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SYSTEMS AND METHODS OF USING
ANISOTROPIC NANOSTRUCTURES IN
MICROFLUIDIC DEVICES FOR BINDING
AND OPTIONAL RELEASE OF MOLECULES
AND CELLS

RELATED APPLICATION

[0001] This Application claims priority to U.S. Provi-
sional Patent Application No. 62/719,505 filed on Aug. 17,
2018, which is hereby incorporated by reference in its
entirety. Priority is claimed pursuant to 35 U.S.C. § 119 and
any other applicable statute.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH AND
DEVELOPMENT

[0002] This invention was made with government support
under Grant Number DA045550, awarded by the National
Institutes of Health. The government has certain rights in the
invention.

TECHNICAL FIELD

[0003] The technical field generally relates to the utiliza-
tion of nanostructures in microfluidic-based devices that
exhibit plasmonic activity or a plasmonic response in one or
more selected regions of the electromagnetic spectrum. In
particular, the technical field of the invention relates to the
use of metallic nanostars that are synthesized in situ along
the internal walls of the microfluidic device.

BACKGROUND

[0004] The development of new diagnostic tools capable
of detecting cancer in its early stages, recognizing different
molecular subtypes, monitoring disease evolution, and ulti-
mately identifying the best treatment strategy for individual
patients represents the next step towards personalized anti-
cancer treatment. There is emerging interest in utilizing
circulating tumor cells (CTCs) as “liquid biopsy” samples to
provide real-time information for characterizing the disease
status of cancer patients. However, due to their extremely
low abundance in peripheral blood, CTCs from pediatric
cancers are difficult to detect using existing technologies.
Existing technologies for obtaining CTCs leverage magnetic
bead-based sorting, nanostructured interfaces, or microfiu-
idic vortexes to capture CTCs selectively from patient-
derived samples. However, these strategies fall short in their
ability to release captured cells for further analysis or in
capturing non-epithelial derived malignancies (e.g., sarco-
mas, neuroblastoma, brain tumors). Similarly, selective cell
capture technologies have potentially powerful applications
in maternal-fetal medicine for prenatal diagnosis of genetic
disorders and/or monitoring maternal and/or fetal health
during gestation.

[0005] Current clinical laboratory improvement amend-
ment (CLIA)-certified reference methods used to quantify
concentrations of drugs used in the management of cancer,
solid organ transplant, infectious diseases, and others are
typically based on mass spectrometry, chromatographic,
and/or immunoenzymatic-based assays (e.g., enzyme linked
immunoassays, ELISA). While these methods are widely
used by clinical laboratories to provide critical diagnostic
information (e.g., drug concentration, activity, etc.) to phy-
sicians, this information is typically not available in real

Oct. 7, 2021

time nor are these methods easily adapted for point-of-care
applications. The effective monitoring of immunosuppres-
sive medications represents a particular challenge for
streamlining the care of patients who have received solid
organ or hematopoietic stem cell transplants or who are
undergoing treatment for autoimmune diseases and other
related pathologies.

[0006] Other methods, such as one reported by Menotta et
al., Label-free quantification of Tacrolimus in biological
samples by atomic force microscopy, Aral. Chim. Acta, 884,
90-96 (2015) attempt to leverage atomic force microscopy
(AFM) for the quantitative analysis of FK506 (Tacrolimus)
in whole blood (WB) samples. This AFM-based biosensor
utilizes a capture ligand, the endogen drug receptor
FKBP12, to quantify Tacrolimus levels. The biosensor was
first assayed to detect the free drug in solution, and subse-
quently used for the detection of Tacrolimus in blood
samples. The sensor was suitable to generate a dose—
response curve in the full range of clinical drug monitoring
but is labor intensive and not capable of real-time detection.
The methods and devices described herein have much
broader applicability, sensitivity, and utility.

SUMMARY

[0007] Inone embodiment, a microfluidic-based system is
disclosed that forms plasmonic nanostructures on the inter-
nal surfaces of a microfluidic device. The plasmonic nano-
structures, in one preferred embodiment, include nanostars
and in particular gold nanostars. The plasmonic nanostruc-
tures may be formed on the inner surface of a microfluidic
channel (e.g., microchannel), capillary, chamber, well, or
other regions of a microfluidic device. As explained herein,
the plasmonic nanostructures are grown in situ on the
internal flow surfaces of the microfluidic device. In some
embodiments, the internal flow surfaces include a plurality
of microfluidic channels or capillaries populated with plas-
monic nanostructures that are used to increase device
throughput. In one embodiment, the nanostructures display
plasmonic activity in the near-infrared or other selected
regions of the electromagnetic spectrum. The materials (e.g.,
gold in one embodiment), shape, and size determine the
plasmonic resonance energy. The nanostructures present at
these surfaces are assembled within the internal flow surface
(s) of the microfluidic device (e.g., microfluidic capillaries
or microfluidic channels) to enable sensing of clinically
relevant biomolecules and/or capturing cells or other bio-
molecular assemblies. The microfluidic device may be made
from glass, silica, and/or silicon, and other oxide-containing
substrates, or from any number of polymer materials. Flow
through the microfluidic device is controlled such as by
connecting the flow paths within the microfluidic device
(e.g., microfluidic channels or capillaries) to a computer-
controlled pump such as a syringe pump.

[0008] In one particular embodiment, the surface chemis-
try of the plasmonic nanostructures is modified to capture
cells and/or molecules (e.g., biomolecules). For example,
the surfaces of the gold nanostars may be functionalized
with one or more capture ligands, which may be an antibody,
aptamer, protein or other binding molecule. For example, the
antibody, aptamer (or other binding molecule) may be
specific for capturing CTCs on the surface(s) of the micro-
fluidic device populated with the gold nanostars. In another
embodiment, the antibody, aptamer (or other bonding mol-
ecule) may be specific for capturing one or more molecules,
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which may include biomolecules, drugs, metabolites, ana-
lytes, etc. In some embodiments, the cells that are captured
on the inner surface of the microfluidic device may be
selectively released via hyperthermia-mediated cell detach-
ment. For example, localized heating at specific regions of
the microfluidic device containing the trapped cells or even
on a specific nanostructure may be used to release the cell or
cells from the surface which can then flow downstream for
capture and/or analysis. In one particular method, a beam of
light (e.g., a laser) is used to create the localized heating to
release cells from the surface of the nanostructures within
the microfluidic device. The illuminated plasmonic nano-
structure can be used to generate and to localize the heat.

[0009] In another embodiment, the trapped cells or mol-
ecules (e.g., biomolecules) are subject to Raman interroga-
tion, scanning, or imaging such as by a Raman spectrometer
or Raman microscope. This may also include using surface-
enhanced Raman spectroscopy (SERS). The SERS tech-
nique is a chemical fingerprint method that uses measured
Raman spectra that appear as “peaks” due to molecular
vibrations and are thus characteristic of the functional
groups in the molecule(s) and thus its (their) identity. The
acquired Raman spectra have peak locations and intensities
that are compared to corresponding reference Raman spec-
tra, which contain peak locations and intensities that are
unique to the molecule(s) and/or cell(s) of interest. If the
peak locations and relative intensities match the reference
peak locations and relative intensities within a predefined
margin of error, the target molecule (or cell) is confirmed to
be present in the sample. Similarly, the concentrations of the
molecule(s) or cell(s) can be determined by whether the
peak intensities match the reference peak intensities within
a predefined margin of error.

