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The complexity of proteomics challenges current meth-
ods to provide all peptide mass fingerprints in an en-
semble measurement of various proteins at differing
concentrations. To detect those low-abundance pro-
teins, nanotechnology provides a technical platform
to improve biocompatibility, specificity, reproducibility,
and robustness of the current proteomic methods. Here,
we comprehensively analyze the weaknesses of tradi-
tional proteomic methods and evaluate the importance
of nanomaterials in significantly improving the quality
of proteomic methods by manipulating individual
proteins. We also illustrate how the large surface-to-
volume ratio of nanomaterials can facilitate mass trans-
fer, enhance the efficiency of separation and high-
throughput capability, and reduce assay time and
sample consumption. The marriage of the two subjects
and the resulting new nanoproteomics will revolution-
ize proteomics research.

The need for nanotechnology in proteomics

With completion of the human genome project in 2003,
proteomics has become the point of interest for a deeper
insight into the cellular processes that have not been
depicted by genomics. The concept of proteomics involves
a comprehensive study on the structures, localizations,
post-translational modifications, functions, and interac-
tions of all proteins expressed by an organism at a certain
time and under certain conditions. Characterization of
proteins will in turn lead to identifying the functional
genome. Current estimates are that the proteome of eu-
karyotic cells contains thousands of proteins with up to
20 000 expressed at any time [1]. Such complexity poses a
serious challenge to current proteomic techniques, includ-
ing both the top-down 2D slab gel electrophoresis intro-
duced 35 years ago [2,3] and the relatively new bottom-up
approach using liquid chromatography/tandem mass
spectrometry (LC/MS/MS) for peptide sequencing and
mass fingerprinting (Box 1) [4,5]. In the 1990s, proteomics
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was not as strong as genomics. For example, proteomics
missed tools like the polymerase chain reaction (PCR) in
genomics, which can amplify a single nucleic acid molecule
in a complex biological sample up to measurable levels
that can be picked up by modern detectors [6]. Conse-
quently, proteomics suffers from limit of detection (LOD):
it is still impossible to detect all protein molecules existing
in biological samples. Another problem in proteomics is
the large dynamic concentration range of different pro-
teins that co-exist in a single biosample — the so-called
dynamic concentration barrier. Typical blood samples can
contain more than 10 000 different protein species, with
concentrations varying over nine orders of magnitude.
Proteins at concentrations of 1072-107 M usually co-
exist with those at concentrations of 107°~10™* M, which
makes detection of low-abundance proteins extremely
difficult. Development of improved analytical techniques
that can recognize a single protein molecule in the pres-
ence of others of high abundance is a top priority for
proteomic methodology.

To face these proteomic challenges, protein microarray
technologies have undergone rapid developments over the
last decade, with cell-free expression systems now being
employed for microarray generation [7]. Moreover, appli-
cation of nanotechnologies to proteomics over the last few
years has established a novel technical platform termed
‘nanoproteomics’ to study the dynamic concentration range
of various proteins in complex biological samples. Advan-
tages of nanotechnologies over conventional proteomic
analysis include real-time multiplexed assays, low sample
and reagent consumption, high sensitivity and specificity,
short runtime, and miniaturized robust analytical systems
composed of nanoscale separation media and channels.
Unique nanomaterials such as carbon nanotubes (CNTs),
nanowires, quantum dots (QDs), and gold nanoparticles
(GNPs) are increasingly being used for proteomic applica-
tions. In this article, we briefly review conventional prote-
omic techniques and their weaknesses. We evaluate the
benefits and risks of the merger between proteomics and
nanotechnology and further analyze the scientific novelty,
strength/weakness, and approaches, and discuss the per-
spectives of the technical marriage.
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Box 1. Shotgun sequencing and peptide mass
fingerprinting

Shotgun sequencing is an approach used for analyzing a complex
protein sample by LC/MS/MS, where the sample is digested with a
suitable protease (commonly trypsin), and the resulting peptides are
separated by HPLC and then characterized by tandem MS. Proteins
are identified by matching the MS fragmentation patterns with
predicted information from genomics or proteomics databases.
Although many studies have used 1D reverse phase HPLC before
MS measurement, such an approach is inherently limited by the
number of peptides that can successfully be loaded and resolved on
the column and detected by the mass spectrometer.

