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ABSTRACT: Immunohistochemistry (IHC) on tissue sections is widely
used for quantifying the expression patterns of proteins and is part of the
standard of care for cancer diagnosis and prognosis, but is limited to staining
a single protein per tissue. Tissue microarray and microﬂuidics staining
methods have emerged as powerful high throughput techniques, but they
either only permit the analysis of a single protein per slide or require complex
instrumentation and expertise while only staining isolated areas. Here, we
introduce IHC microarrays (IHCμA) for multiplexed staining of intact
tissues with preserved histological and spatial information. Droplets of a
dextran solution containing antibodies were prespotted on a slide and
snapped onto a preprocessed formalin-ﬁxed, paraﬃn-embedded (FFPE)
tissue section soaked in a polyethylene glycol solution. The antibodies are
conﬁned within the dextran droplets and locally stain the tissue below with a
contrast similar to the one obtained by conventional IHC. The microarray of
antibody droplets can be prespotted on a slide and stored, thus neither the preparation of the antibody solutions nor a
sophisticated microarray spotter is needed. Sampling considerations with IHCμA were evaluated by taking three tissues with
varying levels of cancer cells. A multiplex IHCμA with 180 spots targeting 8 cancer proteins was performed on a breast cancer
tissue section to illustrate the potential of this method. This work opens the avenue of applying microarray technologies for
conducting IHC on intact tissue slices and has great potential to be used in the discovery and validation of tissue biomarkers in
human tumors.

A

apart,12 allowing 50 proteins to be analyzed simultaneously, but
requiring tissue sections that are at least 30 × 15 mm2 large,
much larger than many human tumors that could be only 5−10
mm in diameter.13 Recently, multiplexed IHC was realized
using an aqueous two-phase system with microliter droplets of
a dextran solution containing diﬀerent antibodies applied to a
slide soaked within a polyethylene glycol (PEG) solution.14
However, the center-to-center spacing was even larger at ∼5
mm.
Miniaturized, multiplexed IHC was ﬁrst proposed by Kim et
al. using microﬂuidic chips with 800 μm wide and 5 mm long
channels for staining 4 proteins simultaneously.15 105 human
breast tumor tissues were studied, and the results correlated
well with those from conventional IHC. Others stained 10
proteins in parallel,16 peformed automated assays,17 and used
quantum dots to improve assay performance.18 Lovchik et al.
used a microﬂuidic probe to locally stain tissues with ∼100 μm
diameter tear drop-shaped patterns.19 Here, contact was
avoided, and sample consumption was much reduced; however,
serial processing is required for staining with multiple

nalysis of protein biomarkers in tumor tissues can help in
cancer diagnosis, classiﬁcation, prognosis, and treatment.1−3 Compared to single protein analysis, a panel of
multiple proteins can improve diagnostic accuracy.4,5 To date,
immunohistochemistry (IHC) is the most routinely used
technology for the detection of proteins in tissue samples.6
However, conventional IHC only detects one protein at a time,
limiting its application for high-throughput discovery and
validation of protein biomarkers in tumor tissues.
Array-based technologies have been developed for the
detection of proteins in tissues by arraying patient samples
on slides. Tissue microarrays (TMA) comprise an array of tens
to hundreds of paraﬃn embedded tissue disks,7,8 with typical
tissue core size ranging from 0.6 to 2 mm.9 Likewise, reversephase protein arrays (RPPA)10,11 are made of proteins
extracted from either formalin-ﬁxed, paraﬃn-embedded
(FFPE) or fresh frozen tissues. However, histological spatial
information is lost not only for RPPA as only a homogenate is
measured but also for TMA as the original sample is destroyed.
Hence, eﬀorts have been made to directly quantify multiple
proteins in a single tissue slice which has the beneﬁt of
providing multiplexed and contextual information. An early
demonstration is the multiplex-immunostain chip formed in a
silicone rubber comprising 50 wells, each 2 mm wide and 3 mm
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The IHCμA is compatible with the most widely used FFPE
tissue slides, and all the commonly used protocols for tissue
pretreatment (deparaﬃnization, rehydration, antigen retrieval),
blocking, and downstream processing after incubation of
primary antibodies can be easily adapted in this method.
Both ﬂuorescence and chromogenic detection can be
implemented in the downstream processing steps.

