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dentification of cancer stem cell surface

markers for immunophenotyping has

great value in predicting the invasive-
ness and metastatic potential of tumors." It
was established recently with cytometry
that a subpopulation of breast cancer cells
expressing the CD44 antigen and not the
CD24 antigen (CD441/CD247) exhibits en-
hanced invasive properties typical of stem
cells.? These two surface markers have been
used to characterize three breast cancer cell
lines, MCF-7, MDA-MB-231, and MDA-MB-
468, with a new cell phenotyping approach
developed in this work. Cell phenotyping is
usually accomplished by monitoring fluo-
rescence emitted from organic fluoro-
phores®* or quantum dots (Qdot),>® surface
plasmon resonance scattering (SPR) of gold
nanoparticles,”® or enhanced scattering
from Raman spectroscopy.'®™'?

Among the latest technologies, hyper-
spectral SPR imaging and SERS mapping
using gold nanosensors has several advan-
tages, including ease of sample preparation
to detect single cells. Further, the use of
gold nanoparticles excludes issues of pho-
tobleaching and cytotoxicity and enables in
vivo detection. As shown in this work, the
use of gold nanoparticle assemblies has the
potential to be highly sensitive; however,
the aggregation has to be well-controlled
for multiplex detection.

In the past, gold nanospheres or gold
nanorods with different aspect ratio have
been utilized to detect multiple markers of
cancer cells by measuring SPR peaks in
scattering mode.®'? The limitation of using
single nanoparticle probes is the nonspeci-
fic binding or aggregation of nanoprobes
and their orientation which could result in
undefined SPR peaks. Another constraint of
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ABSTRACT Effective identification of breast cancer stem cells (CSC) benefits from a multiplexed
approach to detect cell surface markers that can distinguish this subpopulation, which can invade
and proliferate at sites of metastasis. We present a new approach for dual-mode sensing based on
targeting using pointer and signal enhancement using enhancer particle networks for detection by
surface plasmon resonance (SPR) and surface-enhanced Raman scattering (SERS). We demonstrate
our concept to detect cell surface markers, (D44 and (D24, in three breast cancer cell lines to identify
a (D447/(D24™ subpopulation of (SCs. The designed network structure can be well-controlled and
has improved sensitivity compared to conventional approaches with ability to detect a single target
on the membrane of a living cell. We have also developed a fractal approach to model the dimension
of the network structure and developed an empirical relationship to estimate the number of
particles in the network and its size. The empirical equation was validated with experiments and
finite-difference time-domain simulations, and the cell phenotyping results were found to be in good
agreement with published data from conventional sorting by flow cytometry.

KEYWORDS: network structures - dual-mode SERS and SPR detection - surface
plasmon coupling - cancer stem cells - predictive empirical models - fractal dimension

single particle sensing is the nanoparticle
uptake by cells. In addition, single particle
probes on cell membranes have a low sig-
nal-to-noise ratio because of the back-
ground scattering from cellular organelles.
Limitations of network structure approach
are the time taken in formation and ability
to fabricate multiplex DNA—antibody func-
tionalized nanoparticles.
It is known that nanoparticle aggregates
coated with polymers,'*~'®  biomole-
cules,’'® and silica’® ' can serve as ex-
cellent candidates as signal enhancers.
Small aggregates of gold nanoparticles
have the potential to detect single mole-  “Address correspondence to
cules based on SERS***® due to their strong  josephi@purdue.edu.
local field enhancement in relation to parti- . eived for review November 13, 2010
cle size. The tunability of enhancement and accepted February 2, 2011.
based on particle aggregates that results
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in networks is an attractive feature on which ;41051 /nn1030862
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spectroscopy. However, formation of aggregates with
reproducible SPR peak positions and SERS enhance-
ment is still an issue especially under conditions of
living cells, when nanoparticles are exposed to physio-
logical conditions for a long period of time during
network formation.?*

Gold nanoparticle networks formed by DNA hybrid-
ization have attracted significant interest because of
their versatile characteristics.”> "2’ Network structures
formed due to DNA hybridization of gold nanoparticles
can be tuned to form networks of specific size for a
given interparticle distance to generate a strong SERS
signal®® and Rayleigh scattering.?® The quasi-periodic
gold nanostructures formed due to DNA hybridization
tend to generate a homogeneous local field enhance-
ment in the gaps due to controlled distances between
neighboring nanoparticles.>***' Consequently, such
structures give rise to a well-defined enhancement
by SERS3%33 that we capitalize upon.

