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development for molecular analysis of individual cells among
heterogeneous populations. Lipids are basic cellular constituents m_
playing essential functions in energy storage and the cellular
signaling processes of cells. Unsaturated lipids are characterized
with one or multiple carbon—carbon double (C=C) bonds, and )J\ P Rs @ UV C=C bond
they are critical for cell functions and human diseases. Character- g, R, R, @ CID locations
izing unsaturated lipids in single cells allows for better under- \
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standing of metabolomic biomarkers and therapeutic targets of rare
cells (e.g, cancer stem cells); however, these studies remain )kor O O
challenging. We developed a new technique using a micropipette _Cells
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needle, in which Paterno-Biichi (PB) reactions at C=C bond can
be induced, to determine locations of C=C bonds in unsaturated
lipids at the single-cell level. The micropipette needle is produced by combining a pulled glass capillary needle with a fused silica
capillary. Cell lysis solvent and PB reagent (acetone or benzophenone) are delivered into the micropipette needle (tip size ~ 15 um)
through a fused silica capillary. The capillary needle plays multiple functions (i.e., single cell sampling probe, cell lysis container,
microreactor, and nano-ESI emitter) in the experiments. Both regular (no reaction) and reactive (with PB reaction) SCMS analyses
of the same cell can be achieved. C=C bond locations were determined from MS scan and MS/MS of PB products assisted by
Python programs. This technique can potentially be used for other reactive SCMS studies to enhance molecular analysis for broad
ranges of single cells.

mong all known organisms, cells are the smallest unit of

life. The majority of current studies of cells are based on
ensemble measurement. However, each individual cell has
unique genomic and phenotypic traits that can distinguish it
from other adjacent cells, causing cell to cell heterogeneity in
any population." Numerous studies indicate that small
subpopulations of cells are overlooked using population
measurements, resulting in the loss of important biology
information on rare cells." Therefore, molecular analysis of
single cells is an inevitable choice to understand cellular
mechanisms that cannot be studied using traditional bulk
analysis.' Among all cellular molecules, lipids are crucial
components of cell membrane and other cellular compart-
ments, including the endoplasmic reticulum, Golgi apparatus,
and nuclear membrane. In addition, lipids play important roles
such as regulation of cell metabolism and signal transport.”>
Unsaturated lipids are a subclass of lipids containing one or
more carbon—carbon double (C=C) bonds. Identification of
unsaturation sites is critical for understanding lipid biochem-
istry. For example, previous studies indicate that cancer stem
cells have relatively higher levels of unsaturated lipids
compared with nonstem cancer cells,”* and higher abundances
of unsaturated lipids in cancer stem cells are related to the
upregulation of de novo fatty acid (FA) synthesis pathway.*®’
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The unsaturation level of lipids influences many cell
physiological properties such as membrane fluidity,®” neuro-
transmitter release,'”’" and cardiolipin remodeling.'> The
location of C=C bond in unsaturated lipids is critical for their
biological functions. For example, lipid isomers with different
C=C bond positions are related to numerous diseases,
including cancer, cardiovascular disease, type II diabetes,
Barth syndrome, Alzheimer’s disease, and Parkinson’s dis-
ease.'”””"* Thus, determining the C=C bond locations in
unsaturated lipids is needed in studies of fundamental cell
biology and wide types of diseases.

Mass spectrometry (MS) has become one of the most
effective tools for lipid profiling and quantiﬁcation.ls’16 MS
based methods have been widely used for targeted and
nontargeted lipidomics studies, including identification of
specific lipid classes using shotgun MS'’ and analysis of
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complex lipids (e.g., glycerolipids, glycerophospholipids, and
glycolipids)."®™' Particularly, combined with chemical reac-
tions, MS has been used to pinpoint C=C bond sites in
unsaturated lipids based on three different reactions. (1)
Paterno—Biichi (PB) reaction. PB reaction is a classical
photochemical derivatization that can specifically form adducts
at C=C bonds under UV irradiation. Both acetone and
benzophenone have been used as the PB reagents to study
unsaturated lipids. For example, Xia’®** and Liu*' have
utilized tandem MS (MS/MS) to analyze adducts formed in
the PB reactions to identify the structure of unsaturated lipids.
(2) Ozone-induced dissociation (OzID). This technique can
directly utilize ozonolysis, an organic reaction allowing for the
cleavage of alkene double bonds using ozone, or combine it
with CID (collision induced dissociation) to elucidate C=C
bonds in unsaturated lipids.”” (3) meta-Chloroperoxy benzoic
acid (m-CPBA) epoxidation reaction. m-CPBA is an oxidant
that can convert alkene to epoxide. Both Li** and Hsu'* have
used m-CPBA in reactions with unsaturated lipids to form
products with triatomic rings, which generated two diagnostic
ion pairs (with 16 Da mass difference) to determine the C=C
bond positions.

