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1  Introduction

Immunostaining, one of the most frequently used tech-
niques in the biomedical sciences, is typically performed
by incubating fixed cells or tissue sections in solutions
containing primary antibodies that recognize specific
antigens. Labeled secondary antibodies that recognize
the primary antibodies are then used to indirectly visual-
ize the antigens. For decades, this strategy has provided
valuable information about protein expression and local-

ization to biologists and clinicians [1, 2]. However, con-
ventional immunostaining methods consume large quan-
tities of expensive antibodies. In addition, the number of
antigens that can be detected on one sample is often lim-
ited by the number of available detection channels (typi-
cally four or less for immunofluorescence and only one for
chromogenic and chemiluminescent detection). Further-
more, when multiple primary antibodies are used togeth-
er in solution the results can be confounded by higher
background signals and antibody cross-reactions.

Because of these limitations, there has been increas-
ing demand for more efficient multiplexed immunostain-
ing methods. Quantum dots [3] and other advanced imag-
ing and probing methods [4] can increase the number of
antigens detected by fluorescence, but require either spe-
cific combinations of antibodies optimized to prevent
cross-reactivity or iterative inactivation of the fluorescent
probes. Antigen transfer methods, such as the layered
peptide array [5], offer another promising approach to
multiplexed immunostaining. However, these methods
require sequential transfer of antigens to multiple sub-
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strates and may not be suitable for imaging subcellular
localization of proteins. Microfluidic methods [6, 7] can be
used to deliver small volumes of reagents to precise
regions of a sample; however, they require specialized
expertise and equipment, making them cumbersome to
implement in laboratories and clinics.

We present an approach that takes advantage of the
phase separation of polyethylene glycol (PEG) and dex-
tran [8] solutions to enable micropatterning of antibodies
directly on cell cultures and tissue samples using easily
accessed tools, such as micropipettors. We previously
demonstrated that dextran-micropatterning can confine
a variety of reagents, including DNA [9], enzymes [10],
and antibodies [11,12] for biotechnological applications
ranging from gene delivery to multiplexed ELISA. The
ATPS-mediated antibody micropatterning procedure for
multiplexed immunostaining follows a workflow similar to
other standard immunostaining procedures, with the
exception that the primary antibodies are applied in dex-
tran microdroplets to samples immersed in PEG (Fig. 1A).
This simple strategy for applying the primary antibodies
allows multiple antigens to be detected on a single sam-
ple, while consuming very small antibody quantities (less
than 2 μL of diluted antibody per spot). It also prevents

antibody cross-reactions, because biomolecular partition-
ing of the antibodies to dextran keeps the antibodies spa-
tially separated.

2  Materials and methods

2.1  HeLa and MCF7 cells culture

HeLa cells and MCF7 cells (ATCC: HTB-22; Lot: 5105358)
were obtained from collaborators at University of Michi-
gan and cultured in a humidified incubator at 37°C under
5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin-glutamine. Near-confluent cell
culture monolayers were produced by seeding 200  000
cells on 35 mm petri dishes. The dishes were fixed 24 h
later in ice-cold methanol for 5 min.