In this work, a systematic investigation of the reso-
nance peak control in small aggregates (<150 nm) was
accomplished. A DNA-assembled nanoparticle net-
work structure, formed on specific cell surface sites
with excellent interparticle distance control, was de-
monstrated. DNA hybridization and dehybridization
on a membrane of living cells shows reversibility of
the formed structures. By allowing nanoparticle net-
work formation in real-time, we show that endocytosis
can be avoided for network structures of size 120 nm or
greater.>* Finally, we demonstrate feasibility of the
DNA—gold nanoparticle probes in dual-mode sensing
(SERS and SPR) for multiplex detection of cell surface
markers for single cell phenotyping. The expressions of
cell surface markers, CD24 and CD44, were determined
in three breast cancer cell lines and validated with flow
cytometry data.

We first demonstrate a dynamic SERS platform using
pointer and enhancer particles for forming and assem-
bling gold nanoparticle networks on single cell sur-
faces via DNA hybridization. Detection of Raman labels
in the network by SERS was possible even at a laser
power of 1 mW (e.g., 785 nm source) in real-time. Next,
we demonstrate the reversibility of the network struc-
ture by a simple temperature step and show its dis-
assembly. The cross-platform utility of the network
structures, formed by hybridization of ssDNA-functio-
nalized gold nanoparticles, was illustrated by examin-
ing its plasmon properties by hyperspectral SPR
imaging to complement the SERS mode of detection.

Our design consists of pointer particles to target a
cell surface marker and enhancer particles functiona-
lized with ssDNA and Raman labels that aggregate
around a pointer particle to form a network structure
that can be probed by SERS and hyperspectral SPR.
Pointer particles were modified, respectively, with
antibodies specific to antigen CD24 (or CD44) and
ssDNA of user-defined length. The length of ssDNA of

LEE ET AL.

— Original — 20 min
— 10min — 30 min
— 40 min

a) GNP GNP-Ab GNP-Ab )
Pointer Q) * 9 * p:
Enhancer Q * Ii * n

GNP-DNA
GNP GNP-DNA TR0

8

Absorbance —»

n
—

d)

—
o]
s

—

[

&

8

Concentration /nM —2~

Absorbance /a.u.
o

Absorbance/a.u.

~— Zetapotential /mV
o

i) ii)

iiii) iv)

Figure 1. (a) Pointer and enhancer particle synthesis. En-
hancer particles are one set of two different complementary
particles, although only one is shown. The other enhancer
particle is synthesized in exactly the same manner but with
different lengths of DNA. (b) UV—vis spectra of reversible
DNA—gold nanoparticle hybridization process. (c) Absor-
bance peak of DNA at 262 nm (i), Raman label (4-
mercaptopyridine) at 323 nm in solution (ii) before (left) and
after (right) modification. Zeta-potential (iii) of gold nano-
particle before and after modification. Nanoparticle con-
centration (iv) of the original and final solutions. (d) FESEM
image of the DNA hybridized nanoparticle network struc-
ture on the MDA-MB-231 cell surface at 5 min of the
hybridization time in the 450 pM solution (R is the radius of
gyration) using pointer and enhancer particles.

the pointers was kept different in the probes designed
to detect CD24 and CD44. The enhancer particles were
decorated with Raman labels, 4-mercaptopyridine or
4,6-dimethyl-2-pyrimidinethiol, to correspond with
CD44 or CD24 markers and complementary ssDNA.
Important point to note is that the length of ssDNA
used in the pointer and enhancer particles to detect
the two marks was kept different so that the rate and
time of network formation are different. Thus respec-
tive nanoparticle network structures can be formed by
DNA hybridization when the two types are mixed. The
network structure will thus grow at the membrane
marker site targeted by the pointer particle bearing the
respective antibody due to antibody—antigen interac-
tion. Nonspecific attachment of the pointer particle to
the membrane surface is also possible. However, only
enhancer network structures grown on pointer parti-
cles will remain on the cell surface after washing steps.

