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Nanoparticles for live cell 
microscopy: A surface-enhanced 
Raman scattering perspective
Maria Navas-Moreno1, Majid Mehrpouyan2, Tatyana Chernenko2, Demet Candas3, Ming Fan3, 
Jian Jian Li3, Ming Yan2 & James W. Chan1,4

Surface enhanced Raman scattering (SERS) nanoparticles are an attractive alternative to fluorescent 
probes for biological labeling because of their photostability and multiplexing capabilities. However, 
nanoparticle size, shape, and surface properties are known to affect nanoparticle-cell interactions. 
Other issues such as the formation of a protein corona and antibody multivalency interfere with the 
labeling properties of nanoparticle-antibody conjugates. Hence, it is important to consider these 
aspects in order to validate such conjugates for live cell imaging applications. Using SERS nanoparticles 
that target HER2 and CD44 in breast cancer cells, we demonstrate labeling of fixed cells with high 
specificity that correlates well with fluorescent labels. However, when labeling live cells to monitor 
surface biomarker expression and dynamics, the nanoparticles are rapidly uptaken by the cells and 
become compartmentalized into different cellular regions. This behavior is in stark contrast to that of 
fluorescent antibody conjugates. This study highlights the impact of nanoparticle internalization and 
trafficking on the ability to use SERS nanoparticle-antibody conjugates to monitor cell dynamics.

Therapy resistance as well as recurrence and metastasis are believed to be caused by a select group of cancer cells 
called cancer stem cells (CSCs) with significant ability to self-renew. In breast cancer, it has been shown that cells 
positive for CD44 and negative for CD24 are more aggressive, invasive, and tumorigenic1; and forced expression 
of HER2, in otherwise HER2-negative breast cancer cells, has been shown to enhance resistance to radiation 
therapy2. Based on this evidence, HER2+ , CD44+ and CD24−/low has been proposed as a biomarker profile for the 
breast CSCs responsible for ionizing radiation (IR) therapy resistance3. However, the exact pathways enhancing 
cell survival, i.e., key factors controlling the overall pro-survival network after long-term irradiation, remain to 
be elucidated.

Studying the dynamics and evolution of biomarkers at the single cell level over multiple cell generations could 
greatly contribute to the understanding of breast CSC proliferation, thus helping identify the profile of the most 
aggressive CSCs. These studies could provide key information for the development of targeted therapy treatments 
to prevent and resensitize therapy resistant breast CSCs. Such studies would require antibody based labels with 
high multiplexing capabilities and photostability needed for long-term tracking of various antigen expression and 
fate over multiple cell divisions. However, conventional fluorescence based labels suffer from photobleaching and 
spectral crosstalk that limits multiplexing, making them unsuitable for such an application.

Nanoparticles (NPs) have very interesting properties that render them suitable for a broad range of applica-
tions, including cell imaging, in-vivo imaging, and sensing. In particular, surface enhanced Raman scattering 
(SERS) NPs have been extensively used to image fixed4–9, and live10–16 cells. From these studies, it is evident that 
SERS NPs provide clear advantages over fluorescence labeling in two important aspects: multiplexing and photo-
stability17. Application of SERS NPs for dynamic live cell studies requires a careful consideration of the fundamen-
tal interactions between NPs and cells. Surprisingly, few studies using SERS NPs to image live cells consider the 
fact that living cells have a natural affinity for NPs, something that is well known in the fields of nanotoxicology 
and drug delivery. Cells are known to spontaneously uptake NPs depending on their shape and size18–21, and sur-
face characteristics22–24. Moreover, targeted NPs, those that have been functionalized with monoclonal antibodies, 
have been shown to increase cellular uptake25 and multivalency, due to the presence of multiple antibodies on the 
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surface of the nanoparticles, is known to affect nanoparticle-cell interactions26. For comprehensive reviews on the 
topic, see Yameen et al. and Kou et al.27, 28.

The original goal of this study was to take advantage of the non-photobleaching and multiplexing capabilities 
of SERS NPs to quantify the distribution of specific cell surface biomarkers (i.e., HER2 and CD44) and their 
dynamic distributions during cell cycle progression inherited from parent to daughter cells, as well as newly 
expressed proteins, to better characterize biomarker profiles during breast CSC proliferation (Fig. 1). The study 
presented here demonstrates that despite their known and appealing advantages, SERS NPs are not optimal for 
most live-cell imaging applications, such as monitoring dynamics of surface markers, due to NP internalization 
and trafficking by cells. Challenges and requirements for implementing SERS NPs in cell imaging and sensing 
applications are discussed.

Results
Cellular imaging with SERS nanoparticles. SERS NPs29, 30, were conjugated to HER2 and CD44 anti-
bodies (Supplementary Fig. S1A) to investigate their labeling characteristics. Supplementary figures S1C and S1D 
show the Raman and absorption spectra of the NPs used in this study. Transmitted electron microscopy (TEM, 
Supplementary Fig. S1B) reveals that individual NPs may have more than one spherical gold nanoparticle encap-
sulated in the silica layer; thus, the NPs were differentially centrifuged to eliminate larger multi-core particles. 
The TEM results are confirmed with dynamic light scattering (DLS) measurements (Supplementary Fig. S1E) that 
indicate the NPs have a diameter distribution ranging from 100 to 400 nm. It is likely that larger diameters are due 
to NP aggregation rather than NPs having more than 3 gold cores.

