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Abstract

Surface-enhanced Raman scattering (SERS) nanotags are widely used in biomedical field including live-
cell imaging due to the high specificity from their fingerprint spectrum and the multiplexing capability
from the ultra-narrow linewidth. However, long-term live-cell Raman imaging is limited due to the
photodamage from a relatively long exposure time and a high laser power, which are needed for acquiring
detectable Raman signals. In this work, we attempt to resolve this issue by developing ultrabright gap-
enhanced resonance Raman tags (GERRTS), consisting of the petal-like gold core and silver shell with
near-infrared resonant reporters of IR-780 embedded in between, for long-term and high-speed live-cell
imaging. GERRTs exhibit the ultrahigh Raman intensity down to a single-nanoparticle level in the
aqueous solution and solid state upon 785 nm excitation, allowing for high-resolution time-lapse live-cell
Raman imaging with an exposure time of 1 ms per pixel and a laser power of 50 uW. Under this
measurement condition, we can possibly capture dynamic cellular processes with a high temporal
resolution, and track living cells for long periods of time owing to the reduced photodamage to cells.
These nanotags open new opportunities for ultrasensitive, low-phototoxic, and long-term live-cell

imaging.

Keywords: surface-enhanced Raman scattering (SERS), gap-enhanced resonance Raman tags

(GERRTS), single-nanoparticle detection, live-cell imaging, long-term tracking
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Gap-enhanced resonance Raman tags enable long-term, high-resolution and high-speed (1 ms/pixel) live-

cell imaging with a laser power of 50 pW.
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Introduction

Surface-enhanced Raman scattering (SERS) has been substantially used as an analytical technique in
many scientific fields.!* SERS tags based on plasmonic nanostructures have attracted great interest in
biomedical applications such as biomolecule detection,>® circulating tumor cell detection,” cellular
microenvironment sensing,® and cell/tissue imaging®!! owing to the advantageous high specificity,
sensitivity and noninvasion. Compared to fluorophores, SERS tags usually exhibit advantages including
better photostability,!? larger multiplexing capability due to their narrower spectral linewidth, and
avoidance of the autofluorescence from biological samples with near-infrared (NIR) excitation. SERS
spectroscopy has been applied as an analytical tool in live cells to monitor cellular local pH,!3 probe
biomolecules'*!3 or cell secretions,!® follow the kinetics of drug delivery,!” study the dynamics of
physiological processes,'®!? and track cellular uptake pathways of nanoparticles (NPs).?° Unlike imaging
for fixed cells, we should control the measurement parameters including exposure time and laser power
to minimize the photodamage to live cells. For example, Kang et al. has demonstrated high-resolution live
cell SERS imaging with an exposure time of 10 ms per pixel and 200 uW laser power.?! However, we
believe that the photodamage can be further alleviated by increasing the brightness of SERS tags, which
is of great significance for long-term live cellular tracking. In addition, the imaging speed can be further
improved with shortened acquisition time, allowing to record dynamic processes of cells with a high
temporal resolution.

Surface-enhanced resonance Raman scattering (SERRS) NPs have been developed in recent years as
ultrasensitive tags.??>* It has been widely accepted that the SERS phenomenon is mainly attributed to

electromagnetic (EM) enhancement and chemical enhancement (CE). The former arises from the “hot
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spots” generated by the surface plasmon resonance (SPR) of plasmonic nanostructures,>® which
contributes to the signal enhancement by 10° - 10°.2¢ The latter originates from the interaction between
chemisorbed molecules and the metal surface,> which provides 10 to 10° fold of enhancement to the
Raman intensity.?” In addition, SERRS effect occurs when the optical absorption of reporter molecules
overlaps with the excitation laser wavelength, further increasing the Raman intensity by two to three
orders of the magnitude.”® SERRS tags has been demonstrated with great potentials in ultrasensitive
biomedical imaging with an attomolar detection limit.>* For instance, Kircher et al. have realized high-
precision cancer imaging?? and lymph node metastases detection?® with SERRS probes at low injection
doses.

When the Raman reporters are physiosorbed onto gold (Au) or silver (Ag) NPs, a protective layer is
usually required to prevent the leakage of reporters. Typical plasmonic NPs (e.g., nanospheres and
nanorods) with a protection layer like silica,3® polydopamine®! or bovine serum albumin?? can only offer
moderate Raman enhancement. In recent years, there has been increasing interest in designing a new type
of SERS tags where the Raman reporters are embedded between the metallic core and shell,3%-33-3¢ also
called gap-enhanced Raman tags (GERTSs).>!237 The shell can protect the embedded molecules from
desorption and degradation,® and the plasmon coupling between core and shell can provide large and
uniform EM field,>3%38 resulting in stable, reproducible and ultra-strong Raman signals;’3>-36 meanwhile,
GERTs exhibit improved photostability compared with conventional SERS tags.!?3° Therefore, GERTs
hold great promise in bioimaging applications.!%!14? For example, we have recently reported® Au GERTs
with a petal-like shell structure (P-GERTs for brevity), showing an ultrahigh sensitivity down to a single-
NP level and allowing high-resolution single cell imaging with an exposure time of ~1 ms per pixel and

