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Summary

Current immunohistochemistry methods for diagnosing abnormal cells, such as cancer cells, require multiple steps and can
be relatively slow compared with intraoperative frozen hematoxylin and eosin staining, and are therefore rarely used for
intraoperative examination. Thus, there is a need for novel rapid detection methods. We previously demonstrated that
functionalized fluorescent ferrite beads (FF beads) magnetically promoted rapid immunoreactions. The aim of this study
was to improve the magnetically promoted rapid immunoreaction method using antibody-coated FF beads and a magnet
subjected to a magnetic field. Using frozen sections of xenograft samples of A431 human epidermoid cancer cells that
express high levels of epidermal growth factor receptor (EGFR) and anti-EGFR antibody-coated FF beads, we reduced the
magnetically promoted immunohistochemistry procedure to a |-min reaction and |-min wash. We also determined the
optimum magnetic force for the antibody reaction (from 7.79 x 107" N to 3.35 x 107"* N) and washing (4.78 x 107'¢ N),
which are important steps in this technique. Furthermore, we stained paraffin-embedded tissue arrays and frozen sections
of metastatic breast cancer lymph nodes with anti-pan-cytokeratin antibody-coated FF beads to validate the utility of this
system in clinical specimens. Under optimal conditions, this ultra-rapid immunostaining method may provide an ancillary
method for pathological diagnosis during surgery. (] Histochem Cytochem 67: 575-587, 2019)
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Table 1. Current Rapid Immunostaining Protocol for Frozen Sections.

One Step Magnetically Promoted Rapid

Ultrasound Microwave Immunofluorescence Immunofluorescence
Fixation 2 min® 2 min® 2 min® 3 min® 5 min®
Washing 0.5 min® 2.0 min®
Blocking 0.5 min’ 0.5 min’ 5 min?
Primary antibody 1.5 min 5 min 2 min 3-5 min I min
Woashing 0.25 min" 0.25 min" 0.5 min® 1.5 min® I min
Secondary antibody 1.5 min 5 min 2 min'
Washing 0.25 min" 0.25 min" 0.5 min®
Reaction with | min I min/ 3 min!
substrate
Counterstaining 0.25 min“ 0.25 min*

*Acetone; L’EtOH; €10% neutral buffered formalin; dPhosphate buffered saline; *Water; fHZOZ; 84% skimmed milk; "Tris-buffered saline; ‘EnVisionTM +

System/HRP Mouse; 'Diaminobenzene; “Hematoxylin.

antigens in biological tissues, and IHC staining can
be accomplished by a number of methods. The avi-
din-biotin complex method is one of the most com-
monly used IHC staining systems, which involves
four sequential steps: (1) primary antibody, (2)
biotin-labeled secondary antibody, (3) avidin-biotin-
peroxidase complex, and (4) diaminobenzidine
(DAB) staining. Hybridization of the primary anti-
body to the antigen is typically accomplished with
conditions that range from overnight at 4C to 15 min
at temperatures as high as 37C; conditions are
largely dependent on primary antibody affinity."

In clinical practice, intraoperative frozen sections
are usually examined with hematoxylin and eosin
(HE) staining. To detect small numbers of tumor cells
in sentinel lymph nodes or surgical margins, intraop-
erative IHC staining is desired.? To complete the
staining during surgery, a number of rapid IHC meth-
ods have been reported to reduce the reaction time of
these processes.®'® For example, ultrasound irradia-
tion shortens the antibody reaction time to 1.5 min,®
while Hatta et al.® reported that in addition to Brownian
motion, stirring increased the stochastic collision
between antibodies and antigens to enhance bond
formation. Other rapid IHC systems also reduce the
staining time with a stirring effect created using exter-
nal energy such as microwaves*®’ or an alternating
current electric field,”*'" reducing the method to
<20 min (Table 1). However, these methods are indi-
rect and require many steps including secondary
antibodies and washing. Nevertheless, a direct
method for decreasing the overall reaction time using
a fluorescently labeled primary antibody or premixing
the primary antibody and secondary antibody omitted
the signal amplification process using a secondary
antibody (Table 1).

