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A B S T R A C T

Direct sampling of lipids from tissues for direct mass spectrometry (MS) analysis allows a quick profiling of
lipidome, which is important for biomedical applications. In this work, we developed a polyporous polymeric
membrane (PPM) microprobe for highly efficient sampling of lipids directly from tissue samples. The PPM was
prepared by polypropylene with pores as large of 10 μm, facilitating the permeation of lipids from tissue surfaces.
The PPM was coated onto a stainless steel wire with a thickness of ~100 μm. The entire analysis procedure in-
cludes sampling of the lipids in tissue, washing the probe, and extraction spray ionization for MS analysis. The
effectiveness was validated by analyzing mouse brain tissue samples. It showed high recoveries for a series of lipid
classes in comparison with total lipid extraction method. Further demonstration was carried out with analysis of
tissue samples from mouse liver, stomach, kidney and legs. With high physical strength and good chemical sta-
bility, the microprobe was also demonstrated for sampling lipids inside mouse kidney tissue samples. By incor-
porating a photochemical derivatization, a workflow was also developed for fast detection of lipid C

–

–C isomers in
tissue samples. Finally, a microprobe array was also developed for simultaneous sampling of lipids from multiple
sites on tissue surfaces.
1. Introduction

Lipids play a crucial role in cell membrane formation [1,2], energy
production and storage [3] as well as signal transduction [4,5]. The
analysis of lipids can reveal ongoing biochemical processes in the or-
ganism and facilitate the biomarker discovery for disease diagnosis
[6–10]. With the unique capability of structure identification and
quantitation in mixtures, mass spectrometry (MS) has become a powerful
tool for larger-scale profiling of lipids in biological systems and discovery
of new lipid biomarkers [11–13]. With the developments in tandem MS
methods involving new dissociation techniques [14–16] or coupling with
chemical derivatizations [17,18], identification of detailed structures of
lipids, such as C

–

–C location and chain sn-positions, was also achieved
using MS. This opens a new dimension for investigation of the function of
lipid isomers [9,10,19,20].

Profiling of lipids in tissue samples usually requires extraction of
lipids prior to analysis by MS. Total lipid extraction methods, such as
Folch method [21], Bligh and Dyer method [22] and Soxhlet method
[23], are widely used since they can efficiently transfer the lipids from
tissue or biofluid samples into solvents for MS analysis. However, these
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methods are usually complicated in operation and time-consuming.
Development of tissue sampling probes is possible to facilitate direct
MS analysis of lipids in tissue samples. Solid-phase microextraction
(SPME) probes based on adsorbent coated fibers have been used for
extraction of fatty acids in plasma samples [24]. Recently, our group also
developed a transfer enrichment method based on porous polymer
coating capillary for the fast sampling of fatty acids in blood samples
[25].

Relatively less effort has been put in direct sampling of lipids from
tissue samples. For the sampling of tissue samples, the probe needs to be
mechanically durable and chemically stable [26,27], while possessing
good adsorption efficiency towards target compounds. In this work, we
developed a polyporous polymeric membrane (PPM) microprobe for
highly efficient sampling of lipids directly from tissue samples. The PPM
was prepared by polypropylene which possessed good chemical resis-
tance and high mechanical strength [28–30] for direct sampling in hard
tissue samples such as leg musculature. The PPM has abundant micro-
pores, facilitating the permeation of lipids from tissue surfaces. After
sampling, the PPMmicroprobe was used for MS analysis using extraction
ionization [31–33], which enabled direct profiling of lipids within a
n (Z. Ouyang).
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Fig. 1. Schematic diagram of the use of the microprobe for rapid sampling of
biological tissues.
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couple of minutes. Comparing with direct MS approaches such as
ambient ionization-MS methods [34–37], the matrix effect would be
significant reduced with the microsampling-based MS method, thus
improving the sensitivity for the detection of different classes of lipids.
The effectiveness of the microprobe has been validated by analysis of
different kinds of mouse tissue samples. A microprobe array was also
fabricated for simultaneous sampling at multiple sites, which would be
useful to resolve the issue of heterogeneous distribution of lipids by
small-scale tissue sampling techniques. Finally, by incorporating an on-
line photochemical derivatization step, we also demonstrated the capa-
bility of the PPM microprobe method for fast profiling of lipid isomer
biomarkers in tissue samples.

