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ARTICLE

Enhanced detection of ATTR amyloid using a nanofibril-based assay

M. Mahafuzur Rahmana� , Benjamin Schmucka , Henrik Hanssona , Torleif H€arda , Gunilla T.
Westermarkb and Mats Sandgrena

aDepartment of Molecular Sciences, Swedish University of Agricultural Sciences (SLU), Uppsala BioCenter, Uppsala, Sweden; bDepartment of
Medical Cell Biology, Uppsala University, Uppsala, Sweden

ABSTRACT
More than 30 proteins and peptides have been found to form amyloid fibrils in human diseases.
Fibrils formed by transthyretin (TTR) are associated with ATTR amyloidosis, affecting many vital organs,
including the heart and peripheral nervous system. Congo red staining is the gold standard method
for detection of amyloid deposits in tissue. However, Congo red staining and amyloid typing methods
such as immunofluorescence labelling are limited to relatively large deposits. Detection of small ATTR
deposits present at an early stage of the disease could enable timely treatment and prevent severe tis-
sue damage. In this study, we developed an enhanced ATTR amyloid detection method that uses
functionalised protein nanofibrils. Using this method, we achieved sensitive detection of monomeric
TTR in a microplate immunoassay and immunofluorescence labelling of ex vivo tissue from two
patients containing ATTR aggregates. The system’s utility was confirmed on sections from a patient
with AA amyloidosis and liver sections from inflamed mouse. These results suggest that the detection
system constitutes important new technology for highly sensitive detection of microscopic amounts of
ATTR amyloid deposited in tissue.

Abbreviations: Ab-bNF: antibody-binding nanofibril; AA-bNF: Ab-bNF loaded with AA antibodies; TTR-
bNF: Ab-bNF loaded with TTR antibodies; ATTR: amyloid transthyretin; AFM: atomic force microscopy;
FB: fibrillation buffer; GAR-Alexa 488/647: goat anti-rabbit antibody conjugated with Alexa Fluor 488 or
647; SAA: serum amyloid A; TTR: transthyretin
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Introduction

A broad range of human diseases arise from protein aggre-
gation and subsequent amyloid deposition in different
organs [1]. One such condition is transthyretin amyloidosis
(ATTR), a systemic amyloid disease associated with depos-
ition of transthyretin (TTR). TTR is a homotetrameric pro-
tein with molecular mass 55 kDa that natively functions as a
transporter for thyroxine and retinol in the blood plasma
and cerebrospinal fluid [2]. Mutations in TTR can lead to
destabilisation of the tetramer, which increases the aggrega-
tion propensity and thus promotes amyloid accumulation in
several different tissues, e.g. peripheral nerves, heart, eyes,
and kidney [3]. Additionally, wild type (wt)-TTR can dis-
sociate and aggregate into amyloid, which is a process that
may occur with aging [4,5]. AA-amyloidosis is a second
form of systemic amyloidosis that develops when protein
AA, composed of N-terminal fragments of the acute phase
protein serum amyloid A (SAA) deposit in peripheral
organs, e.g. the spleen, liver, kidney, and the vascular tree
(reviewed in [6]). AA amyloidosis occurs as a comorbidity
to chronic inflammatory conditions, e.g. tuberculosis and

rheumatoid arthritis, and in recent times, the condition has
been linked to obesity [7].

Congo red staining combined with polarisation micros-
copy is the standard technique for diagnosis of systemic
amyloidosis in biopsies. Identification of amyloid precursor
protein is then performed by immunohistochemistry, west-
ern blot, or mass spectrometry. The treatment options for
amyloidosis are rapidly expanding, and especially research
on ATTR amyloidosis has resulted in different treatment
strategies. Liver transplantation, the previous first-line treat-
ment [8], is being replaced by recently developed promising
TTR kinetic stabiliser drugs, such as diflunisal [9] and tafa-
midis [10], and by genetic therapies, e.g. patisiran [11].
However, to achieve the greatest benefits from these
advanced drugs, detection of a small amount of ATTR
deposits in the tissue during the early course of disease is
essential. Since tissue damage already inflicted by ATTR
amyloidosis is irreparable, immediate treatment can limit
tissue damage and retain the patient’s quality of life.

