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Abstract
<
L Conventional ‘=.nunostai-=ing methods consume large ~:zaaties of expensive antibodies and are
g limited in ter1 s of tne number of antigens that can v2 deteci d fror: a single sample. In order to
> achieve multip. exed' immunostaining, we micropatternine Luubodies -<ing aqueous two-phase
g.-_ systems formed ‘on. polyethylene ziycol {PEG) and 1extr:.. Multyj le a itigens can be detected on
o a single fixed san.pie by iw.corporativg antibodies within dextran solr*:ons which are then
< patterned by micropir ettinc u specific sites on the sample i* u solution u: *EG. The antibodies are
3 retained within the d :xtr: n phase due t~ Liomc'ecular pai‘itic=iug, allow ng nultiple protein
c oo . . ”
g markers to be visuali.ed scmi*Lueously by, way of chromogenic. ~L.cmilumr aescent or
g- immunofluorescent det. ~tion. ThZ, aqueous two-phase syste n-medi=.cd ani’boc'y micropatterning
— approach allows antibody dilutions to be easilv antimized, requces the c=..sumr don of expensive
primary antibodies and ca1 prevent antibodv cross-r *actions, si<.ce the an*:Lodies are retained at
separate sites within the dextran inicrodror ets.
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= 1 Introduction
o
% Immunostaining, one of the r.ust freare.uy used techniques in tl e by ymed: a1 scic.nes, is
% typically performed by incubet..g fixed cells or tissue scctions in solv.ions co. waiing
= primary antibodies that recognize s’.ecific untigens. Label d second: ry ¢ atit Hd.=s .nat
g_ recognize the primary antibodies : .re t.en used to indir 2ctl' visualize the a. ig ens. For
1o decades, this strategy has provide 1 va.uable inform~:on 7 oout protein eapr3sion arz
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localization to hi~'2zict, wud vinicians |1 2]. However, conventional immunostaining
methc ds consun e Iaree quesiiies « . exprasive antibodies. In addition, the number of
canigens that can be detictec o7, one cample is often limited by the number of available
dete~tior channels (typic lly fov- or less for immunofluorescence and only one for
chror,oge 1ic and chem.alumi.escent deteziion). Furthermore, when multiple primary
~atibodic, « re used to yeuer in <Ziation the Zosults can be confounded by higher background
sigr-us and antibody cr ,ss-reactic=s.

Be~ause of these limitations, there hes becn increas ag demand for more efficient
mult-=1_cd unn unostaining m2aods. Orz.awum dots [3] and other advanced imaging and
nrohine 223,005 4] can inc ease tue numbe~ or antige 1s detected by fluorescence, but

either require specific combination= 1 antibod*_s optim'zed to prevent cross-reactivity or
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iterative inccti-- 0 of the fluorescert pre bes. Antig »n tiansfer methods, such as the layered
peptide arrax I'<1 offe r another promising a pro ich to ~aitiplexed immunostaining.

Hcwev =r, tliese m.cthods require sequential tiansfer of antigens to multiple substrates and
may not be s.itable for imaging subcellular sealzacn of proteins. Microfluidic methods
[€, /] co~. be used to d=liver small voluraes of .cagonts 1) precise regions of a sample;

1 ow_ver, thez ,equire srzuialized exp 'rtis : and equi pme nt, making them cumbersome to
imr'Z.ent in I»Luratories and clinics.