[0010] The systems and methods described herein satisfy
specific unmet needs identified in areas relating to the
selective detection and release of CTCs and other rare cells
for monitoring the progression of aggressive malignancies
as well as the real-time monitoring clinically-relevant bio-
marker and/or drugs in a point-of-care format. In particular,
the efficient isolation of CTCs via this approach will enable
applications relevant to clinical oncology in strategies for
disease monitoring and the optimization of current and
future therapeutic regimens. Conventional strategies for
disease monitoring and surveillance rely on serial radio-
graphic imaging studies that often detect the spread of the
disease too late for effective treatment and are limited by the
sensitivity and resolution of the imaging modality used. The
disclosed platform and methods address these limitations by
enabling the early detection of cells with the most metastatic
potential, enhancing disease monitoring and opening new
avenues for the development of patient-specific therapeutic
strategies. The real-time monitoring of biomarkers and/or
clinically-relevant compounds using simple, cost-effective
materials enables new capabilities for the design and appli-
cation of portable devices capable of screening, monitoring,
and verifying the eflicacy of medical interventions, includ-
ing for personalized medicine approaches.

[0011] The systems and methods described herein use
metal nanostructures (e.g., gold nanostars) that are synthe-
sized in situ along the internal surface(s) of the microfluidic
device that, in one embodiment, are used to selectively
capture and optionally to release cells such as CTCs. The
seed-mediated approach for the growth of anisotropic plas-
monic materials has been the subject of extensive research,
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with particular attention dedicated to the control of the
nanoparticle morphology, which is directly linked to their
optical properties. However, less attention has been dedi-
cated to the possibility of growing anisotropic structures
directly on substrates. The approach disclosed herein takes
advantage of in situ growth that is coupled to microfluidic
systems to direct synthesis. The morphology and surface
density of the nanostructures is important for CTC capture.
For example, nanowires would not be comparable in this
regard, being more fragile and presenting less intense plas-
monic activity in the wavelength region of interest. The
near-infrared is typically desirable as certain bands in this
wavelength range minimize damage to biomolecules, bio-
materials, and cells. The visible and ultraviolet regions can
also be used by the appropriate selection of materials and
nanostructures.

[0012] Plasmons or nanostructures that exhibit plasmonic
properties can be exploited for the enhancement of weak
optical signals, such as Raman scattering. In the last decade,
the sensing capabilities of SERS have been pushed to the
limit of single-molecule detection. In order to combine this
sensing capability with microfluidics, the possibility of
growing plasmonic nanostructures in situ inside the fluid
contacting surfaces of a microfluidic device is essential. The
approach described herein provides a robust way of fabri-
cating such nanostructures directly in flow contacting sur-
faces, enabling the coverage of the entire available surface,
and at the same time avoiding problems such as device
sealing and leakage.

[0013] In one embodiment, a microfluidic device (e.g.,
substrate or chip) contains one or more microfluidic chan-
nels or capillaries having one or more inner surfaces popu-
lated with a plurality of metal anisotropic nanostructures
disposed thereon, wherein the metal anisotropic nanostruc-
tures exhibit plasmonic activity in one or more wavelength
ranges. In one preferred aspect, the metal anisotropic nano-
structures are gold nanostars which exhibit plasmonic activ-
ity in the near-infrared region of the electromagnetic spec-
trum. The metal anisotropic nanostructures may further be
functionalized with a capture ligand that is used to capture
a cell or molecules. In some embodiments, illumination
(e.g., via a laser) is provided to selectively release trapped
cells by localized heating of the surface containing the
adhered cells. The illumination can be local to release one or
a few cells, or it can be broad or rastered to release cells in
the illuminated area.

[0014] In one embodiment, a system including the micro-
fluidic device described above may further include a SERS
spectrometer configured to measure Raman spectra of one or
more target molecules, compounds, or materials disposed on
the inner surface of the one or more microfluidic channels or
capillaries. A computing device associated or communicat-
ing with the SERS spectrometer contains software executed
thereon that identifies the molecules based on the Raman
spectra obtained by the SERS spectrometer.

[0015] In another embodiment, a system including the
microfluidic device described above may further include an
optical microscope configured to image cells disposed on the
inner surface of the one or more microfluidic channels or
capillaries. The system further includes a laser configured to
illuminate the inner surface of the one or more microfluidic
channels or capillaries for localized heating to release
adhered cells. The optical microscope may include fluores-
cence, Raman, and/or confocal capabilities.
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[0016] In one embodiment, a method of capturing and
releasing cells of a particular type contained in a sample
includes providing a microfluidic device comprising one or
more microfluidic channels or capillaries having one or
more inner surfaces populated with a plurality of metal
anisotropic nanostructures disposed thereon and functional-
ized with a capture ligand to a specific cell type, wherein the
metal anisotropic nanostructures exhibit plasmonic activity
in a near-infrared wavelength range. A sample containing the
cells is flowed through the one or more microfluidic chan-
nels or capillaries, wherein the cells of the particular type are
adhered to the one or more inner surfaces. The microfluidic
device is then optically interrogated with an optical micro-
scope to locate the adhered cells. The adhered cells are then
released from the one or more inner surfaces by application
of laser light onto the one or more inner surfaces where the
adhered cells are located.

[0017] In another embodiment, a method of forming a
plurality of anisotropic nanostructures in one or more micro-
fluidic channels or capillaries includes the operations of
functionalizing an inner surface of the one or more micro-
fluidic channels or capillaries with a chemical coupling
agent and depositing metal seed particles on the function-
alized inner surface. A metal-containing growth solution
mixed with a reducing agent is then flowed into the one or
more microfluidic channels or capillaries to grow the plu-
rality of anisotropic nanostructures disposed on the inner
surface of the one or more microfluidic channels or capil-
laries. In one particular embodiment, the seeds are cetylt-
rimethylammonium chloride (CTAC)-coated gold seeds and
the metal-containing growth solution comprises gold(III)
chloride, silver nitrate, and hydrochloric acid, and N-do-
decyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (LSB)
and the reducing agent comprises ascorbic acid.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 schematically illustrates a microfluidic sys-
tem that includes one or more microfluidic channels or
capillaries formed in a substrate or chip. The microfluidic
channels or capillaries are populated with nanostructures
that are functionalized to capture either cells or molecules
(e.g., biomolecules).

[0019] FIG. 2A illustrates a single capillary or microflu-
idic channel in which nanostars (e.g., gold nanostars) are
grown in situ on internal surfaces thereof. In this embodi-
ment, two separate pumps are used to flow separate solutions
into the single capillary or microfluidic channel using a
Y-split. Alternatively, the two solutions may be mixed
immediately prior to passing through the one or more
microfluidic channels or capillaries like the embodiment of
FIG. 2B.

[0020] FIG. 2B illustrates a sample fluid (containing cells
or molecules) being flowed through a single capillary or
microfluidic channel that has nanostars disposed on internal
surfaces thereof. The cross-sectional view illustrates cells
that have adhered to functionalized nanostars (e.g., with an
antibody functionalized on the nanostars).

[0021] FIG. 3 schematically illustrates the two-step pro-
cess to prepare a microfluidic channel or capillary that is
populated with nanostructures. The first process (left)
involves depositing a chemical coupling agent on a sub-
strate. The second process (right) involves seeding the inner
surface(s) of the microfluidic channel or capillary with seeds
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followed by exposure to a flowing growth solution to grow
the nanostructures on the deposited seeds.

[0022] FIGS. 4A-4E illustrate scanning electron micro-
graphs of a capillary having grown gold nanostars showing
the effect of growth time.

[0023] FIGS. 4F-4] illustrate scanning electron micro-
graphs of a capillary having grown gold nanostars showing
the effect of flow rate.

[0024] FIG. 5A illustrates different types of major prod-
ucts yielded by the growth of gold nanostars in solution
(colloidal). These include anisotropic spheroids (i), low-
aspect ratio nanostars (ii), and high-aspect ratio nanostars
(iii). The in situ growth methods were optimized to produce
high-aspect ratio nanostars (iii).