Congo red staining to confirm the presence of amyloid is
applied on a routine basis, but has obvious limitations, such
as limited sensitivity [12]. Amyloid deposits are unevenly
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distributed and patients in an early stage of the disease have
minuscule deposits; therefore, it is necessary to obtain biop-
sies of adequate size. Congo red staining has an increased
risk of producing false negative results in these cases [13].
Fluorescent dye probes have been developed to improve the
sensitivity of detection, enabling enhanced detection of
amyloid aggregates as a complementary approach to Congo
red dye [14–16]. One such probe, the heptamer formyl thio-
phene acetic acid (h-FTAA), indicated that this dye is more
sensitive [17,18], although less specific [19], than Congo
red. In addition to the development of new dyes, many lab-
oratories are attempting to amplify tissue existing ATTR by
exploiting the amyloid seeding approach. However, this
strategy may not be feasible, because monomer addition in
the case of TTR is energetically favourable and nuclei for-
mation is not required for efficient aggregation [20].

Here, we introduce a protein nanofibril-based assay with
high sensitivity for detection of ATTR in biopsies from
patients with amyloidosis. Our assay relies on recently
developed antibody-binding nanofibrils (Ab-bNF), which
have 20-fold higher binding capacity than Protein A-
Sepharose (GE Healthcare) [21]. The translation release fac-
tor Sup35(1-61) (abbreviated Sup35) from Saccharomyces
cerevisiae serves as a scaffold for the Ab-bNF. Sup35 is an
amyloid-forming protein and Ab-bNF are assembled by co-
fibrillation of Sup35 with Sup35-ZZ, a genetic hybrid of
Sup35 and the antibody-binding Z-domain dimer (ZZ). This
fibrillation protocol leads to the exposure of ZZ on the

surface of the Sup35 fibrils, allowing for the primary anti-
bodies to bind (Figure 1). Only a few primary antibodies
present on the Ab-bNF are expected to participate in anti-
gen binding, while the remaining antibodies act as second-
ary antibody binding sites. In addition to signal
amplification, we also expect increased sensitivity based on
cooperative antigen binding of the tightly packed antibodies
immobilised along the Ab-bNF.

Methods

Proteins production

An engineered monomeric TTR (one subunit, henceforth
called M-TTR) was recombinantly expressed and purified as
described elsewhere [22,23]. Escherichia coli BL21star (DE3)
cells were transformed with the bacterial expression vector
pMMHa containing genes for M-TTR. The transformed
cells were grown at 37 �C in Lysogeny Broth (LB)
medium containing 150 mg/mL ampicillin, with shaking at
180 rpm until the optical density at 600 nm reached 0.8.
Expression of M-TTR protein was induced by the
addition of isopropyl b-d-1-thiogalactopyranoside (IPTG;
Formedium, Hunstanton, UK) to a final concentration of
2mM. Following induction, the temperature was lowered to
17 �C, and the cells were allowed to grow overnight. The
cells were harvested by centrifugation at 4,500 rpm for
20min at 4 �C in a Sorvall LYNX 6000 (Thermo Scientific,

