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ABSTRACT: There is a great need to develop multifunc-
tional nanoparticles (MFNPs) for cancer biomarker-based
detection and highly selective therapeutic treatment simulta-
neously. Here we describe a facile approach of layer-by-layer-
assembled MFNPs conjugated with monoclonal antibody anti-
HER2, demonstrating the specific detection of breast cancer
BT474 cells (biomarker HER2 positive) with a high signal-to-
noise ratio. The MFNPs contain a well-defined core−shell
structure of UCNP@Fe3O4@Au coated by poly(ethylene
glycol) (PEG) and anti-HER2 antibody, displaying excellent
dispersity in various aqueous solutions. This unique combination of nanoparticles and ligand molecules allows us to perform
photothermal treatment (PTT) of the cancer cells, while simultaneously quantifying the distribution of MFNPs on a cancer cell
surface induced by antigen−antibody binding events. An important finding is that cancer cells adjacent to each other or in
physical proximity within micrometers may end up with different fates of survival or death in PTT. This dramatic difference is
determined by the antigen−antibody binding events at the interface of MFNPs and cells because of tumor cell heterogeneity.
Therefore, our experiments reveal a new scale of the highly localized feature of the photothermal effect at the single−cell level
illuminated by a continuous−wave near−IR laser.
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■ INTRODUCTION

The battles against various cancers encourage revolutionary
approaches, focusing on early diagnosis based on specific
molecular features of diseases, improved therapy selection, and
better methods of monitoring therapeutic outcomes with
predictive power.1,2 In response, theranostic nanomaterials
have emerged combining both therapeutic agents and
diagnostic imaging components into one package, with a
potential to overcome otherwise undesirable differences in
selectivity and biodistribution using separate agents in conven-
tional techniques.2−4 Theranostic nanoparticles promise
selective administration of therapies simultaneously in situ
where targeted cancer cells are detected, and continuous
monitoring of therapeutic efficacy via the methods of molecular
imaging. Therefore, there has been an increasing focus on the
development of nanoparticle-based theranostics, driven by both
the push of advances in nanotechnologies and the call for
personalized medicine.2−4 However, nanoparticle-based thera-
nostics are still in their early stages of development; significant
challenges remain to be addressed including strategic
combination to fully utilize the featured performance of
therapeutic and diagnostic components while minimizing
their individual shortcomings.2−4

Photothermal treatment (PTT) enhanced by gold (Au)
nanomaterials has been demonstrated as an effective approach
for tumor ablation.5−8 The feature of surface plasmon
resonance (SPR) by Au nanomaterials enables ultrafast energy
conversion of absorbed light into localized heat.9,10 It also
allows for a high efficiency of PTT at a much lower irradiation
energy by laser because of the dramatic enhancement in the
absorption cross section of Au nanoparticles (for example, 105

larger than that of indocyanine green dye molecules used in
earlier demonstrations).9 Conjugation of Au nanomaterials with
ligands of small molecules,11 aptamers or peptides,12,13 and
antibodies6 has shown increased selectivity of targeting cancer
cells with ablation while keeping the benign cells undamaged.
On the other hand, various imaging applications using Au
nanomaterials have been demonstrated in the literature,6,14−17

including immunoelectron microscopy, dark-field microscopy,
optical coherence tomography, reflectance confocal micros-
copy, photoacoustic tomography, and multiphoton plasmon
resonance microscopy. The unique surface-enhanced Raman
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resonance property of Au nanoparticles with the assistance of
antibody bioconjugation has enabled targeting and spectro-
scopic detection of tumors in vivo.18 In order to achieve
desirable plasmonic or optical tunability, researchers have not
only synthesized novel Au nanoparticles with characteristic
shapes and sizes but also built a variety of composite
nanostructures containing Au.14,19,20 Nanoparticles containing
a silica core and a thin Au shell with tunable ratios of core−shell
thickness have been developed to cover a broader wavelength
range of SPR from the visible-to-near-IR (NIR) region.20

Fluorescent dyes or semiconductor quantum dots have been
assembled to Au nanoparticles for potential multimodal
imaging.21−23 However, energy transfer between the fluorescent
agents and Au nanoparticles has been demonstrated to be
predominant. Thus, the undesired quenching effect of
fluorescence by Au nanoparticles limits the bioimaging
applications of these composite nanomaterials without using
sophisticated strategies to address this challenge.21−23