The pointer and enhancer particles were first char-
acterized in solution for hybridization and dehybridiza-
tion conditions using UV—vis spectroscopy (Figure 1a,
b). The signal level in Figure 1c (i) and (ii), respectively,
denotes DNA concentration and Raman label concen-
tration of the original solution and the centrifuged
supernatant after nanoparticle modification to esti-
mate the numbers of DNA strands and Raman label
molecules. Figure 1c (iii) and (iv) denotes the zeta-
potential and nanoparticle concentration before and
after synthesis. Details of gold nanoparticle (40 nm)
synthesis and modification are provided in the Sup-
porting Information (section SI.4). The morphologies of
particle assembly and their network structures were
first examined by field emission scanning electron
microscopy (FESEM). Typically, particle networks can
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Figure 2. (a) Schematic of the cell marker detection strat-
egy. After targeting a cell surface receptor by a pointer
particle, network forming nanoparticles are added to form
the network structure. (b) Back scattering SEM images show
the growth of network structures due to DNA hybridization
with time for MDA-MB-231. The temperature-dependent
nature of network formation and its reversibility is illu-
strated. Each image shows the network structure after a
hybridization time of (i) 5 min (inset: 3 min, scale bar = 100
nm), (ii) 20 min, (iii) 40 min, and (iv) after a temperature step
above the hybridization melting point (45 °C).

be characterized as a fractal cluster with a fractal
dimension characterizing the 3D space. The FESEM
image in Figure 1d shows that the nanoparticle net-
work structure that formed at a temperature much
lower than the melting point has a fractal dimension of
about 1.87 (described in Supporting Information, sec-
tion SI1). The fractal dimension for the synthesized
structure was estimated for a certain enhancer particle
concentration and about 5 min of aggregation time
(details are discussed in the Supporting Information).
Similar conditions were used for the structures shown
in Figure 4 (implying similar fractal dimension) for SPR
mapping. Scanning electron microscope images
shown in Figure 2b illustrate the formation of aggre-
gates due to change in the network structure with time
and dehybridization after heating and explained be-
low. These structural changes correspond to changes
in the dimension of the network structure.

Figure 2a shows the schematic of the detection
concept to target cell surface receptors using the net-
work structure. First, pointer particles functionalized
with either anti-CD44 or anti-CD24 and ssDNA were
synthesized with different lengths and bases. Subse-
quently, two types of enhancer particles with respec-
tive Raman labels and complementary ssDNA were
synthesized to selectively hybridize with the pointer
particles and with each other. Figure 2b (i—iii) shows
the dynamic gold nanoparticle network formation at
different time periods (5, 20, and 40 min, respectively)
after incubating with MDA-MB-231 cells targeting the
CDA44 cell surface marker. On the basis of the growth
model calculations (eq 1), the size of the nanostructure
was estimated to be 163 nm after 3 min, yielding a SERS
signal in proportion to its size (discussed in Figure 3a,c).
Our calculations show a close agreement with the
experimental measurement of ~150 nm from the
SEM image (Figure 2b, (i) inset). After 5 min, the size
of the structure reached ~500 nm, as shown in
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Figure 3. (a) Raman signal intensity increased with respect
to network structure formation and the corresponding
spectra of Raman tag. (b) Multiplex Raman mapping of
CDA44/CD24 marker profile from three different cell lines:
(i) MCF-7, (ii)) MDA-MB-231, and (iii) MDA-MB-468. Optical
image of cell lines (top). Mapping of Raman dye 4,6-
dimethyl-2-pyrimidinethiol with the characteristic peak at
569 cm ' (middle) and 4-mercaptopyridine with the char-
acteristic peak at 1094 cm ' (bottom) corresponding to
CD24 and CD44 markers and its distribution on the cell
surface. (iv,v) Temperature-dependent mapping of network
formation due to hybridization, presenting clear evidence
of the reversibility of gold nanoparticle structure formation
(scale bar = minimum 0, maximum 150 photon counts). (c)
Raman intensity increase with time for the two different
enhancer particle concentrations examined (CD44 detec-
tion on MDA-MB-231 cells).

Figure 2b (ii). Results indicated that the size of the
network structure was proportional to the SERS inten-
sity (Figure 3c). Hence structures formed within 0 and
3 min could be characterized based on their SERS
intensity using our approach. All SERS measurements
were performed at a very low laser power using a long-
wavelength excitation laser (1 mW, 785 nm) and
relatively short acquisition time (3~30 s) to cause
minimum damage to cells.