Figure 1. Illustration of the concepts for enhance detection of ATTR amyloid using a functional nanofibril-based assay. (a) The Ab-bNF are saturated with primary
antibodies exploiting the ZZ domain on the fibril surface. (b) The conventional indirect immunoassay relies on a primary antibody against TTR, which is then
detected by a fluorescent conjugated secondary antibody. (c) In the enhanced immunoassay, the Ab-bNF saturated with TTR-specific primary antibodies (TTR-bNF)
bind the antigen and increase the number of secondary antibody binding sites per antigen. This strategy results in fluorescence signal enhancement. (d) ATTR
amyloid-containing section is subjected to conventional immunofluorescence labelling and compared with (e) enhanced immunolabeling utilising TTR-bNF to
obtain an enhanced signal.
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Uppsala, Sweden) centrifuge using an F9-6� 1000 LEX
rotor. The cell pellet from 1 L culture was dissolved in 30ml
25mM Tris-HCl buffer containing one protease inhibitor
tablet (Roche, Basel, Switzerland) and stored at �20 �C.
Upon use, the cells were thawed and sonicated following a
standard E. coli lysis procedure. Lysed cells were centrifuged
at 17,000 rpm for 30min at 4 �C using an F21-8x50y rotor
in a Sorvall LYNX 6000 (Thermo Scientific) centrifuge. The
supernatant was subjected to (NH4)2SO4 precipitation
(0–50% (NH4)2SO4 cut), followed by another round of cen-
trifugation. The supernatant was saved and filtered through
0.45mm filter, and desalted by two rounds of overnight dia-
lysis against 25mM Tris-HCl using a 6–8 kDa dialysis mem-
brane (Spectrum Labs, USA). The dialysed sample was
concentrated using a Vivaspin 20 spin column (Sartorius,
Germany) with a molecular mass cut-off of 5 kDa. The con-
centrated solution was loaded on a MonoQ 10/100 GL col-
umn (GE Healthcare, Uppsala, Sweden) equilibrated with
25mM Tris HCl at pH 7.0 (buffer A), and bound proteins
were eluted with buffer A containing 1M NaCl. Purification
was followed by size exclusion chromatography on a
Superdex75 column (GE Healthcare) equilibrated with
50mM Na-phosphate at pH 7.4 with 100mM NaCl. The
protein purity was confirmed by SDS-PAGE, and soluble
M-TTR was snap-frozen and stored at �80 �C until use.
The proteins Sup35(1-61) and Sup35(1-61)-ZZ were
expressed and purified as described earlier [21].

Preparation of Ab-bNF

Soluble Sup35 (8 mg) diluted in fibrillation buffer (FB;
30mM Tris pH 8.0, 200mM NaCl) was sonicated in a
Branson 2510 ultrasonication bath for eight minutes. This
process produced fibrillar seeds (50 mL) that were immedi-
ately transferred to a sterile 1.5ml Eppendorf vial containing
soluble Sup35 (79 mg) and Sup35-ZZ (50 mg) in 220mL FB.
Fibrils were allowed to form for 30min and then the reac-
tion mixture was diluted by adding 100 mL FB, followed by
72 h incubation at room temperature (RT). The fibrils were
pelleted by centrifugation at 5,000� g using a Heraeus Pico
17 centrifuge (Thermo Scientific) for 10min, and the super-
natant was removed. The final molar ratio of Sup35 to
Sup35-ZZ was 1:0.33.

Atomic force microscopy

The morphology of Ab-bNF was analysed using a Bruker
Dimension FastScan Bio (Bruker, USA) atomic force micro-
scope (AFM) equipped with a Scanasyst Air probe. The Ab-
bNF preparation (0.25mg/mL) was diluted 10 times with
deionised water, and approximately 6 mL were applied onto
a freshly cleaved mica plate. The sample was allowed to dry
overnight, and images of 1 mm� 1 mm or 2 mm� 2 mm were
recorded by scanning at 1.99Hz sample rate with 512 lines
and 512 samples/lines.

Preparation of TTR-bNF

TTR isolated from a patient with ATTR amyloidosis was
used for production of TTR (1899) antiserum in rabbit.
Antiserum was added to Ab-bNF (binding capacity: 1.8 mg
antibody/mg Ab-bNF) and incubated in 50mM Tris pH 7.6,
150mM NaCl (buffer T), at RT for 60min. The complex
(TTR-bNF¼Ab-bNF and TTR antibody) was then pelleted
at 5,000� g using a Heraeus Pico 17 centrifuge
(Thermo Scientific) for 10min. The supernatant was
removed, and the pellet was washed with buffer T and
diluted in the same buffer.