Peptide mass fingerprinting is a method for protein identification
in which the unknown protein of interest is first cleaved into smaller
peptides, whose absolute masses can be accurately measured with
a mass spectrometer such as MALDI-TOF or electrospray ionization
time of flight (ESI-TOF). These masses are then compared to either a
database containing known protein sequences or even the genome
by using computer programs to theoretically cut the protein into
peptides, and calculate the absolute masses of the peptides from
each protein. Then, the masses of the peptides of the unknown
protein are compared to the theoretical peptide masses of each
protein encoded in the genome. The results are statistically analyzed
to find the best match. Therefore, the protein sequence has to be
present in the database. In practice, each protein in a mixture has to
be separated and isolated by 2D gels before cleavage.

Traditional proteomic strategies

Analysis of protein complexes based on a proteomics ap-
proach provides insight into specific translational signaling
pathways and cross-interactions. Proteomics research takes
these forms: (i) global proteomics to identify and catalogue
all possible proteins within an organism [8]; (i) targeted
proteomics to identify and elucidate mutations and changes
of individual proteins in complex mixtures of disease foci in
the course of disease development [9,10]; and (iii) pharma-
coproteomics to reveal interactions between proteins and
drugs, and identify site-specific modifications (phosphory-
lation, glycosylation, and S-nitrosylation [11,12]) on the
proteins induced by the drugs [13].
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The first and perhaps the most crucial step in any
successful proteomics experiment is sample preparation.
Protein solubilization, protein separation, protease diges-
tion, peptide separation, and peptide selection, all involve
steps and protocols that vary greatly among laboratories.
Moreover, different commercially available tandem mass
spectrometers have different mass accuracies and different
rates of peptide selection for fragmentation [14]. Proper
sample preparation enhances the reproducibility of
results. There is no one unique way to prepare samples
and hence each protocol developed differs depending on the
type of sample and the type of experiment to be conducted.
Table 1 summarizes typical proteomic analysis techniques
that are used to identify and quantify functional proteins
present in the proteome.

Application of nanomaterials to proteomic analysis
Rapid detection of low-abundance proteomic samples
requires the development of ultrasensitive, robust, and
high-throughput technology. The above-mentioned techni-
ques, however, are basically ineffective for direct identifi-
cation of membrane proteins, insensitive for detection of
low-abundance proteins, and impossible for assessing bio-
logical changes in protein regulation or expression [14]. In
order to overcome these technical limitations associated
with sensitivity, dynamic range, detection time, and multi-
plexing, proteomics has begun using nanotechnology
resources resulting in a novel analytical platform known
as nanoproteomics.

The employment of nanomaterials smaller than 100 nm
in at least one dimension with their unique size-related
physical and chemical properties into analytical technolo-
gies was first suggested almost 30 years ago [15]. However,
their uses in proteomic analysis still lags behind the rapid
development of other nanotechnologies, despite the numer-
ous progresses made already [16,17]. New separation me-
dia feature higher efficiency and better selectivity in
proteomic analysis than the traditional methods [18].

Table 1. Biotechnical advantages and disadvantages of current proteomic approaches

2D gel
electrophoresis

Non-mass spectrometry-

based size and charge

Can detect 1000s of proteins at a single run based on their

Narrow dynamic range; [3]
difficult for automation

Mass spectrometry-
based

Multi-dimensional
protein identification
technology (MudPIT)

Protein arrays
Two-hybrid systems
Isotope-coded
affinity tagging
MALDI-TOF
Atmospheric
pressure-MALDI
LC/MS/MS

2D gel/MS

NanoMate

Strong cation exchange and reverse phase HPLC combined
enhance sensitivity and dynamic range

Surface is arrayed with specific molecules to the surface of
the chip; easy for automation; good dynamic range

Can detect potential protein interactions; easy for
automation; measure DNA

Broader dynamic range; easily automated
Accurate mass measurement; fast and low cost

Fast and low cost, allowing for high-throughput analysis;
good sensitivity

Rely on fragmentation; broader dynamic range;
reproducible; generate rich y, b, and neutral loss ions

Simple sample process

Faster and automated; favorable ionization; good sensitivity
and reliability

Insensitive for low- [62]
abundance proteins

Require cloning of [7]
100s of proteins

False negatives and [63]
positives

Measure relative [27]
abundance

Extensive sample process [13]
prior to analysis

Extensive sample process

prior to analysis

Extensive sample process [64]
prior to analysis

Inefficient extraction of [13]

proteins from excised gel
High cost



TIBTEC-1030; No. of Pages 9

Trends in Biotechnology xxx xxxx, Vol. xxx, No. x

Table 2. Nanomaterials used in proteomic analysis

[Nanomaterils ————[Funeton g T

Fullerenes MALDI matrices for peptide and lipid analysis; peptide sequence identification [43]

