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Gold Nanoparticles-Packed Microdisks for Multiplex
Raman Labelling of Cells

Peipei Zhang”, Junfei Xia®, Zhibin Wang*, Jingjiao Guan®” *

Micro/nanoparticles containing densely packed gold nanoparticles (AuNPs) possess unique
properties potentially useful for various biomedical applications. The micro/nanoparticles are
conventionally produced by the bottom-up methods, which have limited capability for
controlling particle size, shape and structure. This article reports development of a top-down
method that integrates layer-by-layer assembly and microcontact printing to fabricate disk-
shaped microparticles named microdisks composed of densely packed AuNPs. The method
allows for precise control of not only size, shape and structure of the microdisks but also
amount of the AuNPs in the microdisks. The microdisks can be loaded with different Raman
reporters to generate characteristic surface-enhanced Raman scattering spectra under the near
infrared excitation over a centimetre-scale lens-sample distance. Moreover, the microdisks can
be attached to single live cells. This microdisk platform holds potential for multiplex Raman
labelling of therapeutic cells for in vivo tracking of the cells.

Introduction

Gold nanoparticles (AuNPs) promise to be useful for a variety of
biomedical applications.! While the AuNPs are most often used in
the form of individual particles, recent years have seen growing
interests in assembling many AuNPs into a micro/nanoparticle with
new functionalities unattainable by the individuals. In one method,
AuNPs were coated on SiO, or CaCO; microparticles and the
functionalized microparticles were used as colloidal probes for
Raman detection of biomolecules. > In a second method, hollow
microcapsules were produced by coating template microparticles
with AuNPs and polyelectrolytes through layer-by-layer (LbL)
assembly followed by dissolving the microparticles.****® The
aggregated AuNPs in the microcapsules allowed enhanced Raman
imaging and photo-triggered release of cargos in the microcapsules
via photothermal conversion. In a third method, AuNPs were self-
assembled into hollow vesicles of 200-300 nm in diameter.”**'* The
densely packed AuNPs were able to promote light absorption in the
near infrared (NIR) range, Rayleigh and Raman scattering,
photoacoustic imaging or photothermal conversion.

These capabilities render the AuNPs-packed micro/nanoparticles
highly attractive for various biomedical applications.

A common feature shared by the above methods for producing the
AuNPs-packed micro/nanoparticles is the use of the bottom-up
approach, which typically suffers from limited ability to control
particle size, shape and structure as exemplified by the roughly
spherical shape of the above-mentioned particles. In contrast, top-
down methods are able to fabricate particles with precisely
controlled sizes, non-spherical shapes and well-defined internal
structures that are desirable or even essential for various biomedical
applications. '+ 12131+ 15 Notably, Rubner ef al. combined LbL
assembly and photolithography to produce multilayered,
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polyelectrolyte-based, and plate-shaped microparticles containing
magnetic nanoparticles.'® We also developed a simple, inexpensive
and highly versatile method for fabricating multilayered
polyelectrolyte microparticles by integrating LbL assembly and
microcontact printing.'” In this study, we extend this method to the
fabrication of microparticles containing densely packed AuNPs. The
microparticles are disk-shaped and thus termed microdisks hereafter.

Our microdisks are intended to be used for tracking cells based on
Raman imaging. The ability to track therapeutic cells in vivo is
useful for developing effective cell therapies. Existing cell-tracking
techniques including magnetic resonance imaging, positron emission
tomography and quantum dot-based NIR fluorescence imaging
suffer from the need for ionizing radiation, use of toxic quantum
dots, or limited capability for multiplexing labelling. '*+1°+% In
contrast, the AuNPs are less toxic than the quantum dots.1 Raman
imaging does not involve ionizing radiation. Moreover, Raman
imaging allows superb multiplexing capability because Raman
spectra have narrow bandwidths and are highly material dependent.
It should also be noted that Raman spectra can be excited by NIR,
which permits a tissue-penetration depth at the centimetre scale.”' In
addition, the unique shape of the microdisk can promote its adhesion
to cells.'"* We thus believe that our microdisk platform is suitable for
tracking cells based on Raman imaging. This study focuses on
demonstrating the feasibility of multiplex Raman labelling of cells
with the microdisks.