a laser power of 370 pW.°
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In this work, we have developed a new type of ultrasensitive core-shell SERRS tags, termed gap-
enhanced resonance Raman tags (GERRTSs), for long-term and high-speed live-cell bioimaging. The
GERRTs consist of the aforementioned P-GERT as the core and a Ag shell with Raman reporters of IR-
780, a dye resonant in NIR window, embedded in between. Utilizing a great amount of strong EM hot
spots from the petal-like shell structure and large immobilization surface area of P-GERTs as well as the
SERRS effect of NIR-resonant IR-780, GERRTs show three orders of magnitude stronger Raman signals
than P-GERTs and a detection sensitivity down to a single-NP level in the aqueous solution and solid
state. Additional surface modifications of polydopamine (PDA) and polyethylene glycol (PEG) improve
the biocompatibility of GERRTs, therefore allowing for high-speed and high-resolution live cell imaging
(2500 pixels) can be acquired within 12 s with an exposure time of 1 ms per pixel and a laser power of 50
uW. Such a short frame acquisition time enables to possibly capture the dynamic processes of live cells
with a high temporal resolution. In addition, we expect that the photodamage to living cells can be
significantly reduced under above-mentioned measurement parameters, hence allowing the long-term
survival of cells and time-lapse Raman imaging of live Hela cells for up to 8 h with the aid of the integrated

air-tight live-cell incubation system.

Experimental section

Materials. IR-780 iodide (98%), tris(hydroxymethyl)aminomethane (Tris, > 99.8%) and hydrochloric
acid (HCI, 37 wt.%) were acquired from Sigma-Aldrich (Shanghai, China). Chloroauric chloride (HAuCl,
*4H,0) and N,N-dimethylformamidel (DMF, > 99.0%) were received from Sinopharm Chemical Reagent

Co. Ltd (Shanghai, China). 4-Nitrobenzenethiol (4-NBT, 90%) was obtained from Fluorochem Ltd
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(Derbyshire, United Kingdom). Cetyltrimethylammonium chloride (CTAC, 99%) and dopamine
hydrochloride (98%) were purchased from J&K Chemical Ltd (China). Silver nitrate (AgNO3, 99.8%),
ascorbic acid (AA, > 99.0%) and thiol PEG acid (HS-PEG-COOH, MW = 5000 Da) were obtained from
Aladdin (China). All materials were used as received without any further purification. Ultrapure water
(18.2 MQ) was used for all experiments.

Synthesis of GERRTSs. P-GERTSs were synthesized according to our previous work.’ Briefly, 100 pL 4-
NBT ethanol solution (10 mM) was added to 2 mL 22 nm Au cores*® under vigorous sonication followed
by the incubation at 25 °C for 5 min. The 4-NBT modified Au cores were then washed with CTAC (50
mM) three times and resuspended in 50 mM CTAC solution. Finally, P-GERTs were obtained by adding
480 uL. AA (40 mM) and 960 pL reporter-modified core solution in turn into the mixture of 16 mL CTAC
(50 mM) and 800 uL. HAuCly (4.86 mM) under vigorous sonication. For the synthesis of GERRTs, 200
uL DMF solution of IR-780 iodide (0.16 mM) was added dropwise to 1 mL P-GERTs (0.06 nM) under
ultra-sonication, followed by 1 h incubation in 32 °C water bath. Next, 1.2 mL dye-modified P-GERTs
were added to a mixture of 2.5 mL CTAC (25 mM), 400 uL. AgNO; (14.58 mM) and 1.875 mL AA (40
mM). The mixture was then incubated in 70 °C water bath for 3 h. Finally, the obtained GERRTs were
washed with CTAC (100 mM) twice to remove excess IR-780 molecules and redispersed in water.
Surface functionalization. The polymer surface coating was applied to GERRTs in accordance with
Zhang’s protocol with some modifications.*! For polydopamine coating, 12 mL GERRTSs (0.01 nM) was
mixed with 12 mL dopamine hydrochloride solution (0.01 mg/mL) buffered to pH = 8.5 using 10 mM
Tris solution. The mixture was sonicated for 20 min and then centrifuged once followed by redispersion