[0025] FIG. 5B illustrates a micrograph image of the
different products yielded by the growth of gold nanostars in
solution including anisotropic spheroids (i), low-aspect ratio
nanostars (ii), and high-aspect ratio nanostars (iii)

[0026] FIG. 5C illustrates the ultraviolet-visible spectra of
gold nanostar synthesized with varying concentrations of
hydrochloric acid, where (i) anisotropic spheroids, (ii) low
aspect-ratio gold nanostars, and (iii) high aspect-ratio gold
nanostars, correspond to the peaks at about 500 nm, about
650 nm, and about 875 nm, respectively. The arrow shows
the trend of increasing HCL concentration.

[0027] FIG. 5D illustrates the ultraviolet-visible spectra of
gold nanostar synthesized with varying concentrations of
ascorbic acid, where (i) anisotropic spheroids, (ii) low
aspect-ratio gold nanostars, and (iii) high aspect-ratio gold
nanostars, correspond to the peaks at about 500 nm, about
650 nm, and about 875 nm, respectively. The arrow shows
the trend of increasing ascorbic acid concentration.

[0028] FIG. SE illustrates the ultraviolet-visible spectra of
gold nanostar synthesized with varying concentrations of
silver cations, where (i) anisotropic spheroids, (i) low
aspect-ratio 2019-048-2 gold nanostars, and (iii) high
aspect-ratio gold nanostars, correspond to the peaks at about
500 nm, about 650 nm, and about, 875 nm, respectively. The
arrow shows the trend of increasing ascorbic acid concen-
tration.

[0029] FIGS. 6A and 6B illustrate transmission electron
micrographs demonstrating the morphology of the gold
nanostars (FIG. 6A) grown with microfluidics and the uni-
formity in density of the synthesized gold nanostars (FIG.
6B) within the capillary.

[0030] FIG. 7A illustrates photographs of 1 mm capillaries
(left) with and (right) without adding cetyltrimethylammo-
nium chloride-coated seeds after flowing the reducing agent
solution and the growth solution through the capillary.
[0031] FIG. 7B illustrates ultraviolet-visible spectra of
capillaries functionalized with cetyltrimethylammonium
chloride-coated seeds after growth. The shaded area repre-
sents the biological NIR window.

[0032] FIG. 8A schematically illustrates how a cancer cell
(e.g., CTC) among healthy cells is captured on the gold
nanostars that are functionalized with a binding molecule
such antibody specific to the cancer cell. The right side of
FIG. 8 also illustrates how a laser beam is used to create
localized heating to release the cancer cell from the surface.
The cancer cell can then flow downstream for capture,
analysis, and/or disposal.

[0033] FIG. 8B schematically illustrates a sequence of
flowing a solution containing healthy cells and cancer cells
through a microfluidic channel or capillary that contains
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gold nanostars populated along the surfaces thereof that are
functionalized to capture cancer cells. The cancer cells
adhere to the inner surface of the microfluidic channel or
capillary and are released after the surface is irradiated with
a laser.

[0034] FIG. 9 schematically illustrates one embodiment of
a system that is used to capture and release specific cells of
interest. The system uses an optical microscope to visually
identify adhered cells. A laser is provided to irradiate the
microfluidic device to selectively release the cells back into
the microfluidic channel or capillary.

[0035] FIGS. 10A and 10B illustrate graphs showing
changes in temperature with irradiation time at different
laser irradiation power densities in no flow (FIG. 10A) and
flow conditions (FIG. 10B).

[0036] FIGS. 10C illustrates a histogram showing average
change in temperature as a function of laser power for
different flow rates.

[0037] FIG. 10D illustrates a histogram of normalized
integrated peak area for the 1575 cm™" thiophenol surface-
enhanced Raman scattering peak.

[0038] FIGS. 11A and 11B illustrates scanning electron
micrographs of fixed U87-GFP glioblastoma cell on gold
nanostar-coated capillaries. FIG. 11B illustrates an enlarged
view of the rectangular region of FIG. 11A.

[0039] FIG. 11C illustrates a laser-scanning confocal fluo-
rescence microscopic image showing cell spreading after 1
hour of incubation in the gold nanostar-coated capillary.
[0040] FIG. 11D illustrates time lapse of confocal fluo-
rescence microscopic images of cell removal under irradia-
tion at different laser powers.

[0041] FIG. 11E illustrates a graph of the simultaneously
collected thermal measurements (of FIG. 11D) over time in
no flow conditions. Inset illustrates larger view of ten second
period.

[0042] FIG. 12 illustrates one embodiment of a system
that is used to enable real-time monitoring and concentration
of a target molecule, compound, or other material.

[0043] FIG. 13A illustrates surface-enhanced Raman
spectra of the model molecule benzenethiol in the presence
of the gold nanostars within a glass microcapillary used for
the in-situ seed-mediated growth of the nanostructures.
[0044] FIG. 13B illustrates the surface-enhanced Raman
spectra of the model molecule benzenethiol in the absence of
the gold nanostars within a glass microcapillary.

[0045] FIG. 14 illustrates surface-enhanced Raman spec-
tra of the molecule Warfarin in the presence of the gold
nanostars within a glass microcapillary.

DETAILED DESCRIPTION OF THE
ILLUSTRATED EMBODIMENTS

[0046] Systems and methods are described herein that
integrate microfluidic technologies combined with nano-
structured interfaces (i.e., nanostructures 10) that display
plasmonic activity in the near-infrared or other selected
regions of the electromagnetic spectrum. With reference to
FIG. 1, the nanostructures 10 are anisotropic plasmonic
structures present on the fluid-contacting surface(s) 22 of a
microfluidic device 20. In one particular embodiment, the
nanostructures 10 are highly branched, anisotropic nanos-
tars. The fluid-contacting surface(s) 22 of the microfluidic
device 20 may include the inner surface(s) of a microfluidic
channel, capillary, well, chamber, or the like of the micro-
fluidic device 20. In one particular embodiment, the nano-

Oct. 7, 2021

structures 10 are formed on the inner surfaces 22 of one or
more microfluidic channels or one or more capillaries 24
present within the microfluidic device 20. As seen in FIG. 1,
the microfluidic channels or capillaries 24 are formed in a
substrate or chip 26 that includes an inlet 28 and an outlet 30.
Fluid flows in the direction of arrow A from the inlet 28 and
into the microfluidic channels or capillaries 24 and leaves
the microfluidic device 20 via the outlet 30. Tubing 32 may
be connected to both the inlet 28 and the outlet 30 as
illustrated in FIGS. 1, 2A, 2B. One or more pumps 34 are
connected to the tubing 32 connected to the inlet 28. The one
or more pumps 34 are used to pump fluids (e.g., sample) and
reagents to form the nanostructures 10 as described herein.
The one or more pumps 34 are also used after formation of
the nanostructures 10 to run a sample fluid through the
microfluidic device 20.

[0047] The nanostructures 10 are assembled in situ within
the fluid-contacting surface(s) 22 to enable sensing of clini-
cally relevant biomolecules 100 and/or capturing cells 110
or other biomolecular assemblies (seen in FIGS. 1, 2B, 8A,
8B, 9, and 12). In one embodiment, the nanostructures 10 are
formed as gold nanostars (FIGS. 5A and 5B (iii)) which
include a number of protuberances or spikes that extend
generally outward from a central region of the nanostructure
10. The protuberances or spikes form a particle that has a
high aspect ratio. For example, gold nanostars 10 formed on
the fluid-contacting surface 22 of a microfluidic channel or
capillary 24 may have a core size (core excludes protuber-
ances or spikes) of around 40 nm *10, an average aspect
ratio of around 3 *1 for the protuberances or spikes (i.e.,
branches), and an average of 7 +2 branches per object/
particle without accounting for hyperbranching. The gold
nanostars 10 exhibit a broad localized surface plasmon
resonance (LSPR) peak at around 975 nm.