Recently, we developed a layer-by-layer assembling technique
to construct multifunctional nanoparticles (MFNPs).24 These
MFNPs were essentially composed of a Au nanoshell,
superparamagnetic iron oxide nanoparticles in the intermediate
layer, and rare-earth metal-doped fluorescent upconversion
nanoparticles (UCNPs) in the core (UCNP@Fe3O4@Au).
These MFNPs showed good performance in multimodal
imaging assisted by the targeting ligand of a small molecule
(folic acid).24 Enrichment of MFNPs surrounding the tumor
tissues induced by a magnetic force allowed the administration
of PTT for tumor ablation with high efficacy.25,26 Here we
demonstrate that bioconjugation of the MFNPs with an anti-
HER2 antibody (Scheme 1) enables the specific detection of
HER2 positive cell lines such as breast cancer BT474, thus
producing upconversion fluorescence signals with a high signal-
to-noise ratio. Simultaneously, we are able to investigate PTT
of cancer cells with MFNPs as prepared, revealing a highly
localized feature of the photothermal effect at the single-cell

level illuminated by a continuous-wave NIR laser. Our
experiments show that the cells adjacent to each other or in
physical proximity within micrometers may end up with
different fates (survival or death) because of the inherent
heterogeneity of cancer cells when under PTT. Compared with
earlier demonstrations of the localized photothermal effect with
a feature defined by the sizes of the laser spots,5,7,24 our image
data suggest a new scale of the featured resolution essentially
determined by the antigen−antibody affinity binding events at
the interface of MFNPs and cancer cells. Our work supports
the idea that physical methods such as PTT enhanced by Au
nanomaterials may convey dramatic advantages, namely, low
side effects, because of this highly localized feature. However, a
small percentage of surviving cancer cells may be left over from
the isolated single therapeutic treatment because of the
inherent heterogeneity of cancer cells. Therapies combining
multibiomarker recognition or different treatment strategies
with simultaneous image guidance will promise more effective
solutions against cancers in the future.

■ MATERIALS AND METHODS
Chemicals. All chemicals used in our experiment were analytical

grade without further purification. HAuCl4, Y2O3, Yb2O3, Er2O3,
K2CO3, tetrahydrofuran, and NaOH were purchased from Shanghai
Chemical Industrial Co. (Shanghai, China). The rare-earth trifluor-
oacetates were prepared by dissolving the rare-earth oxides in
trifluoroacetic acid (CF3COOH; Shanghai Chemical Industrial Co.).
Tetrakis(hydroxymethyl)phosphonium chloride (80%), oleic acid
(90%), oleylamine, 1-octadecene (>90%), benzyl ether (99%), 1,2-
dexadecanediol (97%), diethylene glycol, Fe(acac)3, formaldehyde,
(±)-α- l ipoic acid (LA), dopamine (DA), 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide (EDC), and N-hydroxysuccini-
mide (NHS) were purchased from Sigma-Aldrich.

Preparation of MFNPs with Layer-by-Layer Assembly. The
components to assemble MFNPs were prepared by referring to
previous reports.24,27,28 The major steps included the preparation of
Au seeds and a growth solution, synthesis of monodispersed Fe3O4
nanoparticles with superparamagnetic properties27 modified with
dopamine (DA), and synthesis of NaYF4-based (NaYF4: Yb, Er)
UCNPs coated with poly(acrylic acid) (PAA).24,28

UCNP@Fe3O4 nanocomposites were synthesized by employing the
technique of electrostatic assembly: DA-modified Fe3O4 nanoparticles
(1 mg/mL) in water were slowly added into PAA−UCNP (1 mg/mL)
after ultrasonication for 1 h. The mixture was treated by ultrasound for
30 min and then continuously stirred for 5 h. Excess Fe3O4
nanoparticles were removed by centrifugation at 6000 rpm and
repeated water washing. The product displayed good dispersity in
deionized (DI) water.

The outer Au nanoshells were assembled by attaching Au seeds on
the surface of UCNP@Fe3O4 nanocomposites, followed by further
growth of Au. A total of 1 mL of a UCNP@Fe3O4 solution (1 mg/mL
UCNP) was mixed with 10 mL of a Au seed solution. After stirring for
4 h in room temperature, the unattached Au seeds were removed by
centrifugation at 6000 rpm and repeated water washing. Afterward, 1
mL of a UCNP@Fe3O4 (0.1 mg/mL UCNP) solution (with Au seeds
attached) was added with 10 μL of the aged Au growth solution with
stirring. The reducing agent formaldehyde (29%) was then slowly
introduced into the solution. LA−poly(ethylene glycol) (PEG)−
COOH was synthesized in advance according to an established
protocol.24 The molecular weight of the PEG component was 5000.
LA−PEG−COOH was added into the above mixture solution 30 min
after the reaction of Au nanoshell growth was initiated. Excess reagents
were removed by centrifugation at 12000 rpm for 10 min and repeated
water washing.

After the steps above, MFNPs were successfully prepared,
containing UCNP@Fe3O4@Au nanocomposites modified by LA−
PEG−COOH on the surface (Scheme 1). MFNPs were stable in

Scheme 1. Schematic Illustration of the Synthesis Procedure
of Anti-HER2-Conjugated MFNPsa

aElectrostatic interactions were employed for layer-by-layer assembling
PAA-modified UCNP, dopamine-modified Fe3O4 NPs, and a Au shell
(UCNP@Fe3O4@Au). MFNPs can find good applications in cancer
cell detection and simultaneous PTT.
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aqueous solutions including DI water, a phosphate-buffered saline
(PBS) buffer, or a cell culture medium.
Bioconjugation of an Anti-HER2 Antibody onto MFNPs.

