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Plasmonic nanoparticles (e.g., gold, silver) have attracted much attention for biological sensing and imaging
as promising nanoprobes. Practical biomedical applications demand small gold nanoparticles (Au NPs) with
a comparable size to quantum dots and fluorescent proteins. Very small nanoparticles with a size below the
Rayleigh limit (usually <30-40 nm) are hard to see by light scattering using a dark-field microscope,
especially within a cellular medium. A photothermal microscope is able to detect very small
nanoparticles, down to a few nanometers, but the imaging speed is usually too slow (minutes to hours)
to image living cell processes. Here an absorption modulated scattering microscopy (AMSM) method is
presented, which allows for the imaging of sub-10 nm Au NPs within a cellular medium. The unique
physical mechanism of AMSM offers the remarkable ability to remove the light scattering background of
the cellular component. In addition to having a sensitivity comparable to that of photothermal

iicc:glg;/tee% élgtthAlggg:::t?eerZOZO microscopy, AMSM has a much higher imaging speed, close to the video rate (20 fps), which allows for
the dynamic tracking of small nanoparticles in living cells. This AMSM method might be a valuable tool

DOI: 10.1039/d0sc04764c for living cell imaging, using sub-10 nm Au NPs as biological probes, and thereby unlocking many new
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Introduction

Applications using advanced probes play an important role in
the development of modern biomedicine. Noble metal nano-
particles, described as plasmonic nanoparticles, scatter very
bright and stable light signals (i.e., Mie scattering) because of
their unique plasmonic resonance properties."* This scattering
signal could only slightly undergo optical quenching or photo-
bleaching like fluorescence does, therefore the plasmonic
nanoparticles can withstand strong light excitation.’® Usually,
the noble metals such as gold have stable chemical properties in
biological systems and have little risk of releasing heavy metal
ions when comparing to some quantum dots.*® Because of
these advantages, plasmonic nanoparticles are especially suit-
able for the study of long-term biological processes continuing
from hours up to days, such as transmembrane transport,”®
intracellular delivery,” cell migration,' cell division and so
on."""> Moreover, the dispersed or aggregated states of nano-
particles within cells, or interactions between nanoparticles and
surrounding molecules, could be distinguished by the color or
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applications, such as single molecule labeling and the dynamic tracking of molecular interactions.

spectral changes of light scattering, which allows for the study
of many intracellular molecular processes."**¢

Plasmonic nanoprobes have many advantages and have been
extensively researched for use as new biological probes in the
past decades, and various cell analysis methodology were
demonstrated. However, thus far, they have not been widely
accepted by biologists for use in cell imaging as fluorescent dyes
and proteins, as well as quantum dots, have been.'””* One of the
main reasons for this is that the nanoparticles used in most
conceptual studies are too large, typically in the range of 30-
50 nm. Nanoparticles of this size are much larger than most of
the biological molecules in cells, and even comparable to the
size of some organelles (i.e., early endosomes and lysosomes).
From a biological point of view, such large probes may modify
the native behavior of biomolecules. If the size of the plasmonic
probes could be as small as a few nanometers, which is equiv-
alent to the size of fluorescent proteins (4-6 nm) and quantum
dots (<10 nm), it will be easier for them to be commonly
accepted in practical applications.”?" From the material
perspective, noble metal nanoparticles with sizes down to
several nanometers were still stable and not hard to synthe-
size.”® The real challenge is how to see such small nanoparticles
within cells. Obviously, regular dark field microscopy based on
plasmonic scattering is not able to detect such small nano-
particles with sizes far beyond the Rayleigh limit (~40 nm)
because the scattering cross-section of the nanoparticles are
scaled down by almost six powers of their size.”*** Worse, the
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cellular medium is a heterogeneous environment with many
strong scattering organelles, resulting in a strong scattering
background. The weak light scattering signal, could be some-
what compensated for by using a more sensitive camera.
However, the light scattering background from cellular
components is hard to fully eliminate because the Rayleigh
scattering from subcellular components usually have a wide
spectrum. Even some background scavenging reagents, back-
ground smoothing algorithms, and so on, have been tried to
reduce the intracellular scattering background, however, the
problem has not yet been fully solved.>**

