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Microlensed fiber allows subcellular 
imaging by laser-based mass spectrometry
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Abstract

Mass spectrometry imaging (MSI) enables the chemical mapping of 
molecules and elements in a label-free, high-throughput manner. Because 
this approach can be accomplished rapidly, it also enables chemical changes 
to be monitored. Here, we describe a protocol for MSI with subcellular spatial 
resolution. This is achieved by using a microlensed fiber, which is made by 
grinding an optical fiber. It is a universal and economic technique that can be 
adapted to most laser-based mass spectrometry methods. In this protocol, 
the output of laser radiation from the microlensed fiber causes laser ablation 
of the sample, and the resulting plume is mass spectrometrically analyzed. 
The microlensed fiber can be used with matrix-assisted laser desorption 
ionization, laser desorption ionization, laser ablation electrospray desorption 
ionization and laser ablation inductively coupled plasma, in each case to 
achieve submicroscale imaging of single cells and biological tissues. This 
report provides a detailed introduction of the microlensed fiber design and 
working principles, sample preparation, microlensed fiber ion source setup 
and multiple MSI platforms with different kinds of mass spectrometers. 
A researcher with a little background (such as a trained graduate student) 
is able to complete all the steps for the experimental setup in ~2 h, including 
fiber test, laser coupling and ion source modification. The imaging time 
spent mainly depends on the size of the imaging area. It is suggested that 
most existing laser-based MSI platforms, especially atmospheric pressure 
applications, can achieve breakthroughs in spatial resolution by introducing  
a microlensed fiber module.

Key points

•• A microlens capable of 
focusing laser radiation is 
formed by rounding one end of 
an optical fiber. Focusing light 
on smaller spots improves the 
resolution of laser desorption or 
ablation sample surfaces, making 
nanoscale mass spectrometry 
imaging analysis possible.

•• Microlensed fibers can be 
incorporated into matrix-assisted 
laser desorption ionization, 
laser desorption ionization, laser 
ablation electrospray desorption 
ionization and laser ablation 
inductively coupled plasma 
setups.
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Introduction

The visualization of chemical distributions in microscale biological samples, such as tissues 
and cells, is important for chemistry and bioscience research. Mass spectrometry (MS) 
imaging (MSI) has become a popular analytical method for biological mapping, because highly 
sensitive, label-free analysis is possible1–10. Laser ablation and desorption are two of the most 
common in situ sampling methods that are used in combination with different MS techniques. 
MSI techniques that rely on the use of lasers include laser desorption ionization (LDI)-MS11–13, 
matrix-assisted laser desorption ionization (MALDI)-MS14–16, laser ablation inductively coupled 
plasma (ICP) (LA-ICP)-MS17–19 and laser ablation electrospray ionization (LA-ESI)-MS20–22. For 
example, LDI-MS is suitable for detecting small drug molecules by photoionization, MALDI-MS 
and LA-ESI-MS are suitable for molecules that are easily protonated and LA-ICP-MS is used 
for samples in which the relevant analytes are metal elements. However, because of the 
optical diffraction limit and lens aberration, it is still difficult to obtain sample information 
at subcellular resolution for laser-based MSI23.

It is recognized that the spatial resolution of MSI directly depends on the sampling spot 
size. Until now, the design of laser-based ion sources for high-resolution imaging has been 
specialized and expensive, which has limited nanoscale MSI applications to life science, 
nanomaterials and cellular biology. Here, we introduce an experimental protocol for a universal 
and economical laser-based nanoscale sampling method by using a microlensed fiber, which 
can be easily combined with different MSI techniques for the imaging of tissue sections and 
single cells. These microlenses can be cheaply and easily fabricated by using the approach 
described in this protocol.

Development of the protocol
We have developed a strategy for replacing the traditional laser path system with a microlensed 
fiber. Without changing the original ionization mechanism, the microlensed fiber is combined 
with multiple MSI platforms to achieve subcellular spatial resolution, as demonstrated 
previously for LDI-MSI, MALDI-MSI, LA-ICP-MSI and LA-ESI-MSI22,24–27. By changing the laser 
energy and the distance between the fiber tip and sample surface, we are able to obtain sampling 
spots ranging from 350 nm to 10 μm in diameter. MSI of a standard grid sample demonstrated 
that a microlensed fiber can achieve ~300-nm spatial resolution under optimal conditions24.

We have applied the microlensed fiber to biological tissue imaging and single-cell 
imaging22,24,26,27. For animal tissue imaging, we are able to visualize the distribution of three 
photosensitive drugs, cobalt tetrasulfonate phthalocyanine (CoTsPc), copper phthalocyanine 
(CuPc) and zinc phthalocyanine (ZnPc), in a small-intestine slice from a mouse26. The nanoscale- 
resolution MS images help to reveal the vital function of the epithelium and blood capillaries 
of intestinal villi in the absorption and transportation of drugs. For plant tissue imaging, we are 
able to identify the location of different metabolites of a parsnip root sample22. The boundaries 
between xylem, phloem, cambium and cortex can be easily distinguished. In addition, we achieved  
single-cell imaging of multiple drugs and nanomaterials at the organelle level. With the high- 
resolution MSI platform, traces of acriflavine and azure B (two anti-inflammatory drugs) are found 
in the cytoplasm and nucleolus of HeLa cells24. By comparing with the fluorescence image of the 
lysosome and nucleus dye (DND-99 and Hoechst-33342), the distributions of superparamagnetic 
iron oxide and gold nanorods are shown to be in the lysosomes of cells, which indicates that the 
nanomaterials are ingested by the cells through endocytosis. In addition, the dynamic process  
of anticancer drug molecules released from nanoparticle carriers in lysosomes and entering  
the nucleus, finally leading to apoptosis of cancer cells, can be clearly captured by monitoring the 
physical feature of cell shrinkage.

Applications of the method
By sampling smaller areas inside each pixel, subcellular-resolution MSI with a microlensed fiber 
allows better-resolution images, which can help to identify chemical diversities and details 
and provide an opportunity for diversiform fields. For single-cell analysis, the traditional MS 
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method refers to stochastic average values masked by bulk measurements, resulting in a loss 
of information related to intercellular chemical heterogeneities in large cell populations. 
Our protocol makes it possible to understand chemical differences between organelles. The 
distribution of metabolites can be visualized within a single cell or biological tissue section with 
different laser-based MSI techniques. The monitoring of drug uptake, transfer, location and 
metabolism provides valuable indicators in biological and clinical medicine research, while our 
technique has been proven to be well suited for extending these studies down to the subcellular 
level. For many laboratories, commercial MSI platforms with laser sources are already available. 
It is suggested that existing laser-based MSI platforms can achieve breakthroughs in spatial 
resolution by introducing a microlensed fiber as part of the laser ionization setup.

Development of the microlensed fiber
The principle of using a microlensed fiber is a refinement of the traditional laser-focusing 
approach. The ‘microlens’ on the tip of the fiber focuses the laser light on a smaller point of 
the sample. The lens has a defined radius of curvature and is fabricated by using a self-made 
fiber-grinding machine. In our work, the lens fabrication was done in collaboration with 
Chuxing Optical Fiber Application Technology.