Experimental section

Our fabrication method is illustrated in Figure 1. Briefly, a
polyelectrolyte multilayer was first formed on an unmodified
poly(dimethyl siloxane) (PDMS) stamp bearing an array of
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micropillars.?? Negatively charged AuNPs and positively charged
poly(diallyldimethyl ammonium chloride) (PDAC) were then
deposited on the stamp sequentially as a bilayer. This step could be
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Figure 1. Procedure for fabricating AuNPs-packed microdisks
loaded with a Raman reporter. Steps: (1) Deposit a multilayer of
AuNPs and polyelectrolytes including poly(diallyldimethyl
ammonium chloride) (PDAC) on a stamp; (2) Load the Raman
reporter molecules into the microdisks; (3) Place the stamp on a
glass slide coated with a thin film of poly(vinyl alcohol) (PVA);
(4) Remove the stamp to leave the microdisks on the PVA film;
and (5) Release the microdisks by dissolving PVA.

repeated to build multiple AuNPs/PDAC bilayers. 10 nm-diameter
AuNPs were used throughout this study unless otherwise noted.
Next, the stamp was coated with a second polyelectrolyte
multiplayer. The composition of the entire composite multilayer is
expressed with notation A/(B/C),, where A, B and C refer to specific
layer materials with A representing the first layer applied on to the
stamp and n the number of B/C bilayers. In addition to PDAC, two
other polyelectrolytes, poly(sodium 4-styrene sulfonate) (PSS) and
polyallylamine hydrochloride (PAH), were used in this study.
Raman reporter was loaded into the multilayer by soaking the stamp
in an ethanol solution of the reporter. This step was performed only
when  producing  microdisks for Raman  spectroscopy
characterization. The microdisks were generated by transferring the
multilayer on the top of the micropillars to a glass slide coated with a
thin film of poly(vinyl alcohol) (PVA) via physical contact. The
microdisks could be released from the slide by dissolving the PVA
film with water.

Materials. Poly(sodium 4-styrene sulfonate) [PSS, molecular weight
Mw): 70,000 g/mol], poly(diallyldimethyl ammonium chloride)
(PDAC, Mw:  100,000-200,000 gmol™),  polyallylamine
hydrochloride (PAH, Mw: 15,000 g-mol™), acid terminated poly(D,
L-lactide-co-glycolide) (PLGA, lactide : glycolide = 75 : 25, Mw:
4,000-15,000 gmol") and 2-mercaptoethanol (BME) were
purchased from Sigma-Aldrich. Glass slides, rhodamine
isothiocyanate (RITC), 2-naphthalenethiol, 4-aminothiophenol and
thiolphenol were purchased from VWR. Poly(vinyl alcohol) (PVA,
Mw: 3000 gmol”, 88% hydrolyzation) were purchased from
Scientific Polymer Products Inc (Ontario, NY, USA). Sylgard 184
poly(dimethyl siloxane) (PDMS) kit was purchased from Dow
Corning. Suspension of AuNPs with diameter of 10 nm was
purchased from Ted Pella (Redding, CA, USA). Zeta potential of the
AuNPs was measured as -22 mV. K562 cells were purchased from
the American Type Culture Collection.
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Fluorescence labelling of PAH. PAH was mixed with RITC in
water at a 5,000:1 molar ratio (repeat units of PAH to RITC
molecules) and kept for 24 h at room temperature. The solution was
dialyzed against deionized water using a membrane with molecular
weight cut-off of 20,000 g-mol” for 24 h to remove the unreacted
RITC.

Cell culture. K562 cells were cultured in RPMI 1640 medium
supplemented with 10 vol% cosmic calf serum, 100 units:-mL™" of
penicillin and 100 ug-mL" streptomycin at 37 °C and 5% CO,.
Preparation of stamps. A silicon wafer master carrying a pattern of
photoresist was prepared by standard photolithography. Prepolymer
and curing agent of the kit was mixed at a 10:1 weight ratio and
casted on the master at 37 °C for 24 h. The stamp contained an array
of circular pillars (diameter: 8 pm, height: 3.4 pum) in the square
lattice with a centre-to-centre distance of 20 pum.

Preparation of PVA-coated glass slides and silicon wafers.
Aqueous PVA solution (800 pL, 5 wt%) was spin-coated on a glass
slide or a silicon wafer at 2,500 revolutions per min (RPM) for 3
min.