Using PB, m-CPBA, and ozonolysis reactions as mentioned
above, MS determination of C=C bonds in unsaturated lipids
has been carried out in bulk analysis (e.g., lipids prepared
solutions and lipids extractions form cells, tissues, and
plasma).*>*****> However, the corresponding studies at the
single-cell level remain unexplored due to extremely small
amount analytes in a single cell (e.g, a few pLs)*® and the
absence of appropriate techniques. Single cell MS (SCMS)
methods have been rapidly developed for metabolomics and
proteomics studies of a broad range of cells, including plant
cells, mammalian cells, and yeasts.w_29 Under vacuum
conditions, matrix-assisted desorption/ionization (MALDI)
MS* and secondary ion MS (SIMS) are commonly used for
single cell analysis. In recent years, a variety of ambient based
MS methods have been developed for single cell analysis. The
representative examples include single-cell video-MS,”" in-
duced nanoESI (InESI) MS,* ;)robe electrospray ionization
(PESI),”* the Single-probe,”* " and the T-probe.”® Cell
attachment (e.g, onto a substrate) is generally required for
most SCMS techniques. However, the requirement of cell
attachment prior to MS analysis largely limits the type of cells
in studies. In addition, cell attachment may alter cell status and
their molecular compositions.”” A number of ambient MS
techniques have been developed to analyze single nonadherent
cells, such as mass cytometry,"” drop-on-demand inkjet
printing coupled with PESL*" the redesigned T-probe,26
integrated cell manipulation platform (ICMP)/Single-probe
secondary ion MS (SIMS),* and techniques coupled with
microfluidic chips.43’44 However, none of the existing SCMS
methods has been used for studies of C=C bond positions in
unsaturated lipids at the single-cell level.

Here, we used the glass micropipette needles to perform PB
reactions of single cells followed by MS determination of C=
C bonds’ positions in unsaturated lipids (Figure 1). The
micropipette needle is produced by combing a fused silica
capillary with a pulled glass micropipette (Figures 1B and 2D).
The fused silica capillary is connected with a syringe to provide
solution containing cell lysis solvent and the PB reagent. The
micropipette needle plays multiple functions, including cell
selection, cell lysis, microreactor for PB reaction, and nano-ESI
emitter for ionization (Figure 2). To conduct the PB reactions
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Figure 1. (A) Experimental setup of the micropipette needle for
single cell sampling. An inverted microscope was used to provide
visual guide during the experiment, and cell manipulation system was
used to control the micropipette needle to aim the targeted cell. The
micropipette needle was connected with a syringe using capillary and
unions. A syringe pump controlled the syringe to suck the targeted
cell into the pipet. (B) Sketch of the single-cell sampling using a
micropipette needle.

(@] <?

MS inlet

Single cell lysate

W81 AN

Micropipette
needle

| Micropipette
needle

]

Syringe
pump

(4 kv)

3 =
lonization
voltage

lonization voltage

Conductive
Union /

Figure 2. (A) Experimental setup of the micropipette needle for C=
C bond identification at the single-cell level. The mercury UV light
was placed next to the micropipette needle, and the ionization voltage
was applied on the micropipette needle. (B) Sampling a suspended
HCT-116 cell under the microscope. (C) Schematics of single cell
sampling and SCMS analysis. (D) Photo of a micropipette needle.