The disassembly of the network structure was de-
monstrated by raising the temperature of the sample
to 45 °C using a control stage (TMS 600, Linkam
Scientific Instruments Ltd., UK). The FESEM image in
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Figure 2b (iv) confirms the disassembly of the nano-
particle in the network structure. In experiments using
living cells, the remaining pointer particles directly
bound to the cell surface markers will naturally follow
the endocytosis and exocytosis pathways.>* Even-
tually, some of the particles could be excreted by the
cells, and the viable cells might ultimately retain a
minimum number of nanoparticles.>*3> In our experi-
ments, nanoparticles of size 40—60 nm were used as
pointer particles because surface modification is easy
and the particle uptake and removal are known.>* The
reversibility is attractive especially for single cell stud-
ies since the same cell can be used for further analysis
(for example genotyping) once its phenotype is
determined. Reversibility of the network structure is
discussed further below and in the Supporting Infor-
mation section SI.7. Comparing the size of nanoparti-
cles to that of the focal area of the microscope (~1 um),
the structures formed show excellent multiplexing
ability when probed by SPR scattering for single cell
analysis using nanoparticles with the concentration of
~450 pM.

An increase in Raman intensity, corresponding to
the formation of nanoparticle network structure, was
monitored in real-time by measuring the SERS intensity
using pointer particles targeting the CD44 marker on
MDA-MB-231 cells and subsequently enhanced by the
network structure configuration using enhancer parti-
cles bearing complementary ssDNA. A distinct increase
in Raman intensity was observed as the number of
particles in the structure increased (Figure 3a). Raman
intensity reached a maximum when nanoparticles fully
filled the focal area (~1 um in diameter). The number of
nanoparticles can thus be calculated as a function of
time using the fractal dimension property of the net-
work structure with*®

N(t) = 2t/0) )

where 7 =ty X log 2/log Nyax and Npa, = [diameter of
focal area/(D + s)I%. Here, N denotes the number of
particles in the focal area, t the time, 7 the growth time,
t, the time taken to reach N(tg) = Nmax (Nmax the
number of particles when the nanoparticles fully fill
the focal area), D the size of nanoparticle, s the inter-
particle distance. The fractal dimension d; estimated
from SEM images was 1.87. It is assumed that the local
concentration of gold nanoparticles is constant and
the network structure grows exponentially, and N is
close to the number of particles at saturation in the
network structure. By this method, the minimum num-
ber of particles with distinct Raman signal at the time
point, t =3 min, was approximately estimated as 14, for
a network size of 163 nm.

Below, we demonstrate the feasibility of detecting
two cell surface markers using two Raman tags to,
respectively, detect CD44 and CD24 receptors. The
proof-of-concept cell surface receptor detection
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strategy with single target detection sensitivity was
first illustrated through a simple antigen—antibody
interaction study (details are provided in the Support-
ing Information section SI.3). Raman mapping of two
different nonfluorescent labels, 4-mercaptopyridine
(characteristic peak at 1094 cm™") and 4,6-dimethyl-
2-pyrimidinethiol (characteristic peak at 569 cm™ ')
representing CD44 and CD24, respectively, was con-
ducted to assess the distribution of these surface
markers on selected cancer cells. MCF-7, MDA-MB-
231, and MDA-MB-468 show the respective expression
of CD24, CD44, and CD44/CD24 in Figure 3b (i—iii). The
SERS signal corresponding to CD44 disappeared
(melting point of the network structure was ~35 °C)
from MDA-MB-468 cells subjected to a water bath
temperature of 35 °C for 15 min. However, the signal
from the Raman label, depicting the CD24 marker,
persisted (Figure 3b (iv)) because the melting point
of the hybridized structures to denote CD24 was 45 °C.
However, when the temperature was increased to 45
°C, both the signals disappeared, indicating that the
structure has disintegrated (Figure 3b (v)).

The dynamic change in the SERS intensity (at 1094
cm™ ") of the Raman dye, 4-mercaptopyridine, functio-
nalized on the enhancer particle with respect to time
during network structure formation is shown in
Figure 3¢.3° The consistent increase in Raman signal
from the network structure could be attributed to the
enhancement factor (in the range from ~10° to ~10),
from the dye-embedded network assembly.>® How-
ever, this enhancement is not observed in the controls,
which consisted of cells only or cells with the nano-
particle structure without Raman dyes (Supporting
Information, section SL6). In these experiments, the
concentration of the pointer and enhancer particles
was ~450 pM. This short-time growing feature of the
structure on the living cell membrane is attractive
because it eliminates cellular uptake of targeted nano-
particles and provides the possibility of detecting
several biomarkers at single cell resolution. It is also
worth noting that, since the enhancement from the
nanoparticle network structure is strong enough,
Raman measurement was possible even with a very
low laser power (1 mW) and a short integration time
(3~305), virtually avoiding cell damage, making this an
ideal platform for intracellular and in vivo studies.