The choice of the fiber depends on the experimental requirements. For MSI experiments, 
the wavelength required for ablation or desorption is one of the most important factors.
•	 Because of the mechanism of photoionization, LDI-MSI experiments usually require visible 

or UV lasers, which have a higher photon energy28.
•	 In MALDI-MSI, the wavelength of the laser needs to be selected in accordance with the 

absorption wavelength of the matrix molecules29.
•	 For LA-ICP-MSI, the laser is mainly used for the ablation and vaporization of the sample, while 

a matrix effect and fractionation effect would be observed with a different wavelength30,31.
To achieve the highest laser transmission efficiency, the transmission wavelength of the 

fiber should be consistent with the laser wavelength. In addition, the use of a pure silica fiber is 
recommended to avoid photo-darkening, instead of an elemental doped fiber while using UV laser 
light. A single-mode fiber has a better focusing effect but less light throughput. Before processing 
the microlensed fiber, a single-mode fiber or multi-mode fiber should be chosen according to the 
experimental needs. In this protocol, we provide the processing parameters of one single-mode 
fiber (core diameter of 2.5 μm; F-SM-300-SC, Newport) and one multi-mode fiber (core diameter 
of 16 μm; FM SI-2-ULL, Yangtze Optical Fiber Company) that have been used in our previous 
studies. Both of these two fibers have a coating of 250 μm and a cladding of 125 μm in diameter.

Figure 1a presents a schematic diagram of how the microlensed fiber is fabricated. First, use 
a fiber-stripping tool to remove the outer coating. The exposed cladding length is ~3 mm. Then, 
use a fiber-grinding machine to make the microlens on the fiber tip. The radius of curvature of 
the microlens is the only parameter considered during the process; the radii are 4.5 and 10 μm 
for the single-mode fiber and multi-mode fiber, respectively. Figure 1b shows a photograph of a 
microlensed fiber, which has a length of 1 m. Figure 1c is the microscopic image of the microlens 
on the fiber tip in Fig. 1b.

As shown in Fig. 1d, similar to the focusing principle of a flat convex lens, the laser beam 
emitted from the microlensed fiber is focused by the curved surface. The equation of microlens 
focusing is:

f = 1

(n − 1) ( 1
R1
− 1

R2
)
,

where n represents the refractive index of the laser wavelength, and R1 and R2 (+∞) represent the 
radii of curvature on both sides of the microlens, respectively. Figure 1e shows the schematic 
diagram of the microlensed fiber beam path. The output beam from the laser is coupled into the 
microlensed fiber with a lens. Because it is difficult to detect the real-time output laser energy 
from the microlensed fiber during MSI, we use a beam splitter (50:50) to monitor the input laser 
energy. Then, the actual laser energy applied on the sample can be known by calculating with 
the input energy (on the power meter) and fiber coupling efficiency (Supplementary Fig. 1).
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To fix the microlens tip of the fiber, we insert the fiber into a stainless-steel pipe, which has 
an inner diameter of 300 μm and an outer diameter of 1 mm (Fig. 1f). While inserting the fiber, 
we recommend that insertion takes place from the rear end to avoid abrasion of the microlens. 
UV-curable adhesive can be used to bond together the fiber and the pipe. For the highest 
coupling efficiency of the laser, we use a fiber-stripping tool to remove the coating at the end 
(Fig. 1g). Then, we use a fiber cleaver to make a flat tip (Fig. 1h). The flat tip of the fiber is fixed 
with a fiber clamp, which is mounted on a 3D positioner. As shown in Fig. 1i, the laser is coupled 
into the fiber with a lens (f = 20 mm). During the laser coupling procedure, use the laser energy 
meter to measure the energy output from the microlensed fiber. The highest output energy 
can be obtained by adjusting the 3D positioner. A charge-coupled device (CCD) camera with a 
0.7–4.5× microscopic lens is used to monitor the microlensed fiber and sample area (Fig. 1j).

Experimental design
Fitting the microlensed fiber to different mass spectrometers
There are various commercially available laser-based MSI platforms, and the procedures for 
performing MSI by using each of these will be different. The MSI process is not the topic of this 
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Fig. 1 | Development of the microlensed fiber and its positioning. a, Schematic 
of the manufacturing process of the microlensed fiber. b, Photograph of a 
microlensed fiber. The length of the fiber can be customized according to 
the laser path. The fiber shown in the photo is 1 meter long. 1: rear end of the 
microlensed fiber. 2: microlens tip. c, Microscopic image of the microlens tip. 
d, Focusing principle of the microlensed fiber. e, Schematic diagram of the 
beam path of using a microlensd fiber for high-resolution MSI experiments. 

f, Microlensed fiber pipe. 3: stainless-steel drive pipe. g, Using a fiber-stripping 
tool to remove the coating at the end. 4: fiber stripping tool. h, The rear end of the 
fiber after processing with a fiber cleaver. i, Laser coupling into the microlensed 
fiber with a lens. 5: fiber clamp. 6: 3D positioner. 7: focusing lens. j, Real-time 
observation of the microlensed fiber sample area with a CCD microscope. Images 
in c and d adapted with permission from ref. 24, Wiley.
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protocol and is expected to be largely unchanged by the introduction of the microlensed fiber. 
The Procedure of this protocol focuses on the setup of the microlensed fiber device and how it 
can be integrated into MSI platforms to achieve subcellular spatial resolution. Although it could 
be applied to many platforms, we provide detailed instructions for three that we have used in 
our previous research.

LDI-MSI platform with a time-of-flight (TOF) mass analyzer: Step 11A.  In traditional approaches, 
the laser is focused from outside of the mass spectrometer through a lens and applied into the 
sample area through a viewing window. The long working distance allows the laser spot size 
to only reach ~100 μm. In our protocol, we coupled the laser into the microlensed fiber, trans-
mitting and focusing the laser to the sample surface by the microlens. A home-built TOF-MS is 
combined with the microlensed fiber for the nanoscale MSI experiment.

Figure 2a presents a schematic diagram of the imaging platform. An image of the LDI-MSI 
platform is shown in Supplementary Fig. 2. Both the ion source and the TOF mass analyzer are 
placed in the same vacuum chamber (~8 × 10−5 Pa) so that ion losses caused by transmission can 
be reduced to a minimum. Ions are produced by the high-power-density laser over the sample 
surface and pulled into the acceleration region by the pulsed electric field. The energy dispersal 
of the ions can be focused by a time-lag focusing technique and a double-stage reflectron, 
facilitating improved mass spectral resolution. Finally, the ions arrive at the detector assembled 
with two microchannel plates. A digital oscilloscope (42MXs, LeCroy) was used to record the 
mass spectral signals.

The imaging process was controlled by self-written software by LabVIEW (see the panel 
in Supplementary Fig. 3). We fix the fiber into the ion source region by inserting it into a bent 
stainless-steel tube, which is mounted on a one-dimensional micropositioner (SLC-1720, 
SmarAct). Thus, the distance between the fiber tip and sample surface can be controlled to 
find the best focal length, which can be observed through a CCD camera. The fiber entered 
the vacuum chamber through a vacuum feedthrough. A typical imaging process is shown in 
Supplementary Video 1.

LA-ICP-MSI platform with a commercial ICP-MS (Series 7700, Agilent Technology): Step 11B.   
Figure 2b is a schematic diagram of the LA-ICP-MSI platform with a microlensed fiber, which 
mainly consists of three parts: the microlensed fiber (laser system), the sample ablation 
chamber, and the ICP-MS.

