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Nano-Biosensor

Quantum Dot-Based FRET Immunoassay for HER2 Using

Ultrasmall Affinity Proteins

Yu-Tang Wu, Xue Qiu, Sarah Lindbo, Kimihiro Susumu, Igor L. Medintz,

Sophia Hober, and Niko Hildebrandt*

Engineered scaffold affinity proteins are used in many biological applications
with the aim of replacing natural antibodies. Although their very small sizes
are beneficial for multivalent nanoparticle conjugation and efficient Férster
resonance energy transfer (FRET), the application of engineered affinity
proteins in such nanobiosensing formats has been largely neglected. Here,
it is shown that very small (=6.5 kDa) histidine-tagged albumin-binding
domain-derived affinity proteins (ADAPTs) can efficiently self-assemble

to zwitterionic ligand—coated quantum dots (QDs). These ADAPT-QD
conjugates are significantly smaller than QD-conjugates based on 1gG, Fab’,
or single-domain antibodies. Immediate applicability by the quantification of

can be naturally produced or selected in
vitro. Similarly, engineered scaffold pro-
teins are selected in vitro and can either
be produced in bacterial hosts or chemi-
cally synthesized. The most common
synthetic binding proteins are (in alpha-
betical order) affibodies,* anticalins,
designed ankyrin repeat proteins,® and
monobodies.”l The main applications of
these antibody alternatives are therapy,
drug delivery, and in vivo and in vitro
imaging.”® However, these much smaller

siidl
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the human epidermal growth factor receptor 2 (HER2) in serum-containing
samples using time-gated Tb-to-QD FRET detection on the clinical benchtop
immunoassay analyzer KRYPTOR is demonstrated here. Limits of detection
down to 40 X 1072 m (=8 ng mL™") are in a relevant clinical concentration
range and outperform previously tested assays with antibodies, antibody

fragments, and nanobodies.

Immunoassays are dominated by the use of antibodies because
of their broad accessibility and the fewer restrictions for bio-
sensing in solution regarding size, structure, and environ-