antibodies. Collectively, these microﬂuidic technologies demonstrate that multiplex, microscale IHC is possible on a single
tissue slice. However, the microﬂuidic systems required
microfabricated chips and specialized equipment such as
syringe pumps and pressure controllers, which are not available
to typical biology and pathology laboratories.
Here, we introduce immunohistochemistry microarrays
(IHCμA), a microarray-based multiplexed IHC that allows
for (i) probing multiple proteins on a single tissue section
without cross-reactivity; (ii) distributing multiple microspots
(200 μm) at high density across the whole tissue for each
protein, instead of macroscopic staining of one or a few
subsections (e.g., TMA sampling method) of a tissue slice for
each protein, to ensure diﬀerent locations of the tissue are
sampled, thus better tackling the tissue heterogeneity issues and
minimizing false-negative scenarios; (iii) saving reagents and
reducing the cost of the assay; (iv) storing the prespotted
antibody microarrays so that no sophisticated microarray
spotter is required by “end-users”. As a proof-of-concept, a
FFPE breast tumor tissue slice was stained with an 8-plex
IHCμA with 180 spots illustrating the potential of this method.

■

RESULTS AND DISCUSSION
To demonstrate the transfer of antibody droplets homogeneously onto a tissue slice without cross-contamination
between adjacent spots, antibody microarrays were transferred
onto 5 μm-thick FFPE tissue slides from a human breast tumor
for staining TIMP122 and estrogen receptor (ER) proteins.
Although chromogenic detection is widely used in IHC, the
results are semiquantitative, and therefore, immunoﬂuorescence
was used to quantify the signal intensities.23,24 We ﬁrst spotted
antibodies in PBS with 20% glycerol and transferred them onto
the tissue in a humidiﬁed environment, Figure S1a. The
ﬂuorescence image of the stained spots showed an obvious ring
eﬀect (Figure S1a,b) that might be due to the Marangoni
eﬀect23−25 or diﬀusion limitations when a large amount of
antibodies reached the tissue from the sides of each spot.26
To overcome the ring eﬀect, we implemented the PEGdextran two-phase system14,27 in the IHCμA, with antibodies
mixed in dextran solutions and the tissue slice covered with a
PEG aqueous solution (see Figure S1c). To adapt the dextran
droplets to nanoliter-scale inkjet spotting, we decreased the
concentration of the dextran to 5% and also added 10% glycerol
in the spotting solutions to avoid evaporation. The ﬂuorescence
image in Figure S1c and the quantitative analysis in Figure S1d,
as well as the images in Figures 2 and 4, show that antibodies

■

EXPERIMENTAL SECTION
The assay procedure of the IHCμA is shown in Figure 1. Here,
we apply the snap chip technology20,21 to transfer a microarray

Figure 1. Schematic illustrating the procedure of IHCμA. (a, b) The
FFPE tissue slide is pretreated (deparaﬃnization, rehydration, and
antigen retrieval) and then blocked with BSA. (c) Primary antibody
droplets are spotted on a slide with an inkjet spotter, and the slide is
stored. (d) To perform multiplexed IHCμA, the Ab slide is retrieved
and mounted in a snap apparatus and snapped onto the tissue slide. (e,
f) After incubation, the tissue slide is stained with either ﬂuorescence
or chromogenic methods, followed by imaging and quantifying the
staining. (g) An example image of a ER positive breast tumor tissue
slide stained with anti-ER antibody using the IHCμA method. Nuclei
were stained, consistent with the tumor sub-type determined by
conventional IHC.

of primary antibodies simultaneously onto a tissue slide,
resulting in ∼200 μm antibody spots on the tissue slice. All the
antibodies are prepared, spotted, and stored in advance to
disassociate the reagent preparation and chip fabrication with
the assay procedure, so that neither antibody preparation nor a
microarray spotter is required on site.