To examine the labeling specificity of the SERS conjugates, we used darkfield microscopy to image various 
breast cancer cell lineages stained with HER2 or CD44 conjugated SERS NPs after fixation (Supplementary 
Fig. S2). The results in Fig. S2 correlate very well with the HER2 and CD44 expression levels as measured by 
western blot (Supplementary Fig. S3), indicating an excellent labeling specificity. Additionally, we performed dot 
blotting using a recombinant form of HER2 (rHER2) to further evaluate the specificity and sensitivity of the SERS 
conjugates. Supplementary Fig. S4 shows the results for the HER2 monoclonal antibody alone (Supplementary 
Fig. S4A) and for the SERS conjugate (Supplementary Fig. S4B) on mouse IgG (positive control), rabbit IgG 
(negative control) and rHER2. Dot blotting shows that the specificity of the antibody remains unaltered after 
conjugation to SERS NPs but the sensitivity to rHER2 showed a slight reduction demonstrated by the faint results 
obtained on dots other than the one with the maximum amount of rHER2 (50 ng).

The imaging properties of the SERS labels were evaluated using a custom built line-scan Raman microscope 
to acquire Raman images, which were then compared to their fluorescence counterparts. Figure 2 shows the 
maximum intensity projections of 3D Raman and fluorescence image stacks of SKBR3 and MDA-MB-231 cancer 

Figure 1. Schematic of the proposed approach for looking at the distribution of HER2 and CD44 inherited 
from parent to daughter cells, and also the newly expressed proteins. At each generation a different set of labels, 
represented by the different colors in the figure, would allow newly expressed and inherited proteins for each of 
the biomarkers of interest to be distinguished.
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cells, which are HER2 positive and CD44 positive, respectively. Both SERS NPs and fluorophores were conjugated 
to the same clones of HER2 and CD44 antibodies, hence we expected very similar labeling characteristics. The 
images show that the SERS conjugates are able to label cells with the expected characteristics, and that the Raman 
images very much resemble their fluorescence counterparts, bearing in mind that the voxel size for the Raman 
images is 0.5 × 0.5 × 2 μm while the voxel size for the fluorescence images is 0.1 × 0.1 × 0.2 μm.

Pulse-chase imaging and flow cytometry with SERS nanoparticles. We performed initial 
pulse-chase experiments to characterize the behavior of the SERS conjugates and their interaction with cells. 
Figures 3A,B show fluorescence images (single optical plane) of SKBR3 cells incubated live for 2 hours with 
fluorescent and dual fluorescent-SERS HER2 conjugates, respectively (Full pulse-chase experiments images in 
Supplementary Figs. S5 and S6). The cells incubated with the fluorescent conjugate (Fig. 3A) show that, while 
some of the fluorophores show up intracellularly, most of the fluorescent signal remains on the cell membrane. 
Figure 3B, on the other hand, shows that the SERS conjugate is completely internalized and appears to be localized 
within cell compartments. Images for MDA-MB-231 cells incubated with CD44 conjugates, shown in Figs. 3E,F, 
exhibit similar behavior (Full pulse-chase experiment images in Supplementary Figs. S7 and S8).

SKBR3 and MDA-MB-231 cells incubated for 46 hrs with fresh media, after 2 hours incubation with HER2 
and CD44 fluorescent conjugates, respectively, show images that resemble those obtained right after the initial 
incubation (Figs. 3C,G), thus implying that the fluorescent conjugates have very high affinity. More importantly, 
they are not being internalized. In contrast, images of the same SKBR3 cells incubated with HER2 SERS conju-
gates for 2 hours followed by incubation with fresh media for 46 hours show clusters of NPs that have been fully 
internalized (Fig. 3D). Images of MDA-MB-231 cells incubated under identical conditions with CD44 SERS con-
jugates (Fig. 3H) show very low numbers of NPs at the cells, thus demonstrating that the nanoparticle conjugates 
behave differently than their fluorescent counter parts. In fact, the results obtained with the HER2 fluorescent 
conjugate agree well with previous studies that show that HER2 is a receptor whose localization is restricted to the 
plasma membrane31. CD44 is also a receptor that localizes on the cell membrane, but unlike HER2, it is known to 
have a physiological response to certain antibodies32. Evaluation of the response of CD44 to the antibody clone is 
beyond the scope of this work, but it is important to consider the possibility of a downstream response of CD44 
due to antibody binding.

To further validate these observations, we carried out pulse-chase experiments where cells resuspended after 
fixation were analyzed using flow cytometry to detect scattering of 488 nm and 640 nm light, as well as the emis-
sion from Alexa Fluor 488. Figures 4A,B show the scatter plot of control cells, cells incubated for 6 hours with 
SERS conjugates (HER2 and CD44, respectively), and non-functionalized SERS NPs. The plots show that the cells 
incubated with non-functionalized NPs overlap with the control cells, indicating no uptake of these NPs. On the 
other hand, cells incubated with conjugated NPs show a significant shift relative to the control cells. Based on 
the absorption spectra of these NPs (Supplementary Fig. S1B), the change in the scatter plot is likely due to the 
slightly higher absorption in the green, which reduces the 488 nm scattering, but more importantly due to the 
increased light scattering in the red. This result confirms that NP uptake is specific to functionalized NPs.

