growth, proliferation, and differentiation. Four different polypeptide
chains (PDGF-A, -B, -C, and -D) encoded by different genes (chromosomes 4, 7, 11, 22) have
been described [37,38]. PDGF plays a role in angiogenesis and the level of tumor interstitial
pressure during tumor progression [39-41]. Several new therapeutic agents designed to target
PDGF and its receptor are presently in use in the oncology clinic [42—-46]. Despite this known
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theranostic value, PDGF can not be measured routinely and accurately in the clinic because of
the extreme low abundance and high instability of this low molecular weight growth factor.
As shown in Fig. (6A) NIPAm/AAc core shell particles were successfully employed to
sequester, concentrate and preserve native PDGF from human serum. The value of PDGF in
the starting serum solution was 170.92 +/— 4.66 pg/mL whereas the concentration of PDGF
recovered from the particles was 1743.43 +/— 11.06 pg/mL, yielding a concentration factor of
about 10-fold (1000 percent).

Hydrogel nanoparticles functionalized with Cibacron Blue F3G-A (NIPAmM/CB) have been
applied to the measurement of disease-associated biomarkers in urine. Urine is a potential
source of diagnostic biomarkers for diseases detection, and is a very attractive means of non-
invasive biospecimen collection. Nonetheless, proteomic measurement in urine has been very
challenging because diagnostic biomarkers exist in very low concentration (usually below the
sensitivity of common immunoassays) and may be subject to rapid degradation in the acidic
urine environment. NIPAm/CB particles sequestered and concentrated one of the most difficult
low abundance, but medically relevant, hormones in the urine: human growth hormone (hGH).
The normal range of hGH in serum is 1 to 10 ng/mL but the urine concentration is suspected
to be 1000 fold less, well below the detection limit (50 picograms per milliliter) of sensitive
clinical hGH immunoassays.

In Fig. (6B) nanoparticles were incubated with a solution of hGH whose concentration was
below the detection limit of the assay (0.05 ng/mL). Proteins captured by the particles were
released and measured using a clinical grade immunoassay analysis (Immulite, Siemens Inc.)
The concentration of hGH in the particle eluate was 1.2 ng/mL. When particles were incubated
with an hGH solution of 0.8 ng/mL the particle eluate yielded a value greater than 40 ng/mL,
which was above the detection limit of the immunoassay, achieving a concentration factor
greater than 50 times. As an additional quality check, the concentration of hGH in the particle
eluate was found to be linearly dependent on the concentration of hGH in the starting solution,
with coefficients of variation less than 5% (Fig. (6B)).

NIPAmM/CB particles sequestered and concentrated a very rare biomarker in urine, hGH, raising
the effective sensitivity from below the detection limit of a clinical immunoassay well into the
linear range of the assay. A simple mathematical equation can predict the minimum
concentration of hGH detectable by immunoassay following particle based concentration and
elution, knowing the sensitivity of the assay, the initial volume of urine, and the output volume
of the elution:

Cmin=T/(V/v)=T/c,

where Cmin is the minimum detectable concentration of hGH in urine, T is the lowest limit of
sensitivity of the immunoassay, V is the starting volume of urine tested, v is the output volume
of the eluate, ¢ = V/v is the concentration factor given by the ratio between the initial volume
of urine and the volume of the eluate. Assuming that we have 100 mL of urine and the protein
analytes captured in the particles can be eluted in the volume v of 200 pL, the concentration

factor c is 500 and the sensitivity of the immunoassay T is 50 pg/mL, then Cmin the minimum
detectable concentration of hGH will be 0.1 pg/mL with the immunoassay used in this study
and 100 mL of urine as a starting volume.

PARTICLE PREPARATION AND CHARACTERIZATION

The particles can be readily manufactured in large scale at extremely low cost, successfully
stored ina lyophilized state and reconstituted immediately before use. Particles can be produced
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with extremely high yield and reproducibility between and within batches. Particle size is very
homogeneous, as shown in Fig (7).