Iron-cored carbon ball (Fe-C) Peptide sequence identification

Carbon nanotubes Peptides analysis; MALDI matrices; electronic sensor; sensitive immunodetection; [40,42-45,65]
nanobiocatalysis; affinity probes; peptides enrichment; protein digestion

Diamond nanoparticles High-affinity capture of proteins for MS analysis [66]

Amine-functionalized Rapid and effective proteolysis [67]

magnetic nanoparticles

C8-functionalized Enrichment of peptides in serum [68]

magnetic nanoparticles

Superparamagnetic Carrier for trypsin immobilization [69]

maghemite nanoparticles

Trypsin-immobilized Microwave-assisted digestion [70]

magnetic nanoparticles

Silica nanoparticles Pseudostationary phase for protein separation; real time measurements [71]
and multiplex analysis

Polymeric Protein adsorption [72,73]

nanoparticles

Copolymer nanoparticles Identification of plasma proteins [74]

CaCOs-poly(methyl methacrylate) Enrichment of low-abundance peptides [75]

nanoparticles

Silver Antibacterial action against Escherichia coli [76]

nanoparticles

Gold Enzyme immobilization; peptides and target-protein selection; high-throughput bioassay [1,26,77]

nanoparticles

TiO, nanocrystal Selective enrichment of phosphopeptides [78]

Zirconium dioxide Specific enrichment of phosphopeptides [79]

Ni/NiO core/shell nanoparticles Selective binding and magnetic separation of histidine-tagged proteins [80]

Nanomaterials have a large surface to volume ratio to
facilitate mass transfer and increase efficiency of separation
of various peptides [19]. For example, using organo-silica
nanoparticles as the packing material in ultrahigh-pressure
LC has achieved peptide separation speed 10 times faster
than conventional methods without loss of high resolution
[20]. The large surface area of nanomaterials can also be
functionalized to facilitate specific separation of peptides.
For example, monodispersed, superparamagnetic beads in
nano sizes can be used as a support material to minimize
sample loss and accelerate the processing speed via magnet-
assisted separation [21]. Many nanomaterials show good
chemical stability over a pH range much wider than silica
(the most common packing material used in chromatogra-
phy) [22]. Recently, nanomaterials have been employed for
improvements of proteomic analysis especially when they
are coupled with MALDI-TOF. Among the diverse classes of
nanomaterials, gold nanoparticles, carbon nanotubes, sili-
con nanowires, and QDs are the most commonly-used nano-
materials to offer several advantages in nanoproteomics
such as ultralow detection, short assay time, high-through-
put capability, and low sample consumption. Table 2 sum-
marizes the usefulness of these materials along with some
promising materials such as magnetic nanoparticles, poly-
mer, and metal oxide nanoparticles.

GNPs

GNPs are readily available, relatively stable, have low
toxicity, and excellent compatibility with biomolecules
[23]. GNPs can easily be modified with a large selection
of functional motifs. Self-assembly monolayer technology
increases GNP solubility and improves interfacial inter-
actions. These functionalized GNPs can then be utilized in

a variety of applications such as protein enrichment and
enzyme immobilization [24]. Monodispersed GNPs are
useful for concentrating proteins from a relatively large
volume of dilute biological fluids by aggregation. This
ability opens up new avenues of research because the
traditional precipitation by trichloroacetic acid is ineffec-
tive in preparation of biosamples containing low concen-
trations of protein [24]. GNP aggregation is characterized
by a red-to-blue color transition: the surface plasmon
resonance band shifts. Thus, GNPs have also been widely
used in high-throughput detection of biomolecular inter-
actions [23,25].

Bottom-up proteomics analysis begins with protein
digestion. Therefore, simple and reliable protocols for im-
mobilization of enzymes are essential. The formation and
activity of GNPs conjugated with different enzymes has
been widely investigated. Enzyme molecules can bind
tightly to gold colloidal particles and retain significant
biocatalytic activity in a conjugated form when the enzyme
molecules are denatured upon adsorption to planar sur-
faces of gold. Figure 1c shows the assembly of gold nano-
particles onto the zeolite surface through a linker of amine
groups, resulting in a new class of biocatalysts with better
activity, stability, and seven reuse cycles within a wide pH
range (2-12) and temperatures (37-70 °C) [26].