in 400 pL water. For PEG modification, the redispersed NPs were dissolved in 800 puL aqueous HS-PEG-
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COOH (10 mg/mL) and vortexed for 2 min. The mixture was kept at 4 °C overnight and then
GERRTs@PDA@PEG were harvested by centrifugation and washed with pure water twice.
Characterizations of NPs. Transmission electron microscope (TEM) images were collected on a JEM-
2100F transmission electron microscope (JEOL, Tokyo, Japan) operated at 200 kV. High-angle annular
dark-field scanning TEM (HAADF-STEM) and energy dispersive X-ray (EDX) mapping analyses were
performed on a TALOS F200X transmission electron microscope (200 kV, FEI, USA) equipped with an
EDX system with four SDD probes. UV-Vis extinction spectra were measured from a UV1900 UV-vis
spectrophotometer (Aucybest, Shanghai, China). Raman measurements and cell imaging were carried out
on an inverted confocal Raman microscope with 785 nm laser (Xplora INV, Horiba). Single NP analyses
were performed on a correlative Raman imaging and scanning electron microscopy (RISE, TESCAN,
Czech). Dynamic light scattering (DLS) and zeta potential measurements were performed on a Zetasizer
Nano ZSP (Malvern, UK).

The detection limit of aqueous GERRTSs. The detection limit of aqueous GERRTs was determined by
conducting Raman measurements on GERRT solutions at various concentrations from 10-'! to 10-'¢ M
with x10 objective lens (NA = 0.3), 29.8 mW laser power and 10 s acquisition time. 100 SERS spectra
were collected for each concentration of homogenous GERRT solution for data analysis.

Raman measurements of single GERRTSs on RISE. The integrated RISE system was applied for single-
GERRT detection after the aqueous sample (1 pM) was air-dried on a silicon wafer with some metallic
marks for easier location. To avoid the damage of electron beam to NPs and Raman reporters, the
monodispersed single GERRTs were first identified under the bright field. Raman signals were collected
from the NPs using 785 nm laser, X100 objective lens, 1 mW laser power and 20 s acquisition time. Then,

the sample was automatically transferred to the SEM chamber to confirm the distribution states of the
8
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measured NPs. The data only from single GERRTs with a distance of more than 1 um from other NPs
were analyzed.

Cell culture. The Hela cell line was purchased from Cell Library of the Chinese Academy of Sciences
(Shanghai, China), and all reagents for cell culture were obtained from Gibco. The cells were cultured in
a Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), 100 pg/mL
penicillin and 100 pg/mL streptomycin in a water-jacketed incubator at 37 °C with 5% CO,-humidified
atmosphere.

Cell cytotoxicity evaluation. The cytotoxicity of GERRTs@PDA@PEG was evaluated using Hela cells
through CCK-8 assay (Cell Counting Kit-8, Dojindo). Hela cells were seeded in 96-well plates at a density
of 4 x 103 cells per well, and cultured in DMEM at 37 °C in a humidified atmosphere containing 5% CO?2.
After 24 h, the culture medium was replaced by fresh DMEM with different concentrations of 0, 0.002,
0.01, 0.05, 0.1 and 0.2 nM. Each concentration was set at least six parallel wells. Then, the cells were
cultured for another 24 h. After that, the culture medium was refreshed with new DMEM containing 10%
CCK-8, and the CCK-8-contained medium was added to another six empty wells as background. After 2
h incubation, the absorbance was measured spectrophotometrically using an enzyme-linked
immunosorbent assay microplate reader (Synergy 2, Bio-TEK).

Live-cell imaging. Hela cells were firstly cultured in a quartz dish and allowed to adhere to the dish
bottom for 24 h. Then, the culture medium was replaced by new DMEM with GERRTs@PDA@PEG at
a final concentration of 0.05 nM. The dish was immediately placed in UNO STAGE TOP INCUBATOR
(Okolab, Italy) set at 37 °C with 5% CO,-humidified atmosphere. The live-cell incubation system is
integrated with the inverted confocal Raman microscope with an airtight chamber. Time-lapse Raman

imaging of live Hela cells was conducted at different time points with 785 nm laser, x60 objective lens
9
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and 1 ms acquisition time using Duoscan/SWIFT mode.? Cell culture in the chamber lasted for about 24

h.