Figure 2. Images of stained cell monolayer with anti-ER antibody
using (a) the IHCμA method and (b) conventional ICC (antibodies
were used at 10 μg/mL). Dashed circles in (a) delineate the boundary
of the stained spots. (c, d) Close-up of the spot within the dashed box
in (a) and (b), respectively.
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Figure 3. Eﬀect of microarray-based sampling on the percentage of stained cells on three diﬀerent tissue slices with varying levels of cancerous cells.
A 4.2 × 4.2 mm2 square tissue section that could accommodate 81 microspots was deﬁned. Each virtual spot was 200 μm in diameter, and the centerto-center spacing between spots was 500 μm, the same as the IHCμA layout used in this work. (a−c) Layout of 81 microspots on three 4.2 × 4.2
mm2 tissue sections, divided into 9 subsections. The surface coverage of the 81 spots represents 45% of the square. The percentage of stained cells
for the whole tissue is 77% (score 3) for (a) targeting ER protein, 24% (score 2) for (b), and 6.6% (score 1) for (c) targeting PR protein. The closeup image of the spots on the row 2, column 9 of each tissue is shown in (d−f). The nuclei are revealed with diaminobenzidine staining and are
brown, and the counterstain conducted with hematoxylin is blue. Scale bars: 30 μm. (g) Box plots showing the percentage of stained cells for each of
the 81 microspots on three tissues. (h−j) 3D column charts demonstrating the percentage of stained cells for each of the 81 spots on the 3 tissues.
(k) Box plots showing the percentage of stained cells for 100 times sampling of 1−81 spots on each of the three tissues.
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the tissue, we divided each tissue into 9 subsections, with 9
spots in each subsection, as shown in Figure 3a−c. For clinical
diagnosis of cancer, our ﬁrst criterion would be to identify
whether there are cancer cells or not. Subsampling might
increase the risk of false-negative diagnosis. Considering the
heterogeneity of tissues, taking one or multiple spots from each
subsection would help minimize false-negative results.
Next, we investigated the eﬀect of additional subsampling on
the percentage of stained cells when using between 1 and 81
spots. For scenarios with (i) up to 9 spots, each spot was
selected from a diﬀerent subsection, and (ii) for more than 9
spots, the same amount of spots was ﬁrst attributed to each of
the 9 subsections; the remainders were distributed according to
(i). In each subsection, the spot position was randomly
attributed. The percentage of stained cells for each of the 81
scenarios was calculated from all spots. Each of the scenarios
from 1 to 81 spots was run 100 times. The distribution of each
coverage is shown in Figure 3k. For low number of spots, there
was a broad range in the number of stained cells which
converges to the 81-spot average as more and more spots are
considered. The graphs suggest that between 10 and 25 spots
may be needed to obtain staining results that converge toward
the 81-spot average. With 10 spots, the CV of the percentage of
stained cells, for randomly sampling 100 times, are 12%, 15%,
and 21% for the tissues with score 3, 2, and 1, respectively.
With 25 spots, the CVs are 6.6%, 8.3%, and 10%, respectively.
These results indicate that the accuracy of the IHCμA is
dependent on many parameters, including the percentage of
stained cells of the whole tissue and the tissue heterogeneity.
One should keep in mind that conventional IHC also suﬀers
from sampling artifacts as a tissue section constitutes only a
small fraction of the tumor tissue. In IHCμA, the more spots
are used, the closer the results will converge to conventional
whole tissue staining, but at the cost of multiplexing capability.
Clinically, the H-score is widely used, and it will be important
to ensure that the H-score is conserved between methods,
which could be achieved by deriving a conﬁdence metric so that
counts falling close to the threshold between two categories are
identiﬁed as ambiguous. In the case shown here, we found that
by using at least 8, 4, and 17 spots for each of the tissues,
respectively, the same H-score was obtained as that by
conventional IHC. The subsampling method could be
enhanced using artiﬁcial intelligence and machine learning,29
allowing additional information to be extracted. If a result is
inferred to be ambiguous with possible clinical consequences,
then staining on additional slides could be performed. In any
case, rigorous clinical studies and statistical analysis will be
required before therapeutic choices can be made on the basis of
the results of IHCμA.
To demonstrate the multiplexing capability of the IHCμA,
we performed an 8-plex assay on a commercial FFPE breast
tumor slide, with subtype of ER−, PR+, HER2−. The 8
proteins include three markers for breast cancer subtyping (ER,
PR, HER2) and 5 cancer-related proteins. The layout of the
microarray and the ﬂuorescence image of IHCμA staining are
shown in Figure 4a,b. As evaluated in Figure 3, we used 18
spots for each protein, by randomly taking 2 spots from each of
the 9 subsections as shown in Figure 3a−c. The distributions of
the S/N ratios from 18 spots for each protein are shown in
Figure 4c. PR was overexpressed, and the average signal levels
from HER2 and ER were similar to those from negative
controls. These results are consistent with the tumor subtype as
determined by conventional IHC. We found P53 and PTEN