of single cells, the reagent (i.e., acetone or benzophenone
solution) was drawn into the glass micropipette. Using an
integrated cell manipulation system,”* which contains two
Eppendorf cell manipulation systems, an inverted microscope
(Nikon Eclipse TE300, Tokyo, Japan), and a syringe pump, a

https://dx.doi.org/10.1021/acs.analchem.0c02245
Anal. Chem. 2020, 92, 11380—11387


https://pubs.acs.org/doi/10.1021/acs.analchem.0c02245?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c02245?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c02245?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c02245?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c02245?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c02245?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c02245?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c02245?fig=fig2&ref=pdf
pubs.acs.org/ac?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.0c02245?ref=pdf

Analytical Chemistry

pubs.acs.org/ac

Ry. . .
o O-—Head group
Ray R, O
Lipids o
o
o ~ M
1)
Acetone J hv hv ~ L/ Benzophenone
o F ) ! - )
, R . N R ~ 1 ,
R Ro p 0—Head group "0‘ O Head group ! (o] Y 'O-—Head group © O—Head group
N AN Ry R, © Rs. R, O N N
o o Isomerl ﬂ L Isomer Il o o ° o
CID .

Diagnostic ion Diagnostic ion

1

(o} “O—Head group o O Head group
R, 0O Rz O
(] o o
R, Aldehyde format Ry Alkene format

Isomer |

Diagnostic ion
R, -~ )

o o Head group
R, O
o)
Aldehyde format R; Alkene format
- 1
N

Figure 3. Mechanism of PB reactions and the formation of diagnostic ion pairs (aldehyde and alkene formats) in CID.

target cell was selected and sucked into the glass micropipette,
in which the cell underwent a rapid lysis process (Figure 1). A
mercury lamp was placed next to the micropipette needle to
provide UV irradiation and induce PB reactions with
unsaturated lipids (Figure 2). For MS analysis, the ionization
voltage was applied onto the conductive union to generate
nano-ESI at the tip of the micropipette needle. Two types of
SCMS experiments, including the regular (no UV irradiation)
and reactive (after 15 min of UV irradiation) methods, were
conducted for the same cell to acquire comprehensive
information for studying unsaturated lipids.

B METHODS

Fabrication of the Micropipette Needle. The micro-
pipette needle (tip size ~ 15 um) was pulled from a glass
capillary tube (size: 0.8 X 90 mm? Kimble Chase Life Science
and Research Products, Rockwood, TN) using a pipet puller
(KOPF, Tujunga, CA). UV epoxy (Prime-Dent, Chicago, IL)
was used to connect the micropipette needle to a fused silica
capillary (OD: 150 pm, ID: 75 pm, Polymicro Technologies,
Phoenix, AZ). A syringe was connected to the fused silica
capillary via a conductive union (IDEX Health & Science LLC,
Oak Harbor, WA).

Preparation of SCMS Solutions. In the reactive SCMS
studies, the solvent has three major functions: inducing cell
lysis, performing PB reactions, and playing the role as the
ionization solvent. First, deoxygenation of solvents was
performed to minimize side reactions while promoting PB
reactions.””*> An Erlenmeyer flask (with stopper) containing
pure acetone or ACN (acetonitrile) was placed on the ice and
vacuumed for 30 min, followed by bubbling nitrogen for 30
min.”" This process was repeated three times to deplete oxygen
from solvents. Next, the solution containing PB reagents was
prepared and added in the micropipette needle. Two different

11382

reagents, benzophenone solution (5 mM benzophenone in
ACN with 0.1% formic acid) and acetone have been tested in
our studies to compare their performance.