2. Experimental

2.1. Chemicals and materials

Dopamine hydrochloride was purchased from Sigma-Aldrich Corpo-
ration (St. Louis, Missouri, USA). Polypropylene, myristic acid, cysteine
and diphenyl carbonate were purchased from Aladdin (Shanghai, China).
Lipid standards were purchased from Avanti Polar Lipids, Inc. (Alabaster,
AL, USA). HPLC grade solvents (ethyl acetate, acetonitrile, methanol and
water) were purchased from Fisher Scientific (NJ, USA). Mice were
supplied by the School of Life Sciences, Tsinghua University. Whole
brain, stomach, leg and liver tissues were collected and stored at �80 �C
before use. The animal experiments were compliant with the ethical
guidelines of the Tsinghua University Institutional Animal Care and Use
Committee. Human breast cancer tissue samples were supplied by the
specimen bank of Dongfeng Hospital of Hubei University of Medicine. All
the procedures related to these samples were compliant with all relevant
ethical regulations set by the Ethical Review Board of Tsinghua
University.

2.2. Instrumentation

Scanning electron microscope (SEM) images were performed using a
Nova NanoSEM™ scanning electron microscope (FEI Technologies Inc.,
Oregon, USA). Infrared spectroscopy (IR) spectra were collected using a
VERTEX 70v FT-IR Spectrometer (Bruker Daltonics, Bremen, Germany).
Mass spectrometry data were collected on a QTRAP 4500 mass spec-
trometer (SCIEX, Toronto, Canada) which possesses functions of neutral
loss scan (NLS) and precursor ion scan (PIS), for direct profiling of
different classes of lipids, and a TIMS-TOF mass spectrometer (Bruker
Daltonics, Bremen, Germany) for the analysis of accurate mass of lipids
extracted from the tissue samples based MS1 scan. LC-MS analyses were
conducted on a Shimadzu LC-20AD system (Kyoto, Japan).

2.3. Preparation of the PPM microprobe

The polypropylene (PP) membranes were prepared from PP-binary
diluent systems via thermally induced phase separation (TIPS) method.
The binary diluent consisted of myristic acid and diphenyl carbonate. PP,
myristic acid, and diphenyl carbonate powder with certain concentra-
tions (weight ratio 2: 2: 3) were melt-blended in a three-necked flask at
an elevated temperature (150 �C) to obtain a homogenous dope solution.
Subsequently, the solution was drawn with a plastic tip dropper and
dropped onto a stainless steel wire (o.d. 300 μm or 600 μm) rotating at
about 1000 rpm. Then the dope solution was immersed into a water bath
at 50 �C to induce phase separation. The diluent in the membrane was
extracted by ethanol and the PP polyporous membrane was obtained
after the volatilization of ethanol.

2.4. Hydrophilic modification

The membrane modification was carried out in two steps by poly-
dopamine (PDA) coating and high temperature Michael addition reaction
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[38–40]. For thin-layer coating of PDA, PP membranes were immersed in
20 mL of 10 mM Tris buffer solution (pH 8.5) containing 2 mg/mL
dopamine hydrochloride at room temperature. The PDA-coated mem-
branes were taken out and washed thoroughly with deionized water to
remove loosely bound PDA. The cleaned membranes were dried under
25 �C and the PDA-coated membranes were then functionalized with
L-cysteine by performing a Michael addition reaction at 50 �C.
PDA-coated membranes were immersed into a flask containing 25 mL of
1 mg/mL L-cysteine solution in deionized water. The reaction was carried
out for 12 h at 50 �C. The obtained membranes were rinsed with
deionized water for further use.