Results and discussion

Preparation and characterization and GERRTs. Bimetallic GERRTs were synthesized through a wet-
chemical metal-ion-reduction method to form multiple metallic shells on Au cores, as presented in Figure
1A. First, uniform-sized Au cores®® (Figure 1A i) were modified with a monolayer of 4-NBT molecules,
which link covalently to Au surface via the thiol group. Next, the molecule-modified Au cores (Figure
1A ii) were utilized as seeds to grow the outer Au shell, thus obtaining GERTs with a petal-like shell
structure (P-GERTs, Figure 1A iii), which can be confirmed by the TEM image in Figure 1B iii. 4-NBT
molecules were selected because of a large Raman cross-section and the poor affinity between Au shell
and its nitro group, resulting in the formation of a number of small Au nuclei on cores and the consequent
petal-like shell structure.’ After that, the Raman reporter IR-780 was allowed to adsorb to CTAC-
stabilized P-GERTs through hydrophobic interaction between IR-780 and CTAC.*> Herein, P-GERTSs
have been selected as templates owing to a large quantity of immobilization sites and SERS “hot spots”
for reporter molecules provided by the large surface area and multiple nanogaps of petal-like shells,
therefore leading to a strong Raman enhancement.® IR-780, a NIR resonant dye, has a pronounced
absorption peak at 780 nm (Figure 1D), which matches well with the excitation laser wavelength 785 nm,
and therefore can produce SERRS effect. Finally, a Ag layer of coating was applied to IR-780 modified

P-GERTs to achieve spherical GERRTs (Figure 1A v). The Ag shell serves as a protective layer to prevent
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the leakage of physically-adsorbing IR-780 molecules. Meanwhile, we can take advantage of the high
SERS activity of Ag to further increase the Raman intensity of GERRTs.

TEM examinations of the NPs at different synthesis stages show that their diameters are around 22, 66
and 130 nm for Au cores, P-GERTs and GERRTSs, respectively, all with a monodispersed particle size
and the uniform morphology (Figure 1B and Figure S1). P-GERTs have a uniform interior nanogap
between the core and shell (indicated by red arrows in Fig. 1B iii) with a typical size of below 1 nm,>*
which is determined by the molecular length of 4-NBT molecule and its orientation angle on Au cores.®
We can only roughly distinguish the outer Ag shell and the internal darker Au P-GERT via the image
contrast from the high-resolution TEM image of GERRTs (Figure 1B v). Therefore, we further performed
STEM and EDS characterizations to have a better view of the structure and element distribution of
GERRTs, as shown in Figure 1C. The petal-like GERTs inside the Ag shell and even the interior nanogap
can be clearly observed from the STEM image. Meanwhile, the corresponding element distributions (Au,
Ag) coincide well with the STEM image, further confirming the Au-Ag core-shell structure of GERRTs.
The Au cores present a ruby color with a single localized surface plasmon resonance (LSPR) peak at
529.2 nm (Figure 1D 1), and a gentle redshift of 2.1 nm after 4-NBT modification due to the slight change
of the reflective index (Figure 1D ii).** P-GERTsS exhibit a dark blue color with a pronounced redshift of
the LSPR peak at 594 nm with a relatively broad linewidth due to the strong plasmon coupling of petal-
like shell structure. In contrast, GERRTs show a light-yellow color with two pronounced LSPR peaks at
439 and 566 nm. The former is attributed to the Ag shell coating and the latter is due to the blue-shifted
plasmon band of internal P-GERTs. The changes in extinction spectra comply with the previously

reported work® and can further confirm the successful coating of the Ag layer.!®
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We then turn to investigate the SERS performance of GERRTSs, as presented in Figure 1E. It can be
observed that the SERS spectrum of GERRTs upon 785 nm excitation exhibits many characteristic bands,
with four main bands of out-of-plane substituent sensitive vibration of phenyl ring*® at 523 cm!, in-plane
deformation of phenyl ring#® at 557 cm™!, C-H in-plane deformation*’ at 1206 cm-!' and Fermi resonance
interaction of the indole ring N1CS8 stretching vibration combined with out-of-plane bending vibrations*®
at 1369 cm'!. While P-GERTSs exhibit one relatively strong Raman band at 1338 cm™! from v (NO,) mode
of 4-NBT molecules (Figure 1E iii and Figure S2).° We have previously reported the ultrahigh Raman
intensity of P-GERTSs due to the multiple hot spots with an enhancement factor beyond 1 x 10°° but it
should be noted that the Raman enhancement of GERRTSs can be further greatly improved. For example,
the intensity of GERRTSs becomes saturated under the same measurement condition as P-GERTs we used
before in Figure S2.° After normalization, we can estimate that the Raman intensity of GERRTSs is more
than three orders of magnitude higher than that of P-GERTSs by comparing the Raman band at 1206 cm’!
for the former and 1338 cm! for the latter (see Figure 1E). We presume that such strong Raman signals
of GERRTSs can be attributed to several factors. First, a large number of hot spots provided by petal-like
shells along with the plasmon coupling between Au and Ag layer can generate strong electromagnetic
enhancement for IR-780. Second, the resonance of the optical absorption of IR-780 with the excitation
laser can produce resonant Raman scattering, further increasing the Raman intensity. Third, the iodide ion
in IR-780 may also possibly contribute to the ultrahigh Raman signal, since it has been reported that halide
ions (CI', Br- and I') have a substantial activating effect in chemical enhancement.*® We further conducted
concentration-dependent Raman measurements to challenge the sensitivity of GERRTs. Figure 1F shows
the representative SERS spectra acquired from aqueous GERRTs with various concentrations from 1 pM
to 1 fM, indicating clear observation of the characteristic band of IR-780 at 1206 cm! even at the lowest