We prescat an approach that takes advantage of th< pnase searation of polyethylene glycol
(PEG) and' dextran [8] sol:*;uns to enable . uicropatt<.un, of : ntibodies directly on cell
cultures ~z.d tissrz samples »2ing easily-accossed tools, such ~. micropipettors. We
previously ~.emons*-ued that dextran -micropatterni=g can cor“wne a variety of reagents,
including DONZ. [9], enzymes [177] ai d antibod.=s [1]1-1Z| tor viotc chnological applications
ranging frcm g ne deli~cry to mn't.prexed ELISA. The ar:cous tvo-phase system-mediated
antibody miropatternine procedure for multipley cu immur<swaning follows a workflow
similar to other standard immunostaining procedw ., with the e~.cept on that the primary
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antibodies are . ppuea mn dextran microdr plets to samr!cs immer-od in PEG (Figure 1A).
This simple stra.co, @t aplying Zne pri.nary antibocies Z0ws mu upi> antigens to be
detected on a single sar.ple, ~vnile ~onsuming very small antiboa 7 qucntit es (less than 2 pLb
of diluted antibody per s_ot). It also prever:, antibody ¢ ros: -reactios oec mse biomolecular
partitioning of the ar ubod’ _s to dextran ke eps he antibodies spaually separated.

2 Materials and methods

2.1 HeLa and MCF7 cells culture

HeLa cells and MCF7 cells (ATCC: HTP 22; Lot: £.05358) were votained Lo n
collaborators at University of M.cnigan ar< cultured in a humidi ied ncubator ~* 37 °C
under 5% CO; in DMEM sug nler.cated v.a1 10% FbC and 1% Peaici’im-Strentomycin-
Glutamine. Near-confluent cell culti.e mon~layers 7ere ) roduced b' serun g . 00.)00 cells
on 35 mm Petri dishes. The dishes wer. fixed 24 hour: latcr in ice-cc ld 1.2ethi not for »

minutes.

)duosnuep Joyiny vd-HIN
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2.2 Dorsal root ganglion (PP} Z:ii.iaui sampies

Indivitual dorsa. .vue yang 1a wer harv.sted from E7-E10 chicken embryos undergoing
no1mal levelopment in ggs ~urchazed from Michigan State University Poultry Farm. The
ganglia v-ere dissected from the dorsal spinal cord in HBSS containing 1% anti-anti
solutiorn “The ganglie were “uen seede un poly D-Lysine-coated 35 mm polystyrene dishes
in DMFM containing ' % FE5, NGF (10 ng/mL) and 1% anti-anti solution. The explant
culures v'cre maintaine d for a» wad'itio.al 7 days with half of the medium replaced every
other uay. At the end of wne culture ¢ 2rio!. e expl nts were fixed in 4% paraformaldehyde
for 10 minutes

2.3 ALt seouons

yduosnuep Joyiny vd-HIN

Sprague-Dawlev rats (1-2 mo. wn old m-~!s) v-ere et thar.ized by CO; inhalation followed by
bilateral thoracotomy The abdc.uinal aortas were imiedi tely dissected and fixed in

to ‘mai'n ove.nigh*. All procedures involviny aimals were approved by the University of
Michige.a Uni~ ersity Committee on Use and "~z ~f Animals. The aortas were embedded in
par-.cfin a~.d sectioned by the Universitv of Michioan histology Core. The sections were
tepar.sfinized »; sequentl 2 minute rins'.s in xyler e (t vice), 1:1 xylene:ethanol, 100%
ewane! (iwice), 957, ethanol, 70% ethano. 50% <.nanr ( and distilled water. Antigen
recoverv ~vas performed by incubating e deparaf¥.uzed <~ctions in citrate buffer (pH 6.0)
cominii g 0.05% Triton X-100 at ~100 °C for 20 ~.nutes.

2.4 Aqueous two-| ha< e syst<.ns (ATP<s)

Solutions c. 10% zuryethylene glycol (PEG, MW 22,000 g/mi. - Sigma, St. Louis, MO)
containing 0.1'% bovine serum Ziou1 1in (96% y uritv: Sigma, S . Louis, MO) and 10%
dextran (M W 50,00” z/mol; Ph-.inacosmos, Holback. ™_umark’, were used to form
aqueous two nhase svstz.us (ATPSs). The PEG sciutions v.ic ap»lie 1 to the samples at
volumes sufficient to completely cover the sample. (usually 2 ... for 35 mm Petri dishes or
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up to 20 mL fo - /5x25 mm glass slide co.'tained with'z. 1arger vessels). The antibodies were
diluted in the deauan : olut ons a~.d aprlied to the san r'_s by micrc nipeiting, either using
handheld micropipettes or a Jrevieusly described pneum .tic dispunsing sy stem [10, 13], in
volumes of 0.1 to 2 uL