[0048] While the systems and methods described herein
have largely been described in the context of the nanostruc-
tures 10 as gold-based nanostars it should be appreciated
that other useful nanostructures 10 with different material
compositions, shapes, and morphologies can be used and are
contemplated to fall within the scope of the invention. The
microfluidic technologies that may be used include fluid-
contacting surfaces 22 (e.g., microfluidic channels or cap-
illaries 24) that are formed from glass, silica, silicon, indium
tin oxide (ITO), quartz, silicone or any oxide substrate. Flow
is controlled through the microfluidic device 10 by connect-
ing one or more pumps 34 as noted herein. For example,
computer-controlled syringe pumps 34 such as those illus-
trated in FIGS. 2A and 2B.

[0049] FIG. 2A depicts two such syringe pumps 34 that are
used to flow different solutions (e.g., solutions # 1 and # 2)
through one or more microfluidic channels or capillaries 24.
This configuration may be used, for example, to grow the
nanostructures 10 within the one or more microfluidic
channels or capillaries 24 according to one embodiment.
FIG. 2B depicts a single syringe pump 34 that is used to flow
a sample through the one or more microfluidic channels or
capillaries 24. The embodiment of FIG. 2B may also be used
to grow the nanostructures 10 for example by mixing the
growth solution and reducing agent just prior to flowing
through the one or more microfluidic channels or capillaries
24. The sample may include, as one example, a biological
fluid such as blood, blood plasma, blood serum, pleural
fluid, peritoneal fluid, semen, saliva, sweat, tears, and the
like. The biological fluid may, in some instances, be pro-
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cessed (e.g., filtered or subject to chromatographic separa-
tion) prior to being run through the device. Alternatively, the
biological fluid may be unprocessed in other embodiments.
[0050] Nanostructures 10 with the selected materials and
morphology, such as gold nanostars are synthetized in situ,
i.e., directly along the fluid-contacting surfaces 22 (e.g.,
internal wall(s) of the capillary or microfluidic channels 24)
via scalable, reproducible, and rapid fabrication processes.
For gold nanostars, seed-mediated growth of gold branched
nanoparticles can be used. In this process, gold seeds 23
(small gold spherical particles having a diameter of less than
3 nm (e.g., around 1-2 nm) are first grafted directly to the
walls of the microfluidic channels or capillaries 24 using a
chemical coupling agent 25 (in one embodiment a silane
coupling agent) such as (3-aminopropyl)triethoxysilane
(APTES) followed by carefully controlling the flow rate of
a secondary growth solution within the microfluidic device
20. An alternative silane coupling agent 25 to APTES may
include mercaptopropyltrimethoxysilane. Polymer-based
coupling agents such as polyethyleneimine may also be
used. Prior to addition of the coupling agent 25, the one or
more microfluidic channels and capillaries 24 are cleaned
with piranha solution (3:1 98% sulfuric acid and 30%
hydrogen peroxide, Fisher Scientific) sonicated multiple
times (e.g., four times) with high performance liquid chro-
matography (HPLC)-grade water and oven-dried.

[0051] To grow the nanostar nanostructures 10 on the
seeds 23, a metallic salt precursor is used along with a shape
directing agent, a surfactant, and a reducing agent. In one
embodiment to grow gold nanostar nanostructures 10, gold
salt precursor such as tetrachloroauric acid is used together
with shape directing agents such as AgNO,, NaBr, or Nal.
A surfactant such as laurylsulfobetaine (LSB), triton-X,
cetyltimethylammonium chloride, or cetrimonium bromide
may be used. The reducing agent may include, for example,
ascorbic acid, sodium citrate, or sodium borohydride. As
explained herein, the growth solution may also contain
hydrochloric acid which is used to prevent deposition of
byproducts due to secondary nucleation. In one preferred
embodiment, the growth solution includes a surfactant
(N-dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate,

or lauryl sulfobetaine, LSB), used to stabilize the particles
during growth, L-ascorbic acid (AA) as a reducing agent,
and silver ions to direct the anisotropic growth. In addition,
hydrochloric acid present in the growth solution is used to
control the reducing power of AA and therefore the growth
kinetics of the gold crystals.

[0052] With reference to FIG. 3, one embodiment of how
the gold nanostar nanostructures 10 are formed in situ on the
internal surface(s) 22 of the one or more microfluidic
channels or capillaries 24 includes the following operations.
First, the one or more glass microfluidic channels or capil-
laries 24 are functionalized with a coupling agent 25 that in
one preferred embodiment is a silane coupling agent. An
example of the use of such a silane coupling agent includes
APTES (5% v/v in ethanol, 60° C.) which is exposed to the
glass microfluidic channels or capillaries 24 for about 5 min.
The APTES-coated microfluidic channels or capillaries 24
may also be sonicated in ethanol three times for 5 min, and
stored in ethanol.

[0053] The microfluidic channels or capillaries 24 may
have any number of sizes and shapes. In the experiments
described herein, rectangular capillary channels 24 were
employed that were 1-2 mm wide, a height of 100 um, and
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a length of several centimeters. Of course, it should be
appreciated that any number of cross-sectional shapes (and
sizes) can be used for the microfluidic channels or capillaries
24. These include rectangular, square, semi-circular, and
circular cross-sections. The length of the microfluidic chan-
nels or capillaries 24 may also vary. For example, for
cell-based uses, the cross-sectional area may be square with
cross-sectional dimensions between about 80 um and about
100 pm although other dimensions may also work. In
addition, in some embodiments, all internal surfaces 22 of
the microfluidic channel or capillary 24 is populated with
gold nanostar nanostructures 10. In other embodiments,
fewer than all internal surfaces 22 of the microfluidic
channel or capillary 24 is populated with gold nanostars 10
(e.g., four-sided capillary or channel has only one side or
part of one side populated with gold nanostars 10).

[0054] After depositing the silane coupling agent 25 onto
the internal surfaces 22 (left side of FIG. 3), the one or more
glass microfluidic channels or capillaries 24 are rinsed by
passing 5 mL of water therethrough with a syringe. In one
embodiment, a solution of cetyltrimethylammonium chlo-
ride (CTAC)-coated gold seeds 23 is incubated in the one or
more microfluidic channels or capillaries 24 for 1 hr at room
temperature. CTAC-capped seeds 23 may be prepared by
adding 4.7 mL of 0.1 M CTAC with 25 pl. HAuCl,,
followed by addition of 300 pL. of 10 mM NaBH4 under
vigorous magnetic stirring. The one or more microfluidic
channels and capillaries 24 may be dried with nitrogen
before use. A solution of CTAC-coated seeds is flowed into
the one or more microfluidic channels and capillaries 24 at
0.100 mL/min/microfluidic channel or capillary using a
syringe pump and was incubated in the capillary for 1 hr.
The microfluidic channels and capillaries 24 may be hand-
rinsed with water using a syringe.

[0055] Of course, other coating materials besides CTAC
may also be used such as LSB although LSB-capped seeds
23 generally produced a higher variation in the position and
extinction of the LSPR peaks. To grow the gold on the seeds
23, water was again flowed through the capillary 24 with a
syringe before flowing the two separate ascorbic acid and
gold precursor solutions (AA Solution and Growth Solution)
through the Y-split 27 to the capillary 24 at a total flow rate
of 500 pl./min for 2 minutes (flow rate split into 250 pl./min
for each separate line, for 1 mm wide channels). As shown
in FIGS. 2A and 3, two separate solutions (solution # 1 and
solution # 2) are flowed through the one or more microflu-
idic channels or capillaries 24 at room temperature (r.t.) for
1-5 minutes with the solutions being mixed or combined just
prior to entry into the one or more microfluidic channels or
capillaries 24. The first syringe (containing solution # 1 in
FIG. 2A) contains 4 mL 0.1 M LSB, 120 pL. of 50 mM
HAuCl,.3H,0, and 120 pL of 10 mM AgNO,. The second
syringe (containing solution# 2 in FIG. 2A) contains 4 mL
0.1 M LSB, 80 uL. 1 M HCI, 400 pL of 100 mM AA. The
one or more microfluidic channels or capillaries appear dark
blue to the naked eye due to the growth of the gold nanostars
10.