USE OF HARVESTING NANOPARTICLES IN CLINICAL SETTINGS

The envisioned used of this technology is a population of harvesting particles that contains
multiple subpopulations specific for individual classes of low molecular weight molecules
present in whole blood and other body fluids, such as urine, cerebro-spinal fluid, sweat, saliva,
nipple aspirates, and amniotic fluid. The particles can be simply stored within the collection
tube (e.g. vacutainer) for the blood or body fluid (Fig. (8)). Following introduction of the blood
or body fluid, the respective particle populations remove all of their target molecules, in one
step, in solution, from the entire volume of the sample and concentrate the sequestered analyte
inside the particle. Ongoing clinical research evaluations confirm that it’s possible to recover
particles that have been incubated with whole blood by two successive centrifugations. The
first centrifugation, at lower speed, will pellet the blood cellular components (red and white
blood cells) and leave the particles in solution. The second centrifugation at higher speed will
pellet the particles. Proteins eluted from particles are ready to be analyzed by SDS-PAGE and
mass spectrometry. Analysis of the whole blood will provide a precise snapshot of the
proteomic status of the patient and will not be compromised by the degradation that takes place
during the variable time of sample storage, transport, and processing, currently existing in a
busy clinical environment. The particle populations carrying different baits can be
functionalized with a rainbow of fluorescent dyes and separated by flow cytometry for
respective analysis of their harvested biomarker class.

Finally we 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.
A patch configuration would take advantage of the concentration and preservation functions
of the particles.
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Fig. (1).
Summary of bait chemistry.
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Sequestration
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Fig. (2).
Schematic representation of particle structure and function. A. Particles are constituted by a
bait containing core, surrounded by a sieving shell. Candidate biomarkers can be associated
with high abundance carriers such as albumin. B. When introduced into a complex solution,
such as serum, core-shell particles affinity capture all molecular species below the molecular
weight cut off of the shell, strip the target biomarkers away from the excluded carrier protein
by affinity competition, and preserve the captured molecules from degradation.
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Affinity capture and exclusion of albumin. SDS PAGE analysis of particles incubated with the
following chemokines, mucosae-associated epithelial chemokine (MEC/CCL28), stromal cell-
derived factor-1 beta, (SDF-1p/CXCL12b), and eotaxin-2 (CCL24), in the presence of bovine

serum albumin (BSA) to which the chemokines asssociate. Solutions of the chemokines and

BSA are shown in lanes 1, 4, and 7. After incubation with the particles, no chemokine was left

in the supernatant (S, lane 2, 5, and 8) and all the chemokine solution phase molecules were

captured by the particles (P, lanes 3, 6, and 9), while albumin was totally excluded by particles.
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Fig (4).

SDS PAGE analysis of particles incubated with the following chemokines, mucosae associated
epithelial chemokine (MEC/CCL28), stromal cell-derived factor-1 beta, (SDF-1p/CXCL12b),
and eotaxin-2 (CCL24), in presence of high concentrations of trypsin. The starting solution of
the chemokines (control) are shown in lanes 1, 4, and 7. Chemokines incubated with particles
(Lane 3, 6, and 9) are protected from tryptic degradation whereas chemokines not incubated
with particles (Lane 2, 5, and 8) are susceptible to proteolytic digestion.
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Biomarker sequestration Biomarker
Particle isolation elution

Particle incubation

Fig. (5).

Schematic representation of the concentration effect of nanoparticles. When incubated with a
given volume of blood in which the majority of proteins are high molecular weight, high
abundance proteins (depicted by the letter A), the particles capture all the solution phase
biomarkers (depicted by the letter B) within a few minutes. The particles are then separated
from the bulk solution and the captured proteins are eluted and collected in a small final volume.
The ratio between the initial incubation and the final volume provides the concentration factor.
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Fig. (6).

A. Effective amplification of native platelet derived growth factor (PDGF) in serum. Hydrogel
NIPAM/AAC particles incubated with human serum. ELISA readings on the serum, the
supernatantand the particle eluate. B. Effective amplification of human growth hormone (hGH)
in urine. Dose response study using recombinant hGH spiked in 10 mL of synthetic urine.
Supernatants are depleted and hGH concentration in the particle eluate is linearly dependent
on hGH concentration in Surine. UD means undetectable (below the detection limits of the
Immulite assay).
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Fig. (7).
Examples of atomic force microscopy images of NIPAmM/AAc and NIPAm/CB particles. The
average diameter is 0.80 microns.

The core shell nanoparticles we have used to capture and preserve biomarkers have a size of
approximately 0.8 microns and have been successfully studied and characterized by traditional
flow cytometry.
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Fig. (8).
The envisioned application of particles directly in the Vacutainer device for blood collection.
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