The ablation chamber is made of fused quartz. Supplementary Fig. 4 shows the MSI 
platform and the ablation chamber with its three-way structure. The three branch tubes are 
designed for the microlensed fiber, sample stage and capillary that transported the aerosols. 
The inner diameter of each quartz tube is 3 mm. The ablation chamber was fixed to the sample 
stage, while the scanning process was realized by moving the microlensed fiber. By stretching 
into a stainless-steel pipe, the fiber was fixed on a 3D micropositioner (SLC-1720, SmarAct), 
which controlled the fiber-sample distance (through the z axis) and the ablation area (through 
the xy axes). The ablation chamber and fiber pipe were connected by a flexible silicone 
tube. In that way, the fiber was able to move freely over the sample surface while keeping the 
airtightness of the ablation chamber. The generated aerosols flew from the ablation chamber 
to the ICP torch with the carrier gas. Spatial distributions of multiple elements could be 
obtained by monitoring different mass-to-charge ratios (m/z) with the mass spectrometer. 
The microlensed fiber and the sample surface can be observed in real time by the CCD camera 
(Supplementary Fig. 5).

LA-ESI-MSI platform with a commercial Orbitrap MS (Velos Pro, Thermo Fisher): Step 11C.  As an 
ambient MSI technique, LA-ESI-MSI was introduced recently by the Vertes group21,32,33. In the 
published research, LA-ESI-MSI is mainly performed by focusing the laser with a lens or by using 
a chemical etched fiber, which could achieve a spatial resolution from 30 to 100 μm. In this 
protocol, we provide detailed information about the LA-ESI-MSI platform with a microlensed 
fiber, which can achieve 5-μm spatial resolution. The charged droplets are generated by a 
self-assembled nanoelectrospray ionization (nanoESI) emitter. Analytes on the sample surface 
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are first desorbed mostly in the neutral form by the laser applied with the microlensed fiber. 
After colliding with charged droplets from the electrospray source, analytes are ionized and 
transmitted into the heated inlet of a mass spectrometer, and the resulting ions are sorted by 
their m/z. The X-distance (from the sampling spot to the electrospray emitter in the horizontal 
direction) and Z-distance (from the sample surface to the mass spectrometer inlet in the vertical 
direction) are accurately optimized to 0.5 and 2.0 mm, respectively. A photo of the experimental 
setup is shown in Supplementary Fig. 6.

Lifetime of the fiber
The lifetime of the microlensed fiber is an important consideration because of the long hours 
of laser sampling during MSI. Our research result shows that, under the premise of reasonable 
use, the lifetime of the fiber can reach millions of laser pulses. Reasonable use here means that 
there is no damage to the fiber tip from physical damage and no input laser of excessively high 
energy. Because the fiber is usually only a few tens of microns away from the sample, sample 
deposition on the fiber tip is unavoidable. As shown in Fig. 2d, after 200,000 laser ablations 
on a proflavine tablet sample, proflavine molecules were deposited on the surface of the fiber 
tip. When we evaluated the lifetime of the microlensed fiber on the proflavine tablet sample, 
we monitored the signal intensity in the meantime (Supplementary Fig. 7). Without changing 
the laser energy, we saw that the signal intensity of proflavine did not have a big decrease after 
200,000 laser shots. This might have been because the contamination mainly occurred around 
the tip of the fiber and did not affect the output of the laser. The main factor of when a fiber 
needs to be cleaned is a significant reduction in signal intensity. Results showed that we did not 
need to clean or change the fiber after 200,000 laser shots. To save the life of the laser, we did 
not perform endless evaluation of the fiber lifetime. If cleaning is necessary, the microlensed 
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fiber can work normally after ultrasonic cleaning with ethyl alcohol. The ultrasonic cleaner that 
we used is a 400 W machine with a 40-kHz frequency (CR-060S, ChunRain Technology). When 
changing the cleaner power to 900 W (CR-180ST, ChunRain Technology), we did not observe a 
destructive effect on the fiber in the ultrasonic cleaning step.

Spatial resolution
For most imaging techniques, high spatial resolution is highly valued. For laser-based MSI, data 
acquisition requires the use of a laser to scan the sample, pixel by pixel. That means, for the same 
imaging area, higher resolution requires longer times. In addition, the smaller sampling spot 
requires higher sensitivity of the mass spectrometer. With the microlensed fiber, we are able to 
achieve a spatial resolution from 300 nm to 10 μm. As shown in Fig. 3a, by changing the applied 
laser energy and the distance between the fiber tip and the sample surface, different sizes of 
sampling craters can be obtained, which demonstrates that the microlensed fiber technique is 
able to be used in different applications. Figure 3b shows the optical image of a standard copper 
grid sample, which was used for the representation of the spatial resolution of the MSI with a 
microlensed fiber. The spatial resolution is normally defined by the distance between 20% and 
80% signal-intensity change of a line-scan profile containing a sharp edge. During the scanning 
of the copper grid, the size of the sampling crater is set as ~350 nm. The frequency of the laser 
and the moving speed of the sample are set as 10 Hz and 3 μm/s, respectively; the distance 
between the neighboring sampling spots is 300 nm. Figure 3c shows the signal intensity profile 
of Cu+ of the outlined region of Fig. 3b. By choosing two sharp edges, the best spatial resolution 
is revealed to be ~300 nm. We also investigated the sampling craters on an adherent cell. Results 
showed that the mean ± s.d. diameter of the sampling spots on a HeLa cell was 350 ± 40 nm, 
which offered the potential of this method for single-cell imaging (Supplementary Fig. 8). 
This result was achieved by using the LDI-MSI platform24.
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Comparison with other methods
There are several types of commercially available MSI techniques depending on the ion source, 
such as secondary ion MS (SIMS)34, which uses a focused ion beam for sampling; desorption 
ionization electrospray ionization (DESI) MS35–37, which uses a spray of charged droplets for 
sampling; and laser-based MS.

The approach described in this protocol is very useful for acquiring high-resolution 
information at the single-cell level. There are, however, many applications in which 
lower-resolution methods are more useful; for example, if it is necessary to image a 
sample with a large area, and it is sufficient to determine the approximate distribution, 
high-resolution imaging will cost too much time. Other approaches to high-resolution  
MSI are described here.

Nanoscale SIMS has been proven useful for MSI at a resolution of dozens of nanometers 
but can obtain only elemental images38,39. TOF-SIMS is acknowledged for single-cell imaging at 
a lateral resolution of hundreds of nanometers but is always accompanied by the appearance 
of complex fragments and additives34,40. The spatial resolution of DESI-MSI is ~100–200 μm, 
which limits its applications in microscale imaging35,41. Recently, the Laskin group has 
developed a novel technique named ‘nano-DESI’, which is able to achieve a spatial resolution 
of 10 μm42. However, it appears at present to be unable to meet the requirements for single-cell 
imaging.

As mentioned above, laser sampling can be combined with different ion sources and can 
be used to analyze different sample types. Recent decades have witnessed great improvements 
in the lateral resolution of laser-based MS from microscale to nanoscale. To date, a spatial 
resolution of 1.4 μm can be achieved by atmospheric pressure MALDI-MSI with a home-built 
laser-focusing device43. In addition, by focusing the laser from the back of the sample, the 
transmission geometry MALDI-MSI is able to achieve submicron spatial resolution44–46. 
Currently, these techniques have been applied only to MALDI-MSI. With near-field optical 
techniques, spatial resolutions beyond the diffraction limit can be achieved47–49. By reducing 
the laser wavelength, vacuum ultraviolet50 and extreme UV51 laser ionization MSI have been 
shown to reach a nanoscale resolution down to 300 nm with the LDI-MSI platform. However, the 
complex laser system and the high cost limit their applications. An ablation tube cell, based on 
a constant laminar flow and a well-controlled delivery of ablated aerosol into the ICP torch, was 
able to improve spatial resolution to the subcellular level (∼1 μm)19. By coupling this ablation 
chamber to a TOF ICP-MS (mass cytometer), proteins labeled with rare earth elements could be 
visualized for biological samples52.