2.5 Immunostaining procedure.”

For immunofluorescence deteuon, the e=.up.ss w ere blocked i~.umediate!; afte - fixation for
1 hour in 10% normal gcat ser.. After block.~Z, the sample s we e complet 1y cover.
with PEG and the primary antibodies were arziied b 7 micropipwing < xtran /anti’ody
droplets (0.1 to 2 pL in volume) ont~ (e surfar o1 the samples. he s2=.ples wore then
incubated overnight at 4 °C. ' ne next <.y, the PF( and dextran s>luf ons - cre thoi ighly
washed away through three ra_waly apriied washes and v vo S-minute washes i1 rCS. " "he
appropriate secondary antibodies wore th-u bath appl.=d tc the samp es “or z hc 1, at “oom
temperature in the dark. Finally, t'iree s-minute washe, in *BS were erfoiiie1 ane he

)duosnuep Joyiny vd-HIN

samples were mounted for imagir. g. T e following zrima' y antibodies weic used a* * arious
dilutions: rabbit-anti-histone 2B, m use-auu-cytokerin 7, mouse-anti-CT™ 11 (E-cadketin),

1

mouse-anti-Tuj1, mouse-anti-a-smootu .2=2!2 actin a» 2 rITC- conjugate ~~uoit-anti-re.:
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IgG (all from Sic~2, CU Louis, mu). Ale<a-594-goat-anti-mouse 1gG, Alexa-594-goat-anti-
rabbit 1gG and £ lexa-488-~2.¢ wui- mous. IgG secondary antibodies (all from Life
Techno'ogies, Carlsbad, CA ' vere us.d at 1:500 dilutions. For the DRG explants, FITC-
WGA (19 pg/mL in dext an; Lif~ fechnologies, Carlsbad, CA) was visualized after
incubition for 2 houre at roeza temperatr-. n t1e dark, followed by washing in PBS as
wescribe” ahove. TRI "C'- dextr~i, (10 pg/mL n dextran; Life Technologies, Carlsbad, CA)
was someti.aes used to visualize == de :tran droplets before washing.

For chromogenic and chemiluminesc *nt uetection *ae samples were first blocked for
endo~2 ,ous percxidase activity (or 1 hovr i 1% H»>( and then blocked with 10% normal
goat e 1, 1 pour. The rim»~, antibodic; were ap lied and the samples were
thoroughly washed as described ab~-, c. Biotinrlated (or in some cases HRP-conjugated)

yduosnuep Joyiny vd-HIN

secondarv ottt o 00 were ther bath ~ppii>d fcr 2 ho irs ¢t room temperature. The samples

were then wackzd thr e times in PBS, befoi = st1 2ptavi ¥:.,-HRP (R&D Systems,

M. nne: pol’s, MN, was applied for 45 minutes. Finally, the samples were washed again and
the *hromog~aic and chemiluminescent sis=.is weie developed using diaminobenzidine

(J ire Terunologies, C~zishad, CA) and super€.gua! Feroto reagent (Thermo Scientific,
Val*iam, M A, respecti.iy. It is imp orta it to note aat t would also be possible to detect
anti5 us using *.oun-conjugated prim. vy a.“*zaies. A though, we did not test this in the

preent »cudy, our previous studies using =F TSA - Gemor-u. te that direct detection of

antig ens Oy way of chemiluminescence is possitic using /A ©Ss. The following antibodies
were \'sed. rabbit-anti-h:,wone 21} (Sigma, . t. Leviis, MO) mo 1se-anti-cytokeratin 7 (Sigma,
St. Lou.s, MO® uad mouse anti-CDH1 (E-cadherin) (Sigm-, ot. Louis, MO), biotin-goat-
anti-mouse (Life Technologies, Carlsbad, CA) an~! 11RP-goat-a.:*i-rabbit (Santa Cruz
Biotechnc logy Dallas, TX).