[0056] In the embodiment illustrated in FIGS. 2A and 3,
two separate solutions (solutions # 1 and # 2) are input by
separate syringes and the fluid is combined in the Y-split 27
just prior to entering the one or more microfluidic channels
or capillaries 24 to grow the nanostructure 10. In an alter-
native embodiment, the Y-split 27 is omitted and the growth
solution and the ascorbic acid solution are mixed just prior
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to being flowed through the one or more microfluidic
channels or capillaries 24 (the one or more microfluidic
channels or capillaries 24 are already seeded with seeds 23
as described herein). Thus, a single syringe or pump 34 can
be used to push this mixed fluid through the one or more
microfluidic channels or capillaries 24 (like illustrated in
FIG. 2B).

[0057] In this embodiment, a growth solution is prepared
containing 4 mL 0.1 M LSB, 60 uL. of 50 mM HAuCl,.
3H,0, and 60 pul, of 10 mM AgNO; and 40 plL 1 M HCI. Just
prior to forming the mixture of the growth solution and
ascorbic acid solution (less than a few minutes), an aliquot
0f 200 pL of 100 mM AA was added to the growth solution
and stirred and loaded into the syringe pump 34 which then
pumped the combined or mixed solution through the one or
more microfluidic channels or capillaries 24. The flow rate
of the mixed growth solution within the one or more
microfluidic channels or capillaries 24 may vary depending
on the size of the one or more microfluidic channels or
capillaries 24. Generally, the flow rate of the mixed growth
solution may be between about 0.125 pl/min-about 500
wl/min for 1-5 minutes. For example, using a single capil-
lary 24 of dimensions 1 mmx100 pL (internal diameter) a
flow rate of 250 pl/min was used and produced good results.

[0058] The amount of time and the flow rate that the mixed
growth solution (containing the reducing agent) is flowed
through the device 20 may vary. Typically, the mixed growth
solution is flowed through the one or more microfluidic
channels or capillaries 24 is several minutes long (e.g., 3
minutes). Likewise, the flow rate may vary as noted above
about 0.125 pl/min-about 500 pl./min. It was experimen-
tally found, for example, that using a 100 um capillary 24,
gold nanostars 10 grown for short time periods (FIG. 4A)
produced nanostructures with no branching (see FIGS.
4A-4]), likely due to insufficient amounts of growth solution
flowed through the capillary 24. Those grown for greater
than 6 minutes (FIGS. 4D and 4E) at the same rate produced
overgrown nanoparticle films, consistent with the introduc-
tion of excess gold. The lowest and highest flow rate both
yielded products with similar morphologies (FIGS. 4F and
4J). The optimum or standard growth time and flow rate used
for the 100 um capillary 24 was a growth time of 3 minutes
and a flow rate of 250 pl/min.

[0059] After formation of the one or more capillaries or
microfluidic channels 24 populated with the gold nanostruc-
tures 10, the nanostructures 10 may be functionalized with
one or more binding molecules or ligands that are used to
bind a cell 110 or other molecule 100. Binding molecules
and ligands of various types are well known to those skilled
in the art and may include antibodies, proteins, aptamers, or
other capture ligands or probes. The molecule that is to be
captured 100 may include, way of illustration and not
limitation, a biomolecule, small molecules, drug, metabolite,
analyte, or the like. For example, thiol linkages with the gold
nanostructures 10 may be used to tether capture ligands to
the gold nanostructures (which are also flowed through the
device), exploiting the utility and strength of the thiol-gold
bond. In one preferred embodiment, an antibody may be
tethered to the gold nanostructures 10 to capture cells 110,
e.g., cancer cells 110 like CTCs. It should be appreciated that
this strategy can be adapted easily for antibodies, aptamers,
other relevant biomolecules, and/or other chemical function-
ality that can be used for selective recognition of different
cancer cells 110 (or other types of cells 110) or specificity.
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For example, the capture ligand or binding molecule may be
specific to circulating fetal cells obtained from maternal
circulation.

[0060] In one preferred embodiment, the plasmon reso-
nance associated with the nanostructures 10 obtained via this
process is tuned to the near-infrared (NIR) biological win-
dow, varying the concentration of silver, and the concentra-
tion and reducing power of AA (FIGS. SA-5E). The NIR
window generally spans from about 750 nm to about 2,500
nm and the biological NIR window, which may be a smaller
range of overlapping wavelengths, e.g., about 650 nm to
about 1350 nm. Moreover, these nanostructures 10 are
particularly efficient in generating localized heat through
phonon coupling with absorbed infrared (IR) photons, which
is used as described herein for the selective capture and
release of cells 110.

[0061] The aforementioned seed-mediated nanoparticle
synthesis protocol has been tailored in order to generate
branched gold nanoparticles 10 and to optimize the shape-
yield and the plasmon band position of the final product. The
method also minimizes secondary nucleation to enable con-
trolled growth of the nanostructures 10 in situ. The gold
nanostar particles 10 were characterized by ultraviolet-
visible (UV-vis) spectroscopy and transmission electron
microscopy (TEM) as seen in FIGS. 5B-5E, 6A and 6B. For
characterization, a CARY 50 UV-visible spectrophotometer
was used for spectroscopic characterization of colloidal
solutions and capillaries. The aspect ratio and distribution of
products for the nanoparticles synthesized in solution was
probed with TEM. Samples were prepared by centrifuging
10 mL of the final solution at 15,000 rpm for 20 min,
followed by removal of the supernatant. The sample was
redispersed in 10 mL of water, and 1.0-1.1 mg of PEG-SH
was added. The solution was left to stir on an orbital shaker
for 2 hr. Afterwards, the solution was washed by centrifug-
ing 4 mL at 15,000 rpm for 20 min, removing the superna-
tant, and redispersing in 4 mL in milliQ water. The rinsing
step was carried out 4 times for gold nanostars 10 synthe-
sized with CTAC-coated seeds, and 2 times for gold nano-
stars 10 with LSB-coated seeds. After the final rinsing step,
the particles 10 were redispersed in 5 pl. of milliQ water. A
400-mesh Cu grid with carbon support (Ted Pella, Inc.) was
placed in a petri dish lined with parafilm, and a 5 ulL drop of
the washed gold nanostars 10 was placed on the grid. The
petri dish was closed and covered with parafilm to allow for
slow evaporation of the drop over 4 hr. If the drop was not
visibly dry 2 hr prior to taking TEM measurements, the
parafilm was removed. TEM was carried out at 120 kV with
the FEI Technai 12 (T12). The morphology and uniformity
for the gold nanostars 10 grown in the capillaries 24 were
probed with scanning electron microscopy (SEM), obtained
with a ZEISS Supra 40 VP SEM.

[0062] FIG. 7A illustrates how growth of the gold nano-
structures needs initial seeding of the glass capillaries with
CTAC-coated seeds. The left image has been seeded while
the right image of FIG. 7A was not seeded (only the left
image shows the intense blue color showing the plasmonic
response). FIG. 7B illustrates the UV-visible absorption
profile of gold nanostars 10 grown in situ on the internal
walls 22 of glass capillaries 24, together with the biological
NIR window (darkened region) that for CTAC-coated seeds
23. Nanoparticle 10 growth was verified taking place at the
gold seeds 23 anchored to the APTES monolayer 25 rather
than due to deposition of particles resulting from secondary
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nucleation. After in situ growth, glass surfaces have an
intense blue color and with UV-vis spectra demonstrating a
broad plasmonic band spanning the entire NIR biological
window (FIGS. 7A and 7B), in which damage to biomol-
ecules, biomolecular assemblies, and cells is minimized.
Scanning electron microscopy (SEM) analysis confirms the
presence of anisotropic gold nanoparticles 10 on the seed-
APTES-functionalized surface (FIGS. 6A, 6B). This
branched nanostructure interface offers unique capabilities
that enable highly scalable diagnostic technologies for cap-
turing and analyzing cells 110 such as circulating tumor cells
(CTCs) and other targets of interest.