TTR-bNF microplate immunoassay

M-TTR used as antigen was two-fold serial diluted from
1000 to 2.9 pg/mL in 0.1M sodium carbonate-bicarbonate at
pH 9.8 (coupling-buffer) and triplicate 100 mL/well portions
were dispensed in a Greiner F-bottom black high-binding,
96-well plate (Sigma Aldrich). The antigen was allowed to
bind overnight with gentle shaking at 4 �C. On the next day,
non-bound TTR was removed, and unbound sites were
blocked by 2% bovine serum albumin (BSA) in buffer T
(300 mL/well) for 3 h at RT. The plate was then washed three
times with buffer T containing 0.05% Tween 80 (buffer R),
with 400 mL per well. The TTR-bNF complex was diluted in
buffer T containing 0.75% BSA to 6.5 mg Ab-bNF and
�11.7mg primary antibody (1899), and 100 mL were added
to each well. The plate was incubated at RT for 2.5 h, and
then washed three times with buffer R, with 400mL/well.
Next, each well was incubated with 100mL of goat anti-rab-
bit antibody conjugated with Alexa Fluor 488 (GAR-Alexa
488; Invitrogen, Carlsbad, CA), diluted 200 times in buffer
T containing 0.75% BSA at RT for 1.5 h. Finally, the plate
was washed five times with buffer R, and the fluorescence
signal was measured at an excitation and emission wave-
length of 485 and 520 nm, respectively, in a Polarstar
Omega (BMG Labtech, Offenburg, Germany). As reference,
conventional indirect immunoassay was performed using an
identical set-up as in the TTR-bNF immunoassay, except
that 10 mg/mL primary antibody (1899) diluted in buffer T
was added to each well instead of the TTR-bNF. As blanks
for both the conventional and TTR-bNF assay, the M-TTR
concentration in the initial immobilisation step was 0 pg/
mL. The blank samples were used to calculate the signal
detection limit ydl of the assay as:

ydl ¼ yblank þ 3s

where yblank is the average value of seven blank measure-
ments and s is the standard deviation [24].

Preparation of tissue section

Formalin-fixed paraffin-embedded heart tissue from two
patients (Case 1 and Case 2) diagnosed with ATTR amyl-
oidosis were used in the study. The amyloid protein isolated
from both cases has been sequenced and confirmed to be of
type A, consisting of C-terminal fragments and full-length
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TTR [25]. Renal tissue from one patient diagnosed with AA
amyloidosis of vascular type [26] were included and used
for characterisation of TTR-bNF and AA-bNF binding in
situ. The human material was obtained from the amyloid
tissue bank and has been approved for research use by the
Ethics Committee at Uppsala University. Sections, 6 mm
thick, were placed on plus slides (VWR, Sweden) and heat-
treated at 80 �C for 3 h. The sections were deparaffinized in
xylene and rehydrated by incubation in decreasing ethanol
concentrations, followed by rinsing in water and buffer T. A
mouse was given a subcutaneous injection of 1% silver
nitrate to stimulate SAA synthesis 24 h before sacrifice.
After fixation in 10% neutral buffered formalin, the tissue
was snap-frozen, and 10 um thick sections were cut and
dried onto plus slides. The sections were soaked in buffer T
before incubation with Ab-bNF.

Immunofluorescence labelling

Ab-bNF (5 mg) containing 9 mg primary antibody or 7.5 mg
Ab-bNF containing 13.5 mg primary antibody in buffer T
was added to tissue sections. Overnight incubation took
place in a humidity chamber at RT. The next day, the sec-
tions were rinsed four times in buffer T, followed by incu-
bation with GAR-Alexa 488 or GAR-Alexa 647 (Invitrogen,
Carlsbad, CA), diluted 1:1000 in buffer T at RT for 2 h. This
was followed by rinsing four times in buffer T and then
mounting with PBS-glycerol (1:1) containing 1 mg/mL DAPI
(Invitrogen, Carlsbad, CA). The sections were stored at 4 �C
until analysis. For comparison, indirect immunolabeling
with decreasing antibody concentrations of (1 mg, 0.5 mg, or
0.25mg) was performed on sections from the same tissue.
Detection, rinsing, and mounting was performed as for the
enhanced assay.

Congo red staining

Deparaffinized and dehydrated sections were incubated with
solution A containing 80% ethanol saturated with NaCl and
1% NaOH for 20min, followed by incubation in solution B
containing solution A saturated with Congo red and 1%
NaOH for 20min. After staining, the sections were rinsed in
absolute ethanol and mounted with Mountex (HistoLab,
Gothenburg, Sweden).

Microscopy

Immunolabeled tissue sections were analysed with a Zeiss
LSM 780 confocal microscope (Carl Zeiss AG, Oberkochen,
Germany). Images were acquired at 20� magnification.
Congo red stained sections were analysed with an Olympus
BX40 microscope fitted with polarisation filters
(Olympus, Japan).