Reactive SCMS Experiments. Using an Eppendorf cell
manipulation system and a syringe pump, a target cell was
sucked into the glass micropipette (flow rate 10 uL/min)
containing prefilled acetone or benzophenone solution (Figure
1). Additional solution was drawn into the micropipette needle
to ensure cell lysis. The syringe pump was turned on to deliver
(flow rate 0.2 yL/min) the single cell Iysate toward the nano-
ESI emitter. A DC ionization voltage (+4 kV in the positive ion
mode or —4 kV in the negative ion mode) was applied on a
conductive union and transmitted through the solvent to
induce ionization of cell lysis at the tip of the micropipette for
MS analysis. Due to the long signal duration time of a single
cell (20—30 min), both the regular (no UV irradiation) and
the reactive (after UV irradiation) SCMS experiments can be
conducted for the same single cell. Specifically, after
accomplishing data acquisition of the regular SCMS experi-
ment, the ionization energy was turned off and the syringe
pump was paused. The UV lamp (BHK, Ontario, CA) was
then turned on to generate UV radiation and initiate PB
reactions between the reagents and unsaturated cellular lipids.
After 15 min of reaction, the UV light was turned off, and then
the reactive SCMS experiment was started by turning on the
ionization voltage and resuming the syringe pump. Products
from the PB reactions were analyzed using both MS scan (to
obtain accurate m/z values of all ions) and tandem MS (MS/
MS) analysis (to acquire fragments of selected ions). As
illustrated in Figure 3, the PB reaction at each C=C bond can
produce two isomers (i.e., Isomers I and II), which then
produce one pair of diagnostic ions during CID, i.e., aldehyde
and alkene ions can be generated from Isomer I and Isomer II,
respectively.
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Table 1. Analysis of Unsaturated Lipids in Single Cells

ion error

mode  (m/z),”  (m/z) - (ppm)© reagentd (m/2)proa”

+ 760.5899  760.5856 5.7 Ph2CO

+ 760.5821  760.5856 —4.6 ACE

+ 732.5506  732.5543 -5.1 ACE

+ 729.5892  729.5910 -2.5 ACE

+ 756.5475  756.5500 -33 ACE 814.5931

+ 780.5482  780.5543 -7.8 ACE

+ 784.5746  784.5855 -13.9 ACE

+ 786.5971  786.6012 -52 ACE

+ 787.6745  787.6693 6.6 ACE

+ 782.5654  782.5699 -5.8 ACE

+ 754.5334  754.5387 -7.0 ACE

+ 810.5944  810.6012 -85 ACE

- 253.2162 253.2173 —4.3 Ph,CO 4351712 FA (16:1 (9))
- 281.2485  281.2486 —0.4 Ph,CO 463.3290  FA (18:1 (9))
- 2532174 2532173 0.4 ACE 311.1686  FA (16:1 (9))
- 281.2495  281.2486 32 ACE 339.1998  FA (18:1 (9))

identified lipids
9426542 PC (16:0/18:1 (9))"
818.6579  PC (16:0/18:1 (9))
790.5902  PC (16:0/16:1 (9))"
787.6395  SM(d 18:1/18:1 (9))
PC (16:1(7)/18:2(9,12))
838.5899  PC (16:1(9)/20:4(5,8,11,14))  712.5525, 714.5693, 738.8998, 780.4312
842.6530  PC (16:0/20:3(11,14,17))
844.7043  PC (18:1(15)/18:1(15))
845.6319  SM(d 16:1/24:0) 661.462
840.6057  PC (16:0/18:1 (9))"
812.5792  PC (16:0/18:4(9,11,1,115))
868.6410  PC (16:0/20:1 (11))

diagnostic ions (m/z)
650.4362, 800.5195
650.4359, 676.4872
650.4357, 676.4882
645.4260, 729.3963
646.6411, 672.4830, 728.5173

700.4511, 728.4319, 784.4609
660.4500, 662.4649, 786.4759

656.5559, 672.4178, 698.4372, 782.5636

566.3104, 628.5224, 644.4230, 687.4790, 728.6622, 7544146
700.4489, 726.5560, 756.5484, 782.5640

171.1232

171.3439, 321.0381

197.0279

197.0279

“m/z measured in experiments. m/z from calculations. “Mass error between measured and calculated values. “PB reagents include Ph,CO
(benzophenone) and ACE (acetone). “PB products of lipids.“Species determined as multiple unsaturated lipids. Details are shown in the SI Tables

§5—S12 and S14-S16.

Cells Culture and Sample Preparation. Human colon
cancer cell line, HCT-116, was chosen as a model system in
the current study. Cells were cultured using standard protocol
as briefly described following.>® Cells were cultured in
McCoy’s SA medium, detached from Petri dish using trypsin,
rinsed by PBS (phosphate-buffered saline), centrifuged (1000
rmp, 10 min, three times), and then resuspended in PBS. Cell
density was controlled to be around 5 X 10* cells/mL, and ~7
mL of the cell suspension solution was transferred to a culture
dish for the following SCMS analysis. Cell lysis sample was
prepared using standard protocols for comparative studies.*
The detailed procedure is shown in the Supporting
Information (SI).