The protocol of the microlensed fiber for laser-based imaging that we describe here has 
been verified to be a universal technique for multiple applications. The existing laser-based 
MSI platforms can achieve breakthroughs in spatial resolution by introducing a microlensed 
fiber. It is worth mentioning that the microlensed fiber can achieve high-resolution MALDI-MSI 
by coupling with a UV laser (such as a 355-nm nanosecond laser). As an untargeted imaging 
approach, MALDI-MS offers opportunities for the visualization of lipids, fatty acids and 
more metabolites in a biological sample. Supplementary Fig. 9 shows a preliminary result 
of combining MALDI-MS with the microlensed fiber. Particularly, by combining with 
post-ionization techniques, such as laser post-ionization47 and dielectric barrier discharge 
ionization53,54, the ionization efficiency and signal intensity can be further improved even 
though the sampling spots are small.

Limitations
During our experiments, the time spent depends mainly on the size of the sampling area. 
The laser pulse rate used in the current experiment is 10–20 Hz. A higher-pulse-rate laser and 
faster acquisition rate of the mass spectrometer could effectively reduce the time required for 
the experiment, but with added costs. Another limitation is that, compared with traditional 
laser-focusing methods, the MSI technique using a microlensed fiber has a low tolerance for the 
height fluctuation of the sample. During the experiment, the distance between the fiber tip and 
the sample surface should be several microns; a large height fluctuation of sample can cause 
collisions between the fiber and the surface. In addition, the focusing spot size changes when 
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the distance between the sample and the fiber changes greatly. Our result indicates that signal 
intensity and crater size do not change significantly within plus or minus one micron of the focal 
point (Supplementary Fig. 10), implying that this technique is suitable to perform nanoscale 
MSI experiments on samples regardless of height fluctuations within two microns, such as a 
tissue slice and adherent cells.

Analyzing a smaller sampling spot means that less material reaches the detector, making 
it more difficult to detect compounds that are present at lower concentrations. To reduce this 
problem, detection sensitivity and ionization efficiency can potentially be improved by using 
certain post-ionization methods, such as laser post-ionization and dielectric barrier discharge 
post-ionization.

This protocol requires a sample stage that can be moved in very small increments. Most 
commercially available MSI platforms do not use a piezo-driven sample stage. The more 
common leadscrew and stepping-motor based stages are limited to a step size of 1–5 µm. 
To achieve nanoscale MSI, it is therefore often necessary to change the sample stage.

Materials

Equipment
▲ Critical  Two options are listed for the silica fiber: single mode and multi mode.
•	 Single-mode pure silica fiber (core diameter: 2.5 μm; F-SM-300-SC, Newport)
•	 Multi-mode pure silica fiber (core diameter: 16 μm; FM SI-2-ULL, Yangtze Optical Fiber) 

▲ Critical  The fiber type needs to be suitable for the wavelength of the laser.
•	 Three-hole fiber stripper (Thorlabs, part no. FTS4)
•	 Optical fiber cleaver (Sumitomo Electric Industries, cat. no. FC-6S)
•	 Fiber grinder (ULTRAPOL, ULTRA TEC Manufacturing)
•	 Fiber clamp (SOFN Instruments, cat. no. 7MFP06)
•	 Fiber pipe (i.d.: 0.5 mm; o.d.: 1 mm)
•	 Fused silica focusing lens (no coating, f = 20 mm; Hengyang Guangxue, cat. no.  

GLH21-012-020)
•	 UV air-spaced achromatic doublet lens (anti-reflection coating: 245–400 nm, f = 100 mm; 

Thorlabs, cat. no. ACA254-100-UV)
•	 Ø1/2-inch precision kinematic mirror mount (Thorlabs, cat. no. KS05)
•	 Ø1-inch precision kinematic mirror kount (Thorlabs, cat. no. KS1)
•	 Ø1-inch Nd:YAG mirror (1,047–1,064 nm, 0–45°; Thorlabs, cat. no. NB1-K14)
•	 Ø1-inch Nd:YAG mirror (524–532 nm, 0–45°; Thorlabs, cat. no. NB1-K12)
•	 Ø1-inch Nd:YAG mirror (349–355 nm, 0–45°; Thorlabs, cat. no. NB1-K08)
•	 Ø1-inch Nd:YAG mirror (262–266 nm, 0–45°; Thorlabs, cat. no. NB1-K04)
•	 High-precision linear stage (Zolix Instruments, cat. no. SK13A-40SR)
•	 Linear stage (Zolix Instruments, cat. no. AK25A-8020SR)
•	 Linear stage (Zolix Instruments, cat. no. AK25-8020LZ)
•	 High-precision linear stage (Zolix Instruments, cat. no. SK25A-65SL)
•	 XYZ translation stage (Thorlabs, cat. no. LX30)
•	 XYZ translation stage with standard micrometers (Thorlabs, PT3)
•	 CCD camera (Ruixian Optics Technology)
•	 0.7–4.5× microscope for CCD camera (Sannuo Electronic Technology, cat. no. XDC-10A)
•	 0.5× microscope objective (working distance = 165 mm; Sannuo Electronic Technology)
•	 1.5× microscope objective (working distance = 45 mm; Sannuo Electronic Technology)
•	 Microscope stand (Shanghai Meimei Metering Electricity Technology, cat. no. STL6C)
•	 Kimwipes (Kimberly-Clark Professional, cat. no. 34155)
•	 Nanosecond laser (Continuum Electro-Optics, Minilite II)
•	 Femtosecond laser (Amplitude Systèmes, s-Pulse-HP)
•	 Nanosecond laser (Spectra-Physics, cat. no. DCR-11)
•	 Barium metaborate crystal for UV output of femtosecond laser (Core Optronics)
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•	 Laser energy meter (MKS, Ophir Vega)
•	 Linear micropositioner for sampling moving (SmarAct, cat. no. SLC-1720)
•	 ‘Three-way’ ablation chamber (made by quartz tube, with i.d. of 3 mm and o.d. of 4 mm; a 

blueprint of the chamber is provided in Supplementary Fig. 11)
•	 Ultrasonic cleaner (400 and 900 W; ChunRain Technology, cat. nos. CR-060S and CR-180ST, 

respectively)
•	 Flexible silicone tube for carrier gas
•	 Gas flowmeter (0–3 liters/min)
•	 Home-built TOF mass spectrometer (Wei Hang’s laboratory, Xiamen University, China)
•	 ICP-MS (Agilent Technology, Series 7700)
•	 Orbitrap mass spectrometer (Thermo Fisher, Velos Pro)
•	 Delayed pulse generator (Quantum Composers, model 9514)
•	 Flexible fused-silica capillary (i.d.: 75 μm; o.d.: 375 μm; Polymicro Technologies)
•	 MicroTee PEEK (360 μm; IDEX Health & Science)
•	 MicroTight sleeve, green (0.025-inch o.d. × 0.0155-inch i.d.; Idex Health & Science)
•	 Cleaving stone (1 inch × 1 inch; Polymicro Technologies)
•	 Ceramic heater (o.d.: 5 mm; i.d.: 3 mm; Xinxinshiji)
•	 2D micropositioner (Micro-Stage Systems, Mad City Labs)
•	 Continuous beam attenuator for femtosecond laser (CVI Laser Optics, cat. no. ABSO-6.35)
•	 500-μl syringe (Hamilton, model 1750 RN)
•	 Syringe pump (Cole-Parmer, model 110)
•	 Microtome (Leica Microsystems, cat. no. RM2235)
•	 Freezing microtome (Leica Microsystems, cat. no. CM1590)
•	 Confocal laser scanning microscope (Leica Microsystems, cat. no. SP8-STED 3X)
•	 Magnetron sputtering system (Denton Vacuum, Explorer 14)
•	 Copper grid (Gilder Grids, cat. no. G2000HS-C3)