2.5. Sampling of lipids in tissue samples

The probe was fixed onto a 3D-printed cartridge, which consisted of a
handle part and a substrate. For sampling of lipids from tissue samples,
frozen tissue samples were thawed to room temperature. The probe was
applied onto the tissue sample by means of rolling on the surface or
inserting into the tissue. After sampling, the probe was dipped into a
water solution for washing and finally inserting into a borosilicate glass
capillary (1.5 mm o. d. and 0.86 mm i. d.) for elution and nanoESI-MS
analysis.

3. Results and discussion

3.1. Preparation of the PPM microprobe for lipid sampling

In this work, we aimed at development of a microprobe for in situ
sampling of lipids from tissue samples. Different from most commonly
used liquid-liquid extraction methods [23,41], the proposed strategy
allows for in situ sampling of lipids directly from the surface or the
interior of a tissue sample. To avoid damage of the surface coating ma-
terials during sampling and other processes, a monolithic polymer
membrane was selected for sampling of tissue samples. Polypropylene is
mechanically rugged, chemically resistant to most organic solvents, and
also has good biocompatibility, making it a good material candidate for
sampling of tissue samples. As shown in Fig. 1, the stainless steel wire
(~80 mm long and 600 μm in diameter) was coated by a microporous PP
membrane with a thickness of ~100 μm. This design is to improve the
sampling efficiency and facilitate the integration of sampling process
with the following detection procedures. In a typical process, the probe
was applied onto the surface of a tissue sample, lipid components in the
tissue microenvironment would flow into the pores of the hollow PP
membrane. After sampling, the probe can be coupled with nanoESI for
fast and direct MS analysis.

The PPM was fabricated according to the procedure described in
Fig. 2. Mixtures of PP, myristic acid and diphenyl carbonate (2: 2: 3, w/
w/w) were heated to 150 �C to obtain a homogenous solution. For the
coating of PP, 10 μL of the hot solution was dropped onto the end of a
stainless steel wire (300 μm o. d. or 600 μm o. d.) with a rotating speed of
1000 rpm. The PP-coatedwire was then washed by ethanol to remove the



Fig. 2. Schematic of preparation of sampling microprobe, mainly including coating and modification on stainless steel wire.
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porogen. Using polydopamine method, the PP membrane can be further
modified with hydrophilic groups.

The morphology of the microprobe was characterized by SEM. As
shown in Fig. 3 and Fig. S1, abundant pores were observed on the PPM,
with diameters distributed between 5 and 20 μm. The outside of the
skeleton of the PPM was relatively smooth, making it less destructive to
tissue samples, and less possible to damage the polymer surface during
interacting with hard tissues. Besides, the inner wall of channels consists
of rough particles and many micropores, facilitating adsorption of lipids
from tissue samples. The thickness of the PPMwas adjusted by depositing
different amounts of raw PP materials to the stainless-steel wire. The
sampling efficiency of PPM with different thickness (10–200 μm) were
compared for the sampling of PCs from mouse brain tissue samples. As
shown in Fig. S4d, more PCs were obtained with the increase of the
thickness of the PPM. However, thicker membrane would make it diffi-
cult to couple the microprobe with the nanoESI. Therefore, PPM with the
thickness ~100 μmwas used in consideration of both sampling efficiency
and feasibility in analytical applications. Using myristic acid and
diphenyl carbonate as the porogen, abundant pores at the scale of mi-
crometers were obtained. To investigate the effect of the pore size,
Fig. 3. SEM images of (a) untreated PP membrane, at a magnification of 50 � ; (b) un
at a magnification of 5000 � ; and (d) Cross-sectional view of the prepared polypropy
was removed in order to observe the detailed morphology. (e) Water contact angle fo
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different PPM were prepared by using single porogen (myristic or
diphenyl carbonate) and mixed porogens (myristic:diphenyl carbonate,
2/3, w/w). Through evaluation by mouse brain tissue samples, PPM with
mixed porogens showed higher sampling efficiency (Fig. S4e) than that
with single porogen towards phospholipids. This is probably due to the
better permeability of lipids by PPM with larger pores generated by
mixed porogens.

