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Nanoscale laser-induced breakdown spectroscopy
imaging reveals chemical distribution with
subcellular resolution

*ab and Benli Huang®

Understanding chemical compositions is one of the most important parts in exploring the microscopic

world. As a simple method for elemental detection, laser-induced breakdown spectroscopy (LIBS) is

widely used in materials, geological and life science fields. However, due to the long-existing limitation

in spatial resolution, it is difficult for LIBS to play an analytical role in the field of micro-world. Herein, we

first report a reliable nanoscale resolution LIBS imaging technique by introducing a sampling laser with

a micro-lensed fiber. Through the emission enhancement using the double-pulse laser, we obtained the
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spectral signal from a sampling crater of less than 500 nanometers in diameter, and visualized the

chemical distribution of the self-made grid sample, SIM chip and nano-particles in single cells. The

DOI: 10.1039/d0na00380h

rsc.li/nanoscale-advances and 18.3 fg, respectively.

1. Introduction

With the development of analytical techniques, researchers are
more interested in imaging the chemical compositions of
different regions of samples, rather than the compositions of
averaging large areas.” Due to advantages of high sensitivity
and fast analysis speed, laser-induced breakdown spectroscopy
(LIBS) plays an important role in elemental analysis.®**
Furthermore, it has become one of the most attractive tech-
nologies in the field of elemental imaging."*'®* However, due to
the difficulty in reducing the sampling spot limited by the
diffraction limit and lens aberration, it has been difficult to
apply LIBS in the micro-nano scale analysis for a long time.
This is one of the reasons that hinder the development of LIBS
imaging in various microanalysis fields, such as nanomaterials,
microstructure and single-cell analysis.

Recent decades have witnessed great efforts made by many
researchers in improving the lateral resolution of LIBS to low
micron or nanometer scales. Several groups have used microscope
objectives to generate a tightly focused laser beam, namely in the
micro-LIBS (LLIBS), resulting in lateral resolutions down to a few
microns.>?® Ultrafast lasers offer a number of advantages in
materials processing such as high-energy flux and limited thermal
effects.?”?® Therefore, the use of femtosecond lasers in LIBS has
shown an increasing trend in recent years.”*** In addition, a crater
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relative limits of detection (RLODs) of In and absolute limits of detection (ALODs) of Al can reach 0.6%

size smaller than the focused-beam spot size can be obtained
through adjusting the laser energy threshold for ablation, by
taking advantage of the Gaussian spatial distribution of laser
beams,*** which makes it possible to obtain submicron craters.*
Additionally, using a near-field technique to avoid the diffraction
limit is also an effective strategy to improve the resolution of LIBS.
Near-field techniques can achieve locally confined nanometric
illumination of aperture probes for scanning near-field optical
microscopy (SNOM).**?¢ Several papers concerning aperture
SNOM LIBS were published, indicating that SNOM has the
potential to improve the lateral resolution of laser sampling,>**"-*
but unfortunately the elemental emission signal of nanoscale
craters has not been obtained. Another near field technique is to
use apertureless metal tips to enhance the local electromagnetic
field for ablation at the apex when the tip is illuminated with
a suitable laser and the apex is close enough to the sample
surface.**** Study has shown that this technique can be used for
submicron resolution imaging analysis of conductor samples.*
Nevertheless, the increase of spatial resolution results in the
decrease of the ablated amount. For crater sizes smaller than
~0.5 pm, measurement of spectral emission becomes difficult
using classical emission monitoring in the optical far-field,
creating a dilemma for the nanoscale LIBS imaging tech-
nique.” Therefore, for detecting weak signals, it is necessary to
enhance and amplify the LIBS spectral emission. At present, re-
excitation of plasma using a double-pulse laser is one of the
main means for LIBS signal enhancement.* The concept of
double-pulse LIBS was first developed by Cremers et al in
ablation of liquids in 1984,* while Niemax et al. applied this
technique in solid sample analysis for the first time in 1991.*
Double-pulse LIBS devices have two main configurations, the
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collinear geometry and the orthogonal geometry.** The collinear
geometry is not suitable for high spatial resolution LIBS
imaging because it will re-destroy the sample surface, while the
orthogonal geometry is ideal for enhancing spectral emission
without compromising the spatial resolution achieved with the
first laser. The combination of femtosecond and ultraviolet
nanosecond lasers is able to enhance the spectral emission of Si
by several orders of magnitude with the ablated crater smaller
than 2 pm.*®