B RESULTS AND DISCUSSION

Sampling Solvent Selection. Previous studies utilized
both acetone and benzophenone as the PB reagents to analyze
unsaturated lipids in bulk samples.”>*' Acetone and acetoni-
trile are common organic solvents generally used to prepare
lysate. Thus, acetone and benzophenone solution (5 mM in
acetonitrile) were selected in the current studies to induce cell
lysis and PB reactions. Because a small amount of PBS is
inevitably drawn into the micropipette needle during single cell
sampling, a dilution of cell lysis solution can occur, potentially
resulting in reduced cell lysis efliciency. For example, our
previous studies show that acetonitrile can induce rapid cell
lysis (<15 s) when its concentration is >80%, whereas lower
concentrations result in slower lysis processes.”® Thus, we
prepared cell lysis solutions using acetone and acetonitrile
without adding other solvents commonly used in MS studies
such as water and methanol. Because benzophenone
concentration can affect the yield of products from the PB
reactions,”’ we prepared a series of acetonitrile solutions
containing benzophenone (i.e., 0.5, 2.0, 5.0, and 10.0 mM) to
optimize the PB reaction conditions in SCMS studies. Our
experiments indicated that PB products were not observed
using 0.5 and 2 mM benzophenone solutions. Although both §
and 10 mM benzophenone induced PB reactions, the later one
generated more undesired side products. Thus, 5 mM
benzophenone was selected as the optimum concentration

for both the regular and reactive SCMS experiments. To
generate PB products in the reactive SCMS experiments, UV
irradiation (~15 min) was necessary for both PB reagents.
Relatively abundant ions (e.g., intensity >10*) were selected for
MS/MS analysis.

Characterization of the Micropipette Needle. To
evaluate the sensitivity of the micropipette needle, we
measured the limit of detection (LOD) of a number of
standard compounds relevant to our studies. The LODs were
determined as 1.0, 0.1, and 0.1 pM, for irinotecan, verapamil,
and a phosphatidylcholine (PC(16:0/18:1)), respectively,
which are comparable with the results obtained using standard
nano-ESI source (Table S1).2%*

Workflow of Data Analysis. To efficiently analyze the
experimental data, we wrote two different Python scripts to
determine the locations of C=C bonds in lipids through three
steps: screening the potential lipids and their corresponding PB
products, predicting the fragmentation of PB products, and
identifying C=C bonds in lipids. First, we screened the
potential lipids and their corresponding PB products using the
Script A as shown in Figure S1. Briefly, relatively abundant ions
(intensity >10*) were retained from SCMS data in both the
“regular” (without UV irradiation) and “reactive” (15 min UV
irradiation) groups. Script A was used to search for the m/z
values with mass difference of 58.0418 (using acetone reagent)
or 182.0731 (using benzophenone reagent) between the
“regular” and “reactive” groups ((1/z)eactive — (m/z)regular =
58.0418 or 182.0731, within 20 ppm), and to generate a list of
m/z pairs. In each m/z pair, the (m/z)regular was regarded as a
candidate of a potential lipid, whereas the (1/z),ccive Was
considered as the candidate of the corresponding PB product.
Then, METLIN"” was used to find all potential lipids for each
(1/2) reguian Whereas those (1/2),egulyr Values that cannot be
found in METLIN were removed from the list along with their
corresponding (1/z) eqcive- An updated list of m/z pairs with
potential identifications was then generated, and MS/MS
experiments were conducted for ions in this list (intensity
>10%). Second, we predicted the diagnostic fragments of all
potential PB products obtained from the previous step using
the Script B (Figure S2). All featured fragments (i.e., m/z

https://dx.doi.org/10.1021/acs.analchem.0c02245
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values) representing the head groups, tails, and adducts (i.e.,
H*, Na*, and K") of each PB product were predicted according
to the potential lipids generated from METLIN database
searching. Last, we determined locations of C=C bonds in
unsaturated lipids by comparing the predicted fragments in the
second step and experimental MS/MS spectra, which were
measured from selected ions using both CID (for diagnostic
ions) and HCD (for lipids head groups) modes.