Another set of pulse-chase experiments was carried out and either the scattering from the NPs or the emis-
sion from the Alexa Fluor 488 was quantified as a function of incubation time. Additionally, growth curves were 
generated (See methods). Cells were allowed to incubate for 2 hours with media that contained either the flu-
orescent or the SERS conjugate, at which point the cells were washed and allowed to incubate in fresh media 

Figure 2. Side by side comparison of SERS and fluorescence images. Top: Fluorescence and Raman images of 
MDA-MB-231 cells stained with CD44 fluorescence and SERS conjugates, respectively. Bottom: Fluorescence 
and Raman images of SKBR3 cells stained with HER2 fluorescence and SERS conjugates, respectively. All 
images are accompanied by brightfield images for reference. Blue indicates nuclei of cells. Scale bars are 8 μm.
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for a total of 4, 6, 24 and 48 hours. Figures  4C,D show the geometric mean of the distribution obtained from 
the 640 nm side scattering channel as a function of incubation time for cells incubated with SERS conjugates, 
normalized to t = 2 hours. Figure 4E,F show the geometric mean of the distribution from the 488 nm channel 
(i.e., Alexa Fluor 488 emission) as a function of incubation time for cells incubated with fluorescent conjugates, 
also normalized to t = 2 hours. Here, it is important to note the rise in scattering or emission from 0.5 to 2 hours 
and the subsequent decay. For both types of measurements (i.e., scattering and fluorescence emission), the rise 
is due to the increase in binding of the conjugates. On the other hand, the decay has multiple contributions to it: 
1) cell division, 2) unbinding of the conjugates given the finite affinity of the labels, 3) secretion after internaliza-
tion, and in the case of scattering data, 4) intracellular redistribution of the nanoparticles, such as agglomeration 
inside organelles. While thorough understanding of the processes that led to the decay in the scattering data is 
important to better design nanoparticle-based imaging agents, we would like to draw attention to the differences 
in the decay rates of side scattering and fluorescence emission for cells incubated with nanoparticle and fluores-
cence conjugates, respectively. Defining τ as an e-fold time that accounts for both for all decay processes that are 
not cell division, the decay of emission of Alexa Fluor 488 or the scattering from the NPs can be expressed as 
f(t) = foexp − (1/τ + ln(2)/tcc)t. The doubling times tcc for SKBR3 and MDA-MB-231 cells were estimated to be 41 
and 26 hours, respectively (Supplementary Fig. S9 and methods). We find that τ in the case of the SERS conjugates 
is 2.2 and 1.5 times higher in SKBR3 and MDA-MB-231, respectively, compared to their fluorescence counter-
parts. This result supports the observations made from the imaging data that show a mismatch of the labeling 
characteristics observed with fluorescent and SERS conjugates.

Intracellular distribution of fluorescence and SERS conjugates. We have shown that the dynam-
ics of SERS conjugates differ significantly from that of fluorescence conjugates and what is expected from the 
known characteristics of HER2 or CD44. We wanted to obtain additional insight into the NP internalization 
pathways and intracellular localization. For this purpose, we performed pulse-chase experiments as described 
before. After fixation, cells were stained with antibodies that recognize proteins in the early endosomes (EEA1), 

Figure 3. Nanoparticle labels are internalized and result in a different distribution than their fluorescent 
counterparts. (A) SKBR3 and (E) MDA-MB-231 cells incubated for 2 hours with HER2 and CD44 fluorescent 
conjugates, respectively. (B) SKBR3 and (F) MDA-MB-231 cells incubated for 2 hours with HER2 and CD44 
SERS conjugates, respectively. (C) SKBR3 and (G) MDA-MB-231 cells incubated for 2 hours with HER2 and 
CD44 fluorescent conjugates, respectively, and allowed to incubate for additional 46 hours in fresh media. (D) 
SKBR3 and (H) MDA-MB-231 cells incubated for 2 hours with HER2 and CD44 SERS conjugates, respectively, 
and allowed to incubate for an additional 46 hours in fresh media. Blue indicates nuclei of cells. Scale bars are 
20 μm.

http://S9
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late endosomes (Rab7), lysosomes (LAMP1) and Golgi apparatus (GM130), the most likely organelles where 
uptaken NPs could end up33. In these experiments, we also considered the possibility that the fluorophore or the 
SERS nanoparticles can become dissociated from the monoclonal antibody upon internalization.

In the case of SKBR3 cells exposed to HER2-SERS, only a few nanoparticles are localized to the early endo-
somes or the Golgi apparatus. By hour 4, some of the nanoparticles can already be seen inside lysosomes 
(Figs. 5A,B). See Supplementary Fig. S5 for the complete sets of images from cells incubated with HER2-SERS 
conjugates. As a control, organelles of cells incubated with Alexa Fluor 488-HER2 were stained (Supplementary 
Fig. S6). SKBR3 cells incubated with the HER2 fluorescence conjugate show little or no conjugate inside the cells, 
which once more demonstrates the differences in the imaging characteristics observed with SERS and fluores-
cence conjugates.