Results

TTR-bNF microplate immunoassay

AFM was used for analysing the morphology of Ab-bNF.
The fibril lengths were determined to be within the range of
0.1–0.5 mm (Figure 2(a)). Some fibrils appeared as bundle-
like assemblies (Figure 2(a), bottom), most likely due to
amyloid fibrils’ sticky nature. First, we sought to verify
whether the TTR-bNF could be used to enhance the fluores-
cence signal in an indirect immunoassay, as outlined in
Figure 1. In this assay, an engineered stable monomeric
TTR variant was used as antigen. In the variant TTR,
phenylalanine and leucine at positions 87 and 110 have
been replaced with methionine. The mutations introduced
into the subunit interfaces block tetramerization of M-TTR
by steric clashing. M-TTR is a good mimic of wt-TTR and
does not form amyloid fibrils unless partially denatured

Figure 2. (a) AFM micrograph showing the short fibrils (top) and bundle-like morphologies (bottom) of Ab-bNF. The Ab-bNF was imaged by scanning areas with
size 2 mm� 2 mm (top) and 1 mm� 1mm (bottom) at 1.99 Hz sample rate with 512 lines and 512 samples/lines. (b) Comparison of the TTR-bNF-based assay (red)
with the indirect immunoassay (blue). In the TTR-bNF-based assay, the Ab-bNF saturated with primary antibody served as the specific antigen recognition agent.
The indirect immunoassay was performed identical to the TTR-bNF immunoassay, except that Ab-bNF was not included. The black dotted lines (–-) represent the
signal detection limit. (c) Plot showing that the fluorescence cannot be increased in an indirect immunoassay by increasing the antibody concentration without
Ab-bNF. The background fluorescence corresponding to the primary antibody concentration was subtracted from each data point. The error bars in both (b) and
(c) represent the standard deviation for n¼ 3 replicates.
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[22]. By utilising the TTR-bNF, a 200-fold increase in assay
sensitivity was measured, compared to a conventional indir-
ect immunoassay (Figure 2(b)). This was determined by
estimating the analyte concentration necessary to obtain sig-
nificant fluorescence above the signal detection limit, which
is the minimum detectable signal [24]. The signal detection
limit was found to be below the lowest concentration tested
in the TTR-bNF based assay, but was estimated to be
1.5 pg/mL. The signal detection limit for the reference assay
was estimated to be 360 pg/mL. This level of detection is
superior to that reported for previously developed protocols
that utilise functional nanofibrils and display GFP on their
surface [27–29].

To further assess whether the enhanced signal is Ab-bNF
assisted or originates from the extra amount of antibody
employed in the assay, we performed a control experiment
in which 1000 pg/mL M-TTR, which was the highest con-
centration in the experimental assay, was immobilised in a
96-well plate. The conventional indirect immunoassay was
then performed with an increasing concentration of primary
antibodies. The results showed no linear dependency
between the fluorescence signal and the primary antibody
concentration (Figure 2(c)). Thus, we concluded that the
amplified signal in our set-up is derived solely from the
increased number of secondary antibodies that are recruited
to the antigen via the Ab-bNF, as depicted in Figure 1.

TTR-bNF immunofluorescence labelling
Since our concept yielded promising results in the micro-
plate format, we next examined whether Ab-bNF can be
used to improve the sensitivity of an immunofluorescence
assay. As with the microplate assay, we first compared the
binding pattern of TTR-bNF and TTR primary antibody
(1899) to TTR amyloid-containing tissue from Case 1. The
indirect immunofluorescence labelling was carried out with
0.25mg, 0.5 mg, and 1 mg primary antibody per tissue section,
followed by the addition of a fluorophore-conjugated sec-
ondary antibody. Strong fluorescence, indicating TTR amyl-
oid presence, was observed in sections incubated with
0.25mg primary antibody, while the signal in sections incu-
bated with 0.5 mg and 1 mg primary antibody appeared
weaker (Figure 3(a–c)). The lower fluorescence signal
observed in tissue sections incubated with higher antibody
concentrations is likely due to steric hindrance [30,31].