The prepared PPM is strongly hydrophobic, with the water contact
angle of 90� (Fig. 3e), which is helpful to hydrophobic interactions for
sampling of non-polar compounds. However, the strong hydrophobicity
of the surface could interfere the permeation of biological samples to the
PPM. To improve of the wetting property of the PPM surface, it was
further modified by a thin layer of PDA-cysteine. As shown in Fig. 3e,
with in-solution PDA modification, the water contact angle was observed
to decrease from 90� to 64� due to the incorporation of amine and phenol
groups onto the surface of PPM. Through further modification of cysteine
onto the PDA layer, the water contact angle further decreased to 51�. The
modification was characterized by IR (Fig. 3f), showing characteristic
peaks of O–H stretching (3200-3500 cm�1), C–H bending vibration
(1342 cm�1), S–H stretching (2585 cm�1), the indole or indoline
treated PP membrane, at a magnification of 500 � ; (c) untreated PP membrane,
lene membrane at a magnification of 50 � . The stainless-steel wire of the probe
r membrane M1, M2 and M3. (f) IR spectrum of polydopamine-cysteine coating.
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structures and vibration of N–H (1515 cm�1and 1605 cm�1).
The efficiency of the microprobe for the sampling of lipids was

demonstrated using the mouse brain sample. To ensure good repro-
ductivity, the mouse brain tissue was homogenized and placed in a glass
centrifuge tube for sampling by PPM microprobe. Lipids adsorbed on the
microprobe was eluted with ACN/EtOAc/water (5/4/1, v/v/v), where
PC 30:0 (10 μg/mL in eluent) was used as the internal standard (IS). As
shown in Fig. 4, Table S1, Table S2 and Fig. S2, abundant peaks for
several classes of lipids were detected, including phosphatidylcholine
(PC), sphingomyelin (SM), phosphatidylethanolamine (PE), phosphati-
dylserine (PS), phosphatidylglycerol (PG), phosphatidylinositol (PI), and
triacylglyceride (TAG). For comparison, the mouse brain homogenate
was extracted by a most commonly used liquid-liquid extraction (LLE)
method, the Folch method, which has high recovery for different classes
of lipids, including glycerolipids, glycerophospholipids and sphingolipids
(>75%) [41,42]. The relative abundances of PE, PS, PG, TAG and SM
obtained from the PPM microprobe-based sampling was consistent with
that obtained by the Folch method (Fig. 4c and Table S3). The relative
abundance of PC obtained from the PPM microprobe-based sampling is
slightly higher than the LLE method (100% vs 92.1%), while PI obtained
from the PPM microprobe-based sampling is slightly lower than the LLE
method (3.7% vs 4.1%). The number of different lipid subclasses in the
eluates of LLE and PPM microprobes is shown in Fig. S3. These results
showed the high recovery and wide coverage of the PPM microprobe for
lipid sampling. It is worth noting that the sampling can be completed in
30 s in the analysis of lipids in the mouse brain tissues (Fig. S4a).

Solid material-based lipid extraction methods [43] are usually
discriminative to different classes of lipids or different chain lengths
within same class of lipids. For example, Giacometti et al. [44] reported a
high recovery (~90%) for glycerolipids but a relatively low recovery
(~60%) for polar lipids by an aminopropyl column. The PPMmicroprobe
can make use of the feasibility of solid materials during sampling of tissue
samples while showing comparable recoveries (76–110%) to the stan-
dard LLE methods [21–23]. The PPM microprobes were disposable,
which could be conveniently prepared to a large number (~100) for
further use in lipid sampling. The microprobes were also found to be
stable when storing under room temperature for months. As shown in
Fig. 4. Mass spectra of (a) PC and (b) PE in the mouse brain homogenate obtained by
of the extraction recoveries of different classes of lipid between the PPM sampling m
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Fig. S4b, the efficiency of the microprobes for the sampling of phos-
pholipids from mouse brain tissues did not decrease obviously even after
storage for 12 months.

