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• Direct Metabolomics from Tissues and Cells:
Laser Ablation Electrospray Ionization for
Small Molecule and Lipid Characterization
Akos Vertes, Bindesh Shrestha, and Peter Nemes
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The y tematic study of metabolite. and th ir rdat d pathway in variou organi '01

i xperiencing a renai ance. In the fir t half f the twentieth century studying
elect metabolic proce e played a ntral role in biochemi try and brought about

maj r di coveri . uch a th rnithin and the citric acid cycle (Kornberg, 20 0).
From the middle of the century, incr a ingl pow rful tool u ed in metab Ii 01

re arch in luded efficient separation method!> (ga chromatography fa ] and high­
pcrformance liquid chr matograph ) combined with pectrometer. aim d at . mall
molecule. (nuclear magnetic re onanc I MR] and rna p ctr metry [M ]).10 the
1970. and early 19 Os. genetic took ccntcr stagc, aided by the introduction of D A
,equencing, polymerase chain reaction (P R), ami rccombinant DNA techn logie .

In the late 1980s, with the introducti n of oft i nization methods in M ,the y.­
tematie investigation of peptide and pI' tein' became po sible, and proteomi wa
born. During the 1990 and the iiI' t decade of the twenty-fir t century, re earcher in
genomic accompli h d the equencing f genome in multiple species. The devel-

pm nL of microarray techniqu gave u!> powerful tool t tudy the tran. criptome.
and, with the help of n w technique' in M . inve tigator in proteomic began the
challenging ta 'k of mapping the corre ponding pI' team .

M tabolomics - the y tematic inve tigation of the metabolite and metab lic
procee' in an organism - i, lagging behind wing to multiple chall nge . In con­
tra't t nucleic acid and protein', metabolite are tructuralJ diver e. A: a on­
sequenc ,their eparation and spectra.corie identification require a wide variet
of protocol, Metabolite concentration al vary ext n ively in pace and time; (or
example. the temporal chang are more rapid than in the ca e of biopolym r', Typi­
cal change' in the transcriptome can take minute, . hours, or longer (Ye et aI., 2009),
wh rca protein and metabolite conc ntration. vary in the range of minute' and
econds. onventional metabol mic protocol. rely n rapid sampling that includes

quenching of the biochemical proce e and often derivatization before separalion
and :pectrometric analy i ( mart et aI., 2010). Becau f the'e complex tep. it i
alway que tionable how cl to it native tat the tudied y ·tem has remained.

To explore the native m tabolom , n w meth d are needed that reo pond to
vari u mall organic molecule on a timecale of econd . Ideally, the e t chnique'
have to be capable f local anal i and exhibit ufficiently high en iti ity. llecau
metabolite molecule are much mailer than nucleic acid I' protein, th yare more



1. Direct Tissue Analysis and Imaging

prone to patial redi tribution during ample preparation. The local analy is and
mol cular imaging of metabolite in tis ue and cell al 0 require. pecial con id­
erations (ee hapter. 18, 21, and 22 (or noninvasive and nondcstructiv in vivo
m tabolic imaging by MR technique ).

The advent o( atmo 'phcric pre 'ur i nization methods ( I' MS ha enabled the
direct analy i of ti. ue and cell with little or no ample preparation. Thi rapidl
xpanding group of technologie ha: be n u d xten i ely t analyze biological
ample dir ctl and include ambi nt d orption lectro pray ionization (D I)

(Takats et aI., 2004), direct analysi- in realtime (DART) ( ody ct aI., 2005), extrac­
ti e electro pray ionization ( ESI) ( hen et a!.. 2006a, 2007), atmospheric pre ­
ur infrared matrix-a si ted la er de rpti n ionization (AP fR-MALDI) (Li et aI.,

_ 7' Verte et al.. 200), lectro pray-a' i ted la er de 'orption ionization ( LDI)
hiea et aI., 2005), and 1a er ablation electro pray ionization (L I) ( ernc and

\ rte, 2007). Man of th 'e techniqu can be charact rized a in itu or. in me
e , in vivo method ( erne and Verte., 2012). Although the analy i acrific.

me cell of lh ludied organi 'm, it i Ie obtrusive than biop 'ie . Ultimat Iy,. am­
pIing can be arranged so that a living organi m can be vieweLi unperturbed, a long

the ampl d volume i igniiieantly 'maller than the volumc of the organ! m. Thi.
hapter focu e. n the application. o( LAE TM for the dir ct analy i of ti ue

and cell with t\: o-dimen ional and thre -dimen ional imaging and depth proflling
f mall metab lile and lipid.