To detect small plasmonic nanoparticles, several types of
photothermal imaging methods were developed which were
based on plasmonic resonance absorption instead of scattering,
because the absorption cross section of the nanoparticles was
scaled down by three powers of the particle size (slower than
scattering). Laser scanning photothermal imaging is able to
detect nanoparticles down to a size of a few nanometers, and
this enabled high resolution imaging of the cellular structure.
In this type of imaging, the photothermal signals, defined by
the relative change of the probe beam with and without heat
beam, were still scaled down because of the absorption cross-
section.”* Thus, small nanoparticles below 10 nm require
a tightly focused and high frequency modulated heat beam and
a lock-in amplifier to extract the weak photothermal signal.**
For imaging of living cells, such a strong and focused laser
beam might cause irreversible cell damage.** Also, this type of
laser scanning based imaging method usually needs minutes to
hours to obtain a frame of the image, which seems too slow for
living cell imaging because many dynamic biological events
occur in seconds or even faster. In addition to laser scanning
photothermal imaging methodology, photothermal imaging
could also be realized based on surface plasmon resonance
(SPR).** The SPR imaging enabled the detection of a photo-
thermal signal at a very fast speed, however, it seemed to only
just produce an image of the nanoparticles inside the cells
because the SPR effect relies greatly on the interface of the gold
film.** Recently, there have also been some new photothermal
imaging methods, such as widefield photothermal sensing
(WPS), which aimed to break the obstacle of imaging speed.*
Such a photothermal method is still based on the absorption
characteristics of the objects. In addition to an absorption-
based principle, interferometric optical detection can also be
used to image 2-5 nm Au NPs based on their scattering prop-
erties.*” In cells, it usually requires larger nanoparticles to
achieve a good image quality because the cellular environment
contains a lot of scattering objects and this contributes to
a strong scattering background.*®

Here, a method, called absorption modulated scattering
microscopy (AMSM) is demonstrated. This AMSM imaging
method applied to both the resonance absorption and the
scattering properties of plasmonic nanoparticles, rather than
them each individually. Thus, the AMSM method exhibited
a remarkable ability for the removal of the scattering back-
ground. Compared to regular dark-field microscopy that can
typically only detect 30-50 nm Au NPs, the AMSM method was
able to detect much smaller nanoparticles with a size down to
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~9 nm. Moreover, the imaging speed of the AMSM method is
much faster than regular laser-scanning photothermal micros-
copy, and this allows for real-time video rate (20 fps) imaging of
sub-10 nm nanoparticles in living cells. This AMSM method
might encourage the study of biological processes within living
cells using small Au NPs as biological probes and dynamic
optical tracking.

Results and discussion

The AMSM is based on a pump-probe detection technique,*
which is realized using a self-built setup (Fig. 1 and S1, ESIT). A
532 nm pulse laser (~5 ns) was used as a pump beam to heat the
Au NPs, and pulsed white light (~6 ps) was used as a probe
beam to detect the light scattering signal from the Au NPs
(Fig. 1a and S2, ESI}). Without a pump beam, the temperature
of the liquid medium around the Au NPs was uniform and the
intensity of the light scattering was defined as IOFF. Once the
nanoparticle was irradiated by the pump beam, it was heated to
a ‘hot’ state in hundreds of picoseconds by photon-phonon
interaction.**** After a very short time (~ns), the nanoparticle
transfers a part of its heat to the surrounding medium, which
resulted in a localized thermal field in the medium. As the
refractive index of the medium depends on temperature, a local
refractive index change was formed in the medium surrounding
the nanoparticles, which is often called a “nano-thermal
lens”.3"** Assisted by the effect of the nano-lens, more light
scattered from the Au NPs was captured by the imaging unit.
Under these conditions, the light scattering intensity is defined
as ION. Hence, the absorption modulated scattering signal @
was defined as ¢ = (ION — IOFF)/IOFF, which represented the
change of the light scattering of the nanoparticles caused by
absorption of the pump energy. After stopping the pump, the
nanoparticles were cooling down and the “nano-thermal lens”
disappeared in a few microseconds.* Then, without pumping
the system returned to the initial state and the light scattering
intensity returned to IOFF until the next time heat was applied.
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Fig. 1 Schematic diagrams of absorption modulating scattering
microscopy (AMSM). (a) The principle of the pump-probe imaging of
a single gold nanoparticle. (b) The time sequence of the pump pulse
(20 Hz), probe pulse, and camera gate (40 Hz). (c) A schematic diagram
of the working time window of the probe pulse and camera gate in one
time period of imaging.
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Fig.2 Colocalization imaging analysis of 80 nm Au NPs: (a) a color dark field image, (b) an ICCD image, and (c) a @ signal image of nanoparticles
on a glass substrate (scale bars: 10 um). (d) A scatter plot of the @ values versus R/G values of each nanoparticle and statistical histograms of the @
distribution of monomeric (green) and aggregated (yellow) particles. (e) Light scattering intensity, and (f) @ signal intensity of different sized