Advances in ferrite nanoparticle technology have
permitted the development of detection technologies
in biochemical assays, and we previously reported
magnetically promoted rapid immunoreactions using
functionalized fluorescent ferrite beads (FF beads).”
FF beads are dispersive functional polymer beads that
contain both ferrites (magnetic iron oxide) and fluores-
cent europium complexes. A specific antibody can be
immobilized on FF beads through chemical transfor-
mation. The magnet attracts the magnetic beads and
accelerates bond formation between the beads and
antigens (Fig. 1A), which is followed by washing to
remove undesired binding (Fig. 1B). Using the mag-
netic collection of antibody-coated FF beads, rapid
sandwich immunoassay and immunofluorescence
staining were achieved within 1 min and 10 min,
respectively. As the method has two simple steps of (1)
incubation with primary antibody and (2) washing as
the signals are amplified by the complex themselves,
immunofluorescence images of the antigen—antibody
complex can be captured using a fluorescence detec-
tor immediately after the FF bead reaction.

The aim of the present study was to improve the
magnetically promoted rapid immunostaining method
to a 1-min staining and 1-min wash using antibody-
coated FF beads and a magnet subjected to a mag-
netic field for practical applications using xenograft
frozen sectioned tissues, and to validate the efficacy of
this system in clinical specimens.

Materials and Methods
Antibodies

The anti-pan-cytokeratin antibody and IgG control
antibody were purchased from Abcam (Cambridge,
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Figure |. Principle of magnetically promoted rapid immunofluorescence (MRIF). Round cell (white): normal cell, spindle cell (brown):
malignant cell, orange dots: antigens on the malignant cell, plate (light blue): plate slide, black bar: magnet, red y shape: antibody, blue
star shape: fluorescence, black dots: ferrite, black arrow: direction of magnetic force. (A) The magnet attracts the beads to the cells and
accelerates the binding with fluorescent ferrite (FF) beads and the antigens. (B) Nonspecific adherence is removed by magnetic force.

UK). The anti-epidermal growth factor receptor
(EGFR) antibody was prepared as follows. The
hybridoma cell line 528 (HB-8509), which produces
mouse monoclonal antibody against EGFR, was
obtained from the American Type Culture Collection
(ATCC, Rockville, MD) and was cultured with RPMI
1640 medium supplemented with 10% (w/v) heat-
inactivated fetal bovine serum (Gibson, Grand Island,
NY) in a humidified atmosphere consisting of 5%
(v/v) CO, in air at 37C. Ascetic fluid was produced by
inoculating BALB/c mice intraperitoneally with 5 x 10°
hybridoma 528 cells. The fluid was collected from
mice after 2 to 4 weeks inoculation and centrifuged at
10,000 g for 10 min to remove debris. Purified 528
antibody was prepared using the Mab Trap kit (GE
Healthcare, Uppsala, Sweden) in accordance with
the manufacturer’s instructions.

Cell Lines

To optimize the magnetic force and staining condi-
tions for this rapid immunostaining system, xeno-
graft samples of A431 human epidermoid cancer
cells, which express high levels of EGFR, were
used. EGFR is an important disease marker used to
investigate various types of malignancy, including
breast cancer, as it plays a pivotal role in tumor cell
survival and proliferation.'" Epidermoid carci-
noma cells A431 (CRL-1555) were obtained from
ATCC, and maintained in DMEM supplemented with
10% fetal bovine serum in a 5% CO, humidified
incubator at 37C.

Xenograft Induction

A431 cells (1 x 10° cells) in 1 ml phosphate buffered
saline (PBS) were subcutaneously implanted into the
legs of recombination activating gene 2 (RAG2)
knockout swine. RAG2 knockout swine lack mature
lymphocytes because of their inability to initiate V(D)
J rearrangement, leading to immune deficiency.??
RAG2 knockout swine were coproduced by NARO
(Ibaraki, Japan), Prime Tech Ltd (lbaraki, Japan),
and RIKEN (Kanagawa, Japan). The primary tumor
was harvested as a positive sample, and superficial
lymph nodes were harvested from wild type swine as
a negative sample. Tissues were quickly frozen in lig-
uid nitrogen and stored at —80C. All animal experi-
ments were performed with protocols approved by
the Ethics Committee of Keio University (approval
number: 08073).