For TTR-bNF immunofluorescence labelling, 9 mg or
13.5mg primary antibody (via Ab-bNF) was added to each
tissue section. As expected, the use of TTR-bNF yielded a
strong fluorescence signal and all reactivity detected was
strongly associated with amyloid deposits (Figure 3(d–e)).
Interestingly, the fluorescent signal observed in tissue sec-
tions incubated with 13.5 mg antibody bound to Ab-bNF
was much stronger than that observed in sections incubated
with 9 mg antibody bound to Ab-bNF. This result confirms
that the enhanced signals are TTR-bNF assisted. As men-
tioned previously, the detection sensitivity did not improve
on increasing the concentration of primary antibody using
indirect immunofluorescence labelling (Figure 3(a–c)).
Using TTR-bNF, we successfully employed almost 10-fold

more primary antibody in the immunofluorescence labelling
protocol, thereby achieving an enhanced signal.

However, it is well known that amyloid aggregates are
sticky and tend to bind non-specifically to proteins and
other cellular components [32–34]. Therefore, to exclude
the possibility that the detected reactivity originates from
unspecific binding, we included several negative controls. At
first, TTR amyloid sections were incubated with empty Ab-
bNF followed by incubation with secondary antibody to
exclude unspecific interaction between the nanofibrils and
the amyloid containing tissue (Figure 3(f)). Secondly, we
tested for unspecific binding of the secondary antibody to
the tissue structures by not including Ab-bNF and primary
antibody in the labelling protocol (Figure 3(g)). To verify
that TTR-bNF recognises TTR amyloid specifically and not
amyloid aggregates in general, tissue sections containing AA
amyloid were incubated with the TTR-bNF complex (Figure
3(h)). Furthermore, we examined whether signals could be
detected after an irrelevant antibody was loaded onto the
Ab-bNF. For this, an AA-specific primary antibody was
used to produce AA-bNF and incubated with TTR amyloid
containing section (Figure 3(i)). As expected, no amyloid
reactivity appeared in any of these control experiments. In
addition, we tested tissue autofluorescence by analysing TTR
amyloid sections in the absence of Ab-bNF, or primary anti-
body, or secondary antibody (Figure 3(j)). The TTR section
alone did not give rise to any fluorescent signal, excluding
autofluorescence originating from the amyloid-containing
tissues. From all these control experiments, it can be con-
cluded that the TTR-bNF binds specifically to TTR amyloid.
The specificity of the Ab-bNF, when loaded with a specific
primary antibody towards the target antigen, was further
illustrated by loading an anti-AA antibody on the Ab-bNF
(AA-bNF), followed by incubation with AA amyloid sec-
tions. Exchanging the primary antibody and tissue section
in the enhanced method also resulted in strong amyloid-
specific reactivity (Figure 3(k)), which clearly demonstrates
our method’s versatility.

We also tested the ability of TTR-bNF and AA-bNF to
bind to their native forms of TTR and SAA, respectively.
Sections from mouse liver were used and TTR-bNF revealed
almost no labelling with hepatocytes (results not shown),
possibly depending on a limited TTR expression. The SAA
expression is low in healthy individuals but expected to be
high in the liver from an inflamed mouse. The AA-bNF
labels the hepatocytes in these sections indicating that bind-
ing also occurs to the native protein (Figure 3(l)).