1. Direct Tissue Analysis and Imaging with Laser Ablation
Electrospray Ionization

In the field of biom dical analy. i., L .. I M ha exhibit d con iderable ucces
m interrogating thc -mall m lecule comp ilion of biological fluid uch a' bl d

La rna and urine a well a plant, animal. and human ti uc and ingle cell. There
ar numerou fundamental and unique a 'P ct that place LA I M among the

nabling mcthoLiologi s in direct m tabolomic inve ligaLi n .
In LAE 1 M ,the sampling tep is 'palially ind pcndent from that of i n gen­

ralion. Fir t, the native water molecul . of the. amplc re excited by a [ocu d
mid-infrared la 'cr light. Al a wa elength of 2,940 nO', rapid energy depo 'ilion

cur through the e citation of the vihralional moll of water molecule. Pro­
id d that uffici nt energy i c upled into the ampl ,th re ult of th pr c '

pha e cxplo. ion-dri en ablation that xp I particular mattcr within a fe hun­
dr d micr ec nd (Apitz and Vogel, 2005; hen et aI., 200 b; h n and Vert ,

), and the momentum gain d by the ejectiles tran. ports lhem to everallen. of
millimeter above the sample ur[ac ( em and Vertc ,2007).

n electro pray 'ource, pI' ferably p rated in the c n -jct mode, efficiently
enerate a cloud of mall charged dr pI t ( me' et al. 2007) that int rcept the
article ablated (r m the ample (em and Vert .2007). the droplel coa­

ce with the particulate matter, the metaholite of the sample are transferred into a
barged olution-pha cd microenvironment. Ultimately, metabolite are converted

oft ion via pr c s s similar to ion production during conventional electro:pray
lOnization ( 1) (Nemes et aI., 2012). orrcspondingly. wilh LAB I MS, am pies
can be analyzed wilhin second, pr viding a nap hot f th (a t- volving m tabolit

141



142 Direct MetaboJomics from Tissues and Cells

compo ition. Tbi f rm the ba i f high-throughput and large- 'cal inve tigation
u ing LAE I MS.

1.1. Label-Free Metabolite Identification

The ion generated in LAE I can be analyzed by any rna pectr meter that i
equipped with an atmo pheric pre 'ure interface. Mo·t commonly a commercial

I or atmo pheric pre ure chemical ionizati n source i replaced by a cu tom­
built LAE I ion ource. More recently, the introducti n of commercial LAE I
ion ource' ha been announced (Protea Bio ciences, Inc., Morgantown, WV). The
LAE I sy tern has been ucce fully implement d on time-of-flight and ion trap
in truments that feature quadrupole and hexapole ion guide for enhanced ion
tran fer and collisional activation. The ma spectrometer can be operated in ingle-
tage or tandem mode to facilitate chemical identification (Neme and Vertes,

2007).
The application of LAE I MS in metabolomic follows different workflows for

metabolite di covery than for the tructural identification of known compounds.
The latter typically employ a multistep M -ba ed approach. Accurate mas -to­
charge ratio (m/z) mea urement i the starting point in the tructure identification by
LAE 1M. Ions are mea ured with m/z accuracies uch a Ie than 5 ppm, although
for targ ted compounds lower accuracies can al 0 yield atisfactory re ult . The
mea ured mlz value are compared against metabolomic database for prokaryotic.
plant (e.g., http://www.plantcyc.orgl), and animal speci a well a. human ample
(e.g., http://www.hmdb.ca/). There i a growing number of multiorganism pathway
database integrated with g nomic and prot omic data (e.g. http://metacyc.org/,
http://www.genome.jp/kegglpathway.html) that can al 0 help ideotit1cation.

I"otope llistribution patterns can also be determined to narr w the Ii t of puta­
tive compound further. The remaining po itive matche are evaluated in tandem
M experiment whereby the fragmentation behavior f the unknown ion i com­
pared with that of chemical tandard. In certain ca s, a reactant can be added to
the lectro prayed solution to tran form th analyte chemically. Here the objective
i to improve the ion yield or facilitate structure-specific fragmentation. The latter
can be beneficial for lipid that are known to yield a very limited number of frag­
ment in collision-activated di. ociation from protonated precursors. Introducing
lithium ion via the electrosprayed olution leads to the generation of lithiated lipid
specie that readily fragment into numerous characteristic product ion that help t
decipher the structure of the parent lipid molecule (Shre tha et a1.. 2010a). Thi mul­
ti tep elucidation chern for known metabolite u ually yields identifications with
high analytical confidence far biomedical ample.

In th metabolite di covery mode (i.e.. in case where a particular metabolite
has not been described in the literature for a given peci s), the u e of databa e
i of limited help. In the e ituation., tandem M -ba ed technique' are manda­
tory, and orthogonal analytical technique are needed to enhance the confidence of
identification further. The latter include offline experiments u ing cla' ic eparatian
method (e.g., liquid chromatography with M detection). An appealing yet unu ed
alternative i coupling LAESI with ion mobility pectrom try (Bohrer et aI., 2008),
which could eparate tructural i omers. In thi xperim nt, the time of LA lin
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Figurc 6.1. chematic of the LAElM
apparatus for metabolic inve tigation
directly from tissue.. The ample ( ),
po iti ned on a amp] holder (SH), L
ablatcd by a mid-infrared la.er focu ed
by a f cu ing len (FL), and the abla­
ti n plumc (red dots) i intercepted by
charged droplet (green dots) generatcd
b an lectro pray ource (ES). The
chargcd droplet are eeded with the
neutral ablated material. which rc ull
tn the production of ample- pecific ion
that are analyzed by a ma pectrom­
etcr (M ). The ample is optionally
cooled or kept frozen by a Peltier stage
(PT) equipped with a heat 'ink (HS)
and fans.

eneration would be synchronized with the injection of ion into the ion mohil­
it cell. Combining LAE I with ion mobility spectrometry rai es the prospect of
improving confid nce in metabolite identification while maintaining fa t ampl
analy i .