Human Samples

The paraffin-embedded tissue arrays of BRM481
(breast carcinoma metastatic tissue microarray, con-
taining 24 cases of metastatic breast cancer tissue,
duplicated cores per case), BRM961 and 961a (breast
carcinoma metastatic tissue microarray, containing 48
cases of breast cancer, with 36 matched metastatic
breast cancer and 12 normal tissue), LY241e (lymph
node and tonsil tissue microarray, containing nine
cases of lymph node tissue, plus three cases of nor-
mal tonsil tissue, duplicate cores per case), LY481
(lymphatic tissue microarray, including 24 cases of
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normal lymphatic tissue, duplicated cores per case),
and LY803 (lymph node metastatic adenocarcinoma
grade 2-3 tissue microarray of lymph node, 77 cases,
and three cases of metastatic signet-ring cell carci-
noma, single core per case) were purchased from US
Biomax Inc. (Derwood, MD). Detached samples were
omitted from analysis. Frozen metastatic lymph nodes
were used from six breast cancer patients who under-
went lymph node dissection at Showa University
Hospital and Nippon Medical School Hospital from
February 2018 to October 2018. Patients were given
the necessary information about this study, and only
lymph nodes from patients who had given consent
were used. The dissected metastatic lymph nodes
were immediately divided in half. Divided nodes were
submitted for clinical examination, and the remaining
nodes were frozen in liquid nitrogen and stored at
—80C for use in this study. This study was conducted
based on the ethical principles stated in the Helsinki
Declaration of 1975, as revised in 1983. The study was
approved by the Human Experimentation Committee
of our institutions. The approved numbers are 2377 for
Showa University, 29-01-892 for Nippon Medical
School, and 2017-0266 for Keio University.

Preparation of FF Beads

We previously reported unique multifunctional beads
in which both fluorophores and ferrite nanoparticles
are completely encapsulated in an organic polymer.?
In brief, we produced Eu(TTA)4(TOPO), (where TTA =
thenoyltrifluoroacetylacetone and TOPO = tri-n-oc-
tylphosphine oxide) from europium(lll) acetate hydrate,
TTA, and TOPO,** and novel polymer-coated magnetic
beads that have several advantages including homog-
enous immobilization of the ligand on the bead surface
and magnetic responses.?*?® Subsequently, a suspen-
sion of polymer-coated magnetic beads with carbox-
ylic acid (1.0 mg) was incubated with 10 mmol/l
Eu(TTA)4(TOPQ), solution in acetone in the dark with
vigorous shaking for 1 hr at room temperature. Distilled
water was added and acetone was evaporated under
vacuum at 60C. After washing the pellet with washing
buffer (50 mmol/l HEPES [pH 7.9], 0.1% NP-40), we
produced FF beads with a diameter of 200 nm. The FF
beads were dispersed in distilled water and stored in
the dark at 4C.18242¢

Preparation of Antibody-coated FF Beads

A suspension of FF beads with carboxylic acid (1.0
mg) in distilled water was incubated with 60 ul of 50
mg/ml 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride in 2-(N-morpholino)ethanesulfonic acid

(pH 6.0) and 60 pl of 50 mg/ml N-hydroxysuccinimide
in PBS (pH 74) for 30 min at room temperature.
Subsequently, the activated FF beads were washed
with acetate buffer (pH 5.0) and incubated with 1.0 mg/
ml of antibody in 80 ul of acetate buffer (pH 5.0) for 2
hr at 4C. Next, a 1.0 mol/l 2-ethanolamine solution in
PBS (pH 8.0) was added and the suspension was
mixed overnight at 4C. Finally, antibody-coated FF
beads were washed and stored in PBS containing
0.01% Tween 20 at 4C. To measure the amount of
immobilized antibodies on FF beads, the bicinchoninic
acid protein assay was performed according to previ-
ously described methods.?”

Magnet and Jig

We used a cylindrical magnet (10 mm diameter, 24
mm length; NeoMag, Chiba, Japan) and designed a jig
(Fig. 2A) to optimize the distance between the sample
and the magnet. The magnet was placed under the
specimen stage and the distance was variable.