Bioconjugation of MFNPs was performed using a well-established
technique of EDC−NHS covalent coupling. Anti-HER2 antibody was
a product (Herceptin) of a monoclonal antibody from Roche Co., Ltd.
Briefly, carboxylated MFNPs were dissolved in PBS (pH = 5.7) and
stirred for 30 min. EDC and NHS (molar ratio of 1:1:2.5 NPs−EDC−
NHS) were added simultaneously, and the mixture was stirred gently
at room temperature for 1.5 h. The intermediate product of the
coupling reaction was centrifuged (12000 rpm, 5 min) and washed
with the PBS buffer (pH = 5.7) twice. Then the mixture was reacted
with the anti-HER2 antibody (20 μL, 21 mg/mL) in PBS (pH = 7.4)
for 4 h at 4 °C. The conjugated nanocomposites were collected by
centrifugation (12000 rpm, 5 min) and washed with PBS (pH = 7.4)
adequately. Anti-HER2-conjugated MFNPs were stored at 4 °C before
the cell experiments.
Characterization of MFNPs. Scanning electron microscopy

(SEM) images of these nanomaterials were acquired by using a FEI
Quanta 200F scanning electron microscope. Transmission electron
microscopy (TEM) and high-resolution TEM (HR-TEM) images
were obtained using a Philips CM300 transmission electron
microscope operating at an acceleration voltage of 200 kV. The
phase and crystallography of the products were characterized by using
a Shimadzu XRD-6000 X-ray diffractometer equipped with Cu Kα
radiation (λ = 0.15406 nm). A scanning rate of 0.05°/s was applied to
record the pattern in the 2θ range of 10−80°. The upconversion
fluorescence spectra were obtained on a FluoroMax 4 luminescence
spectrometer (HORIBA Jobin Yvon) with an external 980 nm laser
diode (1 W, continuous wave with a 1 m optical fiber; Beijing Hi-Tech
Optoelectronics Co., Ltd.) as the excitation source. UV/vis spectra
were obtained with a PerkinElmer Lambda 750 UV/vis spectropho-
tometer. The size distribution and ζ potential were gained by using
dynamic light scattering equipment (Zetasizer Nano ZS, ZEN3690,
Malvern).
Cell Viability Assays, Cell Labeling, and Microscopy

Imaging. The cell viability was measured using a standard
methylthiazolyltetrazolium (MTT; Sigma-Aldrich) assay. HeLa and
BT474 cancer cells were seeded into 96-well cell-culture plates at 5 ×
104/well and then incubated with different concentrations of MFNPs
for 24 h at 37 °C under 5% CO2. The standard MTT assay was carried
out to determine the cell viabilities relative to the untreated cells.
The reagents relevant to the cell culture were purchased from

Invitrogen if no further specification is given. HeLa and BT474 cells
obtained from the American Type Culture Collection were cultured in
completed high-glucose Dulbecco's modified Eagle medium and
RPMI-1640 cell medium, respectively, both supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin. The two
cell lines were grown at 37 °C and 5% CO2.
HeLa and BT474 cell lines were transferred, plated on glass

coverslips (14 mm diameter), and maintained for adhesion for 24 h.
Subsequently, after washing with PBS, the cells were incubated in a
medium containing 200 μg/mL MFNP−antibody conjugates with or
without FBS (we did not observe a difference) at 37 °C under 5% CO2
for 1 or 2 h. Then the cell samples were sufficiently washed with PBS
to remove excess nanoparticles. The cells were fixed with a 4%
formaldehyde solution and stained with a 4′,6-diamidino-2-phenyl-
indole (DAPI) solution. The experiments of upconversion lumines-
cence (UCL) imaging in vitro were performed on a laser scanning
confocal microscope (TCS SP5, Leica) with a customized laser (980
nm) upconversion luminescence setup. The laser device (980 nm) was
adapted into the microscope as the excitation source for imaging with
upconversion luminescence. The UCL emission of MFNPs from 500
to 560 nm was recorded by the microscope. The parameters of the
setup were saved as a protocol for unifying the conditions of image
acquisition.
PTT of BT474 and HeLa Cells Assisted by MFNP Conjugates.

The BT474 and HeLa (the negative control cell line) cells were
incubated with 250 μg/mL MFNP−antibody conjugates for 1 h at 4
°C. Additional negative control experiments were performed by

various combinations of these factors, including choices of cell lines,
with or without a laser, and with or without antibody-conjugated
MFNPs. After excess MFNP−antibody conjugates were washed by the
PBS buffer, the cell samples were incubated in the cell culture medium
at 37 °C for another 2 h for cell recovery. Afterward, an 808 nm NIR
laser was used to irradiate cells at a power density of 1 W/cm2 for 5
min. After irradiation, we used calcein AM and propidium iodide (PI)
to stain the cell samples. Multicolor images at the channels of calcein
AM (500−530 nm), PI (600−660 nm), UCL (500−560 nm), and
bright field were acquired using a customized laser confocal
microscope.