1
2
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concentration of 1 M (Figure S3). In addition, we find that Raman signals of GERRTSs can be constantly
detected at concentrations of 1 pM, 100 fM and 10 fM, but only signals in around a quarter of
measurements at the concentration of 1 fM, and no signals down to 0.1 fM (Fig. S3 and S4), which is

reaching a single-NP level according to the Kneipp’s method.>°

A NO: NO2 NOz NOz NO,|
é????g Ag IR-780
i ii iii iv v
—~0—-30 10} —
Au
D E

i x 200

|1 00,000

Intensity (counts)

N

00 600 1000 1400 1800
Raman shift (cm™)

5000

Normalized extinction (arb. units)

)
c
=
Q
2
=
@
o
o 1pM
=
100 M

400 500 600 700 800 900 1000 200 600 1000 1400 1800
Wavelength (nm) Raman shift (cm™)

Figure 1. Synthesis and characterizations of gap-enhanced resonance Raman tags (GERRTSs). (A)
Schematic synthesis process of GERRTs, including (i) Au cores, (ii) 4-nitrobenzenethiol (4-NBT)
modified Au cores, (iii) gap-enhanced Raman tags with petal-like shell (P-GERTs), (iv) IR-780 modified
P-GERTs and (v) GERRTs. (B) Transmission electron microscopy (TEM) images of the corresponding
nanoparticles (NPs) at different synthesis stages. All scale bars are 20 nm. Red arrows indicate the interior
nanogaps. (C) The STEM image and the corresponding EDS element mapping images of a GERRT. The
scale bar is 50 nm. (D) Extinction spectra of the NPs during the synthesis process and IR-780 iodide
(bottom, with the molecular structure). Dashed red line indicates the laser wavelength (785 nm) used in

1
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the Raman measurements. Insets in panel D are the corresponding photos of aqueous NPs. (E) SERS
spectra of aqueous (iii) P-GERTs and (v) GERRTs normalized to the laser power (mW). Raman
measurements were performed using 785 nm laser, 2 s acquisition time, and x10 objective lens. (F)
Concentration-dependent Raman measurements of aqueous GERRTs (785 nm laser, 29.8 mW, 10 s
acquisition time, and %10 objective lens).

Single-NP detection of GERRTSs. Single-NP SERS detection has held great promise to allow high
precision diagnosis and ultrasensitive biomedical imaging.?>42%3! Considering the extraordinary SERS
activity of GERRTs, we further investigated the single-NP SERS property of GERRTs in the solid state
using a correlative Raman imaging and scanning electron microscopy (RISE). The RISE system integrates
a stand-alone SEM and a confocal Raman microscope within one instrument. Figure 2A shows the
schematic illustration of the measurement process on RISE. To prevent the damage of electron beam to
NPs and Raman reporters, single GERRTSs on a silicon wafer were first roughly identified under the bright
field (Figure 2B) and the corresponding SERS spectra were then collected through the confocal Raman
system. After that, the sample was automatically transferred to the SEM chamber to confirm the
distribution state of the measured NPs (Figure 2B). To avoid the signals from inter-particle plasmon
coupling or multiple NPs in the laser spot, only the data from single GERRTSs with a distance of over 1
um from other NPs was analyzed. After the SEM confirmation, we have successfully performed nine
eligible single-GERRT measurements in total, and the corresponding SERS spectra are shown in Figure
2C and Figure S5. It can be seen that the spectra are dominated by three Raman bands at 523, 557 and
1206 cm!, which agrees with the results in Figure 1E. However, it should be noted that the Raman signal
at 523 cm™! may be contributed by the silicon wafer, while the other two bands only belong to IR-780
molecules. We can observe that there exists obvious distinction among the SERS spectra of nine single
GERRTs. For instance, three representative particles in Figure 2B exhibit great disparity in Raman

1
4


https://doi.org/10.1039/d0tb00659a

Page 15 of 30 Journal of Materials Chemistry B

Published on 15 May 2020. Downloaded by Shanghai Jiaotong University on 5/28/2020 9:36:25 AM.

View Article Online
DOI: 10.1039/D0OTB00659A

intensity (Figure 2C). Specifically, the intensity at 1206 cm! is more than 300 counts for particle 3, but
only 30 counts for particle 1. In addition, spectral profiles vary a lot among different NPs. For example,
the Raman signal at 557 cm™! is stronger than that at 1206 cm! for particle 3, but the contrary is the case
for particle 1. The heterogeneity of the single GERRTSs is most probably due to the physisorption of IR-
780 molecules onto the NPs, which may lead to different adsorption amounts or orientations of molecules.
We believe that it can be improved by some means, e.g., thiol modification,> to obtain more stable and
homogeneous GERRTs if needed. Overall, most of the single GERRTSs turn out to be SERS active,

indicating their potentials in ultrasensitive biosensing and bioimaging.

