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Introduction

iving cells are complicated bioreactors with a plethora
of multistage reaction sequences all occurring in con-

cert to sustain the factory of life. As chemical engi-
neers develop more sophisticated nanostructures and microde-
vices in coordination with electrical engineers and chemists,
the ability to measure and monitor these cellular and subcellu-
lar processes is becoming a reality. Traditional cell analysis
tools utilized over the last 25 years have predominantly been
conducted at the macroscale. However, the trailing technology
of the Silicon Revolution has been microfabricated laborato-
ries on a chip (Lab-on-a-Chip), with the ability to interface
micron-scale events and sensors with cell populations. The
infusion of nanotechnology into this platform is even more
recent and began after the National Nanotechnology Initia-
tive’s (NNI) flurry of research in this area. Today, micro and
nanoscale technologies are routinely used to probe and manip-
ulate living cells. Although a few platforms are currently
available on consumer markets, the potential for economic
growth is significant. This perspective focuses primarily on
the progress made utilizing microscale devices and nanotech-
nology to probe living cells for applications as diverse as med-
ical diagnostics, pathogen or bioterrorism detection, pharma-
ceutical screening and cancer detection.

Microdevices (also called Lab-on-a-Chip (LOC), and micro
Total Analytical Systems (uTAS)) are under development in
labs across the globe because they have the potential to pro-
vide high-resolution, low-cost, and rapid analysis with small
sample volumes for a wide range of biological and chemical
applications. Such microdevices are designed to mimic labora-
tory processes in micro and nanoliter volumes by utilizing
microchannels and microchambers fabricated into polymer or
glass chips. Living cells can be studied within this platform as
precisely controlled environmental conditions and single-cell
manipulations are now possible.'

Correspondence concerning this article should be addressed to A. R. Minerick at
minerick@che.msstate.edu.

© 2008 American Institute of Chemical Engineers

2230 September 2008 Vol. 54, No. 9

Most cell manipulation technology takes advantage of the
significantly different probability of object interactions that
occur at the microscale. For example, examining a 10 cm sec-
tion of an approximately 4 in. dia. (100 mm) pipe, one finds
that the inner surface area of the pipe is 0.03 m” with a corre-
sponding volume of 0.0008 m®. The surface to volume ratio
for this large channel is only about 40 m ™', while for a micro-
channel with a diameter of 100 microns and the same 10 cm
long, the surface area and volume are three and six orders of
magnitude smaller, respectively, but the ratio of surface area
to volume is three orders of magnitude larger (=40,000 m ™ ").
This trend is briefly captured in Table 1 for spherical particles,
as well as for channels. This means that liquid/solid interac-
tions are much more prevalent, and as such, the surfaces can
be utilized to impart forces on the fluid and the cells within
the channel.

This surface to volume attribute can be exploited further
when moving three orders of magnitude smaller to nanopar-
ticles. For instance, one can coat a 1-micron spherical cell
with over 3 million 1 nm particles (no void space = 4 mil-
lion). Functionalizing a nanoparticle is fairly straightforward,
as well because over 300 1-Angstrom molecules can fit on a
1 nm particle (no void space = 400). Molecules that are used
to functionalize surfaces require a high affinity and specific-
ity for their target molecules. Antibodies, a highly special-
ized biological (immunological) recognition tag, are the
most commonly utilized molecules for these purposes. In
this perspective, discussions will focus on microfluidic de-
vice technologies for probing cellular level processes, molec-
ular influences on cell responses, and cell to nanoparticle
interactions.

Microfluidic platforms capable of
manipulating single-cells

The ability to probe cells at the length-scale of single mole-
cule is steadily becoming a reality, such that recognition of bi-
ological or mechanical dysfunction in a few cells of an entire
population will soon be possible. This ability would enable
highly sensitive tools for detecting cancer, assessing the effec-
tiveness of pharmaceutical treatments, and quantifying biolog-
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Table 1. Surface to Volume Ratios Particles and for 10 cm
Long Channels

Square or Cylindrical

Spherical Particle Channel (10 cm long)

S/V S/V
Diameter Ratio (1/m) ‘W=H or Diameter Ratio (1/m)
1 mm 6.0 E+03 100 mm 4.0 E+01
1 um 6.0 E+06 100 yum 4.0 E+04
1 nm 6.0 E+09 100 nm 4.0 E+07