Biological materials
Some biological materials can be analyzed by using the methods described in the Procedure. In 
the Anticipated results section, we have included results for the detection of drug distribution 
in mouse intestines, metabolites in parsnip roots and nanomaterial/drug distribution in HeLa 
cells. Here, we provide the detailed sample preparation procedures corresponding to what we 
report in Anticipated results.
•	 Mouse intestines. The 5-week-old female BALB/c mice used in this experiment were provided 

by Xiamen University Laboratory Animal Center. All animal experiments were conducted 
with the approval of the animal ethics and use committee of Xiamen University. Mice were 
housed in controlled light (12-h light/dark cycle), temperature and humidity conditions 
with free access to food and water. CuPc, ZnPc and CoTsPc were co-dissolved in deionized 
water containing 20% (vol/vol) dimethyl sulfoxide.

–– After 12 h of fasting, mice were given a single dose of the mixed drugs (100 mg/kg body 
weight, intragastric).

–– One hour later, the mice were suffocated in CO2.

A conventional paraffin method was used for tissue section preparation as follows:
–– Fresh small-intestine samples were soaked in formalin (4% (vol/vol) methanal) solution 

for 24 h26. Then, the samples were wrapped in gauze and rinsed under flowing pure 
water for 24 h.

–– After being washed, the samples were then soaked in 50%, 70%, 85%, 95% and 100% 
(vol/vol) ethanol for 1 h successively26.

–– The tissue was placed in a mixed solution of ethanol and xylene (volume ratio of 1:1) 
for 2 h, then in xylene for 2 h and finally in a mixed solution of xylene and paraffin 
(volume ratio of 1:1) for 2 h at 60 °C. The sample was fixed in a paraffin chunk by using a 
paraffin-embedding machine (Leica Microsystems, Arcadia).

–– Tissue sections with a thickness of 10 μm were obtained with a microtome (Leica 
Microsystems, cat. no. RM2235).
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–– Then, the sections were dewaxed by placing the section in 100%, 90%, 70%, 50% and 
30% (vol/vol) xylene (ethanol solution) for 10 min successively, soaking the section in 
ethanol and water for 5 min in order26.

–– Finally, the section was mounted in the ablation chamber.
For this protocol, mice were chosen because they are a readily available laboratory animal 
for sample preparation. The sex of mice does not affect the suitability of the samples for 
experiments involving laser ablation and MS imaging.
▲ Caution  Any experiments involving live mice must conform to relevant institutional and 
national regulations.
•	 Parsnip roots. We chose parsnip root because it has a well-defined architecture, and we can 

get it cheaply from the market. The parsnip root was cut into 100-μm-thick slices by a freezing 
microtome (Thermo Scientific, cat. no. HM525 NX) without any treatment. The section was 
then put on a glass slide for further imaging.

•	 HeLa cells. We chose HeLa because it is a commonly studied adherent cell line. HeLa cells 
are grown in DMEM (HyClone) supplemented with 10% (vol/vol) FBS, 1% (vol/vol) penicillin 
(Gibco) and 1% (vol/vol) streptomycin (Solarbio Life Sciences, Beijing, China)47.

–– Seed the cells into 150-mm Falcon culture dishes and maintain them by adding fresh 
medium every 2–3 d.

–– Rinse the quartz plates in HPLC-grade water and ethanol to sterilize.
–– Place the quartz wafers in a six-well plate, seed the cells into the wells at a cell  

density of 1 × 103 to 1 × 104 cells/well (the number of cells is dependent on the  
desired coverage) and allow them to grow for 24 h at constant conditions of 37 °C  
and 5% CO2.

–– Incubate the adhered cells in the six-well plate with the desired concentrations of 
drugs or nanoparticles for several hours. The culture time and drug concentration 
depend on the experimental plan.

For CLSM imaging:
•	 Incubate the cells with Lyso-Tracker Red DND-99 and nuclear dye Hoechst 33342 for 1 h.
•	 Wash the quartz plates containing cells three times in PBS solution and image by using a 

laser confocal microscope.
For MSI:
•	 Rinse the quartz wafers with adherent cells three times with 150 mM ammonium acetate at a 

pH of 7.4 to remove undesired salts after paraformaldehyde fixation.
•	 Before the cryofixation process, wipe the edges of the quartz wafers with a Kimwipe tissue 

for 2 s to remove excess medium.
•	 Freeze the quartz wafers in liquid isopentane that was precooled by liquid N2 and transfer 

immediately into the vacuum of a freeze drier at a temperature of −65 °C.
•	 After freeze-drying for 2 h, mount the cells adhered on quartz wafers onto the sample stage 

for the MSI measurements.

Other analyte materials
•	 In addition to biological samples, other types of materials that have a flat surface and 

micro-structure could also benefit from high-resolution MSI with a microlensed fiber;  
for example, we have shown that the profile of a core–shell microsphere can be visualized 
by LDI-MSI25.

Reagents
•	 Surgipath paraplast (high melt; Leica Biosystems)
•	 HyClone DMEM (Sigma-Aldrich)
•	 Penicillin-streptomycin-glutamine (Gibco Thermo Fisher Scientific)
•	 FBS (Gibco Thermo Fisher Scientific)
•	 Trypsin 1:250 (Beijing Solarbio Science & Technology)
•	 LysoTracker Red (Bioluminor Bio-Technology, cat. no. DND-99)
•	 Hoechst 33342 solution (Thermo Fisher Scientific)
•	 16% Paraformaldehyde solution (Thermo Fisher Scientific)



Nature Protocols

Protocol

Procedure

▲ Caution  The optical fiber used in this protocol is sharp. Any operation with the fiber should 
be done only while wearing nitrile powder-free gloves, a laboratory coat and safety glasses. All 
laser operations should follow safety rules. Laser-protection glasses are required while doing 
the experiment.
Fabrication of the microlensed fiber
● Timing  30 min
▲ Critical  The design of the microlensed fiber is finished by our laboratory, while the 
fabrication is in collaboration with Chuxing Optical Fiber Application Technology. The same 
microlensed fiber that we use in this protocol is commercially available from the company’s 
website (http://www.cxfiber.com/). The radius of curvature of the fiber is the key parameter 
for high-resolution MSI.
1.	 Preparation before fiber grinding. The commercially available optical fibers are usually 

sold wrapped around fiber spools. The length of the fiber depends on the design of the 
experimental laser beam path. In this protocol, the length of all fibers is set as 1 m.
•	 Cut 1 m of fiber with the fiber cleaver.
•	 Remove 3 mm of the outer coating of one end of the fiber with the three-hole fiber 

stripper. Notice that the diameter of the coating of the fiber used in this protocol is 
250 μm. Use the smallest hole on the three-hole fiber stripper to remove the outer 
coating.

•	 Use Kimwipes to carefully clean the tip of the fiber.
	 ▲ Caution  The fiber is very sharp and is able to puncture gloves. You should be very 

careful while handling a fiber.
2.	 Fiber grinding

•	 Use the fiber holder on the grinding machine to tighten the end of the fiber from which 
the outer coating has been removed.