1.2. Metabolic Analysis

Th flexibility that re ult from decoupling ampling from ion generation ha far-
hing benefit. in practical m tabolomic investigation. Perhaps one of the most

auractive feature of LAESI M i that the biomedical analy i is facilitated by
b inherent water content of th ample. A hown in Figure 6.1, LAESI M
11 w direct metabolic analy i becau e it eliminate the requir ment to modify

biological or m dical ample. For example, certain metabolite and xenobiotic
I cule have been analyzed in water-containing ample. uch a bodily fluids,

lthin econd without any ample preparation. xampl how that small metabo-
(e.g., carnitine, phosphocholin , tetradecenoylcarnitine) and lipid molecules

- 0" glycerophosphocholine [P ]; the lipid nomenclature accepted by the LIPID
Peon ortium [http://www.lipidmaps.org/] i used throughout Ihi' chapter) can

r adily detected, and th excr tion of drug molecules (e.g., Ihe antihistamine
f nadine) can be monitored directly from whole blood and urine (Neme and

n ,2007). LAE I ma spectra often include multiply charged ion, a phe­
enon typically obs rved in E 1. Deconvolution of Ih ion charge tate reveal
dant protein in human blood, including the serum albumin and the Ci and
ain of hemoglobin. Thus, the molecular ma range of LAE I MS analy i
o from mall metabolites to macromolecules greater than 66 kDa.
L al analy is i another important feature of the LAE I M method. The anal­

ea of the laser beam j typicalJy approximately 200 ~m in diameter and can
r duc d to 50 ~m without ignificant ignal 10 . The ablation dimen ion can

fully adju ted for various tis ue and cell type to upp rt in itu. ex vivo,
~ vi 0 experiment. The laller can be ob erved in Figur 6.2, which how the
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Figure 6.2. In iva anat i of a French marigold e dling by LEI M . (/efl pallel) In the e
profiling experiment, rna peclra. acquired on 50-~m-diam ter area of the leaf. ~lem and
root, rc cal thal (right panel) the organ e 'hibit dramaticall different primary and econdar.
m tabolile compo ition. ( dapted with permi ion from erne. P., and erte. . [20071.
La cr ablation electro pray ionizalion for atmospheric pre ure, in vi o. and imaging rna s
,pcctrometr . Anal. Chem. 79,809) 106. opyright2007 American Chemical ociet .)

metabolic profiling of the root, tem, and leaf regions of a live French marigold
(Tagetes pant/a) 'eedling (Neme. and Vertes, 2007). The ob erveu ions have been
assigned to primary and 'ceondary m tabolite . With superficial damage to the live
ti u. local analy i nablc inten ity profile to be recorded acro the various
region of the seedling. For exampl ,the r at primarily generate i n with m/z Ie
than 250, th tern yi Id odiated kacmpferoI3-0-(2" 3"-di-p-coumaroyl)-gluc ide
or. omc of it tructural i. omer' with an xcepti nail high abundance, wherca the
leaf produce variou ion a. igned to photo ynthetic product.

Quantitative LAE 1analy i facilitate' m tabolomic inve tigation . L 1 ion
~ignal inten itie from olution of drug tandard indicate that the follow a lin ar
correlation with analyte concentration er a four-decade dynamic r nge ( eme'
et al.. 2007). Metabolites in biological 'ample are present in a complex matrix of
constituent, each of whieh can compete for the available charge within the clec­
trosprayed droplets. In omc case, lhi re ull in narrower dynamic range or lim­
it· quantitation to thc determination of r lative conc ntration within th ample.
Using d uterated analogue a internal tandard, the ab olute concentration' of
small mctabolite , including ncurotran mitter and 0 molyte (e.g., ch line, carni­
tine. and hetaine), have been identified in the lectrical organ tis ue I' Torpedo cal­
ifornica ( ripadi et aI., 2009). ath r report hav e tabti hed quamitation I' lipids
in the mouse brain, allowing the mea urcmcnt of the ab olute concentration of P
(34:1) with good analytical performane (, hre lha et al., 2010a). The anal te Ie cI
det rmined by LAE I M have agr u with I vel reponed by traditional anal t­
ical method. The ability to correlat ion ignal inten itie with native metabolite
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Figure 6.3. (left panel) Metabolic difference between control ( EM) and virally tmn formed
T I mph eytes ( 1) identified by LEI MS. The 010 t affect d metabolite were (/) thioac­

tamide. (2) putre cine or pyrrolidine. (3) choline. (4) proline. (5) taurine. (6) creatine. (7)
permidine. (8) p-aminob nzoic acid. (9) iminoa partie acid. (10) arginine. (//) dopamine.
12) ph phocholinc. (/3) carbamoyl-pho phate. (J.I) pcrminc. (/5) methox. tyramine. (/6)
-acetyl a panic acid or N-formyl glutamic acid, (17) homovanillic acid. (/8) glycerophos­

phoch line. (19) glutathione, (20) -hydro yguan sine. and (2l) adeno ine monopho phate.
The e change~ pointed to ignificant perturbations in the (top right panel) creatine and
p Iyamine bi . ynthe'i' pathway and the (bottom right panel) lipid metab Ii m pathway.

dapted from ripadi, P.. hrc tha. B.. a Ie . R. L.. Carpio. .• Kehn-Hall. K.. he a­
i 1', •• et al. [2 10]. Direct detection or diver e metabulic change in virally tran formed and

Ta:-e pres.ingceJl byma pectr metry.PLo ONES,eI2S90.)

nc ntration in ti ue and c lls i ntial in th inve tigali n of metabolic
- aog s in an organism.