nanoparticles. The red arrows in (a) and (b) indicate dust particles.

To achieve video rate imaging, time sequence control was
introduced in to the previously described system. The pump
laser worked at 20 Hz and a delay generator was used to
synchronize frequency and generate a transistor-transistor
logic (TTL) signal sequence at 40 Hz, which acted on the probe
beam source and imaging module (Intensified Camera, ICCD)
to collect the light scattering signal (Fig. 1b). The time interval
of the probe sequences was 25 ms, and in one cycle of the pump,
the scattering intensity was recorded as ION, and 25 ms later,
the scattering intensity was recorded as IOFF after the nano-
particle was fully cooled. By subtracting IOFF from ION in
chronological order, the absorption modulated scattering
signal @, varying with time was be obtained. As illustrated in
Fig. 1c, about 6 pus was needed for the probe beam (pulse xenon
lamp) to reach maximum brightness and the half-width of time
duration was also about 6 ps. Thus, the ICCD gate time was set
to a duration of 10 pus to ensure that most of the scattered light
was captured (Fig. 1c) with a very short start time of 19 ns.

© 2021 The Author(s). Published by the Royal Society of Chemistry

As mentioned previously, the signal @ originated from the
change of refractive index, caused by light absorption, in the
medium surrounding the AU NPs. Thus, the ¢ signal value can

be ultimately expressed as (see ESIT for details):****

P
o—c
T PAuCAu

(1)

where C is a constant, dn/dT is the rate of the refractive index (n)
changes with temperature, P is the power of the pump beam, pa,
and ca, are the density and specific heat of nanoparticles,
respectively. Following this formula, ¢ was closely related to
many factors, but not the absorption and scattering cross
sections of the nanoparticles (see ESIT for details). According to
the Mie theory, the scattering cross sections decrease sharply
with a reduction of particle size, so that use of the traditional
dark field microcopy failed to detect nanoparticles that were too
small. Fortunately, the @ signal of our AMSM, in theory, is
independent of the nanoparticle size, which makes it possible
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Fig.3 Colocalization imaging of Au NPs in a single cell. (a) A color dark
field image, (b) an ICCD image, and (c) a @ signal image of Hela cells
incubated with 80 nm Au NPs. (d) A scatter plot of the @ signal versus
R/G ratio and a ¢ distribution histogram of monomeric (green) and
aggregated (yellow) nanoparticles. (e) The localization of monomeric
(green) and aggregated (red) nanoparticles in HelLa cells. (f) An ICCD
dark field image and (g) a @ image of 39 nm Au NPs in Hela cells. (h)
The corresponding @ distribution histogram of monomeric and
aggregated nanoparticles. (i) The localization of monomeric (green)
and aggregated (red) 39 nm Au NPs in Hela cells. (j and k) Splitting
localization images of monomeric (j) and aggregated (k) nanoparticles.
Scale bars: 5 um.

to detect very small nanoparticles. It is worth noting that even @
does not depend on the particle size in principle, but the
practical imaging still suffers a particle size limit because of the
limitation of the laser power and the sensitivity of the camera.
The feasibility of this imaging method was first demon-
strated in vitro (Fig. 2). The Au NPs coated with polyethylene
glycol (Au-PEG) with a size of 80 nm were immersed into glyc-
erol (GC) medium to simulate the environment of the cytoplasm
with a similar refractive index. Fig. 2a shows an example of
a raw image captured by ICCD, and its corresponding @ signal
image is shown in Fig. 2b. All the Au NPs in Fig. 2a were found
in Fig. 2b and the only exception was the super bright dust
particle. Dust particles have a much larger size (um) and a huge
scattering cross section, thus they scatter much more light than
the Au NPs. For scattering imaging, the background scattering
from this type of super bright objects must be considered,
especially in a complex environment such as cells. Therefore,
the capability of the AMSM method for eliminating such strong
scattering background signals, was then investigated using dust
particles and polystyrene spheres as models (Fig. S3, ESIT). As
expected, because the absorption characteristics of dust