Preparation of Fresh Frozen Sections

Approximately 5 x 5 mm chopped samples were
embedded in a frozen section compound (Leica,
Wetzlar, Germany) and solidified in liquid nitrogen.
The frozen samples were sectioned on a cryostat
microtome (4-5 pm thick) and mounted onto glass
slides (New Silane Il; Muto Pure Chemical Co., Lid.,
Tokyo, Japan). The specimens were then immersed in
five different concentrations and types of fixative solu-
tions including 4% paraformaldehyde solution, 10%
neutral buffered formalin, cold acetone, 100% metha-
nol, and 1% acetic acid in 95% ethanol for 5 min at
room temperature, and rinsed with PBS. Clinical speci-
mens for pan cytokeratin were immersed in 10% neu-
tral buffered formalin, and antigen retrieval was
performed by proteinase K (dilution 1:200; Dako
Japan, Tokyo, Japan) at 42C for 5 sec.

Preparation of Paraffin-embedded Sections

Specimens were deparaffinized in xylol and rehydrated
in a descending ethanol series. Specimens for pan
cytokeratin were antigen retrieved by proteinase K
(Dako Japan) at 37C for 15 min.

Magnetically Promoted Rapid
Immunofluorescence (MRIF) Staining
Specimens were blocked with four different concen-

trations and types of reagents, including 5% or 10%
bovine serum albumin (BSA) and 4% or 8% skimmed
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Figure 2. The experimental jig and punch picture of MRIF. (A) The handle is used to adjust the distance between the sample and mag-
net, which can be adjusted to any distance. (B) Scheme of MRIF. Brown liquid: antibody-coated FF beads, blue liquid: phosphate buffered
saline (PBS). (1) Drops of diluted FF beads, (2) the slide is vigorously agitated manually above the magnet on the specimen stage of the
jig, (3) brief washing with PBS using a disposable pipette, and (4) the slide is inserted into a plastic container and “washed” with a magnet.
Abbreviation: FF, fluorescent ferrite; MRIF, magnetically promoted rapid immunofluorescence.

milk in PBS for 5 min. Antibody-coated FF beads
were diluted at 1:50 (200 pg/ml) with the same block-
ing solution as the specimens for 20 min before use.
The immunostaining punch is shown in Fig. 2B. After
removal of the blocking solution, the specimen was
incubated with 20 pl antibody-coated FF beads at a
1:50 dilution (200 pg/ml) (Fig. 2B1) for 1 min for fro-
zen sections or for 5 min for paraffin embedded sec-
tions with a magnetic field beneath the plate. The
plate slide was vigorously agitated manually (Fig.
2B2) on the jig. The distance between the sample
and magnet was changed from 0 mm to 11 mm at 1
mm intervals. Next, samples were washed with PBS
using a disposable pipette (Fig. 2B3), and the slide
was placed in a PBS-filled container, sample side
down on the magnet to remove the unbound FF
beads using a magnetic force for 1 min (Fig. 2B4).
The distance between the sample and magnet was
changed from 2 mm to 14 mm at 1 mm intervals. The
specimens were then gently ejected from the con-
tainer and mounted with VECTASHIELD Antifade
Mounting Medium with DAPI (4’,6-diamidino-2-phe-
nylindole). Images were captured using a fluores-
cence microscope with the filter set ultraviolet

(UV)-1A (Ex. 365/10, Em. long pass; ECLIPS E1000;
Nikon, Tokyo, Japan) or NanoZoomer (Hamamatsu
photonics K.K., Shizuoka, Japan).

HE Staining and Conventional IHC Staining
Methods

The frozen samples and paraffin-embedded samples
were stained by HE in accordance with standard meth-
ods and the IHC method. The samples were prepared
as described above. For HE staining, the formalin fixed
frozen specimens, and deparaffinized and rehydrated
paraffin embedded specimens were washed with
water, then immersed in Carrazzi’'s hematoxylin solu-
tion for 10 min at room temperature. The samples were
briefly rinsed with water followed by differentiation in
1% acid alcohol for 10 sec, and then stained with eosin
solution for 7 min.