Herein, we first demonstrate a nano laser probe (NLP)-based
double-pulse LIBS imaging method by introducing the first
sampling laser with a single-mode micro-lensed fiber and
enhancing the spectral emission using a second laser on the
premise of obtaining nanoscale ablated craters. With this new
nanoscale resolution LIBS imaging approach, we achieved the
visual observation of the serial number (Al line) on a chip and the
distribution of nanoparticles (InP) in a single cell. In addition, we
also examined the limit of detection (LOD) of this method whose
relative limits of detection (RLODs) and absolute limits of detec-
tion (ALODs) for indium can reach 0.6% and 18.3 fg, respectively.

2. Experimental
2.1 Preparation of the grid sample and SIM chip

The Al grid sample was prepared as follows. A 1000 lines per
inch and 600 lines per inch copper grid (G1000HS and
AG600HSS, Gilder Grids, England) was used to cover a smooth
silica substrate, respectively. A 200 nm thick Al cladding was
coated on a smooth silicon wafer with a magnetron sputtering
system (Explorer 14, Denton Vacuum, NJ, USA). The grid was
removed after the Al cladding was coated in holes. The SIM chip
sample was prepared as follows. The SIM card was soaked in
acetone for 4 hours to remove the coating resin. The chip was
removed with tweezers and ultrasonically cleaned with ethanol.

2.2 Cell culture

Cells were cultured and treated as follows. Cells were grown in
Dulbecco’'s Modified Eagle's Medium (DMEM, HyClone) sup-
plemented with 10% (v/v) FBS, 1% penicillin, and 1% strepto-
mycin (3 mg ml~! NaHCO; was needed for RAW 264.7). Cells
were seeded into 150 mm Falcon culture dishes and maintained
by the addition of new media every 2-3 days. Quartz wafers sized
1 x 1 cm?® were rinsed in HPLC-grade water and ethanol, and
then sterilized for the cell cultures. Subsequently, the quartz
wafers were placed in a 6-well plate, and cells were seeded into
the wells at a cell density of 1 x 10>~1 x 10* cells per well, and
allowed to grow for 24 hours under constant conditions of 37 °C
and 5% CO,. Nanoparticles were added into each well with
a concentration of 100 umol L™! and then cultured for 24 hours.
Finally, the cells were dyed with Lyso-Tracker Red DND-99 for
1 h.

2.3 Data analysis

The emission spectrum from each laser pulse was recorded
using the LightField program (Princeton Instruments, USA) and
then processed using a self-compiled program written in
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LabVIEW (National Instruments, USA). LIBS images were con-
structed using Surfer 9 software (Golden Software, Inc., USA). All
the images were generated without the use of other image
processing steps, such as smoothing or interpolation.