Human mctab lic pathwa and their chang can also be explored by L I
f. irally tran formed and Tax-expre ing human cell were proJiled more

r ntl in high-throughput xperiment ( ripadi et aI., 2010). Figur 6.3 pre nt
. 0 of veral bi ynthetic pathways ignificantly altered by the viral tran-forma­

n of h t cells. uch mea urement can be perf rmed in a few minute anJ reg uire
nl mall cell population. With LAE J M . everal virus typ - pecific (HTLV1 v .

3). expre i l1-specific (TaXI v . Tax ), and cell type- pecific T lymphocyte
. kidney cpithelial cells) change were ob'crvcd in the metabolit profile. The e
ature indicate thaI LAESI M can be u· d in biomark r di covery and pati nt

nitoring. More xtensive invc tigations addrc sing how di ea e states alter cellu­
r metabolic pathway can al 0 enable new treatment trategie.

1.3. Metabolic Imaging

I MS offer a mean to achi v I cal analy'i with patial re olution to 50 ~m.

del' appropriat experimental condition (e.g., temperature and humiJity). the
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tructural (lnd chemical integrity of bioi gical tissue' and cells i e. sentially retained
around the ablated p l. Auming proportionality betw en the LAE ] M ignal
and the metabolite concentration in the tissue, patial variation in the chemical
compo ition of the e y tern' can be interr gated. The i n ignal mea. ured aero s
the tissue' allow the recon truction f the corre ponding molecular image. To per­
form LA ~ I rna" pectrometry imaging (M T). the ample i mounted onto a am­
ple holder (Figure 6.1). ing two computer-controlled independent tran lation
tages (X and Y direction ), the sample i po ition d at the focal pint o[ the ablat­

ing mid-infrared light. The generated ion are imultaneou I rna -anal zed, and
the data are stored for each X- Y coordinate o[ th interrogated ar a. Detailed pro­
t col of lateral imaging by LAE I M and data evaluation can be found eL ewhere
( me and Vertes, 2010a. 2010b). The mol cular image f the ampl [r a partic­
ular specie i reconstructed by repr enting the intensity of the related ion 'ignal
on a fal'e color cale and correlating it with the c ordinate for very pixel of the
interrogated area.

Mo t plant ti ue are tructurally different fr m li ue found in animals and
human. [n plant, the waxy cuticle and the rigid c II wall act a natural barrier.
for unwanted water 10 in an M ] e periment. In contra t, when animal ti' 'ue
ar di' cted, evaporati e wat rio. i. relativ ly rapid. Becau e wat r rves as the
energy coupling medium in LAES[ experiments, animal ti ue sections ar generally
kept cold r fr zen during analy e ( m. et al., 2010: hre tha et al.. 2010a). A
Peltier-co ling tage equipped with a heat ink and a fan, a hown in Figure 6.1, can
maintain the appropriate conditions [or ev ral h ur ( me and V rte , 20lOb)
and en ure that the water content of ti. sue d e not appreciabl change during the
LAESI M I time [ram .

Dire t molecular imaging f thin animal ti ue' ction allow the appreciation
of their m tabolic organization at atmo pheric condition. In a more recent exam­
ple. two-dimensional distributi 0 of mor than 200 di tinctive ionic pecie were
imultaneously mea ured fr rna 100-f,lm-thick coronal rat (Rat/us norvegicus) brain

'ection ( erne et al.. 2010). Among the monitored metabolite' were neurotrans­
mitter molecul , uch a "V-amin butyric acid (0 BA) and choline; polyamine',
'uch a permidine and spermine; and metabolite essential [or chemical energy
tran fer. including ad no ine and adeno inc monopho phate. Man lipid pecie
were also detected, and several of them were identified as P and glycerophos-
phoelhanolamine (P ).

U ing high rna . -resolution tim -of-night M in conjunction with LAE 1. it
b com s feasibl to deconv lutc th patial distribution of O1etabolit that p -

, an identical nominal rna . Fi ure 6.4 pre ent the i n imag of SA and
choline. which differ only by .8 mDa in their monoi topic mas. and have be n
found to p pulate the ti sue section in a a t1y diff rent mann r. imilar distrihu­
tion can b obtained for any detected m/z.