For the IHC methods, samples were inactivated
with endogenous peroxidase in 0.5% periodic acid for
10 min, and blocked in 4% skimmed milk in tris-buff-
ered saline (TBS) for 30 min. After removal of the
blocking solution, samples were incubated with the
primary antibody as indicated in the blocking solution
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(1.0 pg/ml) overnight at 4C, washed with TBS for 30
min, and then incubated with ENVISION (Dako Japan)
for 30 min. After washing with TBS for 30 min, samples
were visualized using the DAB reaction for 5 min,
counterstained with hematoxylin for 1 min, then dehy-
drated and mounted onto coverslips.

Neutralizing Antibody Assay

To confirm the specificity of the antigen and antibody
reaction on the magnetically promoted immunoreac-
tion method, A431 xenograft samples were blocked
with 10 or 60 ng/pl anti-EGFR antibody overnight at
4C before the anti-EGFR antibody-coated FF beads
were reacted.

Pathological Analysis

To analyze the reproducibility of the MRIF, the coinci-
dence ratio of the stained site with IHC and MRIF in
the specimens were calculated. The calculation was
performed by two independent researchers.

Results

Calculation of the Magnetic Force

The magnetic force of the cylindrical magnet was cal-
culated to analyze the correlation of magnetic force
with immunoreaction. The distribution of the calcu-

lated magnetic force, Fabs = VFz* +Fx?, is shown in
Fig. 3A to C. To calculate the magnetic force F, the
distribution of the magnetic field generated by the
magnet and the magnetic moment of the FF bead
were required. The calculation is shown below, and
was performed in MATLAB (The MathWorks, Inc.,
Natick, MA). The total magnetic moment of the cylin-
drical magnet is expressed by the summation of the
small (0.25 mm?®) magnet element where 0.25 mm? is
any number; the magnet is magnetized in the z-direc-
tion and the moment of the small magnet m,; is 16.35
x 107° A m? The magnetic flux density (Ba) of each
element was calculated as follows:

Ao Ho &_(S(mo.r)r).
’ {w) () }

Here, r is the distance from the element and y, is the
magnetic permeability in a vacuum. The magnetic flux
density B of the cylindrical magnet was calculated by
the summation of Ba. The distribution of the magnetic
force was affected by the distance from the magnet
and was stronger at the margins than at the center of
the magnet.

The magnetic moment (m) of a magnetized FF bead
is shown in Fig. 3D. The mass ratio of ferrite and poly-
mer was 1:2, the mass densities of ferrite and polymer
were 5.0 and 1.1 g/cm®, respectively, and the diameter
of the FF bead was 200 nm. We obtained the mass of
a bead, which was approximately 6.23 x 107° g, and
the magnetic moment of an FF bead. Therefore, the
magnetic force (F) acting on an FF bead was calcu-

lated as follows:
dBj (dBj
F=mx| — |+mz| —|,
(dx dz

assuming the uniform magnetization of the FF beads
and axial symmetry.

Antibody-coated FF Beads and Evaluation of the
Stained Images

Before magnetic immunofluorescence staining, the
amount of anti-EGFR antibodies immobilized on FF
beads was 59.8 pg/mg beads, as calculated using
the bicinchoninic acid protein assay.?” The results of
MRIF staining of A431 cells by anti-EGFR antibody-
coated FF beads are shown in Fig. 4A. Vivid red fluo-
rescence was observed in the A431 cells treated with
anti-EGFR antibody-coated FF beads, indicating that
EGFR was specifically stained by MRIF using anti-
EGFR antibody-coated FF beads with a magnet. To
ensure the specificity of the technique, a swine super-
ficial lymph node was used as a negative control.
Only a small number of fluorescent particles were
observed in the lymph node in which EGFR was not
expressed (Fig. 4B). Fluorescence was negligible in
the A431 cells treated with IgG control antibody-
coated, antibody-uncoated FF beads, or without the
magnet (Fig. 4C).