Raman

Laser | | Signal
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Figure 2. Raman measurements of single GERRTs using the correlative Raman imaging and scanning
electron microscopy (RISE). (A) Schematic illustration of the RISE system. (B) A representative bright-
field (BF) image of GERRTs on a silicon wafer and the corresponding scanning electron microscopy
(SEM) images of three selected single GERRTs (indicated by arrows). Scale bars are 20 um for the BF
image and 1 pum for SEM images. (C) SERS spectra of three single GERRTs (particle 1, 2 and 3) indicated
in panel B. Raman measurements were performed using 785 nm laser, | mW power, 20 s acquisition time,
and %100 objective lens.
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Surface functionalization of GERRTS. In order to minimize the cytotoxicity of Ag and CTAC for better
biomedical applications, the GERRTSs were coated with biocompatible PDA3!4! and PEG,>3* termed as
GERRTs@PDA@PEG (Figure 3A). The PDA layer is acquired by self-polymerization of dopamine
under alkaline conditions*! and can be represented as a collection of oligomeric species formed by the
linkage of monomer units through different bondings.’>> The PEGylation is achieved by the covalent
bonding between the thiol group in HS-PEG-COOH and the quinone in PDA via the Michael addition
reaction.*! The TEM image of GERRTs@PDA@PEG in Figure 3B shows the uniform surface coating
(indicated by a red arrow) with a thickness of approximately 2 nm. After the PDA coating, no significant
shift occurs in the extinction spectra (Figure 3C). The average hydrodynamic size of the NPs increases
from 147.5 = 1.0 to 150.6 £ 0.9 nm (Figure 3D), and the zeta potential changes from 59.0 + 2.5 to 50.8

+ 2.5 mV (Table S1), indicating the successful formation of a thin layer of PDA. After further
PEGylation, there is no obvious change for the short-wavelength LSPR peak, but around 30 nm redshift
for the longer-wavelength LSPR peak (Figure 3C), which can be explained by the increase of the
refractive index of the PEG layer. In addition, the hydrodynamic size of the NPs further increases to 209.8

+ 1.1 nm (Figure 3D), and the zeta potential drops to 10.1 & 1.7 mV (Table S1), confirming the
successful PEG modification. To investigate the cytotoxicity of the surface-functionalized GERRTs, cell
viability was determined after Hela cells were treated with GERRTs@PDA@PEG at various
concentrations of 0.002, 0.01, 0.05, 0.1 and 0.2 nM for 24 h using a cell counting kit-8 (CCK-8) assay.
The results indicate that these nanoprobes demonstrate acceptable low cytotoxicity on Hela cells at
concentrations of 0.002, 0.01 and 0.05 nM, but significant cytotoxicity at higher concentrations with cell

viabilities below 50% (Figure 3E). It should be noted that bioimaging with these nanoprobes at the
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concentration of 0.05 nM is acceptable considering its extraordinarily high SERS activity, as presented in

Figure 1E.
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Figure 3. Surface functionalization of GERRTs with polydopamine (PDA) and polyethylene glycol
(PEG). (A) Schematic illustration and (B) a TEM image of surface-functionalized GERRTs. Scale bars
are 50 nm (left) and 5 nm (right). (C) Extinction spectra and (D) hydrodynamic diameters of GERRTs at
different stages of surface functionalization. (E) Cell cytotoxicity evaluation of surface-functionalized

GERRTs at different concentrations.

GERRT for time-lapse live-cell Raman imaging. We then applied the surface-functionalized GERRTs

for high-speed live-cell imaging. To provide the cells with suitable biological environment while imaging,

we incubated the cells in the UNO STAGE TOP INCUBATOR (Figure 4A) set at 37 °C with 5% CO,-

humidified atmosphere. The incubation system has an air-tight top stage chamber with the controlled

internal environment, enabling the long-term survival of live cells. In addition, this type of live-cell system