Synthesis of gold nanoparticles (AuNPs). The method developed
by Jana et al. was used here to prepare suspensions of AuNPs with
two different sizes.” One had hydrodynamic diameter of 10.8 =+ 2.2
nm and zeta potential of -20 mV. The other had hydrodynamic
diameter of 22.9 + 3.9 nm and zeta potential of -17 mV.

Fabrication of microdisks. Aqueous polyelectrolyte solutions used
for fabricating the microdisks included 1 wt% PAH-RITC (pH 5.8),
1 wt% PAH (pH 4.3), 1 wt% PSS (pH 5.8), and 1 wt% PDAC (pH
4.6). All of the above solutions contained 150 mM NaCl. For
deposition of polyelectrolytes, each step consisted of soaking the
stamp in a polyelectrolyte solution for 12 min, followed by a 1 min
wash with water. For deposition of AuNPs, 0.5 mL suspension of
AuNPs was added on the stamp and kept for 45 min, followed by a 1
min wash with water. The Raman reporters were loaded into the
multilayer film by soaking the stamp carrying the multilayer in
ethanol solution of each reporter (25 mL, 50 mM for all reporters)
for 24 h at room temperature. After soaking, the stamp was briefly
washed with ethanol and dried under a nitrogen stream. To transfer
the multilayer from the stamp to a substrate, the stamp was exposed
to water vapour generated from a 65 °C water bath for 5 sec and then
brought into contact with the substrate. PVA-coated glass slides
were used as substrates for characterizing the microdisks with
optical microscopy and UV-Vis spectroscopy, and for preparing the
microdisk-cell complexes. PVA-coated silicon wafers were used as
substrates for characterizing the microdisks with Raman
spectroscopy. Freshly cleaved mica plates were used as substrates
for characterizing the microdisks with AFM. After being kept in
contact for 45 sec, the stamp was peeled off from the substrate. The
substrate was then exposed to water vapour generated from a 37 °C
water bath for 15 sec to release the particles.

Fabrication of dot-on-pad microparticles. PLGA in acetone (400
uL, 2 wt%) was spin-coated on a stamp at 2,500 RPM for 30 sec. A
multilayer was deposited on the stamp as described above. The dot-
on-pad microparticles were printed on a PVA-coated slide and
released as described above.

Preparation of microdisk-cell complexes. Suspension of K562
cells (500 pL, 10° cellsmL") in the medium was added on a
microdisk array printed on a PVA-coated glass slide and incubated at
37 °C for 15 min. The microdisk-cell complexes formed
spontaneously.

Assessing surface enhanced Raman scattering (SERS) effect.
Three sets of stamps (3 stamps in each set) were coated with an
AuNPs-polyelectrolyte multilayer. The first and second sets were
loaded with 2-naphthalenethiol as described above. Each stamp of
the first set was placed in a glass shell vial (50 mL) together with an
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open plastic centrifuge tube (2 mL) containing 100 uL. BME. The
bottle was sealed and kept at the room temperature for 24 h. Each
stamp of the second set was placed in a covered but not sealed
plastic dish for 24 h at the room temperature. Each stamp of the third
set (without 2-naphthalenethiol) was exposed to BME following the
same procedure as above. Microdisks were then printed on PVA-
coated silicon wafers from all stamps and characterized with Raman
spectroscopy as described above.

Characterization. The optical micrographs were obtained using an
inverted Nikon Ti epifluorescence microscope equipped with an
Andor iXonEM+ 885 EMCCD camera. Atomic force microscopy
images were collected using a Bruker Icon system and single-beam
silicon cantilever probes (Tap300AI-G, resonance frequency of 320
kHz, normal force constant of 40 N-m™") operated at tapping mode in
air. A Perkin Elmer 950 spectrophotometer was used to obtain the
UV-Vis extinction spectra of the microdisks printed on a PVA-
coated glass and the suspension of the home-made AuNPs. A
NICOMP™ 380 ZLS system was used to measure hydrodynamic
diameters and zeta potential of the AuNPs. A home-built Raman
spectrometer equipped with a 785 nm (Toptica DL100 Diode laser),
a 600 gr-mm™ holographic grating, a 1,024x256 element CCD
detector (Wright, Open electrode), and a 50x [numerical aperture
(N.A.) =0.8] and 5% (N.A. = 0.1) objective lens was used to acquire
Raman spectra. All samples were analyzed in the spectral range of
100 - 1,700 cm™" at room temperature. Each spectrum was the result
of 3 x 30 sec exposures that were ensemble averaged. Background
of Raman spectra was manually subtracted. A digital camera was
used to take photographs of the glass slide on which the microdisks
were printed.
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Results and discussion