The ma iv data et g nerated in LA I M I can be evaluated via Pearson
co-localization map (em tal., 2010). Figure 6.4 how the ti ue di 'tribution of
th una.. igned lipid ion rnJz 702.537 and the P (37:6) and PE (40:6) on a false-color
. calc. The calculated Pear nco-I alizati n map highlight the area' where the. e
two ion are found tog ther. o-localization of metabolite can b exploit d in the
di c very of m tabolic patbwa active in certain ti ue regions.
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Figure 6.4. Metabolic imaging of a IOO-l1m-thick coronal ection of a rat brain by LA (M.
High ma '-re olution differentiates among ion with identical nominal mel es, including the
G BA and ch line ion, which e hibit dramatically different patia! di tribution. harac­
teri tic ti sue localization is found for evcra) metab lite and lipid, including adcno inc, an
unas ign d lipid, and a combination of P (37:6) an<.l P (40:6). The Pear on co-localization
map b tween the una igned lipid and combination of PC (37:6) and PE (40:6) di,tributi ns
can help to explore metabolic relation in pace. cale bar d note 1 mm. ( dapted with
p rmi ion from emcs, P.. Woo<.l , A, S., and VerLe , A. [2010j. imultaneou imaging of
mall metabolite and lipid in raL brain ti ue aL atmo pheric pre sure by laser ablati n
I clrO pra i nizali n rna pectrometry. Analytical Chemistry 2,9 2-9 . op right 2010
merican hemical ociety.)

ari u metabolite can al 0 be imaged in plant tis. ue . Jon ignal regi. t red
from plant by LIM often c rre pond to primary and econdary metah lite,
nd many of them exhibit ti 'ue- pecific accumulation pattern.. Leav of the arie­

:o-ated zebra plant (Aphelandra squarrosa) can erve as an example. orne mctabo­
lite uch a kaempfer I-(diacetylcoumaryl-rhamno ide), arc found to be homo­
:0- ne u I di tributed in the ti ue, whereas thers, including meth xykaempferol
_ ucoronide and chi r phyll a, excJu ively populate the ycllow and grecn s ctor ,

. p ctively ( erne et aI., 200 ). In-depth inve tigati n reveal that th di tribu­
n [certain econdary m tabolite arc linked Lo plant phy i logy. For example,
Arabidopsis thaliana leave, LAE 1 M I tudie revealed that the outer

rnina and the midvein ynth ize 4-methyl 'ulfinylbutylgluco inolate, indol-3­
tb 19luco inolate, and -methyl ulfinyloctylgluc ,inolate in hi h c nc ntrati n

_ me et aI., 2009b). In agreement with the c LA 1 M I result, independ nt

di found imilar concentrati n profLie and ugge t d that they wer con­
t nt with a natural plant defense mechanism again. t herbivore attack ( hroff

~ aI..2008).

1. • Metabolic Depth Profiling and Three-Dimensional Imaging

ultiple la er pul'e are delivered to the ame pot on the ti. ue, each pul-e
ve a con ecuti e layer f cell, hi enable the chemical compo ition of th
rlying voxel (volumetric pixel) to be prob d producing a depth profile. The

unt of material sampled by each la 'er pulse i governed by the applied lao I'

o and the l n 'ile trength of the tis ue ( eme et aI., 2008; Nemes and Verte •
; erte' et aI., 200 ). Mid-infrared la er ablation bas been d m nstrated with
removal rate between 0 ~m/pul e and 80 ~m/pul e ( em . et al.. 2008:
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Figur 6.5. Thn:e-dimcn ional metabolic imaging in I af ti ue b L E. I . The epider­
mal and pali 'ade me oph II region of the palhiphyllwll Iyni e leaf ti' u accumulate (left
panel) c anidin/kaempferol rhamno ide gluco ide (m/z 595.2) and (middle pallel) chi I' phyll
a (m/z 893.5) at high level. (righl panel) [n the variegated leave of A. squarro a, acacctin
(mlz 285.0) L abundant in the 'econd and third layer of the Ii sue with a homogeneous di ­
Iribulion in the other '. ( dapted with pcrmi ion from eme, P., Barton, . ., and crte,
A. [2009]. Three-dimen i nal imaging of metabolite in ti ue under ambient condition b
la 'er ablation electro pray ionization ma spectrometry. AnalYlical hemiSlry 81,666 -Q675.
Copyright 2009 American hemical ociety.)

erne ct aI., 2009a, 2009b). The rc ult of ingle-cell analy i ( hI' tha and V ne.,
2009; hre tha et al.. 2011) ugge t that voxel dim n ion can b tailored to I' ach
subc HulaI' level .

Three-dimensional M I i I' alized by the combination f lateral imaging with
d pth pI' filing ( erne et aI., 2009a), In practice, the ti sue i po itioned lat rally
while c n ecutiv la I' pul e expl I' the depth ariation in it ch mi try at each
(X, Y) coordinate of the interrogated area. Detailed information on in trum ntation
and data analy i is available el ewhere ( erne and Vertes, 2010b). In the acquired
data et ,the inten it di tribution f reach m/z i mapped to th ab olute po ition of
the ox I, ielding th three-dimcn ional molecular image f the ti ue for every
detected m/z ignal.