Next, employing TTR-bNF, we explored whether an
enhanced signal can be achieved by immunofluorescence
labelling of tissue sections that contain small amounts of
amyloid. For this experiment, tissue from Case 2, which
contained small ATTR deposits, were used (Figure 4(a)).
The same experimental conditions and the same amount of
primary antibody, i.e. 9 mg or 13.5 mg, as in the previous
assay were used. This experiment demonstrated that the
enhanced method has the potential to amplify amyloid-spe-
cific signals from minute amyloid deposits in tissue (Figure
4(b–c)). Furthermore, pathological amyloid deposits are
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Figure 3. (a–c) Representative confocal images of indirect immunolabeling of ex vivo tissue from Case 1 using TTR-specific primary antibody alone. The antibody
amount was 0.25mg (a), 0.5mg (b), or 1 mg (c). (d–e) Fluorescence from the enhanced immunolabeling assay in which the Ab-bNF were saturated with primary anti-
body before being applied onto the tissue sections. (d) 5mg Ab-bNF:9 mg Ab. (e) 7.5mg Ab-bNF:13 mg Ab. (f-j) Negative controls. (f) Ab-bNF (7.5 mg) without primary
Ab was applied onto TTR amyloid sections. (g) Secondary Ab alone was added to TTR amyloid sections. (h) The TTR-bNF complex (7.5 mg Ab-bNF:13 mg Ab) was
applied to AA amyloid sections. (i) TTR amyloid section incubated with AA-specific primary antibody on Ab-bNF (AA-bNF ¼ 5 mg Ab-bNF:9 mg Ab). (j) TTR amyloid
section in the absence of Ab-bNF, or primary Ab, or secondary Ab. (k) AA amyloid section incubated with AA-bNF (5mg Ab-bNF:9 mg Ab), serving as another control
to show the specificity of Ab-bNF. (l) mouse liver section incubated with AA-bNF (7.5 mg Ab-bNF:13mg Ab). Images were captured at 20� magnification. The scale
bar represents 200 mm.
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known to contain other cellular components as well as
fibrillar proteins, together with the main protein precursor.
It has previously been shown that apolipoprotein A-IV
amyloid co-deposits with TTR in ATTR amyloidosis
[35–37]. While detecting the presence of ATTR amyloid
deposits in tissue with Congo red, signals from other amyl-
oid deposits may contribute to the final signal, since Congo

red binds to the generic amyloid structure, i.e. b-pleated
sheet configuration [38]. In contrast, the TTR-bNF assay
contains an ATTR-specific antibody, which implies that the
reactivity is exclusively from the ATTR aggregates.

Finally, we investigated whether enhanced signals can still
be achieved while using a more diluted TTR-bNF complex,
and whether the signals are correlated with the

Figure 4. (a) Ex vivo tissue sections from Case 2 containing minute ATTR amyloid deposits, stained with Congo red. (b–c) Enhanced fluorescence signal from the
same case using the TTR-bNF assay. The concentrations of the TTR-bNF complex are 5mg Ab-bNF:9mg Ab (b), and 7.5mg Ab-bNF:13mg Ab (c). The scale bar repre-
sents 200 mm.

Figure 5. (a–d) Representative images of the enhanced fluorescence signal from Case 2 while using a diluted TTR-bNF complex. 7.5mg Ab-bNF:13 mg Ab prepar-
ation was two-fold diluted to 3.75 mg Ab-bNF:6.5mg Ab (a), 1.87mg Ab-bNF:3.25mg (b), 0.93 mg Ab-bNF:1.62mg (c), and 0.47mg Ab-bNF:0.84mg (d), and applied
onto the tissue sections. (a0–d0) Composite images of (a–d). (e) A tissue section incubated with 1mg antibody (approximately the same amount at the lowest con-
centration in the dilution of the TTR-bNF complex) without being loaded on Ab-bNF. (e0) Composite image of (e). The scale bar represents 200 mm.
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concentration of the complex. For this, the highest concen-
tration of the complex used in the previous assay (7.5 mg
Ab-bNF and 13 mg Ab) was two-fold diluted in series to
0.47mg Ab-bNF and 0.81mg Ab. Representative images of
immunolabeled sections using the diluted TTR-bNF are
shown in Figure 5. The images display strong and amyloid-
specific fluorescence signals that are also well-correlated
with the concentration of the complex. This result is in line
with expectations from this experiment. The experiment
also demonstrated that loading primary antibody in the
amount used in the conventional assay (0.25–1 mg/per tissue
section) on the Ab-bNF amplifies amyloid-specific signals
and markedly amplifies signals from smaller aggregates.
Furthermore, this experiment also indicates that even higher
reactivity from smaller aggregates can be obtained if a larger
amount of TTR-bNF complex is employed.