In MDA-MB-231 cells, CD44-SERS conjugates are clearly seen inside early endosomes during early time 
points (Figs. 5C,D), while also observed inside late endosomes and Golgi complex after 4 hours of incubation 

Figure 4. Nanoparticle cellular uptake and dynamics. Scatter plots of (A) SKBR3 and (B) MDA-MB-231 cells 
incubated with regular media (control), and media containing non-functionalized (bare) or functionalized 
nanoparticles. (C,D) The geometric means of the events distributions from the side scattering channel set by 
using a 623 nm filter and a 640 nm laser as a function of incubation time on cells incubated with HER2 and 
CD44 functionalized nanoparticles, respectively, and (E,F) from the Alexa Fluor 488 side scattering channel on 
cells incubated with HER2 and CD44 Alexa Fluor 488 conjugates, respectively. (C–F) Data has been normalized 
to t = 2 hours.

http://S5
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(Figs. 5E,F). After 6 hours, the CD44-SERS conjugates can also be seen inside lysosomes. See Supplementary 
Fig. S7 for the complete sets of images from cells incubated with CD44-SERS conjugates. As a control, orga-
nelles of cells incubated with Alexa Fluor 488-HER2 and -CD44 conjugates were stained (Supplementary Fig. S8). 
MDA-MB-231 cells show very low amounts of fluorescent CD44 conjugate inside the cells. The CD44-Alexa Fluor 
488 that is internalized is found in endosomes, both early and late, as well as lysosomes. Albeit some internaliza-
tion of the fluorescent conjugate occurs, live cell incubation of cells with SERS-CD44 and Alexa Fluor 488-CD44 
conjugates still results in a remarkably different label distribution. The differences observed in both SKBR3 and 
MDA-MB-231 cells with the 2 types of conjugates can be attributed to different responses of either cell type to the 
NPs and/or different internalization pathways that are antibody dependent. A full understanding of the internal-
ization pathways of these NPs conjugates warrants further investigation.

To evaluate the possibility that the antibody-nanoparticle conjugate could be modified upon intake, we incu-
bated SKBR3 cells with dual SERS-fluorescence nanoparticles functionalized with a mouse HER2 antibody. At 
each time point, the cells were fixed, permeabilized and counter stained with an anti-mouse secondary antibody. 
Figure 6 shows the results at 6, 24 and 48 hours. For early time points we observe a perfect colocalization of the 
nanoparticles and the secondary antibody, thus showing that the HER2 antibody and the nanoparticle remained 
conjugated. After 24 hours, some nanoparticles do not show colocalization with the secondary antibody, and by 
48 hours the secondary staining is almost absent. These results demonstrate that the antibody-nanoparticle con-
jugate is being dissociated upon internalization. Thus, after some period of time, the nanoparticles are no longer 
tracking HER2 as intended. As a control, we also counter stained cells incubated with a mouse HER2-Alexa Fluor 
488 conjugate, with a mouse secondary antibody (Supplementary Fig. S10). We observe a perfect colocalization of 
both antibodies, hence demonstrating that the conjugate dissociation is exclusive to the NP construct.

Discussion
Nanoparticles are very promising agents for multiple applications. For microscopic imaging, SERS nanoparti-
cles offer an alternative to fluorescence with significant advantages such as photostability and high multiplexing 
capabilities. We demonstrated that on fixed cells our SERS conjugates are able to generate Raman images with 
the same characteristics as their fluorescent counterparts, and with excellent specificity. We intended to use the 
SERS nanoparticles to develop a framework that would allow us to image and monitor breast cancer biomarkers 
on live cells over multiple cell cycles. Instead, the nanoparticles show very interesting phenomena when interact-
ing with live cells, but remarkably different than those observed with fluorescent labels. Pulse chase experiments 
using imaging and flow cytometry to follow the nanoparticle dynamics revealed that the cells uptake function-
alized nanoparticles very efficiently and at a very fast rate, resulting in a label distribution that does not resemble 
that obtained with the fluorescent conjugates. We also found that nanoparticles functionalized with HER2 and 
CD44 antibodies have a different intracellular fate, with HER2-NPs quickly localizing to the lysosomes, and the 
CD44-NPs being more ubiquitously observed in endosomes and later on, inside the Golgi complex. Additionally, 
dual fluorescence-SERS nanoparticles functionalized with HER2 monoclonal antibody were shown to lose the 
antibodies upon internalization. Altogether, our results show that nanoparticles and fluorophore labels result 

Figure 5. Intracellular distribution of nanoparticles. (A) SKBR3 cells incubated for 2 hour with HER2-
nanoparticle conjugates (green) showing stained lysosomes (red). (C) MDA-MB-231 cells incubated with 
CD44-nanoparticle conjugates (green) for 2 hours and showing stained early endosomes (red). (E,G) 
MDA-MB-231 cells incubated for additional 2 hours in regular media and showing in red stained late 
endosomes and Golgi apparatus, respectively. (B,D,F,H) Orthogonal views of region of interest in shown in 
(A,C,E,G). Arrows and crosshairs point to examples of nanoparticles inside the various organelles. Nuclei 
shown in blue. Scale bars are 10 μm.
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in very different observations, thus rendering SERS NPs not suitable for the long term, live-cell monitoring of 
biomarker dynamics.