2.4 NLP-based double-pulse LIBS imaging system

The NLP-based double-pulse LIBS imaging system includes
a sequential control device, a femtosecond laser (515 nm for
sampling, S-Pulse, Amplitude Systems, France) and a nano-
second laser (266 nm for emission enhancement, Minilite-II,
Continuum Inc., USA), a micro-lensed fiber and laser coupling
system, a sample stage, a vacuum chamber and a spectrometer
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Fig. 1 The NLP-based double-pulse LIBS imaging platform. (A)
Workflow of the LIBS imaging system. (B) Detailed schematic diagram
of the sampling area outlined by the dash-square in (A) with the optical
photograph of NLP shown in the top right corner. (C) The focusing
principle of the NLP.
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(Model SP 2300i, Princeton Instruments, USA). The spectrom-
eter has a scan range of 0-1400 nm and a wavelength accuracy
of £0.2 nm, which is suitable for the experiment of nanoscale
spatial resolution LIBS imaging. The workflow is shown in
Fig. 1A. The whole imaging process is achieved using self-
written software with LabVIEW (National Instruments, USA).
The delay generator (DG-645, Stanford Research Systems, USA)
triggers the two laser beams and the spectrometer through
three output channels, respectively. The interpulse delay of the
two lasers and the detection delay of emICCD (PI-MAX 4,
Princeton Instruments, USA) of the spectrometer can be
adjusted precisely. To investigate the effect of different air
pressure on spectral emission intensity, the sample stage is
placed in a vacuum chamber where the air pressure could be
controlled. The micro-lensed fiber for sampling and the optical
fiber for signal collection are connected to the vacuum chamber
through two vacuum feed-through flanges, respectively. The
nanosecond laser is focused through the quartz window on the
side of the vacuum chamber. Fig. 1B shows a schematic
diagram of the sampling area of the NLP-based double-pulse
LIBS imaging device. To obtain a high-quality Gaussian beam
and focus spots as small as possible, the NLP is made using
a pure silica single-mode fiber (Nufern S460 HP, mode field
diameter = 2.5 pm) and the radius of curvature of the micro
lens is designed to be 4.5 um (Fig. 1C). Fixed on a one-
dimensional micro positioner, the NLP focuses the femto-
second laser on the sample surface with an optimal tip-surface
distance of 9 um. The plasma produced by the femtosecond
laser will be re-heated by the focused ultraviolet nanosecond
laser beam. To get the optimal spectral emission lines, the re-
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heating laser beam needs to be as close to the sample surface
as possible. In this experiment, in consideration of the fiber tip
position, the distance between the nanosecond laser and
sample surface is set as 1 mm. The LIBS spectral emission is
collected using an optical fiber (400 pm wide fiber core,
WYOPTICS, Shanghai, China) with a coupling lens (74UV with
SMA 905 connector, WYOPTICS, Shanghai, China) and is
transmitted to the spectrometer with a 2400 groove per mm
grating. The distance between the collection optics and sample
surface is set at 10 mm. With a CCD camera, we can observe the
distance between the fiber tip and the sample surface, and the
region of interest (ROI) of the sample. With the closed-loop XY
micro positioner acting as the sample stage (SLC-1720, SmarAct
GmbH, Germany), imaging acquisition of the ROI can be con-
ducted automatically by the LabVIEW program.

3. Results and discussion
3.1 Optimization of the gas environment and delay time

Studies have shown that the spectral resolution of LIBS ob-
tained under vacuum conditions is better than that under
atmospheric pressure.*>» When the pressure decreases, due to
the weakening of the plasma shielding effect and self-
absorption effect, the signal intensity of the LIBS spectrum
is increased.*”*®* The low-pressure environment also results
in higher spectral resolution, increased ablation and more
uniformly ablated craters.” For high spatial resolution
imaging applications, the influence of ambient air pressure
on the weak spectral signal is more significant. In addition,
following its creation by the laser pulse, the plasma expands
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Fig. 2 Optimization of gas pressure, interpulse delay and detection delay. The emission spectra of Al() at 394.4 nm and 396.1 nm at different
pressure (A, from 1 x 10° Pato 5 x 10~* Pa), different interpulse delay (B, from 0 ns to 2900 ns) and different detection delay (C, from 30 ns to 270
ns). The relationships of the signal-to-noise ratio (SNR) of spectral emission of Al() at 396.1 nm at different pressure (D), interpulse delay (E) and

detection delay (F).
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and cools accompanied by a decrease in the electron density
because of recombination.’® Because of its transient nature,
the populations of the various species present in the plasma
rapidly evolve with time and position. This results in varia-
tions in the absorption of the second laser pulse and subse-
quent spectral emission which depends strongly on the
interpulse delay.

In order to obtain the strongest spectral emission signal, we
optimize the pressure, interpulse delay time and emICCD
detection delay time with a smooth Al film sample. To ensure
the reliability and stability of the signal, the sample stage moves
continuously to make sure that each laser pulse is applied to
a fresh sample surface. The energy of the two lasers remains
unchanged during the whole parameter optimization process
with the energy of the femtosecond laser at 80 nJ and the
nanosecond laser at 3 m]J. As Fig. 2A and D show, the spectral
emission of Al(1) at 394.4 nm and 396.1 nm cannot be detected
under atmospheric pressure with any interpulse and detection
delay. However, with the decrease of pressure, the emission
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Fig. 3 Spectral emission of Al() at 394.4 nm and 396.1 nm from
a single laser pulse with single pulse LIBS (A), single laser pulse with
double-pulse LIBS (B), and intensity changes with the change of the
nanosecond laser energy (C).
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intensity of Al gradually increases due to the weakening of the
plasma shielding effect and self-absorption effect. Remarkably,
the signal-to-noise ratio (SNR) of Al reaches a plateau from 100
Pa to lower pressure, which indicates that the shielding effect
and self-absorption effect have been eliminated by the reduc-
tion of pressure. The SNR is the background corrected inte-
grated emission intensity over the standard deviation of the
background. Therefore, our subsequent experiments are all
conducted under the condition of 100 Pa. Fig. 2B depicts the
temporal evolution of the LIBS spectral emission in the double-
pulse configuration. The SNR of Al spectral emission intensity
reaches a maximum at an interpulse delay time of 200 ns
(Fig. 2E). The temporal evolution of spectral emission as
a function of detection delay is shown in Fig. 2C. As Fig. 2F
shows, the best detection delay time is around 130 ns. As shown
in Fig. 3A and B, with the same femtosecond laser energy, the
spectral emission of the double-pulse LIBS is enhanced 15 times
compared to that using only a single laser (single-pulse LIBS).
Moreover, the spectral emission intensity increases continu-
ously as the energy of the nanosecond laser increases (Fig. 3C)
and the maximum enhancement factor for the signal is 70
times. This proves that double-pulse LIBS technology is an
effective analytical strategy in the case of a very small sampling
amount.