were homogeneously transferred onto the tissue or cell
monolayer slices, without the ring eﬀect observed in most
images, and individual spots were well separated. In Figure S1d,
some spots showed higher intensity on the edge, which
reﬂected a lack of cells inside the spots rather than the ring
eﬀect. We quantiﬁed the signal intensity of 49 replicated spots
on a slide with a cell monolayer as shown in Figure S1c and
normalized the data to the number of cells in each spot. The
coeﬃcient of variation (CV) of the 49 replicated spots stained
using IHCμA was 17%. A close-up image of a microspot stained
with the anti-TIMP1 antibody is shown in Figure S2a, using
DAPI as the counterstain for the visualization of cells in the
image. Further, we optimized antibody concentration and
found that, for example, for TIMP1, 400 μg/mL of the
antibodies gave the best S/N ratio of 9.2 (Figure S2b). Also, the
results of the storage of the antibody slides are shown in Figure
S3.
The histological architecture of a monolayer of MCF-7 breast
cancer cells, known to be positive for ER, was revealed by
chromogenic staining using IHCμA or conventional IHC/ICC
and found to be comparable, Figure 2. IHCμA required higher
concentrations of antibodies compared to conventional
staining, probably because the aqueous two-phase system
with glycerol decreased antibody−antigen binding eﬃciency,
similar to the snap-chip immunoassays where much higher
antibody concentrations (but less antibody overall) were
needed compared to large-volume conventional assays.21 In
Figure 2a, nuclei outside of the spots were sometimes stained as
well, probably due to the diﬀusion of the antibodies out of the
droplet. The center-to-center spacing of 500 μm used here
appears adequate to prevent cross contamination between
spots. The slight variation in spot size was also attributed to the
variations in inkjet spotting due to the relatively viscous
antibody solutions. These results indicate that the IHCμA can
provide comparable staining patterns to conventional IHC/
ICC and can be used to reveal spatial protein expression
patterns in tissues.
Microscale staining of a single area may not be representative
of the whole tissue considering the heterogeneity of tissue and
the irregular shape of tumors. IHCμA can address this concern
by using multiple replicate spots distributed across the whole
tissue to stain for the same protein. In this work, we used the
percentage of stained cells to help evaluate the variations
among microspots and the diﬀerences between microspotbased sampling and the whole-slice staining. As a proof-ofconcept, three breast tumor tissue sections with varying degrees
of ER and PR staining representing three positive but a
quantitatively distinct percentage of stained cell scenarios in the
widely used H-score system were evaluated,28 Figure 3a−f.
Conventional whole-slice staining was used to generate the
images, and a digital grid was used to deﬁne the 81 spots in
silico resembling an IHCμA. The distribution of the percentage
of stained cells (Figure 3g) shows that the number of positive
cells within individual spots varies signiﬁcantly, but when
increasing the number of spots (up to 81) that are sampled, the
average number of positive cell converges to the actual average
of the whole slice. Also, we observed that (Figure 3h−j), for
example, in Figure 3i, the percentage of stained cells from spots
on the left side had higher counts than that of the spots in the
middle. These observations imply that the microspots should
be sampled across the whole area of interest in the tissue,
instead of taking all from one subarea, to address the tissue
heterogeneity issues. Therefore, to distribute the spots across
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sections from the same tissue. A statistical analysis with a
suﬃciently large number of tissue sections will be necessary to
develop theoretical and experimental models that will help
choose the optimal number of spots to obtain staining results
within a predetermined conﬁdence interval as compared to
conventional IHC on a full slice. Further miniaturization might
open the door to array-on-array staining by applying a high
density antibody microarray on a lower density tissue
microarray using a snap chip. For example, with 250 μm
spot-to-spot spacing, 12 or 27 spots could be accommodated
on typical core sizes of TMA with 1 or 1.5 mm diameter. We
believe that the IHCμA has the potential to be used in largescale multiplexed protein proﬁling in archived FFPE tumor
tissue samples.