Our goal with this work is to demonstrate that the design of labels for live cell microscopic imaging has to be 
carefully considered and validated, particularly in the case of nanoparticles. There are issues with surface proper-
ties, size and shape of nanoparticles that may cause inadvertent effects. In addition, there is also the effects caused 
by antibody multivalency or protein corona formation, that could result in enhanced uptake or poor antibody 
binding. That is not to say that SERS nanoparticles are useless contrast agents. In fact, we demonstrated that 
they performed very well on fixed cells, that combined with their known incredible multiplexing capabilities30, 
renders them as outstanding reporters for flow cytometry applications. On the other hand, the fact that they are 
so efficiently and specifically uptaken by cells makes them excellent candidates for in vivo imaging applications, 
such as it has been demonstrated by Zavaleta et al.30 and Wang et al.34. Finally, another interesting application that 
takes advantage of nanoparticles cellular uptake is their use as non-targeted endocytic tracers. In this case, the 
nanoparticles are used to enhance the Raman signal from their immediate surroundings, thus reporting on their 
intracellular location, such as demonstrated by Kneipp et al.35, and more recently by Bando et al.36. Nanoparticles 
offer incredible opportunities for imaging and sensing applications, but careful consideration of all the aspects 
that mediate the cell-nanoparticle interaction is needed in order to take full advantage of their optical properties.

Methods
Materials. McCoy’s 5 A and RPMI-1640 cell culture media were purchased from ATCC (Manassas, VA, 
USA), Fetal bovine serum (FBS), MEM medium and MEM non-essential aminoacids from Corning (Tewksbury, 
MA, USA), prophylactic antibiotics (MycoZap Plus-CL) from Lonza (Basel, Switzerland). Bovine serum albumin 
(BSA), mouse IgG, rabbit IgG and paraformaldehyde (PFA) were purchased from Sigma Aldrich (St Louis, MO, 
USA). Anti-mouse IgG conjugated to Alexa Fluor 488 and Alexa Fluor 647, and Hoechst 33342 were purchased 
from Life Technologies (Grand Island, NY, USA). Glass-bottom 35 mm petri dishes were purchased from MatTek 
Corp. (Ashland, MA, USA). Rabbit antibodies that recognize HER2 (29D8), CD44(8E2), LAMP1 (D2D11), EEA1 
(C45B10), Rab7 (D95F2) and GM130 (D6B1) were purchased from Cell Signaling (Danvers, MA, USA). Anti-
Rabbit IgG conjugated to Rhodamine Red was purchased from Jackson ImmunoResearch Labs (West Grove, PA, 
USA). HER2 and CD44 recombinant proteins were purchased from Sino-Biological Inc. (Beijing, China).

Nanoparticle and Fluorescence Antibody Conjugates. Nanoparticles consist of a 50 nm gold 
core encapsulated by a silica shell29, 30. Mouse anti-human HER2 (Neu 24.7) and CD44 (G44-26) monoclonal 

Figure 6. Conjugate degradation. Maximum intensity projections of SKBR3 cells incubated with dual SERS-
fluorescence nanoparticles functionalized with HER2 (green) for 2 hours and additional 4, 22 and 46 hours 
with fresh media, for a total of 6, 24 and 48 hours incubation times. After incubation, HER2 antibody was 
counterstained with a secondary antibody (red). Cell nuclei are shown in blue. Scale bars are 10 μm.
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antibodies were conjugated to the nanoparticles using a PEG linker of 6 repeating units (Supplementary Fig. S1A). 
Monoclonal antibodies were also conjugated to Alexa Fluor 488, and Alexa Fluor 647. SERS and fluorescence con-
jugates were provided by BD Biosciences (San Jose, CA, USA).

Cell Culture. MDA-MB-231 and BT-549 breast cancer cell lines were a gift from Dr. Jian Jian Li’s lab. SKBR3 
breast cancer cells were purchased from ATCC (Manassas, VA, USA). MDA-MB-231 were grown in MEM 
medium supplemented with 10% FBS, 1% non-essential aminoacids and prophylactic antibiotics. BT-549 and 
SKBR3 cells were respectively grown in RPMI-1640 and McCoy’s 5 A media supplemented with 10% FBS and 
prophylactic antibiotics. Cells were incubated in a humidified atmosphere with 5% CO2 at 37 °C. Trypsin was 
used for cell passaging. Prior to staining and imaging, cells were seeded at a concentration of 2.5e4 cells/ml on 
glass-bottom 35 mm petri dishes and allowed to attach overnight.

Cell Proliferation Test. Doubling rates were estimated from curves obtained by imaging glass bottom 
petri dishes at 0, 2, 4, 22, 46 and 70 hours seeded with the same number of cells (5e4 cells/plate). For each time 
point, 2 petri dishes were seeded. Cell nuclei were stained with Hoechst 33342, and each plate was imaged in 4 
different regions. The images were processed according to the protocol presented by Busschots et al.37 and the 
number of nuclei were counted using ImageJ38. Reported values are the averages (± standard deviation) of the 
8 images acquired for each timepoint and normalized to t0. The growth curves were modeled as m(t) = A1*Exp(−
(1/τ − ln(2)/tcc)t, where tcc is the doubling rate of the cells under normal conditions and τ is the time constant 
included to account for the effect of treatment. To deal with a linear case, we took the logarithm on both sides 
of the equation. To guarantee stationary condition39 we took the difference between the treated and the con-
trol series, and we tested the hypothesis of whether that difference is significantly different from zero using the 
method described by Santer et al.40. We set the significance threshold to p < 0.01.