3.2 The 500 nm resolution LIBS imaging

Under the above experimental conditions, we carried out the
imaging detection on self-made Al mesh samples and a series of
digital codes on a SIM chip. To avoid overlap-sampling, the
frequency of the laser was set at 10 Hz and the speed of sample
movement was set at 5 um s~ ', which means that the distance
between the two adjacent sampling spots is 500 nm (pixel size).
The nanoscale LIBS imaging results of the two grid samples of
different shapes are shown in Fig. 4B and F with imaging areas
of 75 x 60 um?® and 200 x 150 um?, respectively. Obviously, the
Al(1) images at 396.1 nm are highly consistent with the areas of
the white aluminum coating pattern captured with a micro-
scope. As Fig. 4C shows, through mathematical statistics of the
data in the yellow area of Fig. 4B, LIBS spectral emission signals
show high uniformity and stability at different positions on the
aluminum coating. The error bars represent the relative stan-
dard deviations (RSDs) of the data in vertical directions. By
definition, the lateral resolution is considered as the distance
between 16% and 84% amplitude change of a line profile rep-
resenting a sharp edge. By choosing a sharp edge in the red part
of Fig. 4C, the imaging resolution is revealed to be approxi-
mately 480 nm, which is the level that cannot be achieved by the
ordinary LIBS imaging technique. In addition, we have
demonstrated the capability of this nanoscale resolution LIBS
imaging technology for a SIM chip. As shown in Fig. 4G, the ROI
is a series of 3-micron-wide serial numbers on the chip. Its Al
image (Fig. 4H) is quite consistent with its optical image.

3.3 Evaluation of limits of detection (LODs)

In the application of nanoscale resolution LIBS imaging, the
small sampling amount brings great challenges to the LOD of

This journal is © The Royal Society of Chemistry 2020
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Fig.4 Nanoscale imaging results of Al mesh samples and a series of numbers on the SIM chip. (A and E) Optical image of the imaging area of two
different shapes of Almeshes on a silica wafer. (B and F) LIBS imaging of Al(1) at 396.1 nm. (C) Average line-scan profile of the region outlined in (B).
(D) Magnified line-scan profile of the marked edge margin in (C). (G) Optical image of the ROI on the chip. (H) Nanoscale LIBS imaging of Al() at

396.1 nm.

the technology. We first consider the ALOD and RLOD level of
this NLP-based nanoscale LIBS imaging method before more
complicated imaging applications. The ALOD experiment is
carried out on a smooth indium film. As shown in Fig. 5A, with
different laser energy applied to the In film, different sizes of
craters can be obtained on the surface of the film, ranging from