According to the METLIN database searching, all lipids
detected in our experiments potentially belong to phospholi-
pids. Phospholipids contain two fatty acid tails and a
hydrophilic head with a phosphate group. For ions with the
same m/z value, differences in these two fatty acid tails can
generate multiple lipid isomers that can produce the same
diagenetic ions in MS/MS (Table S2). To further elucidate the
structure of each fatty acid tail, SCMS experiments were also
conducted in the negative ion mode, in which ammonium
acetate (10 mM) was added in the solvent to enhance the ion
intensities. Acetate adducts of phospholipids were detected,
and their fragments were used to determine the fatty acid
chains in these phospholipids® (Figure S3).

Determination of C=C Bond Locations in Unsatu-
rated Lipids of Single Cells. Determining the exact
structures of large numbers of unsaturated lipids in single
cells is challenging due to multiple factors, including extremely
complex compositions of cellular species, small sample
amounts, and the lack of complete structure information on
all lipids in the current database. Nevertheless, our technique
can be used as an analytical tool to identify structures or
confine the detected species to limited numbers of isomers. We
conducted comprehensive data analysis and tentatively
determined 16 unsaturated lipids at the single-cell level in
the current study (Table 1). Among them, PB products of
three ions (m/z 760.5821, 253.2162, and 281.2485) were
detected using both acetone and benzophenone as the
reagents, whereas the rest species were only observed using
acetone in the experiment. The presence of benzophenone (§
mM) likely affected the detection sensitivity of lipids (Figure
S4). Our results may indicate that acetone is a more effective
PB reagent to identify lipids C=C bond at the single-cell level.

Here, we presented an example, in which m/z 760.5821 was
identified as PC(16:0/18:1(9)), with details to illustrate the
workflow of locating C=C bonds in unsaturated lipids
through comprehensive data analysis. First, we obtained all
potential species with the m/z of 760.5821 ((m/2) equiar =
760.5821). This peak is commonly detected in the regular
SCMS experiment, and its potential PB adducts with acetone
((m/2) eactive 818.6579) and benzophenone ((m/z),cactive
942.6542) were extracted from experimental data using the
Script A (Figure S1). We then searched for the potential
species with the m/z of 760.5821 obtained from METLIN
searching, and discovered that among all 36 potential lipids, 20
of them are phosphatidylcholines (PCs) and the rest 16 species
are phosphatidylethanolamines (PEs) (Table S3). Second,
structure identification of lipids and corresponding PB
products were performed based on their MS/MS fragments.
The MS/MS spectra of m/z 760.5821 in both HCD and CID
modes are shown in Figure S5B,D. Because m/z 184.0724 is
the headgroup of PC or sphingomyelin (SM),*** we excluded
PEs from the list of potential candidates (Table S3). We then
used the Script B to predict the featured fragments of the
potential PB products based on the type of lipids, and the
results are listed in Table S2. Last, we determined the position

of C=C bond in the unsaturated lipid. The comparison
between the experimental MS/MS of m/z 818.6579 and the
predicted list led to the discovery of diagnostic ionpairs of m/z
650.4359 and m/z 676.4872 (i.e., A26) using acetone as the
PB reagent (Figure 4A, Table $2).>° However, five lipids
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Figure 4. (A) MS/MS spectra of PB product of m/z 760.5899 (m/z
818.6579) using acetone as the PB reagent detected at single-cell
level. Tons labeled in red font are diagnostic ions (m/z 650.4359 and
m/z 676.4872). (B) MS/MS spectra of the PB product of m/z
760.5821 (m/z 942.6542) using benzophenone as the PB reagent
detected from a single cell. Ions labeled in red font are diagnostic ions
(m/z 650.4362 and m/z 800.5195).

(Table S2) can generate the same diagnostic ion pair (m/z
650/676). To narrow down the potential candidates, we
performed MS/MS analysis of m/z 818.59 (acetate adduct of
m/z 760.5821) in the negative mode, and determined the fatty
acid tails of m/z 760.5821 (Table S4). Combining all above
results, the ion m/z 760.5821 was identified as PC (16:0/
18:1(9)) (Table SS). This identification was further confirmed
by comparing its MS/MS fragments with those obtained from
standard compound PC (16:0/18:1(9)) measured in our
experiments (Figure S5).