2.6 Imaging and micros ~opy

yduosnuep Joyiny Vd-HIN

A Nikon TE300 microscone wae mo~2 £2 - brightfield and flr<,c¢scenre imaging. A
Fluorchem M V ’estern reader wac< need fo - chemilun inescenc uetection. Images of samples
developed with diaminber zidi.c wers acquired using a har-held cigita, camera.

3 Results

Aqueous two-phase s 7.cem-mediated m*';plexcd immuncstairiug can be used to p- “tern
primary antibodies on cells in 2 ~uriety of r=.tern, as evidenced », the formatin of an
immunostained “Michig «1 M” or = deLa cell mor olayer (Fig ure 'Z, top). Uz = g2l
loading micropipette tip al.ached to a pneumatic Jispensing pu.mr we we:e able to Souerate
droplets of dextran in PEG ranging fro~. v.8 pL frra 0.005 sec a’. pulse t~ + u . fura
0.0175 sec air pulse. We previ<usly dem~ustrated that a capillary nee le can -2 uc2d to
produce much smaller drople.s ~2 small ~, ~10 pL. Usw>g handhela mi _ropipet <z it is
possible to produce droplets as sma'’ as 107 uL. In al' of these dispersin 4 syste ns. the
maximum droplet volume is deter nine « by the maxim 1m : mount of 1ex.=»n olutio~. that
can be held in the dispensing tip, \thcugh generally smal.er droplets (- ' nl t¢ z pl. 2ug?>)

)duosnuep Joyiny vd-HIN

N

are preferred for micropatterning adplic.*ione Yve previously demonstrated *.at dextran
droplets remain stable, without substatial chanez, to thes s1z¢ or shape, {uri_ mcubat on
[9, 11].
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We used HeLa »»- M7 ceii wonolayet s to demonstrate that aqueous two-phase system-

i mary antibody conceatrai'or.s (Fieure 1B, middle and bottom). We tested three

cont entr tions of three ai tibodies, raised against histone 2B (H2B, nuclear localization),
cytok >rati1 7 (CK7, ¢, coske’ ctal localize*.un) e nd E-cadherin (ECad, cell membrane
Yocalizati ur). It is knc 7. that F<La cells e~ press CK7, but not ECad; whereas MCF7 cells
expr.ss EC.d, but not Cis /. Both <1l t 'pes express H2B. As expected, we observed a
aecre? e in chemilumine scence witl dec -easirz cocentrations of all three antibodies
(ruantification shown in Figure S1)

Alen ae o

Zowwu, Hela cell stai=ca intense!;, tor CK'/', with faint ECad staining only at the

highest concentration of ECad antituy. This 1= w I vel of signal at the 1:100 dilution of

yduosnuep Joyiny vd-HIN

anti-FCad -4t 0 0 yas likely due te won- specific biadin,, since proper cell-cell junction
localization ~¥ ECad - ignal was not observed fo- HeL. zcus. In contrast, the MCF7 cells did
no- sta.n fr. CK7 at any of the antibody concentrations, but clearly stained for ECad. Based
on 11is exper’.nent, one can select the most ~ppropri.te antibody dilutions for further
evperim~ats. The apnr- i iate subeellul . loc2lizaucus ¢ f these three markers are shown in
the flaorescen ¢ 1mages *.. Figure 1C. In ¢ ddition, w ¢ de monstrated that the aqueous two-
phac system-m_uiated antibody micr pati='ng strat-.gy is appropriate for use with the
mo it cc nmon modes of detection incluai:z chrez0geniz uatection (Figure S2),
cherilurinescent detection (Figure 1B) and imz.unofluc:. ~ence (Figure 1C). We also
noted that *he signal de~zcased a" shorter ir. cubat L times as * ested using chromogenic
detectica of C¥.7 (Figure €5).