It should be noted that the size of the network and
the time of network formation can be controlled by the
concentration of enhancer particles (Figure 3c). We
illustrate this by using a concentration of ~70 pM (~7-
fold dilution of the original concentration of 450 pM). It
should be noted that the aggregation kinetics is
primarily controlled by the particle concentration de-
scribed in eq 1, while factors such as nanoparticle size,
temperature, and the number of DNA on nanoparticles
are fixed as described in sample preparation (Figure 1).
Experiments indicated that it took ~18 min to produce
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Figure 4. (a) Dark-field images of gold nanoparticle network structures on three different cell lines based on intensities at all
wavelengths (top), 604 nm (middle, pseudo-blue), and 578 nm (bottom, pseudo-red); (i) MCF-7, (ii) MDA-MB-231, and (iii)
MDA-MB-468. Images in (i) and (ii) show the distribution of short (CD24) or long wavelength (CD44) of LSPRS peak only; (iii)
shows the short and long wavelength (scale bar = 10 «m). (b) Plasmon resonance peak positions according to the number of
nanopatrticles in a network. Dark-field spectroscopy measurements (except for 3—5 nanoparticles, which are from FDTD
simulation results) are fitted by the suggested equation A1/1o = 0.41 x log(N) x exp(—6.91 x s/D).

a signal of comparable intensity to that obtained with
the initial concentration of 450 pM in 3.5 min
(Figure 3c). The comparable intensities imply a similar
size of the network structure. Our experiments indicate
that, at lower concentrations of the enhancer particles,
consistent SERS signal in proportion to the network
size was possible. However, when the particle concen-
tration is kept too low (less than 30 pM), the rate of
cellular uptake could dominate, preventing any aggre-
gate formation. During the first few minutes, an in-
crease in signal intensity, denoting enhancement due
to plasmon coupling, was possible as noted by the
exponential growth model (Figure 3c). A decrease in
signal intensity possibly due to a decrease in particle
concentration in the vicinity of the nanostructure is
likely. This trend was captured in our experiments to
detect CD24 and CD44 markers on cell surfaces using
respective nanoparticle probes. It is common knowl-
edge that plasmon coupling is critical for optimal
enhancement. The possibility of direct measurement
of the plasmon resonance suggests another important
measurement method, the hyperspectral localized SPR
in scattering (LSPRS).2”8

Hyperspectral LSPRS has its pros and cons. An
advantage of this method is its high resolution com-
pared to normal optical microscopy because of the use
of a slit or pinhole, promising spatial localization at a
high resolution. Hyperspectral LSPR is faster, better in
resolution, and, more importantly, it does not require
any labeling of the molecule, which makes the synth-
esis and measurement process more versatile and
robust compared to SERS. Hyperspectral LSPRS ima-
ging has been used in targeted drug delivery, tumor
cell differentiation, and quantification.3® Multiplex de-
tection, using nanomaterials fabricated from gold,40
silver,*' fluorescent probes,*? and quantum dots,** has
also been attempted. While imaging/detection in gen-
eral is based on intensity, LSPRS examines the peak
shift of two different gold nanoparticle network
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structures with different interspacing due to the use
of 28 and 60 base pair hybridizations that yield a
significant shift in the peak of the plasmon band by
as much as 26 nm (Figure 4b). Interparticle distance-
dependent diagnostics is yet another useful multiplex-
ing metric and can be successfully harnessed by highly
resolved hyperspectral imaging. Hyperspectral images,
namely, SERS and LSPRS mapping, confirm the relia-
bility of the gold nanoparticle network structure not
only for SERS but also for plasmon-based detection of
CD44/CD24 markers in the cell lines tested using
appropriate networks.