As illustrated in Figure 3, the PB products at one C=C
bond can produce a pair of diagnostic ions during
fragmentation. In our experiments, nine different peaks of
the PB products (Tables S5—S13) generated one or two pairs
of diagnostic ions, with a mass difference of A26 (acetone) or
A150 (150.0836, benzophenone®'), in MS/MS analysis
(Figures 4, S6, and S7). The production of two pairs of
diagnostic ions likely due to the coexistence of isomeric lipids
with C=C bond at different locations. For example, MS/MS
experiment of m/z 868.6410 (the acetone PB product of m/z
810.5944) produced two pairs of diagnostic ions with a mass
difference of A26: m/z 700.4489/726.5560 and 756.5484/
782.5640 (Figure S6B). Previous studies found that a featured
ion m/z 146.9807 was produced from the head-groups of
sodiated PCs, SMs, or PEs in CID.>”*" MS/MS spectra of the
corresponding lipid(s) (m/z 810.5944) in the regular SCMS
experiment also contained the peak of m/z 146.9807 (Figure
S6A), supporting the prediction that the ion m/z 810.5944
belongs to one or multiple Na* adducts of PCs, SMs, or PEs.
By searching for the potential species in METLIN database, we
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were able to exclude SMs and PEs from the list while keeping
the rest PCs as potential candidates. Using the Script B, we
predicted the diagnostic ions of the PB products of all potential
PCs (Table S6) and compared with experimental observation
(Figure S6B), in which two pairs of diagnostic ions (m/z
700.4489/726.5560 and 756.5484/782.5640) were detected.
Because all potential PCs acquired from METLIN contain only
one C=C bond, our results may indicate the coexistence of
isomers with different locations of a C=C bond. Combining
the results from PB reactions (positive ion mode) and
information on fatty acid tails (negative ion mode, Table
S4), these potential isomers were determined as seven
unsaturated PCs as listed in Table S6: PC(16:0/20:1(11)),
PC(18:0/18:1(13)), PC(18:0/18:1(9)), PC(18:1(9)/18:0),
PC(20:1(11)/16:0), PC(22:0/14:1(9)), and PC(14:1(9)/
22:0).

Interestingly, our experimental results indicate that the
relative signal intensities of two diagnostic ions in a pair are
different: more than half of the aldehyde ions are more
abundant than the alkene ions. These differences are likely
attributed to the relatively higher abundances of Isomer I than
Isomer II produced in the PB reactions. Similar results have
been reported in previous studies of bulk samples.”’ In
addition to paired diagnostic ions, we observed that the PB
products of four lipids (m/z 814.5931, 838.5899, 840.6057,
and 812.5792) produced unpaired diagnostic ions (Tables S9—
S12). This is likely due to the relatively low concentrations of
these lipids in single cells, and the abundances of their PB
products were insufficient to produce detectable diagnostic ion
pairs. The remaining seven lipids PB products (m/z 787.6395,
842.6530, 844.7043, 845.6319, 435.1712 (negative ion mode),
311.1686 (negative ion mode), and 339.1998 (negative ion
mode)) also produced unpaired diagnostic ions. We totally
analyzed 17 and 9 single cells in the positive and negative ion
modes, respectively. The results of these ions are summarized
in Tables S14—520, and MS/MS spectra of these PB products
and their corresponding lipids are shown in Figure S8.

Comparison Studies of Cell Lysates and Single Cells.
Lipidomics studies are generally conducted using lysates
prepared from bulk biological samples (e.g, populations of
cells, tissues, and plasma extraction) through multiple steps
(e.g, cell lysis, centrifuging, supernatant transfer, drying, and
reconcentration), which may affect their molecular composi-
tions due to the potential variance of sample preparation
protocols.’ In contrast, entire cellular contents from individual
cells are retained in our SCMS experiments, minimizing the
influence of sample preparation variance on composition
analysis.”* To evaluate the difference between these two
approaches to the identification of C=C bond, we conducted
MS measurements of cell lysates and compared the results with
those obtained at the single-cell level. Cell lysates were
prepared and loaded into the micropipette needle for MS
analysis, and data were collected before (no UV) and after the
PB reactions (after 15 min of UV irradiation). Data analysis
was performed using the same procedures as those used to
process single cell results (see details in the SI). In general,
MS/MS spectra of PB products obtained from the cell lysates
were more complex than those from single cells (Figures S9
and S10), likely due to larger amounts of cellular contents in
cell lysates. However, more cellular contents allowed for the
analysis of additional PB products, including those with
relatively lower abundances. For example, m/z 790.5902 (the
PB product of m/z 732.5506) produced two pairs of diagnostic