Particles and structures at the nanoscale have much great S/V ratios that impart
new functionalities

ical or chemical toxins. While nanoscale tools are needed for
spatial and temporal cell probing, microfluidic platforms are
required to transport and manipulate the cells, such that they
can be interfaced with the appropriate nanoprobe. The micro-
fluidic systems will need to be fully interfaced for nanoprobe
to detector transfer of information. This section discusses the
fabrication of such microdevices, the functionality of compo-
nents of the lab-on-a-chip devices, and then discusses the elec-
trical, magnetic, optical, and mechanical forces utilized to
manipulate living cells within the devices.

The Silicon Revolution developed technology that has pro-
vided the foundation for much of the microfluidic devices uti-
lized today. Fabrication techniques for micron and nanoscale
features are diverse and include micromaching masters,2 (soft)
photolithography,* injection molding, glass acid etching, reac-
tive ion etching, laser ablation,* shrinky dink, hydrophobic
surface patterning,5 paper-based microfluidics,® masked elec-
trodeposition, microprinting, masked growth, LiGA (combines
lithography, electroplating, and molding), and many others.’
Polymers are the most common platform for microfluidic
devices due to the ease of channel fabrication, their tunable
chemical, mechanical, electrical, and optical properties, as
well as lower expense of the material.® Micromachined metal
mold masters are viable for mass-producing hot embossed
thermoplastic devices with an inverted pattern of the master.
One such thermoplastic, poly(methyl methacrylate) (PMMA),
has material properties such as surface charge or optical char-
acteristics that are conducive to electroosmotic flow in the
channels and unimpeded spectrometric detection. The master
is a considerable expense, but almost 1 million plastic devices
can be embossed from each master, thus, making the cost per
device quite low.> However, photolithographic fabrication
techniques are more conducive to research laboratories
because of rapid turnaround time of prototypes. A monomer
containing eight epoxy resins known as SU-8, can be spin-
coated onto silicon wafers, masked with high-resolution
printed photomask film, and developed to produce features as
small as 0.5 microns.

Poly(dimethylsiloxane) (PDMS) elastomers can then be
cast onto this master to produce a relatively flexible inverse
casting of the original master. Cell culture, cell population
analysis, and single-cell manipulation has been accomplished
in devices fabricated from the aforementioned methods.'™

In order for microfluidic devices to achieve the goal of fully
inclusive tiny laboratories on a chip, they must mimic multi-
step analytical procedures with nanoliter volumes of reagents
and samples. For the devices to be portable, this must be
accomplishable in nonlaboratory conditions with portable
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power sources and detection schemes. From a chemical engi-
neering perspective, it is necessary to re-engineer key unit
operations at the microscale by taking advantage of forces
that are much more significant at these small length-scales.
Necessary unit operations include transport, dilution, mixing,
thermal control, concentration, separation, and detection. One
of the first discoveries with microfluidic devices was that as
channel dimensions are decreased, the larger surface areas
with respect to volume creates significant drag along the chan-
nel walls, and the subsequent pressure drop down a channel is
significant. Also, the classic parabolic velocity profile results
in significant dispersion in the channel, which depending on
the application, is not desired. Further, pressure driven flow is
less amenable to miniaturization, but has been accomplished
on chips with creative solutions that range from peristaltic
pumps driven from electrical actuators to centrifugal pumps.9
Electroendoosmotic flow (EOF) is an alternative and is
accomplished with longitudinal electric fields that exert forces
on double layer charges near the channel walls. Through vis-
cous shearing, relatively high electric fields (=100 V/cm) can
cause convective motion of the bulk fluid in the channel, and
a flat velocity profile is produced such that hydrodynamic dis-
persion is minimized in the flow. Disadvantages are that the
large voltages can cause Joule heating within the fluid, as well
as electrochemical reactions at electrode surfaces, and, thus,
impact ion gradients within the channels.'® Although pressure
driven and electrokinetic driven transport are the most preva-
lent, transport strategies also include surface tension biases,’
thermal gradients, magnetic, geometric designs, and gravity
among others. It has been advanced that flow driven by forces
generated inside flow channels that take advantage of micro/
nanoscale surface characteristics will be most effective.’