The microdisks were characterized with several physical
techniques. Figure 2a shows a glass slide on which an array of
microdisks was printed. The 1.4 cm-wide printing area had the same
lateral dimensions as the stamp and displayed a uniform bluish color,
suggesting that a uniform film-like structure was transferred to the
slide from the stamp over the entire printing area. A dark-field
optical micrograph (Figure 2b) shows a periodic array of the
microdisks with the same lattice and diameter as those of the
micropillars of the stamp. It also reveals that the microdisks were
bright everywhere within individual microdisks. In contrast,
multilayered polyelectrolyte microparticles without AuNPs display a
ring-like structure (Inset of Figure 2b). This difference suggests that
AuNPs were distributed relatively evenly within the microdisks and
responsible for the high brightness of the microdisks through
Rayleigh scattering of the incident light. It is interesting to note that
microdisks appeared larger in the dark-field micrograph than in the
phase-contrast micrograph. Atomic force microscopy (AFM)
(Figures 2c¢ and 2d) further shows that the microdisks had a smooth
top surface and a uniform thickness. Plotting the thickness of the
microdisks against layer number of the AuNPs revealed a linear
relationship with a slope of 4.47 nm per layer, indicating that each
AuNPs/PDAC bilayer had an average thickness of 4.47 nm (Figure
2e). Note that this average bilayer thickness was smaller than the
diameter of the AuNPs, suggesting that there was interpenetration
between the adjacent AuNPs/PDAC bilayers. Most importantly, the
linear relationship suggests that the amount of the AuNPs in the
microdisks can be precisely controlled with the layer number of the
AuNPs. The optical properties of the microdisks were characterized
with UV-Vis extinction spectroscopy (Figure 2f). Plotting the

—_
[=)
~

E 60
(=
& 40
17
g0
o 0
E 0 5 10 15um
20 um
(h)
R y =0.005x + 0.000 =
5 0.03 22099 g 590
= 0.02 < 580
2 2
2001 S 570
= >
[n| (]
0 T T T T T T 1 ; 560 T T T T T T 1

0123456
Layer number of AuNPs

0123 45€®6
Layer number of AuNPs

Figure 2. Characterization of printed microdisks. (a) Photograph of a glass slide carrying the printed microdisks. (b) dark-field
micrograph of the printed microdisks with 8 pm diameter. Microdisk composition: PAH/(PSS/PDAC),/(AuNPs/PDAC),/PSS/PDAC.
Inset shows a dark-field micrograph of microparticles without AuNPs. Multilayer composition: PAH/(PSS/PDAC),. (¢) AFM image of
microdisks printed on mica. Microdisk composition: PAH/(PSS/PDAC),/(AuNPs/PDAC);/PSS/PDAC. (d) Line profile of the microdisk
crossed by the dashed line in (c). (¢) Plot of thickness of the microdisks against layer number of AuNPs. The points represent means and
the bars standard deviations (s.d.) of 27 microdisks. The linear fit was included with the corresponding equation. (f) UV-Vis extinction
spectra of microdisks with different layer numbers of AuNPs printed on PVA-coated glass slides. Microdisk composition:
PAH/(PSS/PDAC),/(AuNPs/PDAC),/PSS/PDAC, n=1-5. (g) Plot of the UV-Vis extinction at 572 nm against layer number of the AuNPs
and the linear fit. The points represent means and the bars s.d. of 5 samples. (h) Plot of UV-Vis extinction peak wavelength against layer
number of the AuNPs. The points represent means and the bars s.d. of 3 samples.
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extinction at 572 nm against layer number of the AuNPs reveals a
linear relationship (Figure 2g), again suggesting that the amount of
AuNPs in the microdisks can be controlled with the layer number of
the AuNPs. Moreover, the spectra show significant red shifts of the
extinction peaks compared to the extinction peak of the AuNPs
suspension at 520 nm [Electronic Supplementary Information (ESI)
Figure S1] and the shift increases with layer number of the AuNPs
(Figure 2h), suggesting that the AuNPs were densely packed in the