Immuno-staining on Fixed Cells. Cells were fixed in 4% PFA in 1× PBS for 10 min. Blocking was done in 
5% BSA for 1 hour. Blocking solution was removed and monoclonal antibodies fluorescence (0.2 μg/ml) or SERS 
nanoparticles conjugates (1010 nanoparticles/ml) in 1% BSA were added and incubated at room temperature for 
2 hours. When needed, samples were counter-stained with anti-mouse Alexa 488 (1:1000) or Alexa 647 (1:500) 
in 1% BSA for 30 min. Cells were stored in PBS at 4 °C until imaging. When permeabilization of membranes was 
necessary, it was done using 0.25% Triton X-100 (Sigma Aldrich. St Louis, MO, USA) for 5 minutes. In the case 
of organelle staining, samples were incubated with EEA1 (1:100), GM130 (1:1300), LAMP1 (1:200) and Rab7 
(1:100) in 1% BSA for 2 hours and later counterstained with anti-rabbit Rhodamine Red (1:100) for 1 hour, both 
at room temperature. For antibodies against LAMP1 and Rab7 it was necessary to fix cells in 100% methanol at 
−20 °C for 15 minutes, the remaining of the protocol was the same as before.

Immuno-Staining on Live Cells. No blocking step was taken. Cell growing media was removed and mono-
clonal antibodies fluorescence (0.2 μg/ml) or SERS nanoparticles conjugates (1010 nanoparticles/ml) in fresh grow-
ing media were added and incubated at 37 °C for 2 hours. Media was changed and cells were allowed to incubate 
for various time periods as specified in the main text. For imaging experiments, cells were grown on glass bottom 
petri dishes and fixed at each time point. For flow cytometry pulse-chase experiments, the cells were resuspended 
using Trypsin and then fixed in solution.

Imaging. Fluorescence images were acquired using a Delta Vision deconvolution fluorescence microscope 
(Personal Deltavision, GE Life Sciences). Settings were adjusted so the entire dynamic range of the camera was 
utilized, and in the case of pulse-chase experiment were initially set for time point 0 and kept constant for the 
remaining time points.

Raman hyper-spectral images were acquired with a home-built line-scanning Raman microscope. The Raman 
microscope is equipped with a CW laser with a wavelength of 785 nm (Serval Plus, Sacher-Laser, Marburg, 
Germany) used as the excitation source. The laser beam is shaped into a line by means of a cylindrical lens 
(Thorlabs, Newton, NJ, USA) and confocality is ensured by a slit at the entrance of the spectrometer (Princeton 
Instruments, Trenton, NJ, USA). A 60×/1.2 NA oil immersion objective (Olympus) is used to focus the laser light 
onto the sample and to collect the Raman signal. A motorized stage (PRIOR Scientific, Rockland, MA, USA) is 
used for lateral scanning and a piezo objective scanner (PI, Karlsruhe, Germany) is used for Z positioning. Raman 
images are acquired with 0.54 mW/μm2 power density at the sample, 0.8 sec. integration time per line and total 
scan time is 1–3 minutes per optical plane.

Darkfield (DF) images were acquired on a Leica DM-IRM using a 40×/0.55 NA objective with built-in DF 
illuminator and DF reflector and equipped with a CCD camera (CoolSnap EZ, Photometrics, AZ,USA)

Flow Cytometry. Flow cytometry data were recorded using a BD LSRFortessa Cell Analyzer (BD Biosciences, 
San Jose, CA). The analyzer was set to acquire forward and side scattering off of the 488 nm laser using standard 
filters, and side scattering off of the 640 nm laser using a 632 nm long-pass filter. Data analysis was done using 
FlowJo software (FlowJo, LLC, USA)

Dynamic Light Scattering and Absorption Spectra. The size and distribution of the nanoparticles 
were measured using dynamic light scattering (DLS) on a Zetatrac light scattering instrument (Microtrac, Inc., 
PA, USA). Data was analyzed using Microtrac Flex software (Microtrac, Inc., PA, USA). The mean sizes based on 
the area distribution (MA) were reported. Absorption spectra were recorded using a Varian Cary 50 Bio UV-VIS 
spectrometer (Agilent technologies, CA, USA). DLS and UV-VIS measurements were done at room temperature.

http://S1A
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Western Blotting. Immunoblotting was performed as described elsewhere41. Cellular extracts were loaded 
onto 5% and 10% SDS-polyacrylamide gels for HER2 and CD44 detection respectively. Protein was transferred 
to polyvinylidene difluoride membranes (Bio-Rad) using Bio-Rad semi-dry machine. Immunoblot analysis was 
visualized using the secondary antibody conjugated with horseradish peroxidase followed by the ECL Western 
blotting detection system (Amersham Biosciences, Little Chalfont, UK). Antibodies that recognize cytoplastic 
domain of HER2 (29D8) and CD44 (8E2) were purchased from Cell Signaling (Danvers, MA, USA)

Dot Blotting. Solutions of HER2 recombinant protein, CD44 recombinant protein, mouse IgG and rabbit 
IgG at 3, 6, 12, 25 and 50 ng per microliter concentrations were dotted on nitrocellulose membranes (2 μl per dot). 
Membranes were allowed to dry for 5 min, blocked in 5% BSA for 1 hour, and incubated in primary antibodies 
or SERS-antibody conjugates for 2 hours at room temperature. Dot blot analysis was visualized using the second-
ary antibody conjugated with horseradish peroxidase followed by the ECL Western blotting detection system 
(Amersham Biosciences, Little Chalfont, UK).