3020 | Chem. Sci, 2021, 12, 3017-3024

View Article Online

Edge Article

particles or polystyrene spheres were significantly different to
Au NPs, then they could not be heated by the pump laser and
therefore cannot be detected in the final AMSM image. These
results suggested that the signal extraction capabilities of this
system occur from the complex scattering background.*

In cell imaging using Au NPs as a probe, particle aggregation
is almost inevitable. The states of the particle monomers and
aggregates could usually be distinguished in true color dark
field images, because aggregates show a different color to
monomers (Fig. 2d). The RGB channels of the color dark field
image were then split, and the red/green (R/G) value of each of
the nanoparticles were calculated. Then the R/G values and the
corresponding @ values of a large number of nanoparticles in
many frames of images were plotted and are shown in Fig. 2d
and S4 (ESIt). The populations of monomers and aggregates
were clearly distinguished according to either the R/G values or
the @ signal intensity, because the particle aggregates exhibited
a red-shift color and a higher @ signal. Then the @ signal values
of these two populations were analyzed statistically and the
results are shown in the right histogram. This result verified the
ability of this method to identity the monomeric and aggregated
state of nanoparticles, which is an important issue in the
imaging of nanoparticles within cells. The detailed procedure
for data processing is presented in Fig. S5 (ESIT).

According to eqn (1), the @ signal is independent of particle
size in theory. To prove this concept, the intensity of the light
scattering and the @ signal of nanoparticles with a size range
from 80 to 9 nm were measured (Fig. 2e, f and S6-510, ESIT).
From the dark field images, it can be seen that most of the
particles were dispersed monomers on glass, because the
surface of the Au NPs is wrapped by PEG. The intensity of the
scattering signal dropped sharply with the particle size, which
was consistent with the Mie theory (Fig. 2e). With the decrease
of particle size, the scattering signal decreased sharply by
a power of 5.73, which was close to the Mie theory where the
scattering cross section dropped with particle size by a power of
6 (Fig. S10, ESIt). Whereas the ¢ signals of different sized
nanoparticles remained almost in the same range, with only
with a slight drop (~8%), together with a size decrease from
80 nm to 9 nm (Fig. 2f). This tendency was basically consistent
with the theory of eqn (1), where the slight drop of @ signals of
very small nanoparticles could be attributed to the linearity
response of the camera. The influence of the pump energy,
surface coating, and surrounding medium on the intensity of
the @ signal was investigated further (Fig. S117). For a given
medium, the @ signal intensity was proportional to the pump
laser power. However, different surface modifications on the
nanoparticles did not alter the intensity of their @ signals.

The AMSM imaging of nanoparticles within cells was then
demonstrated. For the convenience of observation and also to
minimize the adverse effect on cells, the incubation concen-
tration of Au NPs was controlled to ensure that only a small
number of nanoparticles were assimilated into the cells.
According to the dark field images of the cells, the numbers of
nanoparticles within each cell were around ~10°. The Au NPs
incubated with HeLa cells were captured in a colored dark field
image and in the @ signal image (Fig. 3a-c). Looking at the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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population in the scatter plot of R/G ratio and @ signal intensity,
the monomeric and aggregated gold nanoparticles could be
differentiated (Fig. 3d). Thus, the positions of each nanoparticle
could be located within the cells (Fig. 3e). The assignment of
monomeric or aggregated nanoparticles matched well with the
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assignment from the colored dark field image. The HeLa cell
which had not been incubated with Au NPs was also checked
(Fig. S12, ESIT). Compared to the dark field image (Fig. 3a), the
¢ signal image (Fig. 3c) showed very little background scat-
tering from cellular components, because the cellular
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Fig.4 Theimaging of small Au NPs within cells. (a—c) ICCD images, corresponding @ images, @ distribution histograms, and the spatial positions
of the monomeric and aggregated Au NPs with sizes of (a) 20 nm, (b) 14 nm, and (c) 9 nm. (d) Light scattering intensity of nanoparticles with
different sizes in Hela cells; inset: the linear fitting of the logarithm of light scattering intensity versus particle size. (e) The @ signal value of Au NPs

with different sizes in a Hela cell (scale bars: 5 um).
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components did not have as strong a resonance absorption as
the Au NPs.