Image Analysis. Multiple regions of interest (ROI) in the pool of
acquired images were quantitatively analyzed for pixel intensities at the
different channels of wavelengths. The criteria of selection included
representative UCL labeling of the cells with differentiable recognition
patterns and location proximity of neighboring cells to minimize the
inhomogeneity of labeling conditions. Because we were particularly
interested in the fate of the cells evading the recognition of anti-HER2-
conjugated MFNPs during PTT, we allowed more ROI containing
BT474 cells absent of UCL labeling in this selected group for further
analysis. Therefore, the ratio of dead cells to living cells in this selected
group did not represent the overall percentages of killed/surviving
tumor cells in our typical photothermal experiment. With the help of
an open-source software (ImageJ, a plug-in of cell outliner), we were
able to locate the best fit of the individual cell boundary at different
channels of the same stack of acquired images and then performed
subsequent pixel analysis. We established a threshold to define the
living or dead status of the individual cells by quantifying the ratio of
pixel intensities at the channels of calcein AM and PI, respectively
(AM/PI > 3, living cells; PI/AM > 3, dead cells). Then we attempted
to calculate an index number reflecting the recognition events on each
individual BT474 cell by the anti-HER2-conjugated MFNPs. The
index was defined by the intensity-weighted pixels at the UCL channel
over pixels of the total area of each individual cell. Briefly, an image of
selected ROI was opened at the channel of UCL with the software
ImageJ and then transferred to the 8-bit type. The total area and mean
intensity at the UCL channel can be extracted by summing the pixels
within the UCL boundaries (best fit). We set the minimal threshold of
the pixel intensity larger than 10 to reduce background noise. All of the
images of ROI were processed with identical settings. Pixels of the
total area of each individual cell were obtained with a similar approach
using the image channels of either calcein AM or PI. In summary, we
repeated the experiments of PTT seven times. In these experiments,
we scanned 243 different areas; 68 of those different areas were
acquired with the objective 63×. There were 20−25 cells/image on
average. Therefore, there were more than 1000 cells scanned at the
high resolution (with the objective 63×). ROI containing 63 cells were
chosen for detailed analysis because they met the criteria of selection
for the study of the cell heterogeneity. These cells included 29 dead
and 34 living BT474 cancer cells. Statistical analysis was performed
using Microsoft Excel, including the standard unpaired t test with
different variance.

■ RESULTS AND DISCUSSION

Preparation of Anti-HER2-Conjugated MFNPs.MFNPs,
an abbreviation for the core−shell nanostructures of UCNP@
Fe3O4@Au, were prepared using a layer-by-layer assembling
approach (Scheme 1). UCNPs were synthesized by referencing
an established procedure, consisting of Yb3+ and Er3+-doped
NaYF4 nanoparticles (size distribution shown in Figure S1a in
the Supporting Information, SI). Bright-green upconversion
emission (with peak wavelengths of emission at 523 and 543
nm; Figure 2a) was produced when they were illuminated by an
NIR (980 nm) laser. The surface of UCNPs was coated with
PAA, thus enabling adsorption of positively charged Fe3O4
nanoparticles (6−9 nm; Figure S1b in the SI) with DA
modification by electrostatic interaction. Then seed-induced
reduction growth was employed to assemble a thin layer of Au
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as the outer shell of the complex nanoparticles. The procedure
of the above layer-by-layer assembly was monitored by UV/vis
spectral measurements (Figure S1c in the SI). As-prepared
MFNPs were further functionalized with LA−PEG−COOH to
improve their dispersity in aqueous solutions. These MFNPs
were available for bioconjugation with the anti-HER2 antibody
by the well-established procedure of covalent linking between
the carboxyl group (−COOH) and the amino group (−NH2)
using EDC and NHS.
Characterization of MFNP−Antibody Conjugates.

Characterization of MFNPs was performed using SEM, TEM,
and HR-TEM (Figure 1). The nanoparticles showed a uniform

hexagonal shape, with a diameter of 200 nm on average (Figure
1a). It was also consistently confirmed by measurements using
dynamic light scattering (Figure S3 in the SI). A distinct layer-
by-layer structure was demonstrated, as shown in Figure 1b.
The overall thickness of the Fe3O4 and Au layers was controlled
well, approximately 20 nm (Figure 1b). Energy-dispersive X-ray
(EDX) mapping (Figure 1c) and energy-dispersive spectrosco-
py (EDS) analysis (Figure S2 in the SI) were successfully
employed to analyze the presence and distribution of yttrium
(Y), iron (Fe), and Au elements in MFNPs and their ratios.
The crystalline structure and composition of as-prepared
UCNPs, UCNP@Fe3O4, and UCNP@Fe3O4@Au (MFNPs)
were investigated using X-ray diffraction (XRD). As shown in
Figure 1d, the positions of the characteristic peaks were well-
correlated with the standard (JCPDS No. 028-1192). The
diffraction peaks of the Fe and Au elements were successfully
identified from the samples of MFNPs.
The previous studies indicated that Au played a significant

role in quenching fluorescence during the preparation of
composite nanomaterials. Therefore, in our design the
intermediate layer of Fe3O4 was purposefully introduced as