microdisks.*?*

The amount of AuNPs in the microdisks can be estimated based
on the UV-Vis extinction spectra. First, the microdisk array printed
on a glass slide is assumed to be a homogeneous film containing
uniformly distributed AuNPs. Second, using Beer-Lambert law, A =
g, where A is extinction, ¢ extinction coefficient of the AuNPs, ¢
molar density of AuNPs, and / thickness of the film, ¢/ can be
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Figure 3. Raman characterization of printed microdisks with PVA-coated silicon wafers as the substrates. The substrates were
responsible for the peaks at 306, 520 and 941 cm™. A 50x objective lens was used to collect all Raman signals except (g). (a) Raman
spectra of microdisks containing 1, 2, 3 and 5 layers of AuNPs and loaded with 2-naphthalenethiol. Microdisk composition:

PAH/(PSS/PDAC),/(AuNPs/PDAC),/PSS/PDAC, n =
Raman signal intensities at 1376 cm™

1,2, 3 and 5. The 1376 cm™' peaks are magnified to reveal details. (b) Plot of
against layer numbers of the AuNPs. The points represent means and bars s.d. of 12

measurements. Raman spectra of microdisks loaded with (c) 4-aminothiophenol and (d) thiophenol. Microdisk composition:
PAH/(PSS/PDAC),/(AuNPs/PDAC)s/PSS/PDAC. (e) Raman spectra of microdisks loaded with 2-naphthalenethiol before (blue line)
and after (red line) being exposed to vapour of 2-mercaptoethanol (BME) for 24 h at the room temperature, and blank microdisks (i.e.

without 2-naphthalenethiol) after being exposed

to BME (black line). Microdisk composition:

PAH/(PSS/PDAC),/(AuNPs/PDAC),/PSS/PDAC. (f) Quantitative comparison of Raman signal intensities at 1376 cm™ of the 2-
naphthalenethiol-loaded microdisks before and after being exposed to BME vapour and air respectively. Columns represent means and
bars s.d. of 9 measurements. (g) Raman spectrum of microdisks containing 2-naphthalenethiol collected with a 5x lens. The AuNPs-
polyelectrolyte multilayer on the stamp had been soaked in PBS for 18 h before being printed on a PVA-coated silicon wafer. Microdisk

composition: PAH/(PSS/PDAC),/(AuNPs/PDAC)s/PSS/PDAC.
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calculated when A and ¢ are known. For the array of microdisks
containing 5 layers of AuNPs, the extinction is 0.0252 at 572 nm.
The extinction coefficient ¢ for the 10 nm-diameter AuNPs is
assumed to be 1.0 x 10° M'em™ . Thus ¢ is calculated as 2.52 x
10" mole-cm™. Third, considering that the microdisks have a
diameter of 8 um and are arranged in a square lattice with the centre-
to-centre distance of 20 um, ¢/ of the AuNPs in the microdisks is
calculated as 2.01 x 10”2 mole-cm™. Finally, since a microdisk has a
lateral area of 50.24 um® the amount of AuNPs packed in each
microdisk containing 5 layers of AuNPs is estimated as 6.08 x 10°.

The feasibility of using the microdisks for multiplex Raman
labelling was demonstrated with three Raman reporters: 2-
naphthalenethiol, 4-aminothiophenol and thiophenol. Each reporter
contains a thiol group that can bind to the AuNPs through the thiol-
gold bond, thus favouring the surface enhanced Raman scattering
(SERS) effect. NIR laser with 785 nm wavelength was used as the
excitation light. Raman spectra were first collected from a PVA-
coated silicon wafer and then from AuNPs-packed microdisks
printed on a PVA-coated wafer. The almost identical spectra shown
in ESI Figure S2 indicate that the polyelectrolytes in the microdisks
did not produce noticeable Raman signals. Figure 3a shows Raman
spectra of microdisks loaded with 2-naphthalenethiol. The
characteristic peaks match those in the literature.?® Moreover, the
signal intensity increased with the layer number of the AuNPs and
therefore the total amount of the AuNPs per microdisk (Figure 3b).
In addition to 2-naphthalenethiol, signature Raman spectra of
microdisks loaded with 4-aminothiophenol (Figure 3c¢) and
thiophenol (Figure 3d) were also observed,”’* suggesting that the
AuNPs-packed microdisks can be used as a universal platform for all
thiol-based Raman reporters.