Optimization of the MRIF Staining Protocol

We explored the optimal distance between the tissue
samples of A431 carcinoma cells and the magnet
beneath them at the time of incubation. Anti-EGFR
antibody-coated FF beads, but not antibody-uncoated
FF beads, bound the tumor cells in 1 min when the
distance was within 2 to 5 mm (magnetic force = 7.79
x 107 N to 3.35 x 107" N). Anti-EGFR antibody-
coated FF beads did not adhere to the lymph node
tissue in which EGFR was not expressed. When the
distance was shorter than 2.0 mm, unwanted back-
ground staining was observed in the corresponding
negative controls. When the distance was greater than
5 mm, FF beads did not react sufficiently with the sam-
ples. These findings indicate that the immunoreaction
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Figure 3. The magnetic field strength (force between the cylindrical magnet and FF bead). (A) Color map of the magnetic field strength
above the cylindrical magnet with a diameter of 10 mm and a length of 24 mm. Z is the distance from the surface of the magnet. The
magnetic strength at various distances above the magnet are shown (left: Z = 2.0 mm, center: Z = 5.0 mm, right: Z = || mm). The cor-
respondence between the color and force (N/bead) is shown in the color bar. (B) Log chart of the force between the cylindrical magnet
and FF bead. X: Z distance, Y: log (Fabs) [log (N)/bead]. (C) The force between the cylindrical magnet and FF bead by distance from the
center for several distances from the magnet. (D) Relationship between magnetic strength B (mT) and magnetic moment of a bead m
(A'm?). X: applied magnetic strength B (mT), Y: magnetic moment of a bead m (A'm?). Abbreviation: FF, fluorescent ferrite.

and magnetic force clearly influence the detection of
EGFR.

We also examined the optimal distance for washing.
When the distance from the samples to the magnet
was 11 mm with a magnetic force of 4.78 x 107'® N,
anti-EGFR antibody-coated FF beads binding to EGFR
remained on the A431 tumor tissues. When the dis-
tance was >11 mm, unbound FF beads could not be
completely washed off the samples. These findings
indicate that the magnetic force affects the rinsing of
unbound FF beads.

Fixative and blocking conditions also affected the
staining. We examined various fixative solutions,
including 10% neutral buffered formalin, 4% parafor-
maldehyde, cold acetone, 100% methanol, and 1%
acetic acid in 95% ethanol, with 10% neutral buffered
formalin producing the best result. In addition, 4% or
8% skimmed milk and 5% or 10% BSA were examined
as blocking solutions, and 4% skimmed milk showed
sufficient blocking, whereas BSA was insufficient.

Staining Images With Neutralizing Antibody

To confirm that this was a specific antigen—antibody
reaction, we used anti-EGFR neutralizing antibodies
with anti-EGFR antibody-coated FF beads on A431
tumor cells. The fluorescence level was negligible
when A431 tumor tissues were blocked with antibody-
containing blocking solution, while the fluorescence
was bright when it was blocked with antibody-free
blocking solution (Fig. 5). These data suggest that the
immune reaction of EGFR and antibody-coated FF
beads were blocked by the anti-EGFR neutralizing
antibody.

Staining Images of Human Metastatic Lymph
Nodes by MRIF Using Pan-cytokeratin Antibody-
coated FF Beads

The amount of anti-pan-cytokeratin antibodies immobi-
lized on FF beads was 57.7 pg/mg beads, as calculated
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Figure 4. Staining of A431 cells and a lymph node by hematoxylin and eosin (HE), immunohistochemistry (IHC), and MRIF. Images of
(A) A431 (human epidermoid cancer cell, high epidermal growth factor receptor [EGFR] expression) xenograft in swine and (B) normal
swine lymph nodes stained with HE, IHC (diaminobenzidine, DAB), and MRIF treated with anti-EGFR antibody-coated FF beads and the
magnet. (C) MRIF using IgG isotype control with a magnet, antibody-uncoated FF beads with a magnet, anti-EGFR antibody-coated FF
beads without a magnet, and antibody-uncoated FF beads without a magnet. Scale bar = 100 um. Abbreviation: FF, fluorescent ferrite;
MRIF, magnetically promoted rapid immunofluorescence.
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Figure 5. Staining of A431 cells with MRIF with a protein-blocking step before incubation. A43 | cell line xenograft frozen sections were
blocked with 4% skimmed milk in (A) PBS or with (B) 10 ng/ul or (C) 60 ng/pl anti-EGFR neutralizing antibody overnight before MRIF
staining. Scale bar = 100 um. Abbreviations: PBS, phosphate buffered saline; EGFR, epidermal growth factor receptor; MRIF, magnetically

promoted rapid immunofluorescence.