References
 1. Al-Hajj, M., Wicha, M. S., Benito-Hernandez, A., Morrison, S. J. & Clarke, M. F. Prospective identification of tumorigenic breast 

cancer cells. Proceedings of the National Academy of Sciences 100, 3983–3988 (2003).
 2. Guo, G. et al. Expression of erbb2 enhances radiation-induced nf-κ b activation. Oncogene 23, 535–545 (2004).
 3. Duru, N. et al. Her2-associated radioresistance of breast cancer stem cells isolated from her2-negative breast cancer cells. Clinical 

Cancer Research 18, 6634–6647 (2012).
 4. Jiang, L., Qian, J., Cai, F. & He, S. Raman reporter-coated gold nanorods and their applications in multimodal optical imaging of 

cancer cells. Analytical and Bioanalytical Chemistry 400, 2793 (2011).
 5. Kennedy, D. C., Hoop, K. A., Tay, L.-L. & Pezacki, J. P. Development of nanoparticle probes for multiplex sers imaging of cell surface 

proteins. Nanoscale 2, 1413–1416 (2010).
 6. Lee, S. et al. Biological imaging of hek293 cells expressing plc γ 1 using surface-enhanced raman microscopy. Analytical Chemistry 

79, 916–922 (2007).
 7. Lee, S. et al. Fabrication of sers-fluorescence dual modal nanoprobes and application to multiplex cancer cell imaging. Nanoscale 4, 

124–129 (2012).
 8. Xia, X., Li, W., Zhang, Y. & Xia, Y. Silica-coated dimers of silver nanospheres as surface-enhanced raman scattering tags for imaging 

cancer cells. Interface Focus 3 (2013).
 9. Lee, S. et al. Rapid and sensitive phenotypic marker detection on breast cancer cells using surface-enhanced raman scattering (sers) 

imaging. Biosensors and Bioelectronics 51, 238–243 (2014).
 10. Jaworska, A. et al. Rhodamine 6 g conjugated to gold nanoparticles as labels for both sers and fluorescence studies on live endothelial 

cells. Microchimica Acta 182, 119–127 (2015).
 11. Kneipp, J., Kneipp, H., Rajadurai, A., Redmond, R. W. & Kneipp, K. Optical probing and imaging of live cells using sers labels. 

Journal of Raman Spectroscopy 40, 1–5 (2009).
 12. Lee, S. et al. Surface-enhanced raman scattering imaging of her2 cancer markers overexpressed in single mcf7 cells using antibody 

conjugated hollow gold nanospheres. Biosensors and Bioelectronics 24, 2260–2263 (2009).
 13. Li, Q. et al. High surface-enhanced raman scattering performance of individual gold nanoflowers and their application in live cell 

imaging. Small 9, 927–932 (2013).
 14. Matschulat, A., Drescher, D. & Kneipp, J. Surface-enhanced raman scattering hybrid nanoprobe multiplexing and imaging in 

biological systems. ACS Nano 4, 3259–3269 (2010).
 15. Xiao, L., Harihar, S., Welch, D. R. & Zhou, A. Imaging of epidermal growth factor receptor on single breast cancer cells using 

surface-enhanced raman spectroscopy. Analytica Chimica Acta 843, 73–82 (2014).
 16. Zhang, G. et al. Controlling carbon encapsulation of gold nano-aggregates as highly sensitive and spectrally stable sers tags for live 

cell imaging. Journal of Materials Chemistry B 1, 4364–4369 (2013).
 17. Schlücker, S. SERS microscopy: Nanoparticle probes and biomedical applications. ChemPhysChem 10, 1344–1354 (2009).
 18. Gratton, S. E. A. et al. The effect of particle design on cellular internalization pathways. Proceedings of the National Academy of 

Sciences of the United States of America 105, 11613–11618 (2008).
 19. Huang, X., Teng, X., Chen, D., Tang, F. & He, J. The effect of the shape of mesoporous silica nanoparticles on cellular uptake and cell 

function. Biomaterials 31, 438–448 (2010).
 20. Jiang, W., KimBetty, Y. S., Rutka, J. T. & ChanWarren, C. W. Nanoparticle-mediated cellular response is size-dependent. Nat Nano 3, 

145–150 (2008).
 21. Shang, L., Nienhaus, K. & Nienhaus, G. U. Engineered nanoparticles interacting with cells: size matters. Journal of Nanobiotechnology 

12, 5 (2014).
 22. Lesniak, A. et al. Effects of the presence or absence of a protein corona on silica nanoparticle uptake and impact on cells. ACS Nano 

6, 5845–5857 (2012).
 23. Wolfram, J. et al. The nano-plasma interface: Implications of the protein corona. Colloids and Surfaces B: Biointerfaces 124, 17–24 

(2014).
 24. Zhang, Y., Kohler, N. & Zhang, M. Surface modification of superparamagnetic magnetite nanoparticles and their intracellular 

uptake. Biomaterials 23, 1553–1561 (2002).
 25. Gao, H. et al. Ligand modified nanoparticles increases cell uptake, alters endocytosis and elevates glioma distribution and 

internalization. Scientific Reports 3, 2534 (2013).
 26. Dalal, C., Saha, A. & Jana, N. R. Nanoparticle multivalency directed shifting of cellular uptake mechanism. The Journal of Physical 