Hyperspectral LSPRS images of plasmon probes
(functionalized gold nanoparticles) targeting CD44
and CD24 markers from the three cell lines are pre-
sented in Figure 4 to complement and confirm the
results obtained by Raman mapping (Figure 3 (i—v)). As
a negative control, MDA-MB-468 cells were tested in
two types of experiments. First, the cells were incu-
bated with gold nanoparticles modified only with DNA
(using enhancer particles only) showing no clear bind-
ing phenomena, with the exception of a possible
nonspecific binding (Supporting Information Figure
S4c). Second, if the cells were incubated with only
pointer particles (i.e., gold nanoparticles modified with
antibodies and ssDNA), a distinct peak around 530 nm
(from single nanoparticles) could be detected, con-
firming the absence of the network structure
(Supporting Information Figure S4d). From the results
of SPR imaging in Figure 4a (i), MCF-7 shows the
predominance of CD24 expression with low expression
of CD44. Figure 4a (ii) shows the distribution of CD44 in
MDA-MB-231, and Figure 4a (iii) reveals the presence of
both the CD44 and CD24 markers in MDA-MB-468
cells. Immunophenotying of the cell population, stu-
died by counting the number of each immunotype
(CD44+/CD24+, (CD44+/CD24—, CD44+/CD24—,
CD44+-/CD24—) detected by LSPRS peaks at 604
and 578 nm corresponding to the plasmon response
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TABLE1. Comparison of Results from Hyperspectral Imag-
ing (LSPRS) and Conventional Cytometry Sorting (Data
from Reference 2)

MCF7 MDA-MB-231 MDA-MB-468

this work cytometry this work cytometry this work cytometry

(D24+-/(D44+ 143  8£3 3.6 2 8.7 90+£6

(D24—/(D44+ 0 0 8.7 8 £5 72 3+£1
(D24+-/(D44 822 873 0 0 7.1 7+£3
(D24/(D44 35 6%1 107  1BB£5 0 0

of the network structure, shows excellent agree-
ment with cytometry results from the literature
(Table 1).2%*

Clear differentiation of two different structures by
hyperspectral LSPRS suggests an obvious functional
feature of the gold nanoparticle network structure,
namely, wavelength specificity, which can be har-
nessed to impart photothermal effect when excited
at that resonance.*>*® When the nanoparticle structure
is excited at its resonance wavelength, it behaves as an
efficient light absorber, resulting in the conversion of
the optical energy to thermal energy.*’*® When the
gold nanoparticle network structures are excited by a
laser of wavelength 633 or 568 nm, the structures with
a resonance at ~604 or ~578 nm produced by the
nanoparticle assembly are disassembled (Supporting
Information section SI.7).

The versatility of the formed structures to impart
selective heating effect at a localized region of the
assembly is especially encouraging because treatment
can be administered to a specific biomarker site leaving
the rest of the system intact due to spectral selectivity.
A clear separation of the plasmon resonance peak
could be obtained by controlling the sequence length,
the number of DNA molecules on the nanoparticle
surface, and the size of nanoparticles. The number of
particles in the network structure can be controlled by
the density of complementary molecules (ssDNA).
When the number of DNA molecules on the nanopar-
ticle surface is high or if the length of the sequence is
long, the longer is the hybridization time.***° Such
localized heating strategies using plasmon structures
can be designed to promote gene release®' and highly
specific tumor cell ablation platforms.>?

It is practically important to extrapolate that the
plasmon resonance peak shifts with a relatively simple
formula. Dependence of the number of nanoparticles

EXPERIMENTAL SECTION

Forty nanometer seed gold nanoparticles were synthesized
by citrate reduction of HAuCl,.**®" One micromolar of ssDNA
(short sequence: 5'-AAA AAA AAG AAT TGG CTG CT-3, and 5'-
AAA AAA AAA GCA GCC AAT TC-3/, long sequence (sandwich):
5/-GCT GCT TGT GAA TTT TCT GAT TTT TTT TTT-3/, 5'-TCA GAA

LEE ET AL.

in the network can be described in logarithmic terms
based on their fractal formation.>® Indeed, Wang et al.
measured a peak shift of about 170 nm in their sub-10-
nm gap nanoparticle array,”* while a dimer structure
with the same interparticle distance shows a shift of
~40°> and 80 nm>® when they are separated by a
distance of 1 nm. The peak shift from the gold nano-
particle network can thus be written in a generalized
form as

AlJo = A xloglg x N+r) x exp(—Bs/D)  (2)

where A=0.41+0.057,B=6.92 +0.263,g=1,r ~ 0.
Coefficients A and B are obtained from fitting for the
functions in the region of a large number of particles
(Figure 4b), and coefficients p and g are obtained from
the experimental data of dimers/trimers and FDTD
simulation results (Supporting Information section
SI1.2) based on the assumption that, when the number
of nanoparticles are very small (2—3 particles), particles
can form a linear structure with very high probability.
The models (eq 2) developed in this work are also
applicable to characterize structures formed by two or
three particles studied by others.>>>”~>?