•	 Adjust the distance between the fiber tip and the grinding disc to 1–2 mm.
•	 Input the required radius of curvature (4.5 μm for F-SM-300-SC fiber, 10 μm for FM 

SI-2-ULL fiber) to the fiber-grinding machine and then wait for the automatic grinding 
fabrication.

	 ▲ Caution  Keep your hands away from the grinding disc while the grinder is working.
3.	 Remove the microlensed fiber from the grinding machine. Clean the microlens tip with 

ethyl alcohol in an ultrasonic cleaner for 5 min.
	 ▲ Critical  This step needs to be done carefully. Even a slight bump can cause damage to 

the fiber tip.
4.	 Check the quality of the laser beam output from the microlens with a laser beam quality 

analyzer.
5.	 Coil the fiber and secure it with tape for easy placement in the fiber box.
	 ▲ Critical step  This step should be performed carefully. Even a slight bump can cause 

damage to the fiber tip.

Installation of the laser sampling device with a microlensed fiber
● Timing  20 min
▲ Critical  Fig. 1f–i shows the installation process of the sampling device with a microlensed 
fiber. With this setup, the microlensed fiber can be combined with different types of laser-based 
MSI platforms. If you are using an LDI-MSI platform, refer to Step 11A(ii) before performing Step 9.
6.	 Take the microlensed fiber (Fig. 1b) out of the fiber box. Insert the fiber into the 

stainless-steel fiber drive pipe from the rear end.
	 ▲ Critical step  This step should be done carefully. Even a slight bump can cause damage 

to the fiber tip.
7.	 Control the distance between the microlens tip and the front section of the fiber pipe; this 

distance should be 3–5 mm. Use UV-curable glue to secure where the fiber contacts the front 
section of the pipe.

http://www.cxfiber.com/
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	 ▲ Caution  While using UV light, avoid direct light sources to the eyes.
	 ▲ Critical step  UV-curable glue should be used carefully. Too much glue can damage  

the tip of the microlensed fiber.
8.	 Remove 5 mm of the outer coating of the rear end of the microlensed fiber by using a  

fiber stripper. Use the fiber cleaver to get a flat surface for the coupling of the laser  
(Fig. 1g,h).

9.	 Put the rear end of the fiber (flat surface) into the fiber clamp. Focus the laser on the surface 
of the fiber with an objective lens (Fig. 1i). Notice that the beam path is not the topic of this 
protocol. The laser collimation, generation of different wavelengths and laser path design 
are not included in this protocol. As a typical example, just use an objective lens (f = 20 mm) 
to focus the laser (532 nm) into the rear end of the fiber.

	 ◆ Troubleshooting
10.	 Put the laser energy meter in front of the microlensed fiber. Carefully adjust the 

3D positioner that holds the fiber clamp to achieve the highest coupling efficiency;  
i. e., optimize the output laser energy from the microlensed fiber to its highest value.

	 ▲ Critical step  Wear laser-protection glasses. Carefully control the input laser energy. 
A high-energy laser will cause damage to the back end of the fiber. After optimizing the 
coupling of the laser, avoid moving the laser path or fiber clamp.

	 ◆ Troubleshooting
11.	 Combine the microlensed fiber device with your MSI platform. The steps to do this 

depend on which platform is used. We have included example procedures for our LDI-MSI 
(option A), LA-ICP-MSI (option B) and LA-ESI-MSI (option C) platforms. For LA-ICP-MSI, 
the sample size is restricted by the inner diameter of the ablation chamber; this means, 
for example, that the HeLa cells should be cultivated on a slide <3 mm in diameter.
(A)	 Combine the microlensed fiber device with the LDI-MSI platform

● Timing  20 min
	 ▲ Critical  The TOF mass spectrometer used in this protocol is a home-built 

instrument, which is similar to most of the commercially available MALDI-TOF 
instruments. Note that the installation mode of the microlensed fiber device might 
differ slightly depending on the internal structure of the TOF mass analyzer.

	 (i)	 Mount the fiber pipe on a one-dimensional positioner, which is used to control the 
distance between the fiber tip and the sample surface (Fig. 2a). Start by placing  
the tip of the microlensed fiber on the sample surface. Then, pull the rear end of the 
fiber to the inner wall of the vacuum chamber.

	 (ii)	 Use a vacuum feedthrough to connect the fiber inside and outside of the vacuum 
chamber.

	 ▲ Critical step  For this LDI-MSI platform, this step should be done before 
Step 10. That means it is necessary to connect the fiber inside and outside  
of the vacuum chamber before putting the back end of the fiber into the fiber 
clamp.

	 (iii)	 Mount the CCD camera with the microscope on the holder and then place it above 
the observing window. Adjust the position of the microscope so that the fiber and 
the sample are in the center of the field of view (Fig. 1j).

	 (iv)	 Turn on the laser. Check whether the laser successfully exits from the microlensed 
fiber with a CCD camera.

(B)	 Combine the microlensed fiber device with the LA-ICP-MSI platform
● Timing  20 min

	 (i)	 Mount the fiber pipe on the 3D micropositioner, which is used to control the 
fiber-sample distance (through the z axis) and the ablation area (through the x 
and y axes). Maintain an angle of 45° between the fiber and the sample surface.

	 (ii)	 Use the flexible silicone tube to connect the fiber pipe with the ablation chamber 
(Fig. 2b). Then, insert the microlensed fiber directly into the ablation chamber.

	 ▲ Critical step  While inserting the microlensed fiber, the 3D micropositioner 
should be adjusted to make sure that the fiber does not contact the wall of the 
ablation chamber.
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	 (iii)	 Put the sample on the sample stage and then put the stage into the ablation chamber 
from the lower branch of the chamber.

	 ▲ Critical step  The sample size is restricted by the inner diameter of the ablation 
chamber.

	 (iv)	 Connect the ablation chamber to the ICP torch with a Teflon tube. The aerosol 
produced by the laser will be transmitted to the ICP-MS by the carrier gas.

	 ▲ Caution  The flame of the ICP source is very bright. Do not look directly at the 
flame without wearing protection glasses.

	 (v)	 Mount the CCD camera with the microscope and check the laser output from the 
fiber (follow Steps 13 and 14).

(C)	 Combine the microlensed fiber device with the LA-ESI-MSI platform
● Timing  20 min

	 (i)	 Mount the fiber pipe on a one-dimensional positioner, which is used to control the 
distance between the fiber tip and the sample surface.

	 (ii)	 Use an ion transfer tube with a 50-mm extension. Heat the ion transfer tube with a 
cylinder-shaped ceramic heater (250 °C).

	 ▲ Caution  Keep your hands away from the ceramic heater when it is working.
	 (iii)	 Put the sample on a 3D positioner and set the distance between the sample surface 

and the ion transfer tube to 2 mm.
	 (iv)	 Set the distance between the nanoESI emitter and the ion transfer tube to 8 mm.

	 ▲ Critical step  The nanoESI capillary used in this step is sharp. Any collision can 
cause the capillary tip to break.

	 (v)	 Mount the one-dimensional positioner (with the fiber pipe) above the sample stage. 
Set the distance between the microlensed fiber tip and the nanoESI emitter to 0.5 mm.

	 (vi)	 Mount the CCD camera with the microscope and check the laser output from the 
fiber (follow Steps 13 and 14).

Measure the distance between the fiber tip and the sample surface
● Timing  10 min
12.	 There are two possible ways to measure the distance:

•	 Read the distance directly from the CCD monitor by comparing with the plotting scale 
and the diameter of the fiber (125 μm).