Then the same imaging procedure was applied by using
39 nm Au NPs (Fig. 3f and g). After signal extracting and particle
counting, the @ distribution histogram of monomeric and
aggregated nanoparticles are shown in Fig. 3h. Compared to the
80 nm nanoparticles, more aggregated particles were observed
with the 39 nm nanoparticles. The position of all monomeric
and aggregated Au NPs in cells were recognized and marked
(Fig. 3i-k). Usually, nanoparticles with a size below 40 nm were
hard to capture via regular dark field imaging. Here, the @ value
intensity could still be used to identify the status of the Au NPs.
A complete set of signal analysis processes for cell imaging is
described in detail in Fig. S13 and S14 (ESIt).

Next, the size of the Au NPs was gradually reduced to explore
the limit of the laboratory-built AMSM system. The 20 nm
nanoparticles still can appear through the scattering back-
ground cell in the ICCD image (Fig. 4a), but the 14 nm and 9 nm
nanoparticles were totally hidden in the background scattering
(Fig. 4b and c). Fortunately, small nanoparticles with a size
down to 9 nm could still be clearly imaged using the AMSM
equipment. Some strong scattering light from dust particles or
cellular components were successfully filtered.

In a similar way to the large size particles, the @ signals of the
small size Au NPs also had two distinct distributions. The
particle group with relatively small ¢ values had monomeric
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particles and the group with relatively large @ values had
particle aggregation. When the intracellular monomeric and
aggregated gold nanoparticles were separated and then using
a similar overlay image as before, the position of the Au NPs
could be accurately distinguished. The scattering intensity of
the different sized nanoparticles with in a cellular medium, was
analyzed statistically and the scattering signal dropped sharply
with the decrease of particle size by a power of 5.68 (Fig. 4d),
which approximately complied with the Mie theory. However,
the intensity of the @ signal decreased by only 14% although the
particle size was reduced to more than one-eighth of the initial
particle size (Fig. 4e). This tendency was also consistent with the
theory of AMSM. The universality of AMSM was also verified by
the image of small sized Au NPs in MCF-7 cells (Fig. S15, ESIf).

Dynamic tracking technology is needed urgently in cell
imaging to reveal intracellular events in real time. The benefit
from the principle of the time sequence control of the AMSM
method, is that video-rate or even fast imaging is feasible (see
video in the ESIf). To achieve this, 40 frames of HeLa cells with
9 nm Au NPs were recorded (Fig. 5a) in one second, and finally
20 frames of @ signal images were obtained with a frame rate of
20 fps (Fig. 5b). Four particles were extracted as examples and
their @ signals over time are shown in Fig. 5c. Particles 1 and 2
show relatively stable @ values of about 0.15, and thus they were
monomeric Au NPs according to the previous discussion.
Particles 3 and 4 were identified as aggregates from the @ signal,
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Fig. 5 The dynamic tracking of 9 nm Au NPs in cells. (a) A series of dark field images of a Hela cell incubated with Au NPs captured by ICCD in
sequence (scale bars: 5 um). (b) The corresponding @ signal images of intracellular Au NPs in 1 s with a time interval of 50 ms. (c) The variation of
the @ signal of four typical particles extracted from the dynamic @ signal image. (d) The movement tracking of the four particles in 1 s. A video of

the Au NP tracking is shown in the ESI.f
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which showed a stronger intensity and a wider variation range
than that of the monomers. Next the position information of
these four nanoparticles at each frame was extracted to track
their states of motion (Fig. 5d). The two monomeric Au NPs 1
and 2 exhibited fast movement with a long journey of 1736 nm
and 1438 nm. However, the aggregated particles 3 and 4 showed
a slower movement and a shorter journey within 500 nm.
Apparently, the moving speed of the aggregates within the
cellular medium was much slower than the movement of the
monomers. Here the dynamic imaging ability of method, is just
showing that the moving states of the Au NPs within the cells
could be tracked at video rate (20 fps) for a long time if
necessary.