Protein digestion always generates a very large number
of peptides, which results in a great challenge to the
downstream separation and MS identification procedures.
One option to reduce the pool of peptides is to isolate the
peptides that contain a specific amino acid residue. A
porous polymer monolithic column covered with surface-
bound GNPs exploits thiol chemistry for capture and sep-
aration of cysteine-containing peptides [1]. The condition
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Figure 1. Examples of nanomaterials that aid in improving proteomic analysis. (a)
Gold nanoparticles (GNPs; gold circles) conjugate thiols to develop a polymer
monolithic column for capture and separation of SH-containing peptides [77]. The
scheme shows that surface modifications of a poly(glycidyl methacrylate-co-
ethylene dimethacrylate) monolith column containing GNPs (far left) with
octadecylthiol (SH-CqgH3;) or sodium-2-mercaptoethanesulfonate results in a
new column with exchangeable surface functionality. This process allows a
switch between reverse phase (top right) and ion exchange (lower right)
chromatographical separation of proteins. (b) Assembly of GNPs on the zeolite
surface through the amine groups presented in 3-aminopropyltrimethoxysilane
[48]. Pepsin binds the Na-Y zeolite (core)-Au nano (shell) structures via interaction
with GNPs, leading to a new class of biocatalyst. This new biocatalyst is supported
by a more massive biocompatible surface, and could easily be separated from the
reaction medium by simple sedimentation. It exhibits excellent activity over seven
successive reuse cycles as well as enhanced pH and temperature stability. (c)
Reverse phase microarray used for signal amplification [26]. In the setting, proteins
extracted from cellular lysates are arrayed onto a nitrocellulose substrate and
probed with a primary antibody. In turn, a biotinylated secondary antibody
recognizes the presence of the primary antibody. The biotinyl groups are then
detected by streptavidin linked to reporter molecules such as quantum dots (QDs)
or enzymes such as horseradish peroxidase that carry out catalyzed reporter
deposition for signal amplification.

to release cysteine-containing peptides from the GNP col-
umn is different from that used for separation, making it
possible for online coupling with LC/MS for capture, en-
richment, release, separation, and identification of cyste-
ine-containing peptides from non-cysteine containing
peptides when separation of non-cysteine containing pep-
tides precedes first. Based on this, a versatile monolithic
GNP column was invented that allows easy switching
between reverse and ion exchange separation modes using
only one column (Figure 1a), which contains exchangeable
surface functionalities to overcome the flaw in current
existing methods that usually equip one column with
single functionality [25,27,28].

CNTs

CNTs are another type of important nanomaterial useful
for proteomic analysis. Since their discovery in 1991 [29],
the cylinder-like materials have drawn intensive research
interest because of their remarkable electrical, chemical,
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mechanical, and structural properties [30,31]. CNTs are
classified as single-walled carbon nanotubes (SWCNTSs) or
multi-walled carbon nanotubes (MWCNTs). With dia-
meters of 1-2 nm, and lengths ranging from 50 nm to
1 cm, SWCNTSs are one-dimensional nanomaterials. They
are amenable to biomedical applications because they have
multiple binding sites for conjugation with targeting
ligands, ultrahigh surface area (theoretically 1300 m?%/g):
multiple molecules can be loaded along the length of the
nanotube sidewall. The surface of nanotubes is polyaro-
matic so that aromatic molecules can be m—m stacked all
over the nanotube.

The surface of CNTs is highly hydrophobic. For biomedi-
cal utilization, the CNT surface needs to be either covalently
or noncovalently modified [32]. Covalent functionalization
forms conjugation between carboxyl groups and functional
moieties on the CNTs sidewalls, or cycloaddition onto the
sidewalls. By contrast, noncovalent functionalization builds
interactions between the hydrophobic domain of an amphi-
philic molecule and the CNT surface to afford aqueous CNTs
wrapped by surfactants. The two methods are briefly de-
scribed in Box 2.

The unique properties of CNTs make them extremely
attractive in designing chemical sensors in general and
electrochemical detectors in particular. The work had been
widely reviewed [33—37]. With increasing complexity in

Box 2. Covalent and noncovalent modification of CNTs

Covalent reactions [41] include (i) oxidation using oxidizing agents
such as nitric acid (HNO3) to form carboxyl groups at the ends of
tubes or at the defects on the sidewalls, and then hydrophilic
polymers (e.g., PEG) or other functional moieties (e.g., R-NH,, R-
OH, SOCIl,, or carbodimide) can be conjugated with the carboxyl
groups; (ii) cycloaddition of aromatic sidewalls of CNTs with azides
(R—-N=N+=N-) under photochemical reaction; (iii) Bingel reaction
between CNTs and carbine generating compounds [e.g., Br(COOR),]
under a condition of strong base; and (iv) 1,3-dipolar cycloaddition
on CNTs under dimethylformamide at 130 °C. Functional groups
(e.g., amino-terminated PEG) introduced via the covalent reaction
can be further conjugated with peptides and drugs. Disadvantages
of the covalent functionalization include disruption of the intrinsic
physical properties of CNTs resulting in losses of their photolumi-
nescence and Raman scattering.