3.2. Fast analysis of lipids in tissues based on the PPM microprobe and MS

As discussed above, the near-complete sampling of different classes of
lipids from tissue samples can be achieved by simple sample preparaton
steps. In this work, we also developed a workflow based on the PPM
microprobe for the fast analysis of lipids from tissue samples. As shown in
Fig. 5a, the workflow consists of three steps. In the sampling step, the
microprobe was inserted into a tissue sample or rolled on the surface of a
tissue sample for about 30 s. Since the sampling process did not require
reaching extraction equilibrium of the lipids between each phase [45],
the sampling can be completed in a short time. After sampling, a washing
step was applied to remove pieces tissues or cells. This step can also
remove salts from adsorbed lipids, which would be helpful to ionization
of lipids by nanoESI. Relative quantitation was performed by calculating
the intensity ratio of the target ion to the internal standard (PC 30:0, 10
ppm, IIS). As can be seen in Fig. S4c, washing with water can significantly
increase the intensity of the target phospholipid ions. Finally, the
microprobe was inserted into a pulled glass tip filled with the elution
solvent. By applying high voltages (~1500 V), desorption of lipids from
the PPM and ionization of desorbed lipids would be realized. Conditions
such as the washing solution type, washing time, elution solvent type and
elution time were investigated and optimized. Through 3 sets of parallel
experiments using mouse brain tissues, conditions were optimized to be:
washing solution by water, and the elution solution was ACN/EtOAc/-
water 5/4/1 (v/v/v). Abundant peaks of lipids were obtained by
nanoESI-MS (Fig. 5b), showing species of PC, PE, PS, PI, PG and SM. This
workflow was also applied for fast profiling of lipids from other tissue
samples such as mouse liver (Fig. 5c), leg (Fig. 5d) and stomach (Fig. 5e)
tissues. Lipids obtained from the microprobe were also analyzed by the
LC-MS method. In comparison with the nanoESI-MS method, LC-MS
method can provide high sensitivity for the detection of some lipid
subclasses such as PE (Fig. S5), since the ion suppression during ioniza-
tion was reduced with chromatographic separation. It should be noted
sampling with the PPM microprobe and liquid-liquid extraction. (c) Comparison
ethod and liquid-liquid extraction method (N ¼ 3).



Fig. 5. (a) Steps of analysis of biological tissue by the PPM microprobe-based MS method. MS1 spectrum obtained by sampling of (b) mouse brain, (c) liver, (d) leg,
and (e) stomach.
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that the whole workflow of microsampling and nanoESI-MS took as less
as 2 min, and did not require addition equipment for sample preparation,
making it suitable to point-of-care applications.

Since the PPM has strong mechanical strength, it can be inserted into
relative hard tissues for sampling of lipids at certain locations inside a
tissue sample. This was demonstrated using a mouse kidney. As shown in
Fig. 6a and b, lipids of the fibrous capsule of the mouse kidney was
sampled by rolling the PPM probe on the surface for 30 s, while lipids
from the renal medulla of the mouse kidney was sampled by inserting the
PPM probe into the renal medulla (~3mmunder the fibrous capsule) and
keeping for 30 s for sampling. From the characteristics of the spectral
peaks in Fig. 6a and b, it can be seen that the lipid profiles have signif-
icant differences with the change of sampling depth. The content of TAG
in the fibrous capsule is higher than that in the renal medulla (% abun-
dance of 81.1% vs 41.8%), and the proportion of TAG with larger m/z is
higher, while the internal PC and PE are more significant (percentage of
total ion: 38.4% vs 11.4%). Some lipid species showed significant dif-
ference between the renal medulla and the fibrous capsule (Fig. 6c), such
as PC 34:1, TAG 54:3, and TAG 54:4, with P values less than 0.001
(student's t-test). Results of sampling at different depths (surface, 1, 3,
and 5 mm) were also obtained (Fig. S6), showing obvious depth-related
variations in lipids such as PC 32:0, PC 38:4, and TAG 52:3.
3.3. Fast profiling of lipid C
–

–C and sn-location isomers in tissue samples

The determination of the C
–

–C position and its sn-position by MS
enables the characterization of detailed structural moieties and the
identification of lipid structural isomers. This has been partially realzied
with the development of novel dissociation techniques such as ozone-
induced dissociation [46], ultraviolet photodissociation [47], and
derivatization-based tandem MS methods such as PB reaction [10]. With
the development of LC-MS-based structural lipidomics platforms based
on these methods, many lipid C––C and sn-location isomers have been
revealed to be associated with diseases such as type 2 diabetes [48],
breast cancer [9], thyroid cancer [49], medulloblastoma [50]. The PPM
5

microprobe could also be used for fast testing of potential lipid isomer
biomarkers for biomedical applications.