1
.
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is integrated with our inverted confocal Raman microscope, which is really in favour of highly efficient
live-cell Raman imaging longer for a few days. To track the cellular uptake of NPs via SERS imaging,
we refreshed the culture medium of Hela cells with the one containing around 0.05 nM GERRTSs after the
cells’ adhesion to the quartz bottomed plate for 24 h. The concentration of GERRTs was selected
according to the cytotoxicity results in Figure 3E. We began to acquire the bright-field image and the
corresponding Raman image of the Hela cells 1 h after the NP addition, and thereafter collected the images
at an interval of several minutes to observe the entry process of NPs into cells. Figure 4B presents the
images of a single cell acquired 2.5 h after the NP addition as an example to show the imaging effect.
Herein, we adopted a DuoScan mode along with a SWIFT mode on the confocal Raman system to realize
high-speed SERS imaging.®>® The Raman mapping image (plotted according to the integrated area of the
band at 1206 cm!, as indicated by the grey area in Figure 4C) in Figure 4B with a scanning area of over
30 X 70 pm? and a resolution of 50 X 50 pixels could be accomplished within 12 s with an exposure
time of 1 ms per pixel and a laser power of 50 uW. Such high-speed imaging using the ultralow laser
power can be attributed to three factors. First, GERRTSs can generate ultra-strong Raman signals, thus
allowing the reduction of the exposure time down to 1 ms per pixel. Second, the Raman scanning is
realized via the rapid movement of the laser spot across the sample controlled by two galvo mirrors instead
of the mechanical stage movement. Third, the SWIFT mode allows the line-by-line data processing by
detector rather than pixel-by-pixel, thus significantly shortening transmission and processing time of data.
Such a short frame acquisition time allows us to record Raman images of cells with a high temporal
resolution, and therefore capture dynamic behaviours of live cells. In addition, it is worth noting that the
laser power we used in Raman imaging was only 50 uW (a further great reduction compared to our recent
work?”), but Raman signals with sharp and distinct characteristic peaks could still be obtained (e.g., point

1
8
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3 in Figure 4C). It is expected that the ultralow laser power along with the ultrashort acquisition time of
the NIR excitation can significantly reduce the photodamage to live cells, thus enabling long-term
viability of cells required in a long period of tracking experiments. Another advantage lies in that the
background Raman and autofluorescence signals from cells and the culture dish are negligible with the
above-mentioned measurement parameters, consequently resulting in a high-contrast Raman image
(Figure 4B).

We can observe from the images in Figure 4B that NPs (the darker part in the bright-field image,
confirmed by their SERS spectra, for example, at point 3) gather around the Hela cell 2.5 h after their
addition, and may have well interacted with the membrane to enter the cell through endocytosis,>”8 as
indicated by the uneven morphology of the membrane. The Raman image clearly shows that the majority
of the cell is void of GERRTs (e.g., point 1), but several scattered bright spots contributed by internalized
NPs have appeared inside the cell (e.g., point 2). Figure 5 exhibits the dynamic process of the interaction
between NPs and the cell from 1 to 4.5 h after NP addition. It should be noted that some factors including
the air/CO; piping and heating in the cell culture chamber and the transition of various objective lens may
influence the focal plane and accordingly the detected Raman intensity during the imaging. Therefore, the
scale bars of Raman intensity at different time points have been adapted to optimize the image
visualization.

After cellular uptake, NPs are transported via individual vesicles which will further fuse with
endosomes.>’*® Correspondingly, we can see that bright spots are scattered in the cell exterior during the
early stage (1-2.5 h). As time goes on, the internalized NPs gradually move toward the cell interior and
eventually reach the perinuclear region (3.75-4.5 h, supported by the bright-field image in Figure 5B),
which agrees well with the previous work.>-! It has been reported that NPs escaping from vesicular

1
9
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compartments or trapped in vesicles may enter the nucleus and endoplasmic reticulum, but the
mechanisms remain unknown.>’ In addition, we find that the uptake speed of GERRTSs by cells is much
lower than that of other NPs we reported previously,”!? possibly due to the larger size’’>® of GERRTs
and the extra PEGylation which will decrease protein opsonization and consequently cell uptake.®9 The
Raman images from 3 h 45 min to 4 h 30 min show relatively uneven distributions of Raman intensity
around the cell, which can be explained by the inhomogeneous distributions of NPs. The bright-field (BF)
image in Figure 5B can further support this, as the brighter areas in the Raman images virtually turn out
darker under the BF mode.

Combining EM enhancement and resonance Raman scattering, we have obtained GERRTs with
ultrahigh Raman intensity, which not only helps significantly shorten the duration of Raman bioimaging,
but also helps reduce the photodamage to biological samples. Minimized exposure energy (determined by
both laser power and exposure time) to cells can effectively alleviate the phototoxicity,®* which without
control will influence the viability of living organisms and lead to erroneous conclusions during
imaging.® In addition, the NIR excitation laser used here is more biologically favorable than short
wavelength laser, which tends to cause more serious chemical alteration and breakdown of cellular
molecules.** Moreover, the GERRTs are under off-resonance excitation as incident laser (785 nm)
decouples with the LSPR peak of the NPs, thus producing minimal plasmon-enhanced photothermal effect
and perturbation of cells being imaged.®® Further informative examination of photodamage effect to cells