Noncovalent functionalization [40] of CNTs by coating their
surface with amphiphilic surfactants or polymers essentially
preserves the physical properties (e.g., m-network of CNTs) of
CNTs. Aromatic molecules such as pyrene can bind to the
polyaromatic graphitic surface of the CNTs via w—m interaction.
Therefore, amine-reactive pyrene derivative, or glycodendrimer-
conjugated pyrene can be anchored on to the CNT surface via -
stacking. An SWNT coated with a single-stranded DNA or
functionalized with PEGylated phospholipids has been made.
Various amphiphiles have been used to suspend CNTs in aqueous
solutions with hydrophobic domains attached to the CNT surface
via van der Waals forces and hydrophobic effects, and polar heads
for water solubility. Various surfactants such as Tween-20, pluronic
tri-block, sodium dodecyl sulfate (SDS), and Triton X-100 copoly-
mer have been tried to noncovalently functionalize nanotubes
surfaces to reduce the non-specific binding of proteins and
solubilize CNTs in water. The amounts of surfactants have to be
carefully calculated to stabilize the CNTs while avoiding lysing of
cell membranes and denaturation of proteins. The ideal noncova-
lent functionalization coating should: (i) be biocompatible and
nontoxic; (ii) be sufficiently stable to resist detachment from the
nanotube surface in serum; and (iii) have functional groups for
conjugation with antibodies or other molecules.



TIBTEC-1030; No. of Pages 9

systemic analysis and data integration, CNTs are showing
greater potential as new tools in proteomic analysis [38].

SWCNTs are formed when one single layer of graphite
is folded onto itself and the resulting edge is joined,
with high aspect ratio, lengths from several hundred
nanometers to several micrometers, and diameters of
0.4-2nm [39]. A lot of effort has been put into both
covalent and noncovalent functionalization of SWCNTs
to overcome a major technical barrier: poor solubility in
aqueous media [32,40,41]. SWCNT surface modification
not only results in better dispersion but also provides
better selectivity for bioanalysis and separation purposes.
SWCNTSs have been incorporated into an organic polymer
monolithic stationary phase to separate peptides by cap-
illary electrochromatography [42]. Pretreated SWCNTSs
dispersed in 2-propanol have been used as a porogen in
the preparation of a monolithic column by employing
vinylbenzyl chloride as monomer and ethylene glycol
dimethacrylate as cross-linker. Both the retention factors
and the separation efficiency on the SWCNTs monolithic
column seemed to be quantifiably superior to those
obtained from the control column without incorporated
SWCNTSs [42]. Functionalized SWCNTSs have been used
as MALDI matrices for peptides analysis [43]. Attach-
ment of multiple acidic (CH3);COOH groups to the wall is
critical for the matrix function. CNTs with functional
groups attached to the nanotube ends cannot perform
as MALDI matrices, nor do they work when the COOH
end groups and multiple sidewall fluorine substituents
are used. An important advantage of using SWCTNs is
the absence of a low-mass matrix signal. This is in part
due to the large size and relative stability of single
nanotubes [43]. In addition, SWCNTs may have some
advantages in protein analysis because of their larger
size and payload.

MWCNTSs are made of several layers of graphene cylin-
ders that are concentrically nested like rings of a tree trunk
with an interlayer spacing of 3.4 A [39]. Although interac-
tions between the layers still need to be further investigat-
ed to understand the accurate properties of MWCNTs [38],
MWCNTSs have already proven useful in proteomic analy-
sis. They have been used as the assisting matrix for
MALDI analysis of bradykinin, insulin, and cytochrome
C without suppressing the low-mass ions in the presence of
the high concentration of citrate buffer (50 mM) [44]. Thus,
the mass detection range could be extended to 12 kDa and
alkali metal adducts of analytes could be effectively re-
duced. Furthermore, citric acid-treated MWCNTs have
been employed as affinity probes to selectively concentrate
traces of analytes from aqueous solutions in the presence of
high concentrations of salts and surfactants, which would
otherwise have been intolerable. This approach is very
suitable for the MALDI analysis of small proteins, pep-
tides, and enzyme-digested products. MWCNTSs have been
used as an alternative adsorbent to capture endogenous
peptides from human plasma peptidome analysis [45].
MWCNTSs improved sensitivity and resolution of LC/MS.
Twenty-five hundred and twenty-one peptide features (m/z
300-1800 range) could be detected in about 50 wL of plas-
ma. Three-hundred and seventy-four unique peptides were
identified with high confidence by 2D LC system coupled to
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ananospray ionization linear ion trap MS. High recovery of
BSA digest peptides enriched with MWCNTSs, in both
standard buffer and high-abundance protein solution,
was observed. MWCNTs are superior to chromatographic
columns of octadecyl carbon chain (C18)-bonded or C8-
bonded silica in capturing the smaller peptides.