[0063] The surface chemistry of the branched gold nano-
structures 10 can be tailored to enable the selective capture
a wide range of biomolecular and cellular targets. For
example, there is emerging interest in utilizing CTCs, which
detach from primary or metastatic lesions and circulate
throughout the body as “liquid biopsies” to provide early
diagnosis and real-time information regarding patients’ dis-
ease status. However, CTCs are difficult to detect due to their
relative low abundance in peripheral blood. The efficient
isolation of CTCs via this approach will drive innovation in
many clinically relevant applications relating to disease
monitoring and development of new treatments.

[0064] FIG. 8A illustrates schematically, how the one or
more microfluidic channels or capillaries 24 having the gold
nanostars 10 on the inner surface(s) 22 are used to capture
cancer cells 110' (or other specific cells 110). The gold
nanostars 10 include a capture ligand that is selective to a
particular cell type such as a cancer cell 110' (e.g., CTC).
The cancer cell 110" is first captured on the gold nanostars 10
followed by irradiation with a beam of light 41 (e.g., from
a light source 40 such as a laser 40) to cause localized
heating which effectuates release of the cancer cell 110'.
FIG. 8B illustrates a sequence of flowing a solution con-
taining healthy cells 110 and cancer cells 110' through a
capillary or microfluidic channel 24 that contains gold
nanostars 10 populated along the surfaces thereof (in this
embodiment with thiol-terminated poly(ethylene glycol)
(PEG-SH, which substitutes for LSB and prevents non-
specific adsorption of healthy cells 110)). The gold nanostars
10 are functionalized with a capture ligand specific to the
cancer cells (e.g., an antibody, aptamer, or the like), which
thereby adhere to the nanostructures 10 in the device. In one
particular embodiment, the light source 40 is a laser such as
that illustrated in FIG. 8B is used to generate a beam of light
41 that is used to create localized heating at the surface
where the nanostructures 10 are located to release the
adherent cells 110 where the cells 110 can flow downstream
for capture, analysis, and/or disposal. An exemplary laser 40
includes a pulsed Ti:sapphire laser with 200 fs pulse and 76
MHz repetition rate at 700 nm to 1000 nm wavelengths. The
wavelength of the laser 40 used in the data disclosed herein
was 785 nm. While a pulsed laser was used for the data
herein, it should be appreciated that a continuous or non-
pulsed laser may also be used.

[0065] While the beam of light 41 has largely been
described as being formed by a light source 40 in the form
of a laser it should be appreciated that other light sources 40
may be used to create the beam of light 41 that is capable of
creating localized heating conditions on the inner surface(s)
22 populated with the nanofeatures 10. For example, other
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light sources 40 such as light emitting diodes (LEDs) or laser
diodes may be used to generate the beam of light 41 in
alternative embodiments.

[0066] As one example, the Ewing sarcoma (EWS) family
of tumors, the second most common bone cancer in children,
manifests as aggressive bone and soft tissue lesions with
high propensity for metastasis and particularly poor prog-
nosis. Difficulties arise from limitations in the current sur-
veillance imaging strategies used to monitor progression of
these cancers, which often detect the spread of the disease
too late for effective treatment. The surfaces of the nanostars
10 can be modified using antibody anti-LINGO-1 specific to
bind surface protein LINGO-1, a protein that has been
recently identified as a specific EWS biomarker. For
example, LINGO-1 antibody may be obtained from Novus
Biologicals (catalog number NBP2-19359). Other LINGO-1
antibodies are known such as those in U.S. Pat. No. 8,058,
406, which is incorporated by reference herein.

[0067] Once captured, the cells 110' that adhere to the gold
nanostars 10 can be recovered and released for further
characterization via hyperthermia-mediated-cell-detach-
ment illustrated in FIGS. 8A and 8B. Localized heating by
a beam of light 41 releases the cells 110 back into the bulk
fluid where they can flow downstream. In one embodiment,
the beam of light 41 may scan (e.g., in a raster manner)
across the one or more microfluidic channels or capillaries
24 to release the cells 110. Optical rastering by the light
source 40 (e.g., laser) using moving mirrors and lens can be
used to scan across the microfluidic device 20 in the x, y, and
z (depth) directions. Alternatively, the microfluidic device
20 itself may be moved relative to a stationary beam of light
41 to achieve similar scanning results. For example, the
microfluidic device 20 may be mounted on a moveable stage
or the like. This capability further provides a general solu-
tion for the prevention of clogging and fouling of the
microfluidic flow network (e.g., microfluidic channels and
capillaries 24), which commonly leads to device failure
during long-term operation. One of the most powerful
aspects of the platform is its potential to capture and then to
release CTCs 110 from a variety of malignancies that rely on
serial radiographic imaging protocols to monitor for disease
progression and/or metastasis (e.g., neuroblastoma, Wilms
tumor, etc.).

[0068] FIG. 9 illustrates one embodiment of a system 118
that is used to capture and release specific cells 110 of
interest. In this embodiment, one or more microfluidic
channels or capillaries 24 (FIG. 9 illustrates N such micro-
fluidic channels or capillaries) are populated with the nano-
structures 10 (e.g., gold nanostars 10) functionalized with a
capture ligand specific to a specific cell type (e.g., CTCs).
For example, the microfluidic channel or capillary 24 may
include a rectangular-shaped cross-section in which two of
the inner surfaces 22 (e.g., top and bottom) contain gold
nanostars 10 that are functionalized with capture ligands
specific to CTCs. An optical microscope 120 is provided
which may optionally obtain fluorescent images in addi-
tional to standard non-fluorescent images of small objects
such as cells 110. The optical microscope includes focusing
optics 122, which is used to focus on different optical planes
(e.g., the top or bottom surfaces 22 in the z direction). In one
embodiment, the microfluidic device 20 that contains the
one or more microfluidic channels or capillaries 24 is
disposed on a moveable stage so that the different areas of
the microfluidic channels or capillaries 24 may be observed
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(e.g., x and y scanning) with the optical microscope 120.
Alternatively, the microfluidic device 20 may remain sta-
tionary while the optics of the optical microscope 120 scan
the sample in the x and y directions. The optical microscope
120 is used to locate individual cells 110 that are adhered to
the inner surfaces 22 of the one or more microfiuidic
channels or capillaries 24. In some embodiments, the
adhered cells 110 are also labelled with a fluorescent probe,
label, or dye to further aid in locating the cells 110. How-
ever, in other embodiments, the individual cells 110 are
unlabeled.

[0069] Once the location of the cells 110 have been
identified, the system 118 triggers a light source 40 that
delivers a beam of light 41 through the same optics (e.g.,
focusing optics 122) to deliver a focused beam of light on
surface 22 containing the adherent cells 110. The light
source 40 (e.g., laser) delivers a continuous or a pulsed beam
of light 41 for a period of time (e.g., seconds to minutes),
which produces localized heating at the surface 22 caused by
the plasmonic nanostructures 10. The localized heat then
causes conformational changes in the nanostructures 10
which liberates the adherent cell 110. Reshaping of the cells
110 and the formation of microbubbles may also affect the
release of cells 110. It should be noted that while the light
source 40 is activated, fluid is flowing through the one or
more microfluidic channels or capillaries 24. As explained
herein, the flow of fluid within the one or more microfluidic
channels or capillaries 24 reduces the buildup of excess heat
and allows the removal of the liberated cells 110 as the cells
exit with the flowing fluid. A computing device 124 may be
used to control various aspects of the device including but
not limited to: scanning of the one or more microfluidic
channels or capillaries 24, actuation and power levels of the
light source 40, flow rates of pump(s) 34, focusing optics
122, and the like. The system 118 may operate by locating
all of the cells 110 first within the one or more microfluidic
channels or capillaries 24 followed by a separate operation
where each location is then subject to laser illumination. The
location(s) of the cells 110 may be stored and then the
microfluidic device 20 or optics are moved to irradiate the
surface(s) 22 each stored location(s). Alternatively, as each
cell 110 is located using the optical microscope 120, the light
source 40 may be activated immediately after location of the
cell 110.