•	 First, make the fiber tip just touch the sample surface by moving the micropositioner 
(the minimum step size of the positioner is 50 nm). Then, move the fiber away from the 
sample surface to a certain distance.
◆ Troubleshooting

Sample preparation
● Timing  Variable
13.	 For full information about sample preparation, see the corresponding publications22,24,26. 

Some advice is included in Materials and Introduction. The most important consideration is 
that the samples be flat with a height variation of ≤2 µm.
◆ Troubleshooting

MS imaging process
● Timing  Variable
14.	 Use a microscope to obtain the optical image of the region of interest of the sample surface.
	 ▲ Critical step  It is important to obtain a clear image at this stage. After performing MSI 

experiments, the sample will be permanently damaged by the laser.
15.	 Put the sample onto the micropositioner. Restrict the region of interest of the sample 

surface and the microlensed fiber tip to the field of view of the CCD camera.
16.	 Check the distance between the fiber tip and the sample surface. Check the laser energy 

output from the microlensed fiber with the energy meter (Fig. 1e). This step determines the 
size of the sampling spot.
◆ Troubleshooting
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17.	 Set the imaging area, the laser frequency and the moving speed of the sample on the 
micropositioner.

	 ▲ Critical step  In this protocol, we use a self-written program to trigger the laser 
output and the moving of the sample. To avoid over-lapping sampling, we recommend 
controlling the laser frequency and the moving speed of the sample uniformly. For 
example, if the diameter of the sampling spot is 1 μm and the laser frequency is set  
to 10 Hz, then the moving speed of the sample should be set to 10 μm/s. That means  
the distance between each sampling spot is greater than or equal to the sampling  
spot size.

18.	 Acquire the imaging data. Normally, each data file includes the mass spectra and the total 
ion chromatogram of each row.
◆ Troubleshooting

19.	 During the imaging process, monitor the sample surface and the microlensed fiber tip 
through the CCD camera.

	 ▲ Critical step  As mentioned above, the tolerance of the microlensed fiber to  
sample height fluctuations is ~2 microns. Excessive fluctuations can cause damage  
to the fiber. During the imaging process, it is necessary to monitor the position of  
the fiber.

	 ◆ Troubleshooting
20.	 Compare the MS image with the optical image to get the precise location of the molecules  

or elements.

Vent and pump for vacuum applications (required only for the LDI-MSI platform)
● Timing  Variable
21.	 Turn off all applied voltage to the mass spectrometer.
22.	 Turn off the turbo pump and the backing pump. Open the intake valve to reduce the vacuum 

of the TOF chamber.
23.	 Perform fiber cleaning, sample replacement and other operations.
24.	 Turn on the backing pump and the turbo pump for the next experiment.

Clean the fiber
● Timing  10 min
25.	 Remove the fiber pipe from the holder. Sink the fiber along with the pipe into ethanol and 

ultrasonically clean for 5 min. Then, re-install the fiber on the holder.

Data analysis
● Timing  Variable
26.	 Acquire the full MS data of each sampling spot with an oscilloscope (for LDI-MSI), 

MassHunter software (Agilent Technologies) for LA-ICP-MSI and Xcalibur software 
(Thermo Fisher Scientific) for LA-ESI-MSI. The software will directly generate 2D data  
in which the x-coordinate is time and the y-coordinate is ion intensity.

27.	 Transform the data to an xyz format (the x-coordinate was the line number, the y-coordinate 
was the column number and the z-coordinate was ion intensity) according to the time 
required per line with a self-written program (LabVIEW 2018 and MATLAB 2022).

28.	 Produce the MS image by using a self-coded program (MATLAB 2022). In our work, all MS 
images are generated without the use of other image-processing steps, such as smoothing 
or interpolation.

Troubleshooting

Troubleshooting advice can be found in Table 1. Although we have not yet seen an example of an 
unstable signal, we recognize that it might result from an unstable laser energy output or from 
fluctuations in the thickness of the sample.
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Timing

For the high-resolution imaging with a microlensed fiber, the time required is divided into 
eight parts: fabrication of the microlensed fiber (Steps 1–5), installation of the laser sampling 
device (Steps 6–10), combining the microlensed fiber with the MSI platform (Step 11A, B or C), 
measurement of the distance (Step 12), sample preparation (Step 13), MSI process (Steps 14–20), 
venting and pumping operation (Steps 21–24), fiber cleaning (Step 25) and data analysis 
(Steps 26–28).
Steps 1–5, fabrication of the microlensed fiber: 30 min. Multiple fibers can be fabricated  
with the grinding machine at the same time. The microlensed fiber can be maintained  
in the fiber box for further use. It is not necessary to repeat these steps before each MSI 
experiment.
Steps 6–10, installation of the microlensed fiber sampling device: 20 min
Step 11A, B or C, combining of the microlensed fiber sampling device with the MSI platform:  
20 min
Step 12, measurement of the distance between the fiber tip and the sample surface: 10 min
Step 13, sample preparation

Cell culture: normally 24–36 h (the time spent depends on the time of drug incubation)
Mouse tissue section preparation: ~72 h (this step follows the normal paraffin 
section-preparing process)
Parsnip root section preparation: 10 min (fresh parsnip root from the market can be cut into 
the section without any treatment)
Standard copper grid sample preparation: 1 h

Steps 14–20, MSI process: variable, depending on the size of the imaging area (~1.5 h for the  
MSI result shown in Fig. 4b)
Steps 21–24, venting and pumping for vacuum applications: normally ~4 h but varies depending 
on the size of the vacuum chamber and the pumping speed of the turbo pump
Step 25, cleaning the fiber: 10 min
Steps 26–28, data analysis: variable

Table 1 | Troubleshooting table

Step Problem Possible reason Solution

9 The flat end of the fiber 
is broken

The laser energy is too high Reduce the laser energy and cut the fiber 
again to get a new flat end for laser coupling

10 The laser energy output 
from the fiber is much 
smaller than expected

The coupling efficiency is low; the 
fiber type is not suitable for the 
wavelength of the laser used

Precisely optimize the 3D positioner 
(micrometer precision adjustment);  
check the transmitting wavelength range  
of the fiber; check the material of the fiber

12 The view from the CCD 
camera is not clear

Reflective effect of the vacuum 
window

Optimize the angle of the light source of the 
microscope until you get a clear view

13 Too many cells on the 
plate; a single cell 
cannot be recognized

The concentration of cells 
produced during cell culture was 
too high

Use a dust-removing tool to carefully remove 
some of the cells from the plate

Dilute the cells before applying a new 
sample

16 No laser output from 
the fiber

Fiber damage during the 
installation process

Check the connection of the fiber; check the 
laser coupling; change to another fiber

18 Collision between the 
fiber and the sample 
occurs during the MSI

The sample is not placed parallel 
to the sample stage; the height 
fluctuation of the sample surface  
is too large

Check the position of the sample. The sample 
should be placed parallel to the sample 
stage; prepare or choose a different sample 
that has less height fluctuation on the  
surface

19 A glisten effect occurs 
while observing with a 
CCD camera

Reflection effect of the ablation 
chamber

Optimize the angle of the light source
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Anticipated results