Chemical manipulation and analysis is sometimes easier in
microfluidic channels than whole cell characterizations,
because living cells can dynamically respond to and even
change their surrounding environment. This can be quite sig-
nificant in nanoliter reaction chambers and channels, because
even migration of a small number of ions can effect local ion
concentrations due to the finite nature of the system. The ions
in solutions dynamically interact with channel walls, espe-
cially in electroendosmotic flow, and transport in the micro-
fluidic device can be altered.'” Despite these challenges, pro-
gress has been made in controlling transport of reagents, cap-
turing, and concentrating cells in microfluidic devices.'

Mixing is a challenging area that has been explored by
many researchers. At the length scales of interest, mixing by
molecular diffusion alone is very time intensive; diffusional
timescales across a microchannel can take 15 min."" The mix-
ing of living cells adds complication because the cells gener-
ally migrate to the central axis of pressure drive flow due to
the hydrodynamic shear effects near the wall."”> However,
mixing of reagents can be accomplished with a variety of
techniques including creative geometries, intentional forma-
tion of vortices, and oscillatory pumping.'’

The different mechanisms for manipulation and analysis of
living cells include specialized cell culture, cell concentration,
cell lysis, and separation.! A recent example is specially fabri-
cated micro and nanopatterned gold surfaces functionalized
with fibronectin for adhesion. These structures were then em-
bedded in microfluidic channels to capture cells for subse-
quent culture.'> One unique application required precisely
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Figure 1. Second-generation microdevice with one loading port and four exit ports for each of the four positive blood types.

ABO antigens influence deflection in the device’s dielectrophoretic field causing the cells to flow into different channels
for subsequent optical detection (adapted from*®, graphic drawn by Heather Rowe, MSU).

controlled multicellular tumor spheroids grown in a microflui-
dic array assembly comprised of U-shaped traps made of
PDMS. Seed tumor cells were introduced into the array, sin-
gle-cells became immobilized in each trap, and the microflui-
dic platform was then used to perfuse nutrients for cell devel-
opment into spheroids whose properties mimic those of
tumors in vivo. Once the spheroid tumors were grown, this
platform enabled streamlined screening of cancer drugs.]4
Additional cell manipulations have been demonstrated includ-
ing microdevice cell lysis by heat generation near the cell
membrane by a laser irradiated magnetic bead system
(LIMB)," DC electroporation, and contact with caustic lytic
agents that dissolve the membrane.' Cell separation can be
accomplished in a number of ways including size fractiona-
tion, charge and conductivity differences, centrifugal and
other mechanical forces, magnetic bead assisted separations,
density, and laser and optical forces.! Dielectrophoresis (non-
uniform AC fields) is frequently used for cell separations by
either size or cell polarizability, and has been shown to distin-
guish Malarial infected cells from healthy cells and live from
dead cells at throughputs on the order of 10* cells/second.'®!”
The plethora of tools available to accomplish unit operations
within these microfluidic lab-on-a-chip devices are quite
diverse; the most promising utilize technologies which can be
scaled down to be fully housed on the chip and, are, thus,
portable instruments for use in remote locations.

Discerning molecular differences
between cells

Not only are electrical and magnetic fields convenient from
a portability standpoint, recent findings suggest that these
tools have the sensitivity to discern differences in molecular
expression on the same type of cells. This year, our group
reported the ability to discern positive blood types without
significant blood sample pretreatment, without molecular
modification, and with only a 6 Volt peak to peak AC dielec-
trophoretic field.'"® This work was accomplished within the
confines of a custom built microdevice, and a field applied
from an external function generator. The second-generation
device is depicted in Figure 1.7