Chemistry C 120, 6778–6786 (2016).
 27. Yameen, B. et al. Insight into nanoparticle cellular uptake and intracellular targeting. Journal of Controlled Release 190, 485–499 

(2014).
 28. Kou, L., Sun, J., Zhai, Y. & He, Z. The endocytosis and intracellular fate of nanomedicines: Implication for rational design. Asian 

Journal of Pharmaceutical Sciences 8, 1–10 (2013).
 29. Doering, W., Piotti, M., Natan, M. & Freeman, R. Sers as a foundation for nanoscale, optically detected biological labels. Advanced 

Materials 19, 3100–3108 (2007).
 30. Zavaleta, C. L. et al. Multiplexed imaging of surface enhanced raman scattering nanotags in living mice using noninvasive raman 

spectroscopy. Proceedings of the National Academy of Sciences 106, 13511–13516 (2009).
 31. Hommelgaard, A. M., Lerdrup, M. & van Deurs, B. Association with membrane protrusions makes erbb2 an internalization-

resistant receptor. Molecular Biology of the Cell 15, 1557–1567 (2004).
 32. Pure, E. & Cuff, C. A. A crucial role for cd44 in inflammation. Trends in Molecular Medicine 7, 213–221 (2001).
 33. Besic Gyenge, E. et al. Uptake and fate of surface modified silica nanoparticles in head and neck squamous cell carcinoma. Journal 

of Nanobiotechnology 9, 32 (2011).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 7: 4471  | DOI:10.1038/s41598-017-04066-0

 34. Wang, Y. W., Kang, S., Khan, A., Bao, P. Q. & Liu, J. T. In vivo multiplexed molecular imaging of esophageal cancer via spectral 
endoscopy of topically applied sers nanoparticles. Biomed. Opt. Express 6, 3714–3723 (2015).

 35. Kneipp, J., Kneipp, H., McLaughlin, M., Brown, D. & Kneipp, K. In vivo molecular probing of cellular compartments with gold 
nanoparticles and nanoaggregates. Nano Letters 6, 2225–2231 (2006).

 36. Bando, K., Smith, N. I., Ando, J., Fujita, K. & Kawata, S. Analysis of dynamic sers spectra measured with a nanoparticle during 
intracellular transportation in 3d. Journal of Optics 17, 114023 (2015).

 37. Busschots, S., O’Toole, S., O’Leary, J. J. & Stordal, B. Non-invasive and non-destructive measurements of confluence in cultured 
adherent cell lines. MethodsX 2, 8–13 (2015).

 38. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. Nih image to imagej: 25 years of image analysis. Nat Meth 9, 671–675 (2012).
 39. Wilks, D. Statistical Methods in the Atmospheric Sciences: An Introduction (Academic Press, 1995).
 40. Santer, B. D. et al. Statistical significance of trends and trend differences in layer-average atmospheric temperature time series. 

Journal of Geophysical Research: Atmospheres 105, 7337–7356 (2000).
 41. Cao, N. et al. Nf-κ b-mediated her2 overexpression in radiation-adaptive resistance. Radiation Research 171, 9–21 (2009).

Acknowledgements
This work has been supported by the National Science Foundation (award Numbers 1332178 and 1343479 to 
J.W.C.) and National Cancer Institute RO1 (CA152313 to J.J.L.). We thank David Sebba (BD Technologies, NC, 
USA) for the SERS nanoparticles.

Author Contributions
M.N.M. performed experimental work and wrote the main manuscript. M.M., T.C., M.F. and D.C. assisted with 
experiment design. M.N.M., J.J.L., M.Y. and J.W.C. conceived the experiment(s). J.W.C. and M.N.M. analyzed the 
results. All authors participated in the writing and review of the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-04066-0
Competing Interests: T.C., M.M., and M.Y. are/were employees of BD Biosciences (San Jose, CA) while 
engaged in this project. M.N.M. and J.W.C. received research support from BD Biosciences (San Jose, CA). D.C., 
M.F. and J.J.L. declare no potential conflict of interest.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-04066-0
http://creativecommons.org/licenses/by/4.0/

	Nanoparticles for live cell microscopy: A surface-enhanced Raman scattering perspective
	Results
	Cellular imaging with SERS nanoparticles. 
	Pulse-chase imaging and flow cytometry with SERS nanoparticles. 
	Intracellular distribution of fluorescence and SERS conjugates. 

	Discussion
	Methods
	Materials. 
	Nanoparticle and Fluorescence Antibody Conjugates. 
	Cell Culture. 
	Cell Proliferation Test. 
	Immuno-staining on Fixed Cells. 
	Immuno-Staining on Live Cells. 
	Imaging. 
	Flow Cytometry. 
	Dynamic Light Scattering and Absorption Spectra. 
	Western Blotting. 
	Dot Blotting. 

	Acknowledgements
	Figure 1 Schematic of the proposed approach for looking at the distribution of HER2 and CD44 inherited from parent to daughter cells, and also the newly expressed proteins.
	Figure 2 Side by side comparison of SERS and fluorescence images.
	Figure 3 Nanoparticle labels are internalized and result in a different distribution than their fluorescent counterparts.
	Figure 4 Nanoparticle cellular uptake and dynamics.
	Figure 5 Intracellular distribution of nanoparticles.
	Figure 6 Conjugate degradation.