Conclusions

Absorption modulated scattering microscopy (AMSM) was
demonstrated for the imaging of small gold nanoparticles within
a cellular scattering medium. Because AMSM utilized both
absorption and scattering rather than just a single component,
only subjects with characteristic features of resonance absorption
and scattering were detected, and the scattering background from
the cellular component could be almost fully removed. The AMSM
signal was very sensitive to the nanoparticle state, which makes it
possible to distinguish monomers or aggregates in the cellular
environment. Compared to regular darkfield microscopy, AMSM
could detect much smaller nanoparticles with a size far beyond the
Rayleigh limit, with a sensitivity comparable to that of photo-
thermal microscopy. The imaging speed of AMSM could be close
to the rate of a video or, in principle, even faster if used with a high-
frequency pulsed laser and a fast camera. Because of the stable
signal intensity, fast imaging speed, background removal ability,
and lack of photobleaching, the AMSM imaging method has great
potential for real-time cell imaging using small sized gold
nanoprobes to determine the dynamics of molecular processes
within living cells.

Experimental
Reagents

The O{2-(3-mercaptopropionylamino)ethyl]-O’-methylpolyethylene
glycol (M,, = 5000, SH-PEG), and glycerol (GC, =99.5%) were ob-
tained from Sigma-Aldrich Co. (USA). Human cervical cancer
(HeLa) cells, Michigan Cancer Foundation-7 (MCF-7) cells, para-
formaldehyde (4%), phosphate buffer solution (PBS, 10 mM, pH =
7.4) were provided were obtained from KeyGEN Biotech. Co.
(Nanjing, China). The polystyrene spheres were purchased from
the Zhejiang Tianke Hi-Tech Development Co., Ltd (Zhejiang,
China). Gold nanoparticles (Au NPs) with an average diameter of
9 nm, 14 nm, 20 nm, 39 nm and 80 nm were purchased from Ted
Pella, Inc. (USA) (Fig. S16, ESIt). Ultra-pure water from Millipore
Milli-Q (18 MQ cm™ ') was used in the experiments.

Samples

The preparation processes of the Au-PEG particles with different
particle sizes were essentially the same. The Au NPs of different

© 2021 The Author(s). Published by the Royal Society of Chemistry
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sizes [9 nm (9.5 nM), 14 nm (2.3 nM), 20 nm (1.2 nM), and
40 nm (150 pM)] were mixed with the same volume of 1 mmol
L~ ' SH-PEG to prepare Au-PEG particles of different sizes. At the
same time, the desired Au-PEG was obtained by mixing the
80 nm Au NPs (18 pM) with an equal volume of 0.1 mmol L™*
PEG solution. The mixture was maintained at 37 °C and stirred
continuously for 24 h. The resulting Au-PEG were then centri-
fuged at an appropriate speed, and then washed several times.

The Au NPs, Au-PEG or Au-DNA were absorbed on positively
charged glass slides for 30 min. Then the Au- or Au-complex
coated glass slides were washed three times and placed on
a microscope objective for examination. Moreover, water or
glycerol was dropped on each glass slide to acted as
a surrounding medium.

The HeLa and MCEF-7 cells were routinely cultured in DMEM
medium with 10% fetal bovine serum, 2% antibiotics, and 5%
CO, in a 37 °C incubator. When making the samples, the HeLa
and MCF-7 cells were seeded on a glass coverslip. After culturing
for 24 h, normal Au-PEG solution was added and then the
solution containing the cells was incubated. After 5 h, the HeLa,
and MCF-7 cells coated glass coverslips were washed several
times with PBS to remove the excess nanoparticles and were
ready for the detection of living cells. The fixed cell samples
were prepared by incubating them with 4% paraformaldehyde
for an additional 15 min, and then the coverslips coated with
the fixed cells were washed and soaked in PBS solution before
examining them for the presence of living cells. The tempera-
ture of the glass slides and glass coverslips were controlled by
a thermal platform equipped with a sensitive temperature
control system. For all the cell experiments on microscope, at
least three independent trials of the experiments were per-
formed and 10-20 cells were randomly selected each time for
measurement. The results of the MTT assay confirmed that the
cell activity of the cells under different experimental conditions
was greater than 96%, indicating that the AMSM imaging
method caused no photodamage of the cells (Fig. S17, ESIf).
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