Nanofabricated structures used in proteomic analysis
Nanofabrication is the design and manufacture of devices
with dimensions measured in nanometers. Here, only
nanostructured surface and nanofluidics will be discussed
regarding their applications to proteomic analysis.

Nanomaterials: nanostructured surface

MALDI-MS has been widely employed for protein identifi-
cation using suitable organic matrices. Unfortunately,
matrix peaks interfere with the fingerprints of small pep-
tides whose mass-to-charge ratio is less than 800 m/z.
Several kinds of metal and metal oxide nanoparticles as
well as CNTs have been used to solve this problem [46].
One method uses porous silicon to trap analytes deposited
on a porous silicon surface. Applied laser irradiation
vaporizes and ionizes the biomolecules. The method works
at femtomole and attomole levels of analyte, and induces
little or no fragmentation, in contrast to what is typically
observed with other approaches. The ability to perform
these measurements without a matrix also makes it more
amenable to small-molecule analysis. In addition, chemical
and structural modification of porous silicon has enabled
optimization of the ionization of the porous silicon surface.
This technique is sensitive and compatible with silicon-
based microfluidics and microchip technologies. Based on
this, nanoporous surfaces have been used to capture low-
molecular weight peptides from human plasma [47]. Here,
the surface was fabricated by coating silicon chips with a
500-nm thick nanoporous film of silicon oxide. The average
pore size was estimated to be about 7nm. Harvested
peptides were analyzed by MALDI-TOF MS and 70 peaks
were found in the 800—10 000 m/z range. This method was
able to detect peptides at the ng/ml concentration level
[47].

Reverse phase protein microarrays have been used for
proteomic analysis after the microarray surface is nano-
structured. These nanostructured arrays facilitate high-
throughput screening of post-translational modifications of
signaling proteins from diseased cells. QDs have been used
as reporter agents for amplification of the microarray
sensitivity based on their multiplexing potential [48]. As
shown in Figure 1b, the Qdot 655 Sav (an inorganic fluo-
rescent nanoparticle conjugated to streptavidin) is used in
a reverse phase protein microarray format for signal path-
way profiling. Moreover, after pegylation, the pegylated
Qdot 655 Sav bioconjugate has superior sensitivity and
specificity to a non-pegylated form of the bioconjugate in
terms of cellular protein extracts. Hyperspectral imaging
of the QD microarray enabled unamplified detection of
signaling proteins within defined cellular lysate, and thus
this approach may be amenable to multiplexed, high-
throughput reverse phase protein microarrays in which
numerous analytes could be measured in parallel within a
single spot.
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Nanofluidics

Nanofluidics is the study of behavior, manipulation, and
control of fluids that are confined to structures at nanome-
ter level. Fluids confined in these structures exhibit physi-
cal behaviors different from those in larger structures
because the physical scaling lengths of the fluid very
closely coincide with the dimensions of the nanostructure
itself. With advances in nanofabrication, it is now possible
to reliably fabricate nanofluidic gaps and filters that have
regular, controllable structures, with near-molecular
dimensions (10—-100 nm). One can take advantage of these
nanofluidic structures for advanced separation and manip-
ulation of various biomolecules and bioparticles.

Compared to conventional separation methods such as
those using gels with random nanopores, nanofluidic sieves
and filters have demonstrated superior performance for
both analytical and preparative separation of various bio-
molecules including proteins. A microfabricated nanofilter
array chip can size-fractionate SDS—protein complexes and
small DNA molecules based on the Ogston sieving mecha-
nism [49]. Nanofilter arrays with a gap size of 40-180 nm
have been fabricated and characterized. Complete separa-
tion of SDS—protein complexes and small DNA molecules
has been achieved in several minutes with a separation
length of 5 mm. The fabrication strategy for the nanofilter
array chip allows further increase in the nanofilter density
and decrease in the nanofilter gap size. As a result, faster
separation could be possible. A facile microfluidic colloidal
self-assembly strategy can create orderly, robust, 3D nano-
fluidic sieves within microfluidic devices to achieve fast
separation of DNA and proteins of a wide size range [50].
Compared to conventional colloidal deposition procedures
such as vertical deposition, this approach features much
faster assembling speed, absence of drying-caused cracks
that may otherwise jeopardize the separation perfor-
mance, and better flexibility to couple with current micro-
fabrication techniques.