In conclusion, we demonstrate a reversible network
structure with application in diagnostics at single cell
resolution. This gold nanoparticle network is grown
using DNA hybridization on the cell surface marker
sites and provides an efficient platform for detection
with SERS and localized SPR in scattering to achieve
multiplexing (CD44 and CD24) at a very high resolution
in three different types of cancer cells. The hyperspec-
tral SPR and images using SERS tags show excellent
agreement, good control, and stability, confirming the
complementary advantages of the dual-probe plat-
form interrogation. The use of SERS tags for mapping
provides excellent multiplexing ability, while hyper-
spectral SPR can be versatile, and is capable of sensing
at a high spatial resolution, dynamic events such as
intracellular protein assemblies. It is shown that the
plasmon peak shift can be interpolated with a simple
equation, and the number of particles contributing to
the aggregates can be assessed. The network structure
is reversible, and the signal enhancement during for-
mation and dissipation can be dynamically monitored
on cell surfaces in a multiplex format. Multifunctional
gold nanoparticle networks are attractive because
their unique properties can enable a variety of detec-
tion modalities for biomedical applications.

AAT TCA CAA GCA GCC AAT TCA ATG LABEL ACA GAC G-3/,
and 5-TTT TTT TTT TCG TCT GTC TAC ATT GAA TTG-3') and
Raman tags were fabricated to constitute enhancer particles
by the methods introduced in our earlier efforts. %3
Pointer particles were modified with antibody and ssDNA by a
method introduced by Hill et al%(Supporting Information
section Sl.4).
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Samples were obtained at 0, 5, 20, and 40 min incubation
times and washed with deionized distilled water (>18.2 MQ)
four times and dried for FESEM (field emission scanning electron
microscopy) imaging and Raman mapping. Different samples of
MDA-MB-468 were prepared to illustrate the reversibility of the
network structure formation. Enhancer particles in the network
structures were removed by DNA dehybridization by a tem-
perature step. For short sequence (28 bps) structures, the
melting temperature was 35 °C, and for long sequence (60 bps)
structures, the melting temperature was 45 °C, with an exposure
time of 15 min in 0.15x PBS buffer (Supporting Information
section SL.5). All measurements were performed in PBS buffer
and replicated three times.

Breast cancer cell lines, MCF-7, were grown in DMEM (10%
fetalplex, 5% CO,, 37 °C), and both MDA-MB-231 and MDA-MB-
468 were grown in RPMI1630 (10% fetalplex, 5% CO,, 37 °C). All
cells were cultured in 18 mm round coverslips in a 6-well plate
and fixed when the cells reached about 80% confluence. For
fixation, cells were incubated with 4% paraformaldehyde for
20 min and rinsed with PBS, then dried. For cell surface marker
detection, pointer particles, modified with antibodies and
ssDNA, anti-CD44-long sequence DNA, and anti-CD24-short
sequence DNA, respectively, were fabricated to first target
and bind to the cell surface with a 15—20 min incubation to
allow its binding to the respective cell surface markers (CD44,
CD24). The samples were washed twice with PBS buffer, and
enhancer nanoparticles were added to form gold nanoparticle
structures by hybridization. After 30 min of incubation in PBS,
the sample was washed and diluted in PBS buffer (0.15x PBS) to
remove unbound nanoparticles. SERS signal was measured by
Raman spectroscopy (Nicolet Almega XR dispersive Raman
spectrometer, Thermo Scientific, Waltham, MA) with a 785 nm
laser excitation and 1 mW power using an acquisition time of 3 s.
All measurements were done with a 50x objective (NA = 0.75,
infinity and flat corrected). Mapping corresponding to the key
peaks of the Raman label used for cell marker detection shows
the distribution of the network structure and the identity of cell
surface markers located at the same position. Raman peaks at
1094 and 569 cm ™' were mapped to represent 4-mercaptopyr-
idine and 4,6-dimethyl-2-pyrimidinethiol, respectively.
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