Re. Ull of three-dimen ional LAE I MSI indicate that primary and secondary
metabolite' often populate plant ti 'ue in a di ·tinctivc manner. For example, in
the peace lily (Spathiphyllum Iynise) leaflet, cyanidin/kaempfer I rhamno ide glu­
co ide a fund in the top 40 fJ.m erne et al. 2009a). The corre ponding lhrc ­
dimen'j nal di tribution, een in the left panel of Figure 6. -, re eal the leva ted
abundance [tm' specie' in the epidermal region of the ti u. In agreement with
these result, indep ndent tudie rep rted higher concentration of kaempferoJ gl ­
co ide' in the upp r epidermalla er , likely t erve in part a ultraviolet- creening
pigment· again t the detrimental effect of olar radiation (Alcniu. et al.. 199 ).
In contra 't, the middle panel of Figure .5 how that chlorophyll a i abundant in
the palisade mesophyll layer of the leaf tis ue [rom 40 to 80 fJ.m, in agreement with
the known localization of chIor pla·t within plant ti. ues. A different di tribution
pattern wa' revealed in the three-dimen ional M I of A. squarro a leave' ( em
et al.. 2009a). The right panel of Figure 6.5 pre ents the patial di tribution f
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acacetin and indicate - lhal lhi econdar metabolit folio th yell w ctor of
th variegated tis 'ue in the buried 'econd and third layer but doe not exhibit het­
r geneity in the top and bottom epidermal layer .

The in-depth inIormation gained by three-dimensional LAESI M I enable
m tabolomic tudies on a new level. For example, two-dimen. ional M I h w that
th di tributi n f kaempferol-(cliacetylcoumaryl-rhamno ide) i homogeneou in
the A. quarrosa leaf ti sue (Nemes et aI., 200 ), However, the lhree-dimen jonal
on images indicate that thi econdary metabolit accumulate only in the me ­
phyll layers ( erne et a!.. 2009a). a piece of information that i 10 t in alllalcral

imaging exp riment that fail to report on the ab olute depth of analysi , The ability
o interrogate biological sy tern. in thr e dim nsion ha far-r aching implications

tn m tabolomics and i likely to boo t I' arch in the life cience .

2~ Metabolic Analysis of Single Cells

, J -cell gen expr s'ion profiling using P R ha ,hown cell-to-cell variability
~ ~n within the 'arne cell type ( t' hlberg and Bengt on 2010). las ical ana­
_ lca] t 01 , • uch a laser capture microdi ection coupled with microarray . have

V'll h terogeneity f r the gene e pres -ion am ng . ingle neuron in a rat hip­
mpu (Kamme et a!.. 200 ). How ver, tandard metabolomic method. u ually

Iyze num rous cells and provide informati n on the average metab lome, disre-
ingcell-t -cell heterogeneit . Direct ingl -cell metabolomic require the anal­
f chemically div I' e metabolit in a mall ample volume defined by the cell

Ideally, analytical method for direct single-cell metabolomic analy is reyuire
'mal ample preparati n and exhibit high en ilivity and acute e1ecti ity. Based

ctro c py, chromato raphy. and M techniques, a diverse array of analytical
ruque have been u d for tudying a varying number of m tab lite in sin­

. Excellent review on thi topic are available ( mantonico et aJ.. 2010a;
id tal., 20JO; Wang and Bod vitz, 2010). In thi section, we briefly pre nt

t c mm n approache u ed for the metabolic anal si f single cell with
I mpha'i on M technique.
n cla ical ingle-cell detection and orting lechnique, flow cytometry, can

10 ed for the id ntification and cparation of cells that exhibit a particular
t). uch a a di 'ea e tate. In me ca C , floweytom try with antib dy-ba ed

or enetically encoded flu resc nce can be u ed to characteriz a mall num­
i hemical in inglc cell (Borland el aI., 200; oh net al.. 200 ).

. trochemical detecti n of m tab lite in ingl cell require' the u of
:=::I::roe.ie'ctrochemical d tector (Ewing et aJ.. 1992). The method ha high n itivity

ult in lab I-free d t cli n but is limited t a few easil xidized biochemi-
I elf chemical mea ur ment . a microelectrode can be positioned inside or

'ngle cell to det ct a iJy xidiz d biochemical p cie in th cell (Arbault et
:. Ewing el al.. 1992: chroeder et aI., 1992: chulte and Schuhmann. 2007).

• 1R i a well-e tabli hed analytical technique for metabolic pr filing of ti ­
II extracts (B ckoncrt tal., 2007) ( ee al 0 hap tel' 1 ). More than two

a 0, MR pectro copy all wed the analy i of metabolites in human ery­
c 11 population. and MR imaging wa u ed to map the lipid content of a
nopu laevi egg (Aguayo et al.. 19 6: Brown tal., 1977). 0 molyt and

149
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metabolites were tudied more recently in ingle neuron i'olated from the ea 'lug

Aply ia cali/ornica employing MR (Grant tal., 2000; choeniger et aI., 1994).
ThL sp ctro copic techniqu can be u d for the lab I-free, nonde tructive, and in

ivo int rr gation of metab lite in the e large ceiL. but it ha in ufficient en itiv­
ity to w rk with 'ingl animal cell of more common ize (Griffin, 2006; Kim et al..
20LO). Developments in micr trip technology have enabled the NMR detection of
LOO pmol of analyte and can pr vide nough en. itivity to tudy metabolit in mall
c II population (Krojanski et aI., 200 ).