■

Figure 4. IHCμA detecting 8 proteins on a human breast tumor tissue
slide with the tumor subtype of ER−, PR+, HER2−. (a) Layout of the
antibodies targeting 8 cancer-related proteins. Normal mouse IgG (M
IgG) and normal rabbit IgG (R IgG) were used as negative controls.
(b) Fluorescence image of the staining results on the tissue slide. (c)
Box plots of S/N ratios (the ratio of the net signal intensity to the
noise level of the antibody) for each of the 8 proteins and 2 IgG
controls.
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were highly overexpressed in this tissue. This high expression of
P53 and PTEN in PR+ breast tumor is consistent with previous
ﬁndings in the same subtype.30,31 TIMP1 was also detected in
the tissue while CDK7 and CK7 were not highly expressed.
The expression of some proteins, such as PR and TIMP1, was
relatively heterogeneous in this tissue, showing a wide dynamic
range in S/N ratios, while other proteins such as ER and HER2
were more homogeneous. To validate the multiplex IHCμA,
these 8 proteins were also stained using whole-tissue
ﬂuorescence assays on adjacent tissue slices from the same
tumor, and the S/N ratios against the staining with normal IgG
were calculated for each protein (Figure S4) and found to be
consistent across both methods. Our results suggested that
IHCμA may be a useful tool for quantitative, multiplexed
protein detection on FFPE tissue slides.

■

AUTHOR INFORMATION

Corresponding Author

*E-mail: david.juncker@mcgill.ca.
ORCID

David Juncker: 0000-0002-7313-1162
Notes

The authors declare no competing ﬁnancial interest.

■

■

ACKNOWLEDGMENTS
We thank Rob Sladek for the use of the Nanoplotter inkjet
spotter. We are thankful for the ﬁnancial support from the
Canadian Cancers Society Research Institute (CCSRI), the
Canadian Institutes for Health Research (CIHR), the Natural
Science and Engineering Research Council of Canada
(NSERC), and the Canada Foundation for Innovation (CFI).
G.B. acknowledges a scholarship from the NSERC-CREATE
Integrated Sensor Systems program. D.J. acknowledges support
from a Canada Research Chair.

CONCLUSIONS
In this work, we developed a novel multiplexed immunohistochemistry using a snap chip. The microarray-based sampling
considerations to tackle tissue heterogeneity issues and to
minimize false-negative scenarios were discussed. An 8-plex
assay with two negative controls using a total of 180 microspots
was performed on a breast tumor tissue slide, which is the
largest number of isolated stains on a single slice to date to the
best of our knowledge, indicating the multiplexing potential of
this technology. Compared to previous array-based tissue
staining,12,14 our approach increased the array density by 2
orders of magnitude, and thus, a small tumor tissue of 5 × 5
mm2 could be stained with 100 microspots and used for most
tumors that reach this size at diagnosis. In this multiplex assay,
108 nL of antibody solution was used per protein per tissue
slice, equivalent to approximately $0.2 USD per target, thus
saving reagent and reducing the cost of the assay.
Similar to TMA, IHCμA is based on the concept of sampling,
which needs to be carefully optimized to ensure representative
staining results but which allows obtaining more information
from a given sample. The results obtained with IHCμA were
consistent with whole-slice staining and, in the case of
ambiguous results, could be resolved by staining additional

■
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