A method was developed based on the procedure described in section
3.2 for fast identification of lipid C

–

–C and sn-location isomers in tissue
samples. After sampling by the PPM microprobe and washing, the
microprobe was inserted into a glass capillary tip filled with solvent with
PB reagent (2-acetylpyridine, 2-AP) (Fig. 7a). Applying UV light (254 nm,
6 W) onto the capillary tip, C

–

–C of lipids in the solution can be deriv-
atized by 2-AP, forming a four-ring structure, which can be cleaved under
low-energy CID for identification of C

–

–C locations (Fig. 7b). Using the
sodium adduct of glycerophospholipid species, MS/MS can produce a
dioxolane-type product, which can be further fragmented to product ions
only containing the sn-1 chain information, allowing assignment of the
sn-geometry (Fig. 7b). The capability of this method for fast analysis of
lipid isomers was demonstrated by themouse brain tissue. After sampling
for 30 s and washing for 10 s, the PPM microprobe was inserted into 10
μL elution solution (ACN/EtOAc/water 5/4/1, with 20 mM 2-AP).
Photochemical PB reaction was completed by applying UV light expo-
sure for 30 s. Fig. 7c shows the example of PC 34:1 from the mouse brain
tissue. After PB reaction, a product of [PBPC 34:1 þ Na]þ (m/z 903.6 in
positive ionmode) was obtained. MS/MS of this precursor ion produced a
dioxolane-type product at m/z 720.6, which was further fragmented to
obtain diagnostic product ions for C––C and sn-positions. PC 34:1 was
identified to contain two sn-isomers of PC 16:0/18:1 (m/z 380.3 and m/z
396.2) and PC 18:1/16:0 (m/z 466.2), and the location of the C––C at
C18:1 chain was identified to be n9 (m/z 517.3 and m/z 606.5) and n7
(m/z 489.2 andm/z 578.4). Other examples of lipid isomer identification
in mouse brain tissue are shown in Fig. S7. These results showed that it
was able to rapidly determine the lipid C––C and sn-isomers from tissue
samples base on the PPM microprobe.

This method was also demonstrated for fast profiling of possible lipid
isomer biomarkers from disease state tissue samples. Breast cancer is the
most common and deadly cancer in women, and fortunately early
screening can greatly improve patient survival rates [51]. Our previous
study has revealed the differentiation of some phospholipid C––C isomers



Fig. 6. The MS1 spectra sampled by the porous probe at the kidney (a) surface
and at (b) a depth of 3 mm. (c) Comparison of relative abundance of lipid
species from the renal medulla and the fibrous capsule. *P < 0.05, **P < 0.01,
***P < 0.001, Student's t-test.

Fig. 7. (a) Process of sampling and MS analysis with PB reaction. (b) Mechanism of
spectrum for simultaneous identification of double bond and sn-positions of PC 34:1.
PC in normal and cancerous breast tissue samples. *P < 0.05, **P < 0.01, ***P < 0
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between breast cancer and para-cancerous tissue samples [9]. In this
work, a small-size breast cancer tissues (N ¼ 3) and para-cancerous tis-
sues (N¼ 3) were analyzed by the workflow described above. The ratio of
isomer intensity was used for relative quantitation, which has been
proven to be more sensitive in lipid biomarker discovery [9]. As shown in
Fig. 7d, C––C of a series of phospholipids showed significant difference
between cancerous and para-cacerous samples, such as the n9/n7 ratios
of PC 16:0_16:1, PC 16:0_18:1, PC 17:0_18:1 and PC 18:1_18:1. In addi-
tion, the MS1 spectra of two different types of tissues are shown in
Fig. S8. These results showed that the PPM microprobe based workflow
would be applicable for point-of-care determination of lipid isomer
biomakers for a wide range of biomedical applications.