2.2  Dorsal root ganglion (DRG) explant samples

Individual dorsal root ganglia were harvested from E7-E10
chicken embryos undergoing normal development in
eggs purchased from Michigan State University Poultry
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Figure 1. Multiplexed immunostaining of cell monolayers. (A) Aqueous two-phase system-(ATPS)mediated multiplexed immunostaining uses ATPSs com-
posed of PEG and dextran to micropattern primary antibody solutions on the surface of the sample. Apart from the primary antibody incubation step, we
follow standard immunostaining procedures. (B) Chemiluminescence detection of cytokeratin 7 (CK7), histone 2B (H2B), and E-cadherin (ECad) in anti-
body-micropatterned HeLa and MCF7 cell monolayers. The top image shows a HeLa monolayer immunostained in a “Michigan M” pattern using 23 dex-
tran droplets containing 1:100 anti-CK7 antibody. The middle and bottom images show cell type-specific staining for H2B (control), CK7 and Ecad in HeLa
cells and MCF7 cells, respectively. From left to right, the antibody dilution were 1:100, 1:400, and 1:800 for the anti-H2B antibody, 1:100, 1:600, and 1:1000
for the anti-CK7 antibody and 1:100, 1:600, and 1:1500 for the anti-ECad antibody. The spacing between the primary antibody spots can be estimated from
the scale bars, which are ~10 mm. (C) Immunofluorescence detection of antigens at dextran/antibody micropatterned spots for H2B (top, 1:1000 dilution),
CK7 (middle, 1:100 dilution), and ECad (bottom, 1:400 dilution). Scale bars are ~50 μm.
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Farm. The ganglia were dissected from the dorsal spinal
cord in Hank’s balanced salt solution (HBSS) containing
1% anti-anti solution. The ganglia were then seeded on
poly-D-lysine-coated 35 mm polystyrene dishes in DMEM
containing 10% FBS, NGF (100 ng/mL), and 1% anti-anti
solution. The explant cultures were maintained for an
additional 7 days with half of the medium replaced every
other day. At the end of the culture period, the explants
were fixed in 4% paraformaldehyde for 10 min.

2.3  Aorta sections

Sprague-Dawley rats (1- to 2-month-old males) were euth-
anized by CO2 inhalation followed by bilateral thoracoto-
my. The abdominal aortas were immediately dissected
and fixed in formalin overnight. All procedures involving
animals were approved by the University of Michigan
University Committee on Use and Care of Animals. The
aortas were embedded in paraffin and sectioned by the
University of Michigan Histology Core. The sections were
deparaffinized by sequential 2  min rinses in xylene
(twice), 1:1 xylene:ethanol, 100% ethanol (twice), 95%
ethanol, 70% ethanol, 50% ethanol, and distilled water.
Antigen recovery was performed by incubating the
deparaffinized sections in citrate buffer (pH 6.0) contain-
ing 0.05% Triton X-100 at ~100°C for 20 min.

2.4  Aqueous two-phase systems (ATPSs)

Solutions of 10% PEG (MW 35 000 g/mol; Sigma, St. Louis,
MO) containing 0.1% bovine serum albumin (96% purity;
Sigma) and 10% dextran (MW 500 000 g/mol; Pharmacos-
mos, Holbaek, Denmark) were used to form aqueous two-
phase systems (ATPSs). The PEG solutions were applied to
the samples at volumes sufficient to completely cover the
samples (usually 2 mL for 35 mm petri dishes or up to 20 mL
for 75 mm × 25 mm glass slide contained within larger ves-
sels). The antibodies were diluted in the dextran solutions
and applied to the samples by micropipetting, either using
handheld micropipettes or a previously described pneu-
matic dispensing system [10, 13], in volumes of 0.1–2 μL.

2.5  Immunostaining procedures

For immunofluorescence detection, the samples were
blocked immediately after fixation for 1 h in 10% normal
goat serum. After blocking, the samples were completely
covered with PEG and the primary antibodies were
applied by micropipetting dextran/antibody droplets
(0.1–2 μL in volume) onto the surface of the samples. The
samples were then incubated overnight at 4°C. The next
day, the PEG and dextran solutions were thoroughly
washed away through three rapidly applied washes and
two 5-min washes in PBS. The appropriate secondary
antibodies were then bath applied to the samples for 2 h
at room temperature in the dark. Finally, three 5-min

washes in PBS were performed and the samples were
mounted for imaging. The following primary antibodies
were used at various dilutions: rabbit-anti-histone 2B,
mouse-anti-cytokeratin 7, mouse-anti-CDH1 (E-cadherin
[ECad]), mouse-anti-Tuj1, mouse-anti-α-smooth muscle
actin (SMA), and FITC-conjugated rabbit-anti-rat IgG (all
from Sigma). Alexa-594-goat-anti-mouse IgG, Alexa-594-
goat-anti-rabbit IgG, and Alexa-488-goat-anti-mouse IgG
secondary antibodies (all from Life Technologies, Carls-
bad, CA) were used at 1:500 dilutions. For the dorsal root
ganglion (DRG) explants, fluorescein isothiocyanate-
wheat germ agglutinin (FITC-WGA) (10 μg/mL in dex-
tran; Life Technologies) was visualized after incubation
for 2 h at room temperature in the dark, followed by wash-
ing in PBS as described above. Tetramethylrhodamine
isothiocyanate (TRITC)-dextran (10  μg/mL in dextran;
Life Technologies) was sometimes used to visualize the
dextran droplets before washing.