Discussion

Highly sensitive detection of pathological markers is essen-
tial for the identification of early stages of diseases, includ-
ing amyloid disease. Existing methods considered useful for
ultra-low detection are digital ELISA, immuno PCR (iPCR),
and surface plasmon resonance (SPR) assays [39–41]. In
digital ELISA, isolation of microbeads that capture proteins,
which are enzyme-labeled into 50 fL reaction chambers, has
lowered the detection limit below the fM range. iPCR is also
a highly sensitive method, but this assay’s shortcoming are
the significantly longer detection time and the need for add-
itional functionalization of the antibodies [42]. To avoid the
additional labelling step, SPR is a well-studied method for
highly sensitive detection of biomarkers [43]. However,
these types of assays require sophisticated and expensive
laboratory equipment and are not suited for the detection of
amyloid in tissue sections.

In the present study, we developed a method that can
easily be implemented into existing immunoassay formats
and does not require any additional detection equipment.
We recently assembled protein nanofibrils that can hold one
order of magnitude more IgG than any other commercially
available antibody-binding medium [21]. We speculated that
the large surface area of these fibrils could be used to
improve the sensitivity of an immunoassay dramatically
[44]. We here functionalised these protein nanofibrils (Ab-
bNF) with an antibody against TTR for enhanced ATTR
amyloid detection in patients with ATTR amyloidosis. The
rationale behind this work is that an enhanced signal can be
achieved from extremely low antigen concentrations, i.e.
aggregates, if an increased number of antibodies can be con-
nected to the antigen, preventing steric hindrance. Using the
functionalised nanofibril, i.e. Ab-bNF, whose surface dis-
plays the antibody-binding Z domain [21], we linked a
higher number of primary antibodies to the antigen. This
provided an increased number of binding sites for the sec-
ondary antibody resulting in signal amplification.

The microplate immunoassay results showed that the
methodology yields the expected signal amplification. The
method is robust and reproducible, but there are some

considerations. The first critical factor in this experimental
set-up is the length of Ab-bNF, since it determines the
number of primary antibodies introduced into the system.
Theoretically, more fluorescence could be achieved from
longer fibrils that provide more signal-generating secondary
antibody-binding sites. However, longer fibrils are heavier
and might be more susceptible to uncontrolled release from
the surface due to shearing forces during the washing steps.
According to this hypothesis, shorter fibrils would most likely
be less susceptible to uncontrolled release. A second critical
point is the length distribution of the fibrils. Shorter fibrils
with a more uniform length distribution may be beneficial in
ensuring that the fibrils are evenly distributed to the micro-
plate wells, as an uneven distribution of fibrils could contrib-
ute to variation between data points and high standard
deviation [29]. We achieved the best results with approximate
fibril lengths in the range 0.1–0.5mm. Short Ab-bNF fibrils
were produced by diluting the reaction mixture after 30min,
which is the beginning (immediately after primary nucle-
ation) of the fibril elongation phase. The rationale behind
this protocol is that the addition of seeds created by sonic-
ation leads to a higher number of fibrils at the beginning of
the aggregation reaction, and the subsequent addition of buf-
fer to the reaction mixture decreases the concentration of the
monomers, which limits fibril elongation. Even though this
approach helped to produce short Ab-bNF fibrils, we could
not completely avoid diversity in length and the formation of
bundle-like morphology. Therefore, the protocol should be
further optimised to produce short Ab-bNF fibrils with a
more uniform length distribution.

Steric hindrance prevents the antibody from simultan-
eous binding to all epitopes on a polyvalent antigen, where
binding epitopes are closely spaced on the surface [31].
Thus, the addition of excess antibody in an immunolabeling
experiment does not improve the reactivity. For immuno-
labeling experiments, lower antibody concentration is often
preferred. However, lower antibody concentration may gen-
erate very weak signals, especially when targeting small anti-
gen deposits (aggregates). Therefore, linking an additional
antibody to the antigen, by any means, could offer a valu-
able tool in immunolabeling experiments. With the use of
Ab-bNF, we succeeded in introducing 10-times more pri-
mary antibody to amyloid deposits on tissue sections, which
resulted in very strong signals, indicating that our concept
nicely tackles the steric hindrance issue. Moreover, our
enhanced method demonstrated the potential to amplify
fluorescence signals from minute amyloid deposits in tissue.

Taken together, the results generated in this pilot study
show that the enhanced method has the potential for detec-
tion of a small amount of ATTR aggregates in tissue. The
set-up could also open a new avenue for the detection of
small pathological deposits in tissue that occur in a broad
range of human and animal diseases.
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