using the bicinchoninic acid protein assay.?” To demon-
strate the versatility of this method in human tissue, we
examined paraffin embedded tissue arrays containing
breast cancer, matched metastatic lymph nodes, and
normal lymph nodes. Representative staining images
of paraffin-embedded human tissue arrays containing
breast cancer and metastatic lymph nodes with the
MRIF and IHC methods using the anti-pan-cytokeratin
antibody are shown in Fig. 6A. The areas stained with
MRIF were consistent with those using IHC.
Representative staining images of frozen sections of
metastatic lymph nodes from breast cancer patients
with the MRIF and IHC methods using the anti-pan-
cytokeratin antibody are shown in Fig. 6B. The stained
areas in the metastatic lymph nodes with MRIF were
also consistent with those using IHC. Malignant tissue
(breast carcinoma and metastatic lymph nodes) was
analyzed using BRM 961, BRM961a, BRM481, and
LY803. The positive rates for IHC was 96.5% (276/286)
and MRIF was 92.7% (265/286). The coincidence rate
was 94.8% (271/286) (Table 2). Normal tissue (i.e.,
breast tissue, tonsil, and lymph node) was analyzed
using BRM 961, BRM961a, BRM481, LY481, and
LY241e. The positive rates for IHC was 26.3% (25/95)

and MRIF was 32.6% (31/95). The coincidence rate
was 91.6% (87/95) (Table 2). Frozen human metastatic
lymphatic tissues were stained with both IHC and
MRIF. All nodes were positive for IHC and MRIF, and
the coincidence rate was 100% (6/6).

Discussion

Intraoperative analysis of frozen tissue sections using
HE staining enables diagnosis within 20 min at many
institutions,?® although it can be difficult to diagnose
with HE staining, especially for small tumor foci in
lymph nodes®*° and surgical margins.®' IHC analysis
is sufficient to detect small numbers of tumor cells in
lymph nodes,?**%® although a standard IHC proce-
dure commonly requires >30 min to complete, which
makes its clinical application for intraoperative diagno-
sis impractical. Thus, the application of new methodol-
ogy for intraoperative pathological evaluation is
important. We previously reported magnetically pro-
moted rapid immune assays including enzyme-linked
immunosorbent assay (ELISA) and IHC staining."” In
the present study, we improved the magnetically pro-
moted IHC procedure to a 1-min reaction and 1-min
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A HE IHC(DAB) MRIF

Figure 6. Staining image of human breast cancer metastatic lymph node by HE, IHC (DAB), and MRIF treated with anti-pan-cytokeratin
antibody-coated FF beads. (A) Image of a paraffin-embedded tissue array of human breast cancer metastatic lymph node stained with HE,
IHC (DAB), and MRIF. Scale bar = 250 pm and 25 pum for high magnification. (B) Image of frozen tissue section of human breast cancer
metastatic lymph node stained with HE, IHC (DAB), and MRIF. Scale bar = 1000 pm. Abbreviations: HE, hematoxylin and eosin; DAB,
diaminobenzidine; MRIF, magnetically promoted rapid immunofluorescence; FF, fluorescent ferrite.

Table 2. Positive and Coincidence Rate of Immunohistochemistry and Magnetically Promoted Rapid Immunofluorescence.

Positive Rate

Magnetically Promoted
Immunohistochemistry Rapid Immunofluorescence Coincidence Rate

Malignant tissue: breast carcinoma and metastatic 96.5% (276/286) 92.7% (265/286) 94.8% (271/286)
lymph node
Normal tissue: normal breast, tonsil and lymph node 26.3% (25/95) 32.6% (31/95) 91.6% (87/95)
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wash for an entire method <15 min (Table 1) using fro-
zen sections from a xenograft model and human sam-
ples. Thus, this ultra-rapid immunostaining method
can provide an IHC result with sufficient speed for use
during surgical operation, and may provide an ancil-
lary method for pathological diagnosis.