To further assess whether SERS effect contributed to the
observed Raman signals, we exposed the 2-naphthalenethiol-
loaded microdisks to 2-mercaptoethanol (BME) vapour. Note
that 2-naphthalenethiol is a solid at the room temperature and
BME is a liquid with a vapour pressure of 1 mmHg according
to the vendor. We hypothesized that the vaporized BME
molecules could replace some of the 2-naphthalenethiol
molecules bound to the AuNPs and the desorbed 2-
naphthalenethiol stay trapped in the microdisks. As a result, the
average distance between 2-naphthalenethiol and AuNPs would
be reduced but the total amount of 2-naphthalenethiol in the
microdisks remained unchanged. Because SERS is a highly
localized effect,®” we expected to see a significant reduction in
SERS signal intensity. The result (Figures 3e and 3f) confirmed
this hypothesis. In contrast, 2-naphthalenethiol-loaded
microdisks exposed to air did not display a noticeable change in
the intensity of the Raman signals. Moreover, the blank
microdisk sample did not show any characteristic peaks other
than those generated by the substrate, indicating that BME
exposure did not contribute to the characteristic peaks of 2-
naphthalenethiol. This result suggests that the AuNPs-enabled
SERS effect contributed significantly to the observed Raman
signals.

The above Raman spectra were collected using a 50x objective
length operated at a millimetre-scale sample-lens distance. Such a
short distance is impractical for non-invasive in vivo cell tracking.
To alleviate this concern, a 5% objective lens operated at a sample-
lens distance of ~4 cm was used. Moreover, the 2-naphthalenethiol-
loaded multilayer on the stamp was soaked in phosphate buffered
saline (PBS) for 18 h before printing. Successful acquisition of the
characteristic Raman spectra (Figure 3g) suggests that the
microdisks can potentially be tracked at a centimetre-scale tissue
depth over an extended period of time. AuNPs with diameter of ~23
nm were used for this experiment.

This journal is © The Royal Society of Chemistry 2012
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The envisioned cell-tracking application also requires attaching
the microdisks to human cells. One approach to this end is through
releasing the microdisks from the slide first and then allowing the
released microdisks to bind to cells in vitro. Successful release of the
microdisks was demonstrated in Figure 4a. Figure 4b further shows a
complex composed of a microdisk and a cell of the K562 human
leukemic cell line. The outermost PAH layers of the microdisks were
responsible for the microdisk-cell adhesion.*

In addition to producing the AuNPs-packed microdisks, the
fabrication method can be easily extended to prepare particulate
microdevices with other structures and functionalities. Figure 4c
presents an example. Each of the microdevices in this figure
consisted of a thermoplastic dot sitting on a pad-like AuNPs-packed
microdisk. The microdevices were fabricated by integrating the
method introduced in this study with a method that we previously
invented. *' Since the dot-on-pad structure can offer unique
advantages to drug delivery, this type of microdevices can allow
synergistic integration of controlled drug delivery and non-invasive
in vivo tracking of the microdevices.

E A
’ 2 10 pm

Figure 4. Released microdisks, a microdisk-cell complex and dot-
on-pad microdevices. (a) dark-field micrograph of the released
microdisks. Microdisk composition:
PAH/(PSS/PDAC),/(AuNPs/PDAC),/PSS/PDAC. (b) Overlaid
fluorescence and phase-contrast micrograph of a microdisk-cell
complex. The arrowhead points to the microdisk. Microdisk
composition: PAH/PSS/(PAH-
RITC/PSS),/(PDAC/AuNPs),/(PAH/PSS),/PAH. (c¢) Phase-contrast
micrograph of dot-on-pad microdevices with a thermoplastic dot
(black) sitting on a pad-like microdisk (gray). Microdisk
composition: (PAH/PSS),/(PDAC/AuNPs),/(PAH/PSS),/PAH. Dot
material: poly(D, L-lactide-co-glycolide).

Conclusions

We have developed a novel top-down method for fabricating
microdisks containing densely packed AuNPs. The microdisks
have a disk-like shape and well-defined structures and
dimensions. The amount of the AuNPs per microdisk can be
precisely controlled. Multiple thiol-based Raman reporters can
be loaded in the microdisks to generate characteristic SERS
signals. The signals can be detected at a centimetre-scale
sample-lens distance under a NIR excitation. Moreover, the
microdisks can be attached to single human cells. The
technique promises to be useful for non-invasive tracking of
multiple groups of therapeutic cells in vivo through
multiplexing labelling of the cells.
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