the buffer between the UCNP core and the Au shell in order to
reduce the quenching effect on upconversion fluorescence. We
compared the fluorescence of a series of intermediate and final
products in solutions, including PAA-modified UCNP,
UCNP@Fe3O4, UCNP@Fe3O4@Au (MFNPs), and UCNP@
Au as an additional control. As shown in Figure 2a, in the
geometry of UCNP@Au without a Fe3O4 buffer layer, the
fluorescence of UCNPs was reduced because of the quenching
effect of Au. This resulted in an intensity loss of nearly 90%,
compared with the original UCNPs of identical concentration.
In contrast, the fluorescence intensity showed considerable
recovery (nearly 85% of the original UCNPs of identical
concentration) because of incorporation of the buffer layer of
Fe3O4 in the geometry of UCNP@Fe3O4@Au. This suggested
that the additional distance of separation introduced by the
buffer layer of Fe3O4 was important in reducing the energy-
transfer efficiency of the undesired quenching phenomenon.22

PEGylation of MFNPs enhanced their dispersity in aqueous
solutions. The carboxyl group as the terminal of PEGylation
increased negative charges on the surface of MFNPs, thus
minimizing aggregation of the nanoparticles. As shown in
Figure S1d in the SI, MFNPs modified with LA−PEG−COOH
possessed excellent stability (with a shelf life of 2−3 months) in
different aqueous solutions including water, a PBS buffer
solution, and the cell culture medium. Furthermore, the
carboxyl group on the outer surface allowed bioconjugation
of MFNPs with antibodies through coupling of the EDC and
NHS covalent bond.
A series of ζ potentials were separately measured to monitor

the preparation of nanoparticles at the different steps of
synthesis or assembly. The changes of the ζ potentials were
mostly distinct between adjacent steps, which indicated
effective modification of the surface chemistry in each
individual step. As shown in Figure 2b, we started with
UCNPs modified by PAA, displaying a ζ potential of around
−17.0 mV. It changed dramatically to +11.0 mV after the DA-
coated Fe3O4 nanoparticles were assembled on the surface of
UCNPs by electrostatic attractions. Then another remarkable
change of the ζ potential occurred from +11.0 to −12.0 mV
because of the assembly of Au shell as the new surface layer of
MFNPs. The negative charges on the surface of MFNPs were
increased by subsequent chemical modification with LA−
PEG−COOH. At last, we observed a moderate change of the ζ
potential from −16.2 to −6.5 mV, as the result of the reactive
carboxyl group on MFNPs conjugated with the amino group of
the anti-HER2 antibody by EDC−NHS coupling. As shown in
Figure S3 in the SI, bioconjugation of MFNPs with the anti-
HER2 antibody did not significantly change the size
distribution of nanoparticles, suggesting that undesired
aggregations of nanoparticles during the bioconjugation
procedure were minimal. We attempted to further chemically
characterize anti-HER2 antibody-conjugated MFNPs by
element mapping of the EDX spectrum (Figure S4 in the
SI). This successfully confirmed the composition of the
elements of Fe and Au and the rare-earth metals including
ytterbium (Yb), Y, and erbium (Er). The element of sulfur (S)
was positively identified in the sample, derived from S-
containing amino acids such as methionine, cystine, or dicystine
in the antibody and/or LA. The presence of the nitrogen (N)
element was attributed to the coating of dopamine and/or the
amino acid residues of the antibody. In addition, we developed
a new method to evaluate the performance of bioconjugation
by using Coomassie Brilliant Blue G250, a dye widely used for

Figure 1. (a) SEM image of hexagonal MFNPs. Scale bar: 200 nm. (b)
TEM image of MFNP at an acceleration voltage of 200 kV. The inset
shows part of its corner with high resolution. Scale bar: 10 nm. (c)
Scanning transmission electron microscopy image of part of MFNP.
The mapping images show the elements of Y (green), Fe (orange),
and Au (red). Scale bar: 10 nm. (d) XRD of UCNP, UCNP@Fe3O4,
and UCNP@Fe3O4@Au with a scanning rate of 0.05°/s.
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Figure 2. (a) Upconversion luminescence of the intermediate and final products of MFNPs, plus an additional control of UCNP@Au. The inset
includes a panel of optical micrographs of these nanoparticles in aqueous solutions under ambient light (above) and a 980 nm laser (below). (b) ζ
potential changes of the nanoparticles during synthesis. (c) Temperature changes of nanoparticles in solutions and blank controls illuminated by a
808 nm laser at a power density of 1 W/cm2 for 5 min. (d) In vitro cytotoxicity MTT assays of two cell lines (BT474 and HeLa cells) incubated with
various concentrations of MFNPs for 24 h, normalized by the cell samples without MFNP incubation (controls).