Fluore cence-ba ed analytical method in combinati n with micro copy ha

been particularly 'ucc . sful in ·tudying the chemi try of ingJe cell and ubc lIular
·tructurc (Muzzey and van Oudenaard n. 2009; Wat on. 19 7: Wu et aI., 200 : Yip
and Kurtz, 2002). Th . e technique are nonde tructive. have impre. i e detecti n

limit (down to the sin'le molecule level), are capable of high-thr ughput analy-
, and are quantitati e in nature. Flu re ccnce-ba ed metabolomics r quire' the

introduction or presence of fiuorophore inside a cell. For example, u ing coupled
!luore cent proteins. the malto level in the cyto' I f liv yea t cell and th glu­
co concentrati n. in immortalized kidney c U' were xamln d in ingle-cell fiu ­
r cence re onance ncrgy tran. fer (FRET) xperiment (Fehr et aI., 2002, 2003).

ome metabolit ar natively f1uore 'cent and can be directly monitor d without
chemical tagging. For e ampl , the amount of carotenoids in yea t cells was calcu­
lat d ba d n autofluore cence (An et al.. 2000). It rnatively. gen tic encoding
for the pr duction of the f1uorophor (.g., a green fluorescent prot in [GFP]) is
po ·ible.

apillaryelectrophor i ( E) i another power[ultechnique and ha b en cou­

pled to various detector to characterize biochemical 'pecics in single cell (Arcibal
et al. 2007). The direct analy i' of . ingle cell by E is typically p rformed b
in erting a microcapillary int the c II for ampling. Th extracted material can be
analyzed u ing electroch mical dctccti n, la. er-induced fluorescence, or M ( ruz
et aI., 1997; Hofstadlcr et aI., 1995; Hogan and Yeung, 1992; Kenn dy et al., 19 9:
Lillard tal.. 19 6; Olefirowicz and wing, 1990; im et al.. 199 ; Yeung, 1999).

Th utilit of combined with E J M for analyzing metabolite in ingle cell
ha, been demon trated on neuron of A. cali/ornico (Lapainis et aI., 2009; emes

ct aI.. 201 1).
The analy i of ingle cells using MS re ults in the imultan OllS det ction of

multiple pecie. M t chnique operate without chemical labeling, can elucidate
truclural information, and, in many ca ,have adequate en 'itivity for single­

cell experiment. With MS, multipl metab lite can be detected with ut elect­
ing them before the analysis (Monroe et al.. 2007). How ver. Mia destructi e
tl;chnique and u ually requires careful sample preparation. Metab lie proliUng ha
been achie ed f r extremely large cell ,th X. laelli oocyt . by G -M u ing in­
liner ilylation (K ek et aI., 2009). B cau e f th high patial resolution of the ion
puttering proce , ec ndary ion ma' pectrometr ( 1M ) ha al 0 been u ed to

analyze m tabolite within a ,ingle c II and in ubc Ilular ·tructure (Chandra ct aI.,

2000: Colliver et al.. 1997; 0 trow ki et aI., 2004).
latrix-a si t d la er de orption ionization (MALDI) M ha be n u d to

analyze neuropeptide in inglc neurons (Rubakhin et aI., 2003) and peptides in
mammalian cell uch a: ingle rat in term diate pituilar cell (Rubakhin et a1.,
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Figure 6.6. Compari on of ma p c­
tra obtained by the analysi of), 100.
400, and 500 cancer edl by laser 1M
(btue). ion NIM (green), MALDI
(red), and nanoe) ctro pray ionization
(black) demon trate the uperior n-
iti ity and metabolite coverage of In er
'IM . The inset how a fluore cent

image of the cell after laser N 1M anal­
. i. The 'cale bar i 2 ~m. (Adapted
"ith permi ion [I' m orthen. T. R..

ane . 0., orthen, M. Too Marrin-
uc i. D., ritboonthai, Woo Apoll. J .• et
al. [20071. Clathrate nano tructurc rar
rna pectrometry. Nature 449, 1033-
'3. opyright 2007 ature Publi hing

Group.)

mlz

Laser-NIMS

MALOI

900

6: Rubakhin and w edler. 2007). ano tructure-initiator ma sp ctr metry
) with la er excitation ha 'hown ensitivity at the ingle-cell level for analyz­

~ eukaryotic microorganisms, yeast (SacchCll'omyce cerevisiae). and single human
1 (Amantonico ct aI., 2009: Andrea et aI., 200: orthen et at., 2007). Figure 6.6

w rna spectra obtained [r m 1. 100, 400. and 500 cancer cell (MD -ME­
_ 1) b la er- 1M ,ion- 1M . MALDI, and nanoelectr pray ( orthen et aI.,

. The e rna pectra eemed t indicate higher effici ncy to ionize nd ge­
phD pholipid and m tabolil in la er 1M xperimcnl than by the compet­