ions with a difference of m/z 26 (m/z 650.4354/676.4868 and
622.4042/648.4544) using cell lysate (Figure S9B, Table S21),
whereas only one pair of diagnostic ions (m/z 650.4357/
676.4882) were detected from single cells. According to MS/
MS spectra (Figure S9A) and METLIN database, the PB
product m/z 732.5506 was produced from PCs containing one
C=C bond, indicating that the peak detected in single cells is
attributed to multiple isomers. Therefore, traditional MS
analysis of lysate can provide complementary information for
single cell studies. Similar analyses of other ions using both cell
lysates and single cells were conducted, as summarized in
Table S22 and Figure S10.

Although enhanced ion signal intensities were obtained from
cell lysates, larger amounts of cellular contents resulted in more
undesired products from PB side reactions. Previous studies
indicate that abundant lipids can react with PB reagents to
generate side products, which may have very similar m/z values
as the regular PB products or induce the retro-PB reactions,
i.e, decomposition of PB products back into reactants in
CID,””* resulting in interference for C=C bond analysis.”>>*
For example, paired diagnostic ions in CID analysis of both m/
z 868.6410 and 838.5899 were not observed using cell lysate,
but they were detected at the single-cell level, providing
structural information for the C=C bond analysis (Tables S6
and S11, Figures S6 and S7D).

Bl CONCLUSIONS

We report a simple SCMS analysis device, the micropipette
needle, that can accommodate PB reactions to determine C=
C bond positions in unsaturated lipids at the single-cell level.
HCT-116 cell line was used as a model, and individual cells
were drawn into a micropipette needle to induce rapid cell lysis
after mixing with acetone or acetonitrile solution containing
benzophenone. To determine C=C bond locations in
unsaturated lipids, the micropipette needle was then used as
a nano-ESI emitter and coupled to a mass spectrometer to
conduct both regular and reactive SCMS analyses of the same
single cell. The regular SCMS measurement provided
molecular analysis of single cell lysate without PB reactions.
When conducting reactive SCMS experiments, the lysis
solution also played a role as the PB reagent by reacting
with unsaturated lipids at C=C bonds under UV irradiation.
Python scripts were used to analyze data obtained from both
regular and reactive SCMS experiments to screen potential
lipids and their corresponding PB products. Assisted by MS/
MS analysis of candidate PB product ions, C=C bond
locations were determined to identify unsaturated lipids at the
single-cell level. Experiments were conducted in both positive
and negative ion modes to obtain comprehensive structure
information. Comparative studies between cell lysates and
single cells were performed, and we found that bulk sample
analysis can provide complementary information for single cell
studies. However, limited by a number of factors (e.g., complex
compositions of cellular contents with limited amounts, lack of
separation, and requirement of abundant PB product ions for
MS/MS analysis), our current method is more effective for
structure identification of unsaturated lipids and fatty acids
with relatively high abundances and simple structures (e.g,
with one or two C=C bonds). In addition, to generate
abundant PB products, the throughput of reactive SCMS is
primarily restricted by the time (15 min) needed for UV
irradiation. The reaction time can likely be shortened using
micropipette needles produced from thin-wall glass capillaries
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or other materials with higher UV transmission (e.g., quartz).
Although a common cancer cell line was used as a model
system in the current proof-of-concept studies, other systems
(e.g, rare cells and heterogeneous cells) can be studied using
this technique to answer specific biological questions that are
intractable from bulk analysis. In addition, our techniques can
potentially be used for broad ranges of reactive SCMS studies,
in which other chemical reactions can be utilized to enhance
the molecular analysis of single cells or trace amounts of
biological samples.

B SAFETY CONSIDERATIONS

Needles are hazardous (e.g, glass needles and fused silica
capillaries) and should be handled with care. Cell culture and
chemical handling need to follow standard safety protocols.
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