[0070] The heating imparted by the beam of light 41 from
the light source 40 can be tuned by changing power and flow
conditions as a function of power and flow rate. Macroscale
temperature changes of around 40° C. were observed in “no
flow” conditions within a 100 um capillary 24 illuminated
with a laser light source 40, compared to temperature
increases under 10° C. in flow, which is approximately 30°
C. lower at the highest laser power tested compared to no
flow conditions (FIGS. 10A-10B). This is due to the cooling
effect in flow conditions, where the flowing water serves as
a heat sink as the generated heat is carried away from the
area under laser irradiation. (compare FIGS. 10A and 10B).
Furthermore, equilibrium temperature was reached after ~10
s of irradiation in no flow conditions, where no flow con-
ditions reached equilibrium temperature in less than 1 s
(FIGS. 10E and 10F). FIG. 10C illustrates how higher power
laser irradiation results in increased temperature changes
with the highest change occurring in the no flow condition.
Macroscale temperature change is decreased significantly in
flow vs. no flow conditions. Surface-enhanced Raman spec-
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troscopy (SERS) was utilized to probe the nanoscale envi-
ronment in complement to the macroscale information
obtained with the thermal measurements. Although the
temperature is significantly decreased in flow conditions, the
overall SERS intensity is comparable in flow and no flow at
variable power densities. For example, FIG. 10D illustrates
SERS intensity of thiophenol bound to gold nanostars 10.
The SERS intensity was largely comparable regardless of
flow rate. This indicates that even in flow, the gold nanostars
10 are able to generate the same amount of heat as in the no
flow case.

[0071] As noted herein, the localized heating imparted by
the laser 40 can be used for the hyperthermia-mediated
release of grafted adherent cells from the gold nanostar 10
functionalized capillary 24. A 4 cmx100 pmx1 mm glass
capillary was formed with gold nanostars 10 formed therein
as described herein. The gold nanostars 10 were further
functionalized with mercaptoundecanoic acid (in place of
LSB) and fibronectin. The presence of fibronectin facilitated
cellular adhesion. Glioblastoma cells (U-87 GFP) were then
introduced into the functionalized capillary 24 at 10 uL./min-
ute and cell adhesion and spreading were observed in about
one hour (FIGS. 11A-11C). Laser irradiation was used to
remove cells 110. Different phenomena were observed such
as cell morphology changes and microbubble formation
depending on the flow rate and laser power. The interaction
of adherent glioblastoma cells (U-87 GFP) was monitored
using fluorescence confocal microscopy from 0-1.5 hr fol-
lowing introduction of cells 110 into the capillary 24, and the
interactions of the cells 110 with the gold nanostars 10 after
24 hr (at 37° C., 95% humidity, 5% CO,) were probed with
SEM and fluorescence confocal microscopy. FIG. 11D illus-
trates time-lapse images of confocal fluorescence micro-
scope images of cell removal under irradiation at different
laser powers (152 pW, 978 pW, 2.06 mW) under no flow
conditions (i.e., no flow of fluid through the capillary 24
containing the cells 110). FIG. 11E illustrates simultaneous
thermal measurements taken with the different laser powers.
At low power (152 p) the laser is powered for almost 6
minutes to liberate cells 110 while at the high power (2.06
mW) the cells 110 are liberated within 2 seconds. The rapid
power spike is seen for the highest power.

[0072] The nanostructures 10 can also be used to enable
real-time monitoring and concentration of a target molecule
or compound 100 (or other material). The target molecule or
compound may include drugs and other biologically relevant
compounds of interest in patients’ biofluids or other sample
(identified as “Sample™). This strategy is illustrated in the
system 130 of FIG. 12. In FIG. 12, a SERS spectrometer
device 132 obtains SERS spectra 133 (i.e., Raman spectra)
from molecules bound or adhered to one or more surfaces 22
of the interrogated capillary or microfluidic channel 24. In
this embodiment, one or more microfluidic channels or
capillaries 24 are populated with the nanostructures 10 (e.g.,
gold nanostars 10) functionalized with a capture ligand
specific to the target molecule or compound 100 of interest.
In some embodiments, only a single surface 22 is interro-
gated. In other embodiments, for example, where the focal
point or region is larger, multiple surfaces 22 (e.g., top and
bottom) may be simultaneously or serially interrogated.

[0073] A standard curve for calibration of detection per-
formance can be created whereby a series of surface-en-
hanced Raman spectroscopy (SERS) measurements are
acquired of a target molecule/compound 100 in simulated
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biofluids. The standard curve is based on acquiring reference
SERS spectra 133 of the target molecule or compound 100
at various concentrations. The SERS technique is a chemical
fingerprint method as the peaks are due to molecular vibra-
tions and are thus characteristic of the functional groups in
the molecule(s) and thus its (their) identity. The acquired
SERS spectra 133 have peak locations and relative intensi-
ties that are compared to corresponding reference SERS
spectra 133, which contain peak locations and relative
intensities that are unique to the target molecule(s) 100. If
the peak locations match the reference peak locations within
a predefined margin of error, the target molecule or com-
pound 100 is confirmed to be present in the sample. Simi-
larly, the concentrations of the target molecule(s) 100 can be
determined by whether the peak intensities match the ref-
erence peak intensities within a predefined margin of error.

[0074] In one aspect of the invention, a computing device
134 is provided with a software analysis system 136, which
is executed on or by the computing device 134, includes a
software routine or executable file for performing multivari-
ate analysis such as principle component analysis (PCA) on
the spectra 133 of known and target molecule (e.g., biomo-
lecules, drugs, analytes, or the like). The software analysis
system 136 interfaces with a database 138 that contains
signature or “fingerprints” of different types of molecules
using, for example, PCA signatures. PCA is a post-analysis
technique whereby spectral features of known and unknown
molecules can be extracted. For example, the spectral fea-
tures that can be extracted include the peak intensity values
at a particular wavelength shifts as well as peak width to
height ratios (or other ratios) at particular wavelength shifts.
PCA is a statistical analysis technique which reduces the
variables in a data set by transforming the data into a new
coordinate system. For example, PCA can be used to trans-
form data into a first principal component PC1 and a second
principal component PC2 that can be used to extract the
most obvious distinctions between data sets. For example,
the first principal component PC1 and the second principal
component PC2 may be plotted on a new coordinate system
whereby each principal component is represented by
orthogonal axis. Similar analysis can be done using images
obtained with a Raman microscope.

[0075] The detection of a target molecule 100, ben-
zenethiol, was successfully demonstrated down to a single
monolayer. It was further verified that the detection was not
possible using a bare glass surface without nanostars (FIGS.
13A and 13B). Warfarin was also detected using the nanostar
platform as seen in FIG. 14. Embodiments for point-of-care
devices based on the nanostructured interfaces disclosed
herein would include networks or microfiuidic channels or
capillaries 24 functionalized with in-situ grown plasmonic
nanostars 10 that are fabricated via the methods described
herein. A portable Raman spectrometer 132 with corre-
sponding SERS reference spectra stored in its memory can
be used to measure samples and to determine standard
curves for detecting and assessing the concentration of the
target molecule or compound 100 in model and/or patient-
derived fluids.