-: m thod . A imilar MALD£-ba. ed technique ha been empl yed to character­
m tabolic heterogeneity within a c II population of unicellular ukar tic alga
cerium acero 'wn (Amantonic ct aI., 201Ob). Direct la er de orption ionizalion
ha al 0 been used to 'ludy lrongly absorbing s coodary m tabolite' in leave,

nta, tamens. and tyli in plants with single-c II resolution (Dirk el at.. 2009).
r recently introduced matrix·free 1a er d orption ionization melhod ba ed

Wcon nanop t arrays ( AP ) ha hown lh abilit to anal ze lh metab ­
In ingl yea t cell and v ry mall cell population wilh a high coverage of the

c;;:,~.llllulome(Walker el al., 2011) in vacuum.
On direct method to analyz metabolite' in ingle cell uses videomicro. copy
mbination with M (Mizuno et al., 200 ). a 'ch malic i h \i n in Figure .7. In

proach, content of singl c II arc drawn into a nano pra lip under vid omi­
Ji:l"",,(lpy. followed by the addition of an eleclro pray solution to tb ampl d cell

ri I. At thi point, the nano pray tip is converted inlO an electro pray emitter,
prayed cell content i analyzed by a rna pcctromcter. This approach ha

d the delection of erotonin and hi tamine in granule of rna t cell, known
ical mediator during allergylimulati n.
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(c)(a)
nanospray tip

cells

• NH,

..-
Figure 6.7. Analy i of a ingle cell by video M . (a) The cell are observed by videomi­
cro copy. (b) ontents of a cell are extracted into a nano pray ionization tip. The I olvent
i' cumbined with the cell content in the tip and (c) the mi ture i electro pra ed into the
mas . pectrometer to obtain a (d) ma pectrum. (Adapted with pcrmi ion from izuno.
H., T uyama. ., Harada. T., and Masujima. T. [200 ]. Li single-cell ideo-mao pectrom­
etry for cellular and ubc Hular molecular detection and cell cia ification. Journal of Mas
SpeCTrometry 43, 1692-1700. pyright 200 John Wil yand n, Ltd.)

ingle-cell metabolomic i a particularly pI' mi ing application of LAE J MS.
everal operating pararn t f' all w fine-tuning of th amount [material ampled

during mid-infrared ablation [ I' uch purpo c . The pul'e energ and f cu ing prop-
rtie f the La I' beam, the ptical and mechanical prop rtie of the ampl ,and th

geom try of th LAE I etup are ju t a few underlying variabl that can help tailor
th analyz d area and volume to the pby ical dimen ions of individual c II . The
reLated in trumentation extend' beyond the cope of thi chapter, and the reader
i. referred elsewhere ( erne and Verte , 201Oa, 2010b; hre tha and Vert ,2009,
2010). Among the available technique for ingle-cell metabolornic b LEI i
the u e fa. harpened optical JIb I' to deliver the lao er pul e to ablate the elected
cells. The election of a ingl cell and the c upling f the la r pul e to the c Ll
are a i ted by two long-di ·tance micro cope. igure 6. how uch an arrange­
ment that i u cd to analyze individual epidermal cell of Allium cepa ( hre tha and
Verte , 2009). Each cell yielded signal' for more than eventy chemically different



References

100 203.0520

219.0258
~ 80 3651067
'iii
c:
S 60
.E
Gl
> 40":l
l'll
Qj
Ct: 20

0
150 300 450 600 750

m/z

Figure 6.. Single-cell mctabolic anal ~i of A. cepa epidermal ti- u' by LEI M . (left
palleT) A chemically etched optical fiber i used t 'clect and ablate the cell of intere l. (right
panel) MS analy i of the gencrated ion reveals phenotype- pecific cc ndary metabolite

mp ition, includjog cyanidin gluco idc that i abundant in the purple cell of the ti ue
Inset). (Adapted with p rmi ion fr m hre tha, B.. and Verte, . [20091. In itu metabolic
rofiling of ingle cell by la er ablation I ctr pray ionization ma pectromctry. Anal.

Chem.81, 265 271. opyright 2009 American hemical ocicty.)

n .Bytarg tingnumerou cell th metaholitecont nt fneighboringcell'canbe
analyzed. F I' example, it wa found that purple cells contained ignificant I vel. of

nth cyanidin. other navonoid , and thcir gluco ide. including cyanidin gluco ide
h.re tha el aI., 2011; hrc tha and erte, 2009). In agr m nt with the e re ult ,

latter i a kn wn purple pigm nt and i. contained in Ihe cell vacuole in purple

I at .
xt nding ingle-c II analy i to mall cell populati ns [fer new in ight

z-arding cellular heterogeneity. In a more recent development. thirteen neighbor­
_ c U in the epidermal tis ue of A. cepa were ampled for their metabolic compo­
i n (Shrestha 1 a1., 2010b). The variance in the data can hed light on c llular
I rogeneity n a m tabolie level und I' native-like experimental condition .

. di cu. sed previou Iy. the dir ct m >tab lomic anal i of ingle c II u ing
i a quickly emerging field. We anticipate rapid growth in the development of

~ tool and method' for the ambient M analy i. of. ingJ cell and small cell
ulation..
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