Figure 3. Fluorescent images of different cell lines incubated with the MFNPs as specified. The control experiments were performed with bare
MFNPs without antibody conjugation and a HER2 negative cell line of HeLa. The images suggest specific recognition of HER2 positive BT474 cells
with MFNP−antiHER2 conjugates: (a, d, and g) DAPI channel; (b, e, and h) UCL channel; (c, f, and i) merged. Excitation for MFNPs: 980 nm
laser. Emission wavelength range for UCL acquisition: 500−560 nm. Objective: 63×. Scale bar: 25 μm.
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protein detection. We performed the steps of washing and
recollecting the MFNP−anti-HER2 many times so that
unconjugated anti-HER2 molecules were removed completely
(shown as supernatant+G250 in Figure S5 in the SI). There
was a positive increase of the absorbance at 595 nm after the
reaction of covalent coupling, suggesting successful bioconju-
gation of anti-HER2 on MFNPs.
Specific Detection of Tumor Cells with Antibody-

Conjugated MFNPs. As-prepared anti-HER2-conjugated
MFNPs were evaluated for tumor cell detection using the
BT474 cell line as a positive model of the targeted tumor cells.
The HER2 protein is a family member of the cell-membrane
surface-bound tyrosine kinase receptors. Studies show that it is
overexpressed in human breast cancer tissues and several other
types of tumors. Therefore, HER2 has become an important
biomarker in diagnosis and a valuable target of signaling
pathways in the therapeutics of breast cancer. The BT474 cell
line was originally isolated from an invasive ductal carcinoma of
the breast overexpressing HER2. The HeLa cell line was
included in our experiments as a negative control. The BT474
and HeLa cells were in parallel incubated with cell culture
medium containing 200 μg/mL anti-HER2-conjugated MFNPs
for 1 or 2 h. The cell samples were washed with PBS
thoroughly and then stained by DNA intercalating fluorescent
dye molecules DAPI for cell nuclear indication. The
luminescence images of the cells were acquired using a
confocal fluorescent microscope customized with an 980 nm
NIR laser device. As shown in Figure 3, the sample of the HeLa
cells displayed negligible fluorescence in the wavelength range
between 500 and 560 nm under illumination by a 980 nm laser.
In contrast, the BT474 cells exhibited intense upconversion
luminescent signals in the identical wavelength range, resulting
from the highly efficient affinity binding of anti-HER2−MFNP
conjugates on the cell surface. In addition, another negative-
control experiment was performed by incubating the BT474
cells with the bare MFNPs (surface modified with LA−PEG−
COOH but without anti-HER2). The images showed negligible

upconversion luminescence using bare MFNPs without anti-
HER2 conjugation, supporting the observation that bare
MFNPs lacked sufficient affinity binding on the target tumor
cells (Figure 4a−c). Therefore, these results demonstrated that
our approach enabled very specific detection of target tumor
cells by antigen−antibody recognition, with a feature of a
signal-to-noise ratio higher than 10 (Figure S6 in the SI).
Upconversion luminescence has been well-known for its greatly
reduced autofluorescence and low photodamage by NIR
excitation.24,28−32 In the literature, UCNPs conjugated with
antibody or a small peptide of arginine−glycine−aspartic
(RGD) have been applied for labeling cancer cells,31,32 but
simultaneous administration of PTT on the cancer cells
recognized by the antibody has not been demonstrated yet.

Cytotoxicity of MFNPs in Vitro. The cytotoxicity of
MFNPs was examined based on colorimetric measurement of
the cellular enzymatic activity reducing the MTT dye (MTT
assay). The cell samples of BT474 and HeLa were incubated
with the culture medium containing a series of concentrations
of MFNPs (in the range of 0−2 mg/mL) for 24 h. Then the
enzyme activities of the cell samples were measured and
normalized with the controls incubated without MFNPs. In the
concentration of 0.2 mg/mL MFNPs (the concentration
primarily used in our experiments), the cell samples remained
more than 95% enzyme activity, which suggested very low
cytotoxicity of MFNPs (Figure 2d). After the concentration of
MFNPs was increased up to 2 mg/mL (10-fold higher than the
primary concentration), the cell viabilities of these two cell lines
were still nearly 90%. These measurements suggested that as-
prepared MFNPs presented good biocompatibility, attributed
to the well-controlled nanostructure of Au shell growth and
subsequent PEGylation on the surface.

PTT of MFNP−Antibody Conjugates on the Tumor
Cells. The photothermal effect of MFNP−antibody conjugates
was investigated by a comparison of both the BT474 and HeLa
cell samples. The samples of these two cell lines were incubated
with anti-HER2-conjugated MFNPs for 1 h at 4 °C. The