We next d :mo strated that aque-us ‘wo-phase syster .uediatc d aitibody micropatterning
approach c¢an b= used *= stain morz complex samples such = dors 1l root ganglion (DRG)
D]

explants (F1;ure 2A) and ac abdominal aorta sect uns (Figr=2 Z2). ' or even more precise
patterning, we delivered the dextran droplets using = previouslv .escr.bed capillary needle

yduosnuep Joyiny Vd-HIN

pipetting systei 1 | 1u, 13]|. We were able to deliver dext-.u droplet- selectively to the DRG
axon terminals, .. i cate 1 by the loca’.zation of TKIT aextran o u.~ axons of Tujl-
stained DRG explants. Ve ¢ =.nonst ated biochemical sta’.ung with 1TC- vheat germ
agglutinin by selectivelv stainiv.g the axone ({'igure 2A, thir 1 cooim) ~.nd sanglia (Figure
2A, fourth column) « r the ~«plants. Finall -, we demonstr.tea ...umunohi<.ochemical staining
of fixed sections of ra* abdominal aorta 17=.ug tw o markers a-s.voth mus le actin 1 "MA)
and FITC-anti-rat. As expected ‘i.c SMA =+ibocv primarily labe!.a the tuinica media of the
aorta cross-sections, whi'e the ant* ,at antibod_’ 1at zled the tuica =uma, meia 27a
adventitia, as well as the i.,yombus in the lumen

4. Discussion

We demonstrate the strength ot the acueous tw~ hase sy stem-media.ed »..ibc 1y
micropatterning system for multip’exed labeling of ce | cu tures, exp'anis and' ti. sue
sections. In comparison to conver tion il immunostain’ag p ‘otocols tha* requirc miluliter

)duosnuep Joyiny vd-HIN

volumes of antibody solutions to ¢ovei each samr!;, the uqueous two-phase syst<.u-
mediated antibody micropatterning cvstem vastly re<uces the zmount of cagents »Zyuu >d,
using diluted antibody volumes of 0.1 to z pr. In adZ uon, the : queous twu-phase system-
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mediated antibedy Iz pewaing techni que allows multiple antigens to be probed within
the sa ne sample and read ¢t L« -~ .agle ~uannel. In contrast to other methods for
ad ltipl >xed immunosta ning [?-7], th.c aqueous two-phase system-mediated antibody

Z
I mic: opa. terning method 'oes no* require any specialized equipment or non-standard
'g reagets. n fact, it fo'lows » workflow i<_uuce | to the standard workflow for
> ~nmunor.a ning, with th s excertion of the *[i PS micropatterning step.
=
8‘ AJueor., two-phase sys.>m .uediate d an‘ibody m. ropatterning provides several benefits to
% res-archers and clinicians. First, ther. is o optical ~ross-talk or antibody cross-reactivity
) that 225 Cowour 4 interpretatie= ot the res :ies because the antibodies are retained at separate
> . . .
g addrecenblz 11 5 on the samhle. €.cond, the ~esults cai be read using a single channel,
Q facilitating more rapid data collecti~., and anal> s .'sing a variety of detection modalities.
S Finally in oclzct (>s where tissue s22u0.1s ov cells ore 1. short supply, aqueous two-phase
system-medi=*~4 anti yody micropatterning an ‘acilitc ¥ wnore judicious sample usage.
Becaus = the aque sus two-phase system-med.iated antibody micropatterning technique adopts
star, lara imr.anostaining work flows and e~5uy accersed reagents and tools, we expect it to
be casilv adopted by h*Lu edical researr aers ~.a viimics.
% Supplement>ry Mate~ai
1
g Refe~to Veb version on PubMed Central for supplemen*-.y mater al.
z
= Acknowledgments
o
i The authors v ould 1*.¢ to acknowledge funding from the Ce-l.cr Foundation Guont, NIH (CA 170198) and a
< generous gif from the Beyster Founda* Ui J.YW thanks th > NSF /™ GE 0718128; 19: 2010101926) for a pre-
% doctoral fellc wshi,. J.P.F. desic-.cu and perfr- med experim_.«s and wrote t+. pape , M.T. performed experiments
[ and assisted v ith w1~ _ we methode _cctions, J.B.W. performed th~ caromogen.. Jetection experiments and
8 assisted with w. ting the mair “.xt, A.T.A assisted with exper’ nents and €. 7. sup “rvis. d the project.
2
= s
Abbreviations
PEG Polye hylere Glyeut
ATPS Aquer us Two-Phase Sy .en.
H2B His or_ 2B
<
T Ecad E-Cadherin
1
g CK7 Cytoke -atin 7
?;> DRG Dorsal Root Ganglion
=
> ; .
©} SMA Smooth Mn-_ie Actin
QZ) ELISA Enzyme-linked Immr.aosorbent Assay
>
% FBS Fetal Bovine Ser.m
Q . .
%- DMEM Dulbecco’s Moc ified Eagle’s Medium
~
HBSS Hank’s Balanced "alt Solution
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rITC-WGA Tlauizsce n 1soth.ocyanate-Wheat Germ Agglutinin
" RIT Tetram >thy.rhod-.nine Isothiocyanate