3.4. Sampling of lipids from tissue samples by a microprobe array

Although small-scale sampling methods require less amount of tissues
for testing and are less destructive to tissues, the heterogeneous distri-
bution of molecules in the tissues may leading to significant variation of
lipid profiles when sampling at different locations of a tissue. This has
been demonstrated in many investigations of MS imaging of tissue
samples [52]. In this work, we further designed a microprobe array for
sampling of lipids at multiple sites simultaneously form a tissue sample.
Fig. 8a shows an assay with 3 � 3 PPM microprobes. The diameter of the
microprobe was 500 μm and the distance between the probe sampling
points was 2 mm. Demonstrating on a whole mouse brain section, lipid
information can be collected at 9 sites on the tissue separated by 2 mm.
The sampling process of the assay is similar with that of the single
microprobe. In a typical analysis, the microprobes of the assay were
inserted into the tissue sample vertically, with the depth of ~2 mm
(measured from the surface of the tissue to the end of the microprobe in
the tissue). After sampling for 30 s, all the 9 microprobes would be
adsorbed with lipids. After washing, each microprobe was inserted into
the nanoESI tip for MS analysis sequentially. Using the microprobe assay,
the reproducibility in the steps of tissue sampling, washing and elution
could be improved. Due to the injection settings of the mass spectrom-
eter, samples from different microprobes should be analyzed sequentially
photochemical reaction between 2-AP and unsaturated phospholipids. (c) Mass
(d) Relative isomer compositional analysis of C16:1 n9/n7 and C18:1 n9/n7 for
.001, Student's t-test.



Fig. 8. (a) Schematic diagram of multi-point array sampling mass spectrometry analysis. (b) Ion images of TIC, PC 32:0, PE 36:2, PE 36:1, PC 36:1 and PC 40:6, all ion
abundances are normalized to the strongest ion peak (PC 34:1) in the mass spectrum.
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by MS. For the comparison of lipid species from different sites, the in-
tensity of each PC was normalized with an endogenous phospholipid,
which could improve the reproducibility of relative quantitation between
different ionization processes. The data processing process was imple-
mented onMatlab 2016b. As shown in Fig. 8b, obvious difference of lipid
distribution was observed at 9 sample sites. Highly abundant PC 40:6 was
detected at the (x2, y1) and (x3, y1) sites, while less PC 40:6 was detected
on the (x1, y2) site. Through normalization to PC 34:1, ion images were
drawn for the comparison of distribution of total lipids and commonly
observed lipid species such as PC 32:0, PE 36:2, PE 36:1, PC 36:1 and PC
40:6. Significant differences were observed between different sites for
the total ion intensities, with value variating from 0.52 to 1. The average
intensity was calculated to be 0.78, which is consistent with the result
obtained by sampling of the homogenate of a larger pieces of tissue
section (Fig. S9). Similar results were obtained for the analysis of PC
32:0, PE 36:2, PE 36:1, PC 36:1 and PC 40:6 in the mouse tissue section.
Besides providing average lipid information for the purpose of improving
reproducibility of lipid profiling, the microprobe assay can also provide
spatial distribution of lipid species rapidly, which can be useful for fast
screening of special structures of tissue samples such as the border of
cancerous tissues.

4. Conclusions

In this work, we developed a PPM microprobe for highly efficient
sampling of lipids directly from tissue samples. The microprobe showed
abundant micropores, good chemical resistance and high mechanical
strength for direct sampling in different kinds of tissue samples. As a solid
material, it also showed good feasibility during sampling while yielding
7

high lipid recoveries (>76%) to different classes of lipids. A workflow
was developed based on the microprobe for fast profiling of lipids in
tissues byMS. Coupling with photochemical derivatization, the workflow
also allowed for fast profiling of lipid C––C and sn-location isomers from
tissue samples. The microprobe array can be used for simultaneous
sampling at multiple sites, which could improve the sampling by small-
scale tissue sampling methods. The PPM microprobe has the potential
to be used for point-of-care lipid profiling and lipid isomer biomarker
analysis in biomedical applications.
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