For chromogenic and chemiluminescent detection, the
samples were first blocked for endogenous peroxidase
activity for 1 h in 1% H2O2 and then blocked with 10% nor-
mal goat serum for 1  h. The primary antibodies were
applied and the samples were thoroughly washed as
described above. Biotinylated (or in some cases horse
radish peroxidase [HRP]-conjugated) secondary antibodies
were then bath applied for 2 h at room temperature. The
samples were then washed three times in PBS, before
streptavidin-HRP (R&D Systems, Minneapolis, MN) was
applied for 45 min. Finally, the samples were washed again
and the chromogenic and chemiluminescent signals were
developed using diaminobenzidine (Life Technologies) and
SuperSignal Femto reagent (Thermo Scientific, Waltham,
MA), respectively. It is important to note that it would also
be possible to detect antigens using biotin-conjugated pri-
mary antibodies. Although, we did not test this in the pres-
ent study, our previous studies using ELISAs demonstrate
that direct detection of antigens by way of chemilumines-
cence is possible using ATPSs. The following antibodies
were used: rabbit-anti-histone 2B (Sigma), mouse-anti-
cytokeratin 7 (Sigma) and mouse-anti-CDH1 (ECad) (Sig-
ma), biotin-goat-anti-mouse (Life Technologies), and HRP-
goat-anti-rabbit (Santa Cruz Biotechnology, Dallas, TX).

2.6  Imaging and microscopy

A Nikon TE300 microscope was used for brightfield and
fluorescence imaging. A Fluorchem M Western reader
was used for chemiluminescence detection. Images of
samples developed with diaminobenzidine were
acquired using a handheld digital camera.

3  Results

ATPS-mediated multiplexed immunostaining can be
used to pattern primary antibodies on cells in a variety of
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patterns, as evidenced by the formation of an immunos-
tained “Michigan M” on a HeLa cell monolayer (Fig. 1B,
top). Using a gel loading micropipette tip attached to a
pneumatic dispensing pump, we were able to generate
droplets of dextran in PEG ranging from 0.8 μL for a 0.005 s
air pulse to 4 μL for a 0.0175 s air pulse. We previously
demonstrated that a capillary needle can be used to pro-
duce much smaller droplets as small as ~10  pL. Using
handheld micro pipettes, it is possible to produce droplets
as small as 100 nL. In all of these dispensing systems, the
maximum droplet volume is determined by the maximum
amount of dextran solution that can be held in the dis-
pensing tip, although generally, smaller droplets (~1 nL to
2  μL range) are preferred for micropatterning applica-
tions. We previously demonstrated that dextran droplets
remain stable, without substantial changes to their size or
shape during incubation [9, 11].

We used HeLa and MCF7 cell monolayers to demon-
strate that ATPS-mediated antibody micropatterning
strategy enables rapid and cost-efficient optimization of
primary antibody concentrations (Fig. 1B, middle and bot-
tom). We tested three concentrations of three antibodies
raised against histone 2B (H2B, nuclear localization),
cytokeratin 7 (CK7, cytoskeletal localization), and ECad
(cell membrane localization). It is known that HeLa cells
express CK7, but not ECad; whereas MCF7 cells express

ECad, but not CK7. Both cell types express H2B. As
expected, we observed a decrease in chemiluminescence
with decreasing concentrations of all three antibodies
(quantification shown in Supporting information, Fig. S1).