400 nm to 1.4 pm in diameter. Fig. 5B displays the spectral
emissions of In(i) at 410.2 nm for different sizes of craters,
which reveals that a positive correlation between signal inten-
sity and the crater size (ablated amount) can be established. The
spectra in Fig. 5B represent the average result of three sets of
experiments. It is worth emphasizing that when the
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Fig. 5 Evaluation of the ALOD and RLOD. (A) AFM images of ablated craters on a smooth In film with different femtosecond laser energies. (B)
Spectral emission of In(i) at 410.2 nm of the ablated craters of different sizes in (A). (C) Linear fitting of the spectral emission intensity and ablated
volume of In. (D) Profile map of the crater on the In film at a laser energy of 61 nJ. (E) Spectral emission of In(1) at 410.2 nm of different proportions
of In-Sn alloys. (F) Linear fitting of In spectral emission intensity and different In concentrations from 1% to 50% in the In—Sn alloy.
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femtosecond laser energy is 47 nJ, the sample crater with
a diameter of 400 nm can be clearly observed on the surface of
the In film, but its steady emission signal cannot be obtained.
Through linear fitting, we obtain the relationship between the
signal intensity and different ablated amounts (Fig. 5C). The
error bars represent the RSDs of the three sets of experiments
and indicate the good stability of the NLP-based double-pulse
LIBS technique. The 3-fold standard deviation (3¢) value for
the spectral emission intensity in the blank spectrum is 79.3;
therefore, the ALOD of NLP-based LIBS for In can be calculated
from 3¢ and the slopes of the calibration curves. Provided that
the density of In is about 7.31 g cm >, the resultant ALOD can be
calculated to be 18.3 fg. Fig. 5D shows the profile of the crater
obtained under the condition of a femtosecond laser energy of
61 nJ. It can be seen that the diameter of the crater is about
450 nm and the depth is about 100 nm. On the premise of such
a small amount of ablation, we made a linear fit through the
detection of the In-Sn alloy with different ratios, and obtained
the RLOD of In as 0.6% (Fig. 5E and F). It is worth noting that
the trend of the relationship between LIBS spectral emission
intensity and In concentration might show a slight self-
absorption phenomenon in Fig. 5F, which may be caused by
the increase of the number of ground states and excited state
particles produced by laser interaction with the sample.
However, since the vacuum environment can greatly reduce the
self-absorption effect, it is not taken into account in the process
of linear fitting.

3.4 Nanoscale LIBS imaging of single cells

Single cell imaging is an important research direction in the
field of life science.’>** At present, fluorescence imaging is the
most commonly used single cell imaging method.*® The appli-
cation of LIBS in tissue imaging has been reported with no
fluorescent probe needed,” but due to the limitations of
sensitivity and lateral resolution, the application in single cell
imaging is still at a blank stage. Due to biocompatibility, being
non-toxic and other advantages, nanoparticles are widely used
in life science experiments, such as nanoparticle drug loading,
nanoparticle photothermal therapy and so on.**** Here, we
used the NLP-based double-pulse LIBS imaging technology for
the first time to visually detect the subcellular distribution of
nanoparticles within a single cell. Mouse mononuclear macro-
phages leukemia cells and InP nanoparticles are selected for
this research objective. The optical images of the cells and
fluorescence images of the lysosomes were obtained by using
a confocal laser scanning microscope (CLSM). The cells were
then freeze-dried and placed on the XY micro-positioner in the
sampling area. Fig. 6 shows two groups of the comparative
results of LIBS images of In(i) at 410.2 nm and their optical
images, with the imaging range of 120 x 90 um?, respectively.
As in the previous experiment, the distance between each
sampling point was set to 500 nm. In the CLSM images, the red
channel represents the position of the lysosomes. As shown in
Fig. 6B and D, nanoscale LIBS imaging results show that the
signal of In could be detected in cells, and the In distribution is
basically consistent with the location of the lysosomes. Based
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Fig. 6 Nanoscale LIBS imaging of InP nanoparticles within singe cells.
(A and C) Optical image of cells stained with LysoTracker Red DND-99.
(B and D) LIBS imaging of In() at 410.2 nm.

on the result, we can verify the model of cell-nanoparticle
interaction: nanoparticles in aqueous solution enter the cells
through endocytosis and reside in the intracellular lysosomes.

4. Conclusions

In conclusion, an NLP-based double-pulse LIBS imaging tech-
nology has been proposed with great operability and reliability.
With the enhancement of spectral emission using a double-
pulse laser and a novel NLP high-resolution sampling
approach, we obtained a signal with a SNR 70x greater than
that of single-pulse LIBS when the ablated crater size was less
than 500 nm in diameter on an Al film. The relative limits of
detection and absolute limits of detection can reach 0.6% and
18.3 fg, respectively, which can be hardly achieved by existing
LIBS techniques. Using this method, we visualized the mesh
samples and serial numbers on a chip with an imaging reso-
lution of 500 nm. Even more exciting, the location of InP
nanoparticles in organelles within single cells can also be
clearly and quickly obtained, which is helpful in understanding
the interaction between nanomaterials and cells. This strategy
presents a nano-scale and sensitive imaging platform for
elemental detection, which has great potential in the analysis of
nano materials, microstructures, biological tissues and even
tiny biological units such as single cells.
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