Figure 4. Images showing the living/dead status of cancer cells after PTT in the conditions as specified, including multiple control experiments. A
costaining procedure was applied with the calcein AM (green, for living cells) and PI (red, for dead cells). Calcein AM: excitation, 488 nm laser;
emission, 500−530 nm. PI: excitation, 488 nm laser; emission, 600−660 nm. UCL: excitation, 980 nm laser; emission, 500−560 nm. Objective: 10×.
Scale bar: 100 μm.
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incubation at low temperature reduced the energy-dependent
endocytosis of nanoparticles by the cells. After washing with the
PBS buffer and then recovery with the cell culture medium, the
cell samples were irradiated by the NIR laser (808 nm) at a
power density of 1 W/cm2 for 5 min. In order to clarify the
photothermal effect of anti-HER2-conjugated MFNPs, we
included the control experiments of examining different
combinations of multiple factors such as positive and negative
cell lines, administration or not of MFNP−antibody conjugates,
and with or without 808 laser illumination. As shown in Figure
4, the combination of anti-HER2-conjugated MFNPs and laser
illumination demonstrated a significant photothermal killing
effect on the target tumor cells of BT474. The staining pattern
with the living/dead cell dye molecules (calcein AM and PI)
clearly showed that the majority of BT474 cells were killed by
this combination, therefore producing the prevalent signals
(red) by the dye molecules of PI for the dead cells. In contrast,
the other combinations cannot kill the tumor cells efficiently
because at least one necessary factor for the photothermal effect
was absent. In these cases, the cell samples predominantly
displayed the signals (green) by the dye molecules of calcein
AM for living cells. In these negative control experiments,
occasionally there were a few cells showing the signals of red by
the stain of PI. Even though it might suggest that the cells were
dead, the reason for the cell death was unlikely to derive from
the photothermal effect because overall the staining pattern
dramatically differed from the images of the positive experiment
(Figure 4d).
We further measured the temperature changes of the cell

culture medium containing MFNPs and its analogue (UCNP@
Fe3O4 without the Au shell) under irradiation of a 808 nm laser.
As shown in Figure 2c, the medium solution containing
MFNPs appeared to be responsive to NIR laser illumination
with a rapid temperature increase (from 27.8 to 51.2 °C in 5
min). In the control experiments in parallel, the medium
solution containing nanoparticles lacking a Au shell (the
analogue) or other blank buffer solutions displayed much
slower temperature growth (smaller than 3 °C change in 5
min) with identical illumination. Therefore, this suggested that
the Au nanoshell in as-prepared MFNPs played an important
role for introducing rapid photothermal energy conversion.
However, these experiments were performed in the bulky
solutions containing nanoparticles. The local temperature
change at the nanoscale near the nanoparticle surface had not
been determined yet but was expected to be more dramatic
than the result of the measurements at the macroscale using
bulky solutions.33,34 Thermally and subsequent mechanically
induced damages on the cell membrane integrity were
proposed as a leading cause of tumor cell death suffered from
PTT.8,35 Interestingly, previous studies showed that internal-
ization of Au nanorods actually reduced the efficiency of
photothermal ablation of tumor cells.35 Aggregation of Au
nanomaterials on the tumor cell surface may amplify the
damage to the membrane integrity. These raised our interest in
further investigating the localized feature of PTT on the tumor
cells.
Localized Photothermal Feature Defined by the

Affinity Binding Events of Biomolecules. The localized
feature of PTT has previously been investigated using Au
nanoparticles, Au nanorods, or Au nanocomposites.5−8,24 In
those experiments, manually selected areas in the cell culture
incubated with various Au nanomaterials were irradiated with a
laser for administration of PTT, producing living/dead cell

patterns defined by the sizes of laser spots at the scale of
millimeters.5,7,24 Here we further demonstrated that PTT was
highly localized at the resolution of individual cells essentially
determined by the affinity binding events of antigen−antibody
interactions.
In our experiments of PTT of BT474 tumor cells with anti-

HER2−MFNP conjugates, a portion of the BT474 cells
appeared to evade PTT. We repeated the experiments and
found that there were 5−25% BT474 cells reproducibly
surviving PTT by NIR laser irradiation (Figure 4d). In
addition, we performed MTT assays after PPT for the purpose
of quantification. As shown in Figure S7 in the SI, the viability
of the BT474 cells was reduced significantly after incubation
with anti-HER2-conjugated MFNPs and subsequent PTT.
Given the good biocompatibility of our nanoparticles (Figure
2d), this supported the effectiveness of our approach in PTT.
BT474 cells lost most but not 100% cell viability in the
condition of 0.25 mg/mL MFNP−anti-HER2 and PTT,
consistent with the results by fluorescent cell imaging. Indeed,
the previous studies from the literature also suggested a similar
phenomenon of the tumor cells enduring PTT.5,7 However,
most of the experiments in the literature did not provide further
knowledge regarding the occurrence of this phenomenon
because of the limitation of their materials or methods.
Using MFNP−antibody conjugates, we were able to acquire