Also as expected, HeLa cells stained intensely for CK7,
with faint ECad staining only at the highest concentration
of ECad antibody. This low level of signal at the 1:100 dilu-
tion of anti-ECad antibody was likely due to non-specific
binding, since proper cell-cell junction localization of ECad
signal was not observed for HeLa cells. In contrast, the
MCF7 cells did not stain for CK7 at any of the antibody con-
centrations, but clearly stained for ECad. Based on this
experiment, one can select the most appropriate antibody
dilutions for further experiments. The appropriate subcel-
lular localizations of these three markers are shown in the
fluorescence images in Fig. 1C. In addition, we demon-
strated that the ATPS-mediated antibody micropatterning
strategy is appropriate for use with the most common
modes of detection including chromogenic detection
(Supporting information, Fig. S2), chemiluminescent
detection (Fig. 1B), and immunofluorescence (Fig. 1C). We
also noted that the signal decreased at shorter incubation
times, as tested using chromogenic detection of CK7 (Sup-
porting information, Fig. S3).

We next demonstrated that ATPS-mediated antibody
micropatterning approach can be used to stain more com-
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Figure 2. Multiplexed immunostaining of tissue explants and histological sections. (A) DRG explants from chick embryos were selected to demonstrate the
potential of this technique for multiplexed immunostaining of complex samples. The micropatterning system was initially tested by localizing TRITC-dex-
tran-containing dextran microdroplets to the axons of Tuj1-labeled DRG explants (left two images). We next tested the ability to micropattern biochemical
stains, such as FITC-wheat germ agglutinin (FITC-WGA). FITC-WGA staining could be used to selectively label both the axons and ganglia of the DRG
explants (right two images). Scale bars are ~100 μm. (B) Multiplexed immunostaining of histological section was demonstrated on paraffinized cross-sec-
tions of rat abdominal aortas using anti-α-smooth muscle actin (SMA) and anti-rat antibodies. Scale bars are ~200 μm.
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plex samples such as DRG explants (Fig. 2A) and rat
abdominal aorta sections (Fig. 2B). For even more precise
patterning, we delivered the dextran droplets using a pre-
viously described capillary needle pipetting system [10,
13]. We were able to deliver dextran droplets selectively to
the DRG axon terminals, as indicated by the localization
of TRITC-dextran to the axons of Tuj1-stained DRG
explants. We demonstrated biochemical staining with
FITC-WGA by selectively staining the axons (Fig. 2A,
third column) and ganglia (Fig. 2A, fourth column) of the
explants. Finally, we demonstrated immunohistochemi-
cal staining of fixed sections of rat abdominal aorta using
two markers: α-SMA and FITC-anti-rat. As expected, the
SMA antibody primarily labeled the tunica media of the
aorta cross-sections, while the anti-rat antibody labeled
the tunica intima, media, and adventitia, as well as the
thrombus in the lumen.

4  Discussion

We demonstrate the strength of the ATPS-mediated anti-
body micropatterning system for multiplexed labeling of
cell cultures, explants, and tissue sections. In comparison
to conventional immunostaining protocols that require
milliliter volumes of antibody solutions to cover each sam-
ple, the ATPS-mediated antibody micropatterning sys-
tem vastly reduces the amount of reagents required,
using diluted antibody volumes of 0.1–2 μL. In addition,
the ATPS-mediated antibody micropatterning technique
allows multiple antigens to be probed within the same
sample and read out in a single channel. In contrast to oth-
er methods for multiplexed immunostaining [3–7], the
ATPS-mediated antibody micropatterning method does
not require any specialized equipment or non-standard
reagents. In fact, it follows a workflow identical to the
standard workflow for immunostaining, with the excep-
tion of the ATPS micropatterning step.

ATPS-mediated antibody micropatterning provides
several benefits to researchers and clinicians. First, there
is no optical cross-talk or antibody cross-reactivity that
can confound interpretation of the results because the
antibodies are retained at separate addressable sites on
the sample. Second, the results can be read using a single
channel, facilitating more rapid data collection and analy-
sis using a variety of detection modalities. Finally, in
select cases where tissue sections or cells are in short
supply, ATPS-mediated antibody micropatterning can
facilitate more judicious sample usage. Because the
ATPS-mediated antibody micropatterning technique
adopts standard immunostaining work flows and easily
accessed reagents and tools, we expect it to be easily
adopted by biomedical researchers and clinics.
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