Human blood samples are rather convenient from both a
medical diagnostic, as well as a cell population standpoint.
Humans have differing molecular structure of blood type anti-
gens expressed on the surface of red blood cells. There are
22 blood group antigen classification systems, and 6 antigen
collections in the process of being placed into a system. The
most prevalent and important system is the ABO blood type,
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because it determines blood transfusion compatibility; it is
classified by type based on antigen polysaccharides expressed
on the membrane surface and antibodies circulating free in
blood plasma.”® Type A blood expresses antigen A and a
powerful IgM antibody Anti-B, while Type B blood cells
express antigen B and IgM antibody Anti-A. Type AB blood
carries both A and B antigens and no antibodies, while Type
O blood has a nonfunctionalized backbone antigen and
expresses both IgM antibodies. As a result, a Type O person
is considered a universal donor, while a Type AB person is
considered a universal acceptor. However, one more antigen,
the Rhesus factor, is key to track for blood donations. If the
Rh antigen is present, a blood type is referred to as positive; if
absent, the blood type is negative. The resulting eight blood
types in the ABO/Rh system are A+, B+, AB+, O+, A—,
B—, AB—, and O—. Human A and B blood group antigens
differ from each other by only a substitution on the terminal
end of the H antigen as shown in Figure 2.*° The number of
ABO antigens per cell varies by individual, but can be as high
as 1.5 million,”' so while the molecular structure differs only
slightly, a sizable percentage of the surface area of an 8-
micron red blood cell is dedicated to expressing the ABO anti-
gens.

Red blood cells experience complex interactions with elec-
tric fields due in part to their intra- and extra-cellular composi-
tion, dynamically responsive functionality, and unique bicon-
cave shape. Cell membranes are essentially nonconducting (o
<1 ,uS/m),l(’ vary from 90 nm to 50 nm in thickness,?? and
impact the ability of charges to penetrate the cell, thus, mak-
ing the cell a dielectric object in solution.'” Intracellular
charged proteins, hemoglobin, and cytosol molecules contrib-
ute to an erythrocytes’ high interior conductivity (¢ = 0.53 to
0.31 S/m),**'® and impact the ability of the cell to conduct
charges through it."”

In our laboratory, whole blood was diluted 600:1 with phos-
phate buffer saline, and this blood cell suspension was
observed while an alternating current, spatially nonuniform
field was applied in the sample chamber. Figure 3 shows the
unaltered video microscopy images of the nonuniform elec-
trode configuration and the spatial distribution of A+, B+,
AB+ and O+ blood cells in the microdevice chamber.'®
Image analysis to determine cell centroid X,y positions was
conducted on the video microscopy sequences. The average
cell position was then compiled in MATLAB and tracked
with time with a wedge binning approach that approximated
the electric field gradient. O+ erythrocytes exhibited the
smallest movement in the dielectrophoretic field likely due
to the presence of only a nonfunctional antigen backbone
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Figure 2. ABO blood group antigens shown with each of the four base blood types.
An additional antigen, Rh factor (not shown), determines the positive and negative blood types in the ABO system

(graphic drawn by Heather Rowe, MSU).

(Figure 2). A+ cells responded to the field by moving in the
vertical direction away from the high-field density electrode
region, while B+ cells responded by moving horizontally out
from both electrodes. This is illustrated qualitatively in Figure
3. AB+ average responses showed slightly greater horizontal
movement than O+, and slightly greater vertical movement
than B+. Our group has attributed this behavior to the differ-

A+

ing dielectrophoretic forces imparted by the A and B glyco-
forms on AB blood cells. While these cells express structur-
ally similar antigens that differ only by their terminal saccha-
rides,? statistical analysis revealed that we could recognize
O+ blood with greater than 95% confidence. This has large
implications because type O blood can be universally donated.
AB+ could be distinguished with greater than 85% confi-

Figure 3. Unaltered images of the four positive ABO blood type cells in a dielectrophoretic field.
Differing responses in the vertical and horizontal dimensions are quantified for each blood type such that O+ blood can

be distinguished at greater than 95% confidence.
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dence, and all blood types could be distinguished from each
other at a 56% confidence level.'® With our second-generation
microdevice (Figure 1), and by engineering antibody-linked
nanoparticles to bind to these antigens, we expect to increase
these confidence levels significantly.

Nanotechnology used to probe single-cells

Nanotechnology for mechanical, biochemical, and electrical
probing of living cells and subcellular level events is diverse.
This section discusses single particle interactions with cells
that influence or change cell properties for greater contrast,
optical tagging, changes in susceptibility to forces, or even
direct penetration of the cell.** Structures with nanoscale fea-
tures can play a significant role in manipulation and character-
ization of living cells. Also, nanoscaffolds can provide a frame-
work for cell growth and the inclusion of nanoscale materials
into tissue can have a significant impact on tissue properties,
regeneration, strength, and controlled release of drugs.