[0076] While embodiments of the present invention have
been shown and described, various modifications may be
made without departing from the scope of the present
invention. For example, while the systems and methods have
largely been described using gold as the metal to form the
nanostructures 10, other metallic materials may be used.
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This includes, for example, silver, although silver may suffer
from the limited number of different shapes and morpholo-
gies compared to gold and the fact that silver-based nano-
structures 10 are more prone to oxidation. Likewise, differ-
ent metals may be used for the seed particle 23 and the
growth solution. For example, core-shell nanostructures 10
may be used with one metal used for the core and another
metal used for the shell. In addition, while the preferred
embodiments have described the nanostructures 10 being
formed on a microfluidic channel or capillary it should be
appreciated that the nanostructures 10 may be formed on any
fluid-contacting surface 22 of a microfluidic device 24
including, for example, chambers, wells, walls, or other
regions of a microfluidic device 24. In addition, while the
nanostructures 10 have largely been described as exhibiting
plasmonic activity in the NIR wavelength range it should be
appreciated that other embodiments may use nanostructures
10 that exhibit plasmonic activity in the visible wavelength
range (e.g., about 380 nm to about 780 nm) and ultraviolet
range. The invention, therefore, should not be limited,
except to the following claims, and their equivalents.

What is claimed is:

1. A microfluidic device comprising:

one or more microfluidic channels or capillaries having

one or more inner surfaces populated with a plurality of
metal anisotropic nanostructures disposed thereon,
wherein the metal anisotropic nanostructures exhibit
plasmonic activity in one or more wavelength ranges.

2. The microfluidic device of claim 1, wherein the metal
anisotropic nanostructures comprise gold anisotropic nano-
structures.

3. The microfluidic device of claim 2, wherein the gold
anisotropic nanostructures comprise nanostars.

4. The microfluidic device of claim 1, wherein one or
more of wavelength ranges comprises the near-infrared
wavelength range.

5. The microfluidic device of any of claims 1-4, wherein
the anisotropic nanostructures further comprising a capture
ligand linked thereto.

6. The microfluidic device of claim 5, wherein the capture
ligand comprises an antibody or aptamer.

7. A system comprising the microfluidic device of claim
1, further comprising a Raman spectrometer or Raman
microscope configured to obtain Raman spectra or to obtain
Raman images of one or more target molecules, compounds,
or materials disposed on the inner surface of the one or more
microfluidic channels or capillaries.

8. The system of claim 7, wherein the Raman spectra,
Raman images, or spectral data is enhanced by the metal
anisotropic nanostructures disposed on the inner surface of
the one or more microfluidic channels or capillaries.

9. The system of claim 7, further comprising a computing
device, the computing device containing software executed
thereon that identifies the target molecules, compounds, or
materials based on the Raman spectra, Raman images
obtained by the Raman spectrometer or Raman microscope.

10. A system comprising the microfluidic device of claim
1, further comprising an optical microscope configured to
image cells disposed on the inner surface of the one or more
microfluidic channels or capillaries and further comprising a
light source configured to illuminate the inner surface of the
one or more microfluidic channels or capillaries.

11. The system of claim 10, wherein the optical micro-
scope comprises a fluorescent microscope.
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12. The system of claim 10, wherein the optical micro-
scope comprises a confocal microscope.
13. A system comprising the microfluidic device of claim
1, further comprising a Raman microscope configured to
obtain Raman spectra or Raman images of cells disposed on
the inner surface of the one or more microfluidic channels or
capillaries and further comprising a light source configured
to illuminate the inner surface of the one or more microfiu-
idic channels or capillaries.
14. The system of claim 10 or 13, wherein the light source
comprises one or more of a laser, light emitting diode (LED),
or laser diode.
15. A method of using the microfluidic device of claim 1,
comprising flowing a solution through the one or more
microfluidic channels or capillaries having one or more
cells, wherein one or more of the cells adheres to the metal
anisotropic nanostructures via a capture ligand disposed on
the metal anisotropic nanostructures.
16. The method of claim 15, further comprising releasing
one or more of the adherent cells from the metal anisotropic
nanostructures by increasing the local temperature with light
beam from a light source directed at one or more target sites
on the one or more microfluidic channels or capillaries.
17. A method of using the microfluidic device of claim 1,
comprising flowing a solution through the one or more
microfluidic channels or capillaries having one or more
target molecules therein, wherein the one or more target
molecules adheres to the metal anisotropic nanostructures
via a capture ligand disposed on the metal anisotropic
nanostructures.
18. The method of claim 17, further comprising obtaining
interrogating the one or more microfluidic channels or
capillaries with a Raman spectrometer or Raman micro-
scope.
19. A method of capturing and releasing cells of a
particular type contained in a sample comprising:
providing a microfluidic device comprising one or more
microfluidic channels or capillaries having one or more
inner surfaces populated with a plurality of metal
anisotropic nanostructures disposed thereon and func-
tionalized with a capture ligand to a specific cell type,
wherein the metal anisotropic nanostructures exhibit
plasmonic activity one or more wavelength ranges;

flowing a sample containing the cells through the one or
more microfluidic channels or capillaries, wherein the
cells of the particular type are adhered to the one or
more inner surfaces;
optically interrogating the microfluidic device with an
optical microscope to locate the adhered cells;

releasing the adhered cells from the one or more inner
surfaces by application of a beam of light onto the one
or more inner surfaces where the adhered cells are
located.

20. The method of claim 19, wherein the one or more
wavelength ranges is within the near infrared range.
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21. The method of claim 19, wherein the one or more
wavelength ranges is within the visible wavelength range.

22. The method of claim 19, wherein the cells comprise
circulating tumor cells (CTCs).

23. The method of claim 19, wherein the cells comprise
circulating fetal cells obtained from maternal circulation.

24. The method of claim 19, wherein the plurality of metal
anisotropic nanostructures comprises nanostars.

25. The method of claim 24, wherein the nanostars
comprise gold nanostars.

26. A method of forming a plurality of anisotropic nano-
structures in one or more microfluidic channels or capillaries
comprising;

functionalizing an inner surface of the one or more

microfluidic channels or capillaries with a chemical
coupling agent; and

depositing metal seed particles on the functionalized inner

surface; and

flowing a metal-containing growth solution mixed with a

reducing agent into the one or more microfluidic chan-
nels or capillaries to grow the plurality of anisotropic
nanostructures disposed on the inner surface of the one
or more microfluidic channels or capillaries.

27. The method of claim 26, wherein the metal seed
particles comprise gold.

28. The method of claim 26 or 27, wherein the metal-
containing growth solution comprises a gold-containing
growth solution.

29. The method of claim 26, wherein the metal-containing
growth solution comprises gold(III) chloride, silver nitrate,
and hydrochloric acid, and N-dodecyl-N,N-dimethyl-3-am-
monio-1-propanesulfonate (LSB) and the reducing agent
comprises ascorbic acid.

30. The method of claim 29, wherein the metal-containing
growth solution and the ascorbic acid are mixed just prior to
entering the one or more microfluidic channels or capillar-
ies.

31. The method of claim 26, wherein the chemical cou-
pling agent comprises an amino silane.

32. The method of claim 31, wherein the amino silane
comprises (3-aminopropyltriethoxysilane (APTES).

33. The method of claim 26, wherein the one or more
microfluidic channels or capillaries comprise a plurality of
microfluidic channels or capillaries disposed in a substrate
or chip.

34. The method of claim 26, wherein the metal seed
particles comprise spherical metal particles having diameter
less than 3 nm that are coated with cetyltrimethylammonium
chloride (CTAC).

35. The method of claim 34, wherein the metal seed
particles comprise gold seed particles.

36. The method of claim 26, further comprising function-
alizing the anisotropic nanostructures with a capture ligand.

37. The method of claim 36, wherein the capture ligand
comprises an antibody, an aptamer, or a protein.
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