Previous studies have reported rapid methods that
enabled IHC procedures to be accomplished within
15 to 20 min using external energy (e.g., microwave
irradiation,®*® alternating current electric field,'*® or
ultrasound®) or immunofluorescence-labeled pri-
mary antibodies (Table 1). The mechanism by which
the antigen—antibody reaction time is reduced using
external energy is not fully clarified, although the
stirring effect is assumed to increase the opportunity
for antigens and antibodies to interact.?%%61213
Alternatively, by using a fluorescently labeled primary
antibody or a premixed primary antibody/secondary
antibody, the signal amplification step can be omitted
and the overall reaction time can be reduced.
Micanovic et al.*® described rapid immunofluores-
cence staining of frozen mice kidney to isolate glom-
eruli and proximal tubules. In that study, frozen kidney
was stained with fluorescent labeled primary anti-
body (fluorescein isothiocyanate-phalloidin) for 3 to 5
min. Murakami et al.** reported rapid immunostaining
of frozen mouse kidney to isolate the thick ascending
limb, in which frozen tissues were incubated with pre-
mixed primary antibody/secondary antibody for 1
min. Hatta et al.* also reported rapid immunostaining
of frozen sections of a lymph node with carcinoma
invasion, in which samples were immunostained
within 5 min using an immune complex of AE1/3 pri-
mary antibody and Envision-AP-conjugated second-
ary antibody with intermittent microwave irradiation.
In the present study, the use of magnetic force attracts
the FF beads and reduces the immune reaction
between the antibody-coated FF beads and the anti-
gens. Furthermore, fluorescent reagents were con-
tained within the FF beads, which eliminates the
signal amplification step and decreases the overall
reaction time. However, the fixation and blocking
times of this method are longer than other methods
(Table 1) and these steps should be improved.

The FF bead consists of ferrite (magnetic iron oxide)
particles and europium and emits bright red fluores-
cence under UV irradiation. Europium is not restricted
to encapsulation of a single substance. We are currently
developing multicolor staining by encapsulating various
types of hydrophobic fluorescent substances, such as
dipyrromethene dyes, and attaching corresponding
antibodies. Multicolor staining can then be performed
using other substances. The mechanism of action of
our system involves drawing the ferrites to the sample

surface by magnetic force, which accelerates the con-
tact between the antigens and antibodies (Fig. 1). This
is a direct detection method, rather than the more widely
used indirect methods. The reaction is rapid and the
steps are simple, which reduces the time to complete
the assay. A common disadvantage of direct methods is
the low signal resulting from the 1:1 ratio of antibody
fluorescence to enzyme conjugation, when compared
with the multiple signal amplification steps in indirect
methods. However, our FF beads contain >3.0 x 10°
molecules of fluorescence per bead, which provide suf-
ficient brightness to overcome this disadvantage. One
of the limitations of immunofluorescence, as well as this
method, is the lack of contextual histo- and cytoplasmis-
morphological features. To overcome this problem, mor-
phological evaluation of sequential HE specimen by
pathologist is still required.

We investigated the staining and washing conditions
using EGFR-positive xenograft samples, and then opti-
mized conditions in clinical samples with the pan-cyto-
keratin antibody. Our method was sufficient for detection
of both EGFR and pan-cytokeratin. Target retrieval with
proteinase was required for pan-cytokeratin. The actual
binding time of the antibody/antigen can vary consider-
ably depending on the antibody, antigen, tissue, and
fixation. Thus, further studies examining the utility of
our method with different conditions, targets, and anti-
bodies are required. With respect to the false negatives
and false positives found in the tissue arrays, these are
likely related to insufficient reaction and washing times.
Furthermore, all processes in the present study, includ-
ing incubation and washing of FF beads, were done
manually, which may have resulted in non-uniform
staining and inadequate washing. Automating the sys-
tem may solve such problems. The optimal magnetic
force for antibody reaction and washing is a critical fac-
tor in our technique. MRIF staining was only achieved
when the magnetic force between the sample and
magnet was optimal. As the magnetic forces are
unequally distributed across the surface of the magnet,
agitation of the sample (or magnet) was employed to
achieve more uniform staining. We are in the process of
automating this system for more practical use.

In summary, we successfully developed an MRIF
system for frozen sections of xenograft and human tis-
sue using antibody-coated FF beads containing fer-
rites and fluorophores. The magnet accelerates the
binding between the sample and FF beads, and
reduces the time to immunoassay completion. The
attached FF beads can be viewed under a fluorescent
microscope without extra signal amplification. This
ultra-rapid immunostaining method, when used under
optimal conditions, may provide an ancillary technique
for pathological diagnosis during surgery.
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