stacks of images containing the wavelength channels for calcein
AM and PI and the channel of upconversion luminescence
excited by the NIR laser, which was far from the excitation
source of the former two fluorescent dyes. Therefore, our
approach was featured with high image quality with low noise
or signal contamination, facilitating our studies of the
distribution of MFNP−antibody conjugates on the tumor cell
surface and the effectiveness of PTT simultaneously. The
images suggested that the photothermal effect of killing tumor
cells correlated well with the amounts and distribution of
MFNP−antibody conjugates on the cells (Figure 5a,b). We
developed a method of image analysis to semiquantitatively
measure the amounts of MFNP−antibody conjugate labeling
on the cell surface induced by antigen−antibody recognition.
The upconversion fluorescent pixels of MFNPs weighted by the
intensity were normalized with pixels of the total area of each
individual cell, producing a numerical index of the amounts of
MFNP binding on the cell surface. In the meantime, the
fluorescence signal ratio of calcein AM and PI staining was
utilized to define the living/dead status of the same cell
individually (Figure 6). We deliberately selected the ROI
containing the cells adjacent to each other or separated with
only micrometers for analysis. In such physical proximity, the
inhomogeneity of labeling conditions such as fluctuation of
MFNP concentrations in the medium was minimized; thus, the
abundance of the biomarker (HER2 antigen) on the surface of
individual cells dominated the affinity binding events between
the antigen and antibody interactions. As shown in Figure 5c,
the numerical index of the cells killed by PTT was nearly five-
fold higher than that of the cells evading identical treatment,
suggesting that photothermal ablation of tumor cells required
sufficient antigen−antibody recognition events. Furthermore,
multiple images (Figure 5b) revealed that the BT474 tumor
cells adjacent to each other may end up with totally different
fates (living or dead). The difference of their fates correlated
well with the distinct distribution pattern and amounts of anti-
HER2-conjugated MFNPs on these cells. These results
indicated a highly localized feature of PTT at the resolution
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of individual cells. Otherwise, the cells that were not sufficiently
recognized by the antibody-conjugated MFNPs but were
adjacent to the other cells mounting with aggregation of
MFNPs could not survive PTT (Figure 5b). This scale of the
localized feature at the single-cell level in our approach was
essentially determined by the antigen−antibody binding events
at the interface of MFNPs and cancer cells. Therefore, it was
distinctively different from the previously observed resolution
of the photothermal effect, which was typically in the size of a
laser spot (millimeters) using a manual method to determine
the boundary of the living/dead cells. The new evidence of this
highly localized feature by our approach will foster the
development of PTT with a performance of minimal
invasiveness in practical applications.
It was also noticeable that PTT alone could not kill all of the

cancer cells. Cancer cells are notorious for their complicated
heterogeneity (at multiple levels) in genetic and protein
expression, which contributes to their amazing ability to resist
various therapeutic treatments and subsequent reoccur-
rence.36−38 Technical advances in single-cell gene expression
profiling and sequencing revealed a predominant heterogeneity

of transcription activity for the cell population.39,40 The cell
numbers versus the transcript levels of the genes from single
cells fitted log-normal distribution, covering a range of mRNA
differences of more than 2 orders of magnitude.41 Assisted by
microfluidic technology, researchers were able to quantify the
absolute copy numbers of mRNAs sensitively at the single-cell
level.42 They found that a noticeable percentage of cells did not
express the biomarker genes in a detectable level, which would
be missed in a conventional bulk analysis using a population of
cells.42 A similar scope of cell population heterogeneity in gene
expression was supported by other studies but also correlated
to heterogeneous functions of the cells.43 The complicated
heterogeneity derived from a number of factors including, at
least but not last, various stages of the cell cycle, differentiation
in subtle ways, and changes of RNA processing stimulated by
environmental fluctuations. A consequence of heterogeneity
appeared to be survival of tumor cells and development of the
resistance to therapeutic treatment. Therefore, the inherent
heterogeneity of tumor cells provided a clue to the result of our
experiments, explaining that a small portion of BT474 cells
were not recognized by the anti-HER2-conjugated MFNPs and
subsequently evaded PTT. Our experiments indicated that
isolated therapeutic treatment based on a single biomarker
might miss a portion of the tumor cells undergoing stochastic
changes of biomolecules. It is of profound importance and
favorably suggests that the development of combinatorial
therapies enhanced by multibiomarker recognition44 is in great
need to address the challenge of tumor heterogeneity.

■ CONCLUSIONS
We have developed anti-HER2-conjugated MFNPs with a
core−shell structure of UCNP@Fe3O4@Au using the layer-by-

Figure 5. (a and b) Different fates of the cells adjacent to each other or
in physical proximity after PTT. In each panel, three images arranged
in a column were acquired from the same region but in the separate
channels as specified. Objective: 63×. (c) Statistical analysis of the
individual cells, suggesting that the amounts of anti-HER2-conjugated
MFNPs on the cell surface of the living and dead cells are significantly
different. 63 cells were analyzed, including 29 dead and 34 living
BT474 cancer cells. p value: <0.001 in a standard unpaired t test. Error
bar: standard deviation.

Figure 6. Schematic illustration of the image analysis procedure of the
ROI containing cells adjacent to each other but with distinct cellular
fates after PTT.
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layer assembling approach. We have demonstrated that these
bioconjugated MFNPs can detect breast cancer BT474 cells
(HER2+) with high specificity, producing upconversion
luminescence with a high signal-to-noise ratio. Using these
MFNPs, we are able to perform PTT on the targeted cancer
cells and simultaneously quantify the distribution of MFNPs on
the cell surface induced by antigen−antibody binding events.
Our image data have revealed that the cells adjacent to each
other or in physical proximity within micrometers may turn out
to have totally different cellular fates (survival or death) after
PTT, derived from the inherent heterogeneity of cancer cells.
Therefore, our experiments suggest a highly localized feature of
the photothermal effect at the single-cell level illuminated by a
continuous-wave NIR laser. We believe that combinatorial
therapeutic treatments, assisted by simultaneous imaging
guidance, will play an increasingly important role in addressing
cancer therapies in the future.
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