An integrated blood bar code chip consisting of a
nanofluidic system having channels with immobilized
antibodies can be used for on-chip blood separation and
rapid determination of a large panel of protein markers
over a broad concentration range. Nanofluidics can be
efficiently combined with other sensing platforms rapidly
detect low-abundance analytes. Nanobiochips, which con-
sist of semiconductor nanoparticle QDs integrated into a
modular microfluidic biosensor, have been used for de-
tection of cancer markers (CEA, CA-125, and Her-2/Neu)
in human serum and saliva samples [51]. Another unique
application of microfluidics is for printing protein micro-
arrays, which has until now been carried out by tradi-
tional pin and ink jet printing technologies that have
limitations for printing protein solutions; the protein of
interest is usually not present at a concentration high or
pure enough for direct printing. A 3D microfluidic system
is now devised to print protein samples in continuous
flow to overcome concentration related drawbacks of
other printing technologies [52,53]. This continuous flow
microspotter could generate protein arrays from dilute
samples at concentrations as low as 0.4 pg/ml with excel-
lent spot morphology, uniformity, and increased surface
concentration.

6

Trends in Biotechnology xxx xxxx, Vol. xxx, No. x

An anisotropic nanofilter array (ANA) was recently
created for continuous flow protein size separation, includ-
ing native proteins, SDS-coated proteins, long DNA, and
short DNA, by utilizing different sieving mechanisms
(Figure 2a—c) [54]. Structural anisotropy is the key to
high-throughput, continuous flow separation, and also
ideally suited for preventing the system from clogging,
because larger molecules are prevented from entering
many nanofilters [55]. The ANA structures have been used
for a rapid and quantitative immunoseparation assay of
proteins [54]. The ANA structures, composed of periodical-
ly patterned deep channels and shallow regions, allow
small antibodies to pass through the shallow regions easier
than large immunocomplexes, when the flow field is ap-
plied in an oblique direction. Human C-reactive protein
and human chorionic gonadotropin can be examined by
using fluorescent-labeled polyclonal antibodies. It has been
shown that the size of the immunocomplex and the field
strength are critical for separation [56]. Additionally, the
device allows a convenient measurement of homogeneous
binding kinetics without the need for repeating the binding
experiments and immobilizing molecules.

Nanofluidics could also be used as a preconcentrator to
enhance the detection limit of biomolecules, and concen-
trate proteins and peptides up to a million fold within
30 min (Figure 2d, e) [57]. Due to the electrical double
layer overlapping determined by a sharp increase in fluo-
rescence intensity, sub-100 nm nanochannels have prefer-
ential transfer over counterions (or counterion current). As
a result, a well known phenomenon called ion concentra-
tion polarization can be observed. By coupling a tangential
field across the ion depletion zone, fast accumulation of
charged molecules can be achieved. The device recognizes
the charged biomolecules based on two features: (i) the
energy barrier for charged biomolecules generated by the
induced space charge layer near the nanofluidic filter; (ii) a
faster nonlinear electroosmotic flow for sample deliveries.
The preconcentration factors (10°-~108-fold) and collection
speed (a 10"-fold concentration increase within 40 min),
which are rate-limiting for many genomics researchers, are
close to those of PCR for nucleic acids.

Almost all immunobiosensors are inherently limited by
the quality of antibodies available for the target molecule.
Consequently, obtaining a highly specific antibody for a
given target molecule could be a challenge. A nanofluidic
device integrated with charge-based electrokinetic precon-
centrator with a bead-based immunoassay has been used
as an immunoassay and to measure binding kinetics [58].
With a 30-min preconcentration, immunoassay sensitivity
could be enhanced by more than 500 folds. Moreover, by
adjusting the preconcentration time, a broader dynamic
range (0.01-100 000 ng/ml) of detection could be obtained
for a given bead-based assay. As the system can enhance
both detection sensitivity and dynamic range, it can be
used to address the most critical detection issues in the
detection of common disease biomarkers.