such as monitoring the mitochondrial membrane potential®® is under investigation.
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Figure 4. GERRTs for live-cell imaging. (A) Schematic illustration of live cell imaging system (LCS) for
time-lapse Raman imaging. (B) BF image (left), Raman image (middle) and the corresponding overlay
image (right) of a live Hela cell incubated with GERRTs for 2.5 h. The scale bar is 10 pm. (C) SERS
spectra of three points indicated in panel B. The Raman imaging was performed using 785 nm laser, 50
uW power, 1 ms acquisition time, and x60 objective lens.
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Figure 5. (A) Time-lapse Raman imaging for live Hela cells incubated with GERRTs. The time points
represent the incubation durations with NPs. The scale bar is 10 pm. (B) The BF image of the Hela cell
after 4.5 h incubation with GERRTs.

Raman imaging for tunneling nanotubes. During one experiment we ran across an unexpected incident:
the adhesive quartz bottom of the culture dish became slightly damaged, leading to a very slow leakage
of the culture medium (lasting for several hours after the Raman imaging). We found that the cells
gradually became unhealthy, as their morphology turned from fusiform to round. Intriguingly, we also
observed the formation of many protrusions that connected neighboring cells (Figure 6A), which are
termed tunneling nanotubes (TNTs).®” TNTs are regarded as one of the cell-to-cell communication
routes,%”-%% allowing the intercellular transfer of membrane vesicles,®” organelles,®” pathogens®®-’! and
proteins.”? According to their diameters, TNTs can be divided into two categories, namely the thinner
tubes ( < 0.7 um) housing only F-actin and the thicker tubes (>0.7 um) housing both F-actin and
microtubules.”? Until recently, no clear mechanism has been reported to explain why TNTs form, but

2
2
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quite a few cases have been related to cells’ being subjected to stress, such as addition of reactive oxygen
species’ or serum depletion.” It should be noted that we cannot completely exclude the possibility that
the NPs also contribute to TNT formation, as they show a very mild cytotoxicity at the concentration of
0.05 nM. However, TNTs were not observed until ~8 h after GERRTSs addition, hence indicating that
medium depletion was the major cause. Figure 6A demonstrates that the TNTs are visible under the bright
field with the diameters over 1 um. We then selected a part of the TNT region (indicated by a dashed red
box) for SERS imaging, as presented in Figure 6B. The Raman image and the corresponding overlay
image show that there are NPs inside the TNTs (Figure 6B), which can be confirmed by the obvious
Raman bands in the spectra of point 2 and 3 in Figure 6C. The NPs are unlikely located at the outer tube
walls in that there are no signals in other regions nearby (e.g., point 1). However, it remains unclear
whether the transported NPs are free or trapped in vesicles/endosomes/lysosomes, which requires further

investigations.
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Figure 6. Raman imaging for tunneling nanotubes (TNTs) of Hela cells incubated with GERRTs. (A) BF
images of TNTs from Hela cells. The scale bar is 20 um. (B) Partial magnification of panel A (left), and
the corresponding Raman image (middle) and overlay image (right). Scale bars are 5 pum. (C) SERS
spectra of three points indicated in the Raman image of panel B.

Conclusion

In summary, we have developed GERRTs with NIR-resonant Raman reporters IR-780 embedded in
electromagnetic hot spots from petal-like structure of P-GERTs and plasmon coupling between P-GERTs
and Ag shell for high-speed and high-resolution live-cell imaging. GERRTs show approximately three
orders of magnitude stronger Raman signals than P-GERTs and a detection limit down to 1 fM of aqueous
samples. Raman measurements using the RISE system confirm that single GERRTs in the solid state with
obvious Raman characteristic peaks of can be detected. Biofunctionalization of the PDA and PEG layers

onto the NPs can further successfully improve their biocompatibility, allowing them suitable for time-
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lapse Raman imaging for live Hela cells. Due to the ultrahigh Raman intensity of GERRTs, ultrafast laser
scanning technique, and line-by-line data processing method, high-resolution Raman images (50 X 50
pixels) can be accomplished within 12 s with a laser power of 50 uW and exposure time of 1 ms per pixel,
which allows the recording of the dynamic process of cells interacting with the NPs. In addition, it is
expected that the photodamage to living cells can be dramatically reduced under above-mentioned
measuring conditions, which together with the air-tight incubation system can guarantee a long period of
cell viability. Herein we have incubated live Hela cells in the stage chamber for more than 8 h and observe
that NPs gradually accumulate in the perinuclear region via time-lapse SERS imaging. We also find that
NPs can be transported between neighboring cells through TNTs. Overall, GERRTs may open new
opportunities for ultrasensitive and low-phototoxic bioimaging to realize long-term tracking of cellular

processes.
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