HP Hors. Radi.n Peroxidasz
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g Figu -e 1. Multiplexed immunostaining of cell mon~'..yers
> (A) £ quevus two-phase sv-icm- mediated : iultiplex=2 L munostaining uses ATPSs
%-_ compo ied Jf PEC uund dextrez. 10 micropattu.n primary anuoe<v solutions on the surface of
Q the sample. .Apart fr-.u the primary antibody incubat’_u step, v« follow standard
< immunost iinir 2 procedures. (BY ZTu >miluminescence < wectio. ot cytokeratin 7 (CK7),
% histone 2E (H.B) and F cadherin /Z ad) in antibody-micr= patter .ed HeLa and MCF7 cell
c . . o O o
8 monolayers. The top imac. shows a HeLa monol~; or immvrrc.:rine!d in a “Michigan M”
%- pattern using 23 aextran droplets containing 1:100 ~..u-CK7 ant,ody The middle and
— bottom images -uuw ceu type-specific st: ining for H2R {Control) ZK7 and Ecad in HeLa
cells and MCF7 -zl resp :cuvely. Fror. left to right the ~.ubody ¢iiuon were 1:100,
1:400 and 1:800 for the anti F.2B ar.ubody, 1:100, 1:600 ~ad 1:10C Oor th = anti-CK7
antibody and 1:100, 1:6( 3 and *.1500 for t+_ anti-ECac anf'ooc”. tvhe spacing between the
primary antibody sp~.s car ve estimated f.om he scale bors, ilach are ~ 10 mm. (C)
= Immunofluorescence 7stection of antigen- at de <tran /antinodv -.icropatt. ‘rned spo.” for
T H2B (top, 1:1000 dilution), CK7 {iuddle, 1-*00 (ilution) aud EC~J (bottom, 1.400
'g dilution). Scale bars are -00 pm.
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g Figure 2. Mu'* plexed ir_..unostaining of tissue explants a~ = aistoi gical sections

- (A) DRG ¢ xplar’s trom chick embryos were seleZ.ed to demons:-ate the potential of this

) technique for 11wultiplexed im..aunost ining of ¢ymziex samples. T 1e micropatterning system

E’ was initiali 7 tes.>? Ly localizing 1 RITC- dextran -cont=.uing dex.~an microdroplets to the

» \ - . . o

o} axons of Tuj. labele” LRG explants (left-two im. ges) Y''c next 1 >ste 1 the ability to

'§ micropattern biochemical staine enck o5 FITC-wheat germ 22 gutini'« (FITC-WGA). FITC-
WGA staining -ould be used to selestivel - label bot! wne axorz and ganglia of the DRG
explants (right-two im. ges, Sc-.e bar: are ~100 pm. [5) M1*nlex :d im, munostaining of
histological section was demonstr.ced on paraffinized cross-sectio. s oi'rat abdominal aortas
using anti-a-smooth muscle »_tn (SMA) ind 'nti-rat an‘ibc dies. Scaic bar, are ~200 pm.
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