Recently, a nanofluidic proteomic immunoassay was
developed to quantify total and low-abundance protein
isoforms in nanoliter volumes [59]. The method can quan-
tify amounts of MYC oncoprotein and B cell lymphoma
protein-2 (BCly) in Burkitt’s and follicular lymphoma,;
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Figure 2. Schematic depiction of how nanofluidic devices aid in proteomic
analysis. Left panel shows a microfabricated anisotropic sieving structure that
consists of a 2D periodic nanofluidic filter array. The nanofluidic protein
concentration device collects and traps molecules efficiently. The anisotropic
nanofilter array (ANA) causes different sized or charged biomolecules (such as
proteins, DNA, and carbohydrates) to be separated by deep region. (a,b) When the
Debye length A\p < ds (Debye layer highlighted in yellow), the steric exclusion
effect dictates jump dynamics. For Ogston sieving (a), smaller-sized molecules (in
green) are preferred for nanofilter passage, resulting in a greater nanofilter jump
passage rate P, than large-sized molecules (in red). In entropic trapping (b), the
longer linear molecules (in green) assume a greater probability of hernia formation
and thus a greater passage rate P, than the short molecules (in red). (c)
Electrostatic sieving becomes dominant when \p = ds. Similar sized globular
molecules with a lower negative net charge (in green) experience lesser
electrostatic repulsion than those with more negative charge when crossing the
negatively-charged nanofilter, resulting in a greater passage rate P,. The mean
drift distance L between two consecutive nanofilter crossings plays a determinant
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identify changes in activation of extracellular signal-relat-
ed kinase-1 (ERK1) and ERK2, mitogen-activated kinase-1
(MEK), signal transducer and activator of transcription
protein-3 (STAT3) and STATS5, c-Jun N-terminal kinase
(JNK), and caspase-3 in imatinib-treated chronic myelo-
geneous leukemia (CML) cells; measure an unanticipated
change in the phosphorylation of an ERK2 isomer in
individuals with CML who responded to imatinib; and
detect a decrease in STAT3 and STAT5 phosphorylation
in individuals with lymphoma who were treated with
atorvastatin. Therefore, nanofluidics is a new and highly
sensitive method for determining oncoprotein expression
and phosphorylation in clinical specimens and for develop-
ment of new therapeutic biomarkers for cancer.

Concluding remarks

Nanoproteomics has technical advantages over traditional
proteomics. (i) Target proteins bind to the functionalized
carbon nanotubes for real-time detection of biomolecules
based on changes in electrical conductance of the device. (i)
QDs act as a labeling agent for sensitive detection of target
proteins in an array format. Protein analytes are detected
by monitoring the emission spectra of bound QDs. (iii)
Silver and gold nanoparticles improve sensitivity as a
result of the increased local electric field on the nanoparti-
cle surface and the electronic coupling between adsorbed
molecules and the surface of the gold nanoparticle. (iv)
Target proteins are specifically detected when the conduc-
tance of a specific device is altered after target proteins
bind to the silicon nanowires of the device; conductance of
the other device remains unaltered.

The combination of nanotechnology with proteomic
analysis will be of significant importance in developing
miniaturized analytical nanomaterials, including separa-
tion media and channels at nanoscale levels for biomedical
research [60,61]. The development of methods such as
nanoelectrophoresis and nanochromatography gives hope
that single molecules rather than concentration param-
eters could be dealt with in the near future. The unique
properties of nanostructures (e.g., nanoparticles made
from noble metals) could be the superior alternatives to
conventional fluorescent dyes and lead to a breakthrough
in proteomics. Nanofluidics offers a means to handle a very
small volume of samples. The combination of nanofluidics
with nanostructured labels is a powerful tool for diagnosis
of diseases and their prognosis. Separation- and label-free
nanosensors with multiplexing capacities could also alle-
viate the complexity problems that proteomic analysis is
confronting in terms of shape and composition of nanoma-
terials. Integrating these new nanotechnology methods
with the traditional proteomic methods can help to resolve
proteomic complexity.

role for the migration trajectory, with a shorter L leading to a larger stream
deflection angle 6, where 6 is defined with respect to the positive y axis. (d) The
layout of the nanofluidic protein concentration device. (e) The schematic diagram
of the device. The device efficiency is based on the electrokinetic trapping and
nonlinear electroosmotic flow in the chip with nanofluidic filters (5-50 wm wide,
40 nm deep). The filters filled with buffer solution are used as an ion-selective
membrane to generate an ion depletion region for electrokinetic trapping. The
electrical field En is used to generate the ion depletion region and extended space
charge layer that traps biomolecules. ET is used to generate the electroosmotic
flow to bring the molecules into the trapped biomolecule plug from the reservoir.
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Nanotechnologies are converting microarrays into
nanoarrays to help to isolate a single cell and may eventu-
ally make detection of single protein molecules possible by
the use of nanomaterials such as QDs. Although still in its
immature stage, significant advances have been made in
nanoscale proteomic analysis because manipulating single
molecules is the subject of nanotechnology. Without any
doubt, the marriage of the two subjects and the new
nanoproteomics will revolutionize proteomics research in
the future.
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