While nanoscale structures exhibit different properties than
their bulk counterparts, many nanoparticles utilized with liv-
ing cells are functionalized with antibodies (cover figure), or
other biological molecules exhibiting high-levels of specificity
and selectivity. These antibody interactions have been previ-
ously characterized by immunologists, cloned, amplified
within animals or in vitro, harvested and then purified. For
most nanoparticle binding, a linker molecule is required such
as mercaptopropyltriethoxysilane’s (MPTS) affinity for gold
nanoparticles, and the exposed amine group’s affinity for the
desired antibody.

Noninvasive imaging of living cells or tissues is possible
with nanoparticles or quantum dots as contrast agents; they
can be incorporated into the cells via endocytotic mechanisms
or simply linked onto the cell surfaces.” Traditional organic
fluorochromes are limited to yield resolutions of approxi-
mately half the wavelength of light delivered to the sample
(=300 nm) and the molecules themselves are susceptible to
optical degradation (photobleaching), and have wide emission
bands such that it is difficult to use more than three colored
fluorochromes at one time.?® However, gold nanoparticles,
quantum dots, and superparamagnetic particles are not suscep-
tible to these issues. Gold can be functionalized with antibod-
ies, has proven to be biocompatible, and is an excellent con-
trast agent in optical and electron microscopes for structures
as small as macromolecules.” Approximately 100 to 10,000
metal and semiconductor atoms are arranged together to form
a quantum dot, which has unparalleled capabilities as fluores-
cent probes for high-resolution imaging with high-intensity
laser light sources. Quantum dots are amenable to cell labeling
within microdevices, but due to the base materials of cadmium
and arsenic, these are not conducive to in vivo imaging.25

Nanoparticles can also be bound to cells for subsequent
magnetic or electrical manipulation. One example of this is
with superparamagnetic beads bound to transmembrane recep-
tors of target cells with monovalent ligands. When in a mag-
netic field, the beads became magnetized and aggregated the
cells together. Due to the proximity of the transmembrane
receptors, biological responses such as calcium influx into the
cell occurred only when exposed to the field.”” Magnetic
glyco-nanoparticles comprised of Fe;O, coated with silica, D-
mannose, and a fluorescein molecule for imaging were able to
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bind to E. coli, and then were concentrated and pulled out of
solution when a magnetic field was applied.”®

Other ligands have an affinity for membrane proteins and can
aid in cell adhesion to specific areas of a microdevice channel
or nanoprobe. Functionalized fiber optics have been used to
image single cells. A target analyte from the cell interacts via
immunochemical complexation with antibodies bound to the tip
of a fiber optic thread. This is converted to an electrical signal
and then reconstituted into an image of the single-cell. By cou-
pling this technology with a fluorochrome, nanoresolution
enzyme linked immunosorbent assays (ELISA) can be realized.
To date, this work has been predominantly used to monitor pro-
grammed cell death (apoptosis).> Once immobilized, other me-
chanical probing techniques can be used on the living cell such
as atomic force microscopy. In one study, AFM was used to
measure the stiffness of live metastatic cancer cells as compared
to healthy cells. It was determined that metastatic cancer cells
are 70% softer than the benign cells.”’

Biological cells can also be captured into specialized cages
or impaled with nanofibers to aid in still imaging of the living
cells. In order to create nanoaquariums, femtosecond laser
pulses were used to create hollow microstructures inside a
photostructural glass microdevice. Large single celled organ-
isms with dimensions of 100 um by 40 um were imaged
inside the confines of the nanoaquarium.* This confinement
improves the ability of light microscopes to image the orga-
nism. Complete immobilization for longer-term observation of
cells has also been attempted via impaling or cell culture on
carbon nanofibers, or silicon nanoneedle arrays on surfaces.’
Vertically aligned carbon nanofibers (VANCF) are cones or
cylinders grown on silicon surfaces whose dimensions are as
small as 10 nm at the tip, and as long as 10 microns in height.
They can be grown in regular arrays on surfaces, are
extremely strong owing to their graphene sheet composition,
can be integrated with microscale features in devices, and can
have their tip functionalized for electrochemical studies.
These tools have been used to probe cells by either impaling
via centrifugation or via mammalian cell culture on the cones.
DNA can be bound to the nanofiber, introduced into the cells
via penetration, and the cells have been demonstrated to live
several weeks and express the new DNA.*