Small-intestine imaging by using LA-ICP-MSI
For LA-ICP-MSI, we investigated the distributions of three photosensitive drugs (CuPc, ZnPc 
and CoTsPc) in the small intestine of mice (Fig. 4a–c). These drugs are commonly used in 
photodynamic therapy55. In photodynamic therapy, irradiation of tumor sites with light 
of specific wavelength can activate photosensitive drugs that selectively concentrate in 
tumor tissues and trigger photochemical reactions to destroy the tumor. In this experiment, 
the drugs were administered by gavage, and the samples were fixed, embedded and sliced 
as described in Materials (see also Fig. 4a), while the detailed steps for MS imaging are 
described in the Procedure. Figure 4b shows the optical image of the small-intestine section. 
By changing the applied laser energy and the distance between the fiber tip and the sample 
surface, MSI was carried out at two spatial resolutions: 0.5 and 5 μm (Fig. 4c). The figure shows 
that the MSI results are clearer and more accurate at the higher spatial resolution. Figure 4d 
shows MS images corresponding to each of the three drugs analyzed in the yellow outlined 
region of Fig. 4c. Of the three photosensitive drugs, CoTsPc has the widest distribution, 
which represents the maximum drug absorption. Its efficient intestinal absorption could 
be ascribed to the high water solubility of the drug. All three drugs have their highest 
concentration in the intestinal villi tissues, which confirms that the large surface area of the 
villi is the key to small intestinal absorption. Despite the differences in the concentration 
distribution, all three drugs show their highest concentrations in the epithelia and blood 
capillaries of the intestine, confirming absorption via epithelia and transportion to other 
parts of the body by the blood capillaries. Goblet cells are clearly visible in the MS image with 
the spatial resolution of 0.5 μm.

Parsnip root imaging by using LA-ESI-MSI
For LA-ESI-MSI, a parsnip root slice was studied. Figure 4e shows the optical image of the 
imaging area. We performed the high-resolution MSI with the microlensed fiber in the area 
inside the dotted line (2 mm × 2 mm) and compared the results of experiments performed at two 
different spatial resolutions (Fig. 4f–j shows images obtained by collecting data for different 
metabolites; each metabolite was analyzed at two different resolutions). Each pixel represents 
the MS signal of a microlensed fiber sampling crater with a diameter of ∼5 μm, whereas the pixel 
representing the MS signal achieved with traditional LA-ESI-MSI has a diameter of ~100 μm. 
From the high-resolution MS image, the precise location of different molecules can be obtained. 
For example, because of the fuzzy boundary in the low-resolution MS image, it is difficult to 
recognize whether the metabolite with m/z = 365.1024 is distributed only in the phloem or both 
the phloem and cortex. By comparing the high-resolution MS image with the optical image, 
we can clearly see that it is only distributed in the phloem. Because of the high-throughput 
advantage of MSI, all metabolites can be analyzed simultaneously. After the imaging process, 
the MS image of a specific metabolite can be obtained by data processing of the corresponding 
m/z value.

Single-cell imaging
Traditional single-cell MS analysis refers to stochastic average values masked by bulk 
measurements, resulting in the loss of information related to intercellular chemical 
heterogeneities in large cell populations56–62. However, the development of single-cell 
imaging makes it possible to understand differences in chemical composition between 
different organelles. With plenty of advantages such as direct solid analysis, little or no 
sample-preparation procedures, reduced risk of contamination, low sample consumption, 
rapid analysis and sampling in microzones, laser-based sampling is regarded as one of the most 
versatile sampling techniques for single-cell MSI. The biggest challenge of single-cell imaging 
for laser-based MSI is the spatial resolution, which can be solved by using a microlensed fiber. 
In this protocol, we develop the strategies for the MSI of single adherent cells growing on quartz 
wafers with the LDI-MSI platform and LA-ICP-MSI platform that have been introduced above.
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LDI-MSI of acriflavine in a HeLa cell
Figure 5a shows the optical and atomic force microscope (AFM) image of a HeLa cell after laser 
scanning with a microlensed fiber. Sampling craters on the cell can be observed clearly. From 
the AFM image, the diameter of the ablated spots can be defined as ~350 nm. Figure 5b shows 
the results obtained after single-cell LDI-MSI of HeLa cells cultured with acriflavine63. Treatment 
with acriflavine was chosen because it is a cancer drug that has known biological activity and 
a known photoionization mechanism. The anticipated ion peak of [M-Cl] + was detected at 
m/z = 224. The MS images of the drug distribution match well with the optical image of the cell, 
showing that most of the drug is concentrated in the cytoplasm. Furthermore, traces of drugs 
are also detected in the nucleolus within the nucleus.
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area. c, LA-ICP-MSI result of three photosensitive drugs of different spatial 
resolution with a microlensed fiber. Upper: 0.5 μm/pixel; lower: 5 μm/pixel. 
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in c. e, Optical image of a parsnip root section sample. f–j, Different metabolite 
imaging results with the LA-ESI-MSI platform. The outer area is achieved with a 
traditional laser-focusing method, whereas the inner area within the dotted line 
is achieved with the microlensed fiber. Images in b–d adapted with permission 
from ref. 26, American Chemical Society.
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Imaging in situ release of daunorubicin
In Fig. 5c, we show imaging results relating to a targeted drug delivery system based on 
nanoparticles (Fe3O4) designed for in situ release of drug (daunorubicin, DRB) in cells. To 
decipher the interactions between anticancer drugs and cancer cells, MSI was performed on 
HeLa cells with drug-loaded nanoparticles at different culture times from 0.5 to 8 h. In the MSI 
results, the green pixels represent the distribution of Fe+ (nanoparticles), while the red pixels 
represent the location of DRB. This was possible because we analyzed for m/z = 56 (Fe+) and 321 
(DRB fragment). By comparing with the fluorescence image of the lysosome and nucleus dye 
(DND-99 and Hoechst-33342), the subcellular distribution of drugs and nanocarriers can be 
determined (Supplementary Fig. 12). After cultivation for 0.5 h, both the anticancer drugs and 
the carriers have the same distribution: they are found only in the lysosomes. However, after 
2 h, a small trace of DRB can be found in the nucleus, which indicates the start of drug release. 
As the cultivation time increases to 4 h, drugs gradually escape the nanoparticles in lysosomes 
and enter the cytoplasm, where they eventually accumulate in the nucleus. The gradual 
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acriflavine in a HeLa cell with the LDI-MSI platform. c, MSI of the anticancer 
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transfer of the anticancer drug from lysosomes to nuclei is clearly visible from the MSI results. 
Simultaneous monitoring of the cell morphology showed substantial cell shrinkage and 
apoptosis after 8 h. This suggests that DRB acts in the nucleus and that the outcome is apoptosis 
of cancer cells.

Gold nanorods and carboplatin drugs by LA-ICP-MSI
The LA-ICP-MSI platform equipped with the microlensed fiber can also be used for single-cell 
imaging. By comparing confocal laser scanning microscopy images in which the cells were stained 
with lysosome tracker DND-99 and nucleus dye Hoechst-33342, the gold nanorods and carboplatin 
drugs were found in lysosomes and the nucleus, respectively, of the HeLa cells (Fig. 5d,e).

In summary, we introduce an economic and universal technique for subcellular laser-based 
MSI by using a microlensed fiber. It is suggested that existing laser-based MSI platforms can 
achieve much higher spatial resolution by introducing the microlensed fiber module with 
simple modifications. This approach has the potential to improve the resolution of MS imaging 
in drug discovery, clinical research, biochemistry and molecular biology.

Reporting summary
Further information on research design is available in the Nature Portfolio Reporting Summary 
linked to this article.

Data availability
The data presented in Anticipated results are from previous publications22,24,26 and are available 
from the corresponding authors. The figures have been rearranged and embedded.

Code availability
The LabVIEW and MATLAB programs are available from https://github.com/yfmeng1121/
SmarAct-micropositioner-control.
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