Nanofibrous scaffolds have also been used to mimic the com-
position and structure of a cell’s native extracellular matrix
(ECM).*® Some tissue scaffolds can be assembled in sifu in liv-
ing tissue. One example of this is peptide amphiphile molecules
that assemble into supramolecular nanofibers in the ionic envi-
ronment of the spinal cord. The molecules self-assemble into cy-
lindrical nanofibers exhibiting a necessary laminin epitope, a
molecular structure recognized by the immune system, that pro-
motes neural stem cell growth to repair motor and sensory
fibers.® Further, carbon nanotubes (CNT) are being used in syn-
thetic ECMs because the CNT size and structure is similar to
native ECM proteins. The roughness of the CNTs, as well as an
applied electrical stimulation through the conductive nanotubes
was found to increase cartilage regeneration.>'

There exist a multitude of nanointerfaces available to probe
living cells both in vivo and in vitro on a microfluidic chip.
Challenges lie in seamlessly integrating techniques into a ro-
bust and versatile, yet reliable, platform with enough through-
put that single-cell events can be compiled into profiles of the
cell population. The applications of this are widespread in
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both diagnostics, pharmaceutical screening, and even further-
ing our knowledge of subcellular events.

Health and Environmental Concerns
Regarding Micro- and Nanotools

Our pursuit of chemistry and related knowledge has not
always occurred under the safest or environmentally benign
conditions. The most common approach has always been to
single-mindedly pursue objectives. The most famous example
is of Nobel laureate, Marie Curie, and her husband’s efforts in
discovering and isolating radium. The research was done with-
out any protection or containment practices because the dam-
aging effects of ionizing radiation were unknown at that time.

However, none of us, as avid life-long learners and open
minded researchers, should be so naive as to think that the
high-surface area nanostructures that we are synthesizing
could be benign from either a health, safety, or environmental
perspective simply because the more traditional macroscale
form of the elements is inert.*?

In the opinion of this author, supplemental funding should
be included from any agency participating in the National
Nanotechnology Initiative’s broad goal; such funding would
be available for each PI’s research program to concurrently
conduct preliminary health and environmental screenings and
publish these results in the open literature. This could be a
chapter in each student’s thesis, and would train our upcoming
workforce to be well versed, proficient, and cognizant of tox-
icity screening techniques, as well as adverse chemical inter-
actions. Concerns regarding the reliability of such data would
be resolved in the literature arena, where the results first
undergo peer-review, and then subsequently undergo scrutiny
in the broader research community. Independent agencies
could continue to conduct their independent toxicology stud-
ies, but possibly would be in a position to conduct tests on
research grade materials instead of on materials nearing
release into the greater consumer markets.

One recent example of this is the use of silver nanoparticles
as antimicrobial agents in a multitude of products from plastic
ware to socks that are odor resistant. Such products have been
on the market for over 5 years, yet “a complete characteriza-
tion of the toxicity of environmentally relevant silver species
is lacking, only a limited risk assessment is possible at this
time” (2008).*> Recent evidence suggests that nanoparticle
embedded textiles leach as much as 650 ug with each wash-
ing, suggesting that these materials are mobilized in the waste-
water run-off system rather rapidly.** The ability to complete
toxicity characterization and risk assessments could be com-
pleted in the research phase, long before products reach the
market. As evidenced by Marie Curie’s noble career and
recent news regarding silver nanoparticles, we should not use
the world’s ecosystem as our experimental conditions. We
have the means to conduct this assessment™® concurrent with
our research and will do more to advance the potential of
micro and nanotechnology with this approach than by continu-
ing the paradigm of trial and error.

Existing Challenges and Future Goals

While some political challenges exist with coordinating
health and environmental assessments in this field, existing
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technical challenges are extensive. Progress on this front is
rapid; new particles, new functionalized nanoplatforms, nano-
composite materials, and creative new approaches to utilizing
the dominating forces at these scales are being developed
everyday. Some viable pathways are briefly discussed here.

While microfluidic devices have evolved to include precise
manipulations of small volumes and single cells, few fully
integrated, self-contained, sample preparation to final analysis
devices currently exist. Systems that utilize disposable chips
with millifluidic channels and reaction chambers that interface
with a completely contained benchtop sensor instrument are
currently on the market. One notable example in blood sample
testing is the Piccola Xpress from Abaxis™ that can complete
a standard metabolic panel with 0.1 mL of whole blood in
about 12 min.*® This system includes an advanced self-cali-
bration and quality control scheme for simultaneous control
runs, checks for false results due to chip malfunction, moni-
tors noise associated with the sensor, electrical board, and
wavelength detection. There is considerable room in this mar-
ket for portable, hand-held, field-ready analytical and diagnos-
tic devices requiring less volume, less time, and less money.

Nanocomposite patterned surfaces have yet to be integrated
with microfluidic devices. These two research approaches are
evolving separately, but once the structured growth of nano-
structures is streamlined, these two platforms will be com-
bined and will likely offer the next big advance in medical
diagnostics, pharmaceutical screening, or pathogen detection.
Nanopatterned surfaces within microchannels will likely ena-
ble precise electrokinetic control of the fluid, as well as a fully
wired microarray of nanosensors.

A wide variety of smart polymers are being developed that
respond via large conformational changes to stimuli in their
surrounding environments. These polymers, if embedded in
microfluidic devices would enable new flow, separation, and
other functionalities in a dynamically controlled micro/nano
lab-on-a-chip network. The technology is not yet at this stage,
but it is currently at a state where polymers will swell or con-
tract to control pore size in nanoporous silicon-based mem-
branes.*®

Microplexing via planar array or suspension array technology
are extremely valuable tools that have significantly advanced
genomic and proteomic screenings, and are pervasively used
for molecular detection from cell lysates or as assays for patho-
gen detection.’” Combinations of complementary receptor tags
are patterned and bound onto a surface with planar arrays; the
target then binds only to its specific tag. However, the disad-
vantage of this platform is the inherently long diffusion time
for the target to be intercepted by the immobilized tag, which
unacceptably slows test results when the target is present in low
concentrations. Microfluidics is a viable platform to facilitate
mass transfer of the target over the fixed receptor regions, and
through integration with electric field concentration strateg:gies38
has the potential to overcome concentration challenges.

Another recent approach has been to mobilize the microarray
receptors. Two exciting examples exemplify this approach. Mo-
bile barcoded microparticles can not only overcome mass trans-
port challenges, but also overcome unique fluorescent spectra
limitations. When a detection tag is mobile, each tag then
requires a specific fluorophore emission spectrum. Unfortu-
nately, the detectable spectrum of light only allows for about
100 unique spectral signals, which is not sufficient for most
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multiplexing applications and is expensive.37 One solution was
to develop spatial resolution within a mobile 300-micron parti-
cle, where one side was blank to allow for pattern orientation
with the detector, and the second side was dot-coded with a flu-
orophore in a spatial scheme allowing for over 1 million unique
patterns. As proof of concept, these particles were used in a
millifluidic platform for detection of two 20 bp DNA oligonu-
cleotides.”” The second approach has been to develop multi-
striped metal nanowires that have been functionalized for immu-
noassay detection of biowarfare agents or DNA hybridization
assays.” The potential exists in both of these platforms to per-
form true multiplexing with greater than 100,000 targets.

Also, the use of immobilized coatings and nanoparticles,
which are not released into the surrounding environment is
attractive, but require efficient contact of the target with the
surface. Maintaining sterilization of hospital equipment is one
scenario where this approach is highly desirable. Permanent
microbicidal coatings are being developed that disrupt micro-
bial membranes, but leave mammalian cells untouched.*’

The future will see even more creative strategies to study
and manipulate living cells that rely on both microfluidics and
nanoscale probes. Chemical engineers who are proficient
across many disciplines will continue to be essential in
advancing technology development, as well as describing and
exploiting fundamental forces at the micro and nanoscale.
Microanalytical lab-on-a-chip devices are the key platform
that will enable single-cell analysis and impact medical diag-
nostics, biowarfare detection, pharmaceutical testing, and
many other chemical analysis applications. It is expected that
these platforms will continue to grow and will see widespread
use on the consumer markets in the next 10 years.
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Notation

UTAS = micro-total analysis systems
CNT = carbon nanotubes
DEP = dielectrophoresis
ECM = extra cellular matrix
EOF = electroosmotic flow
LOC = lab-on-a-chip
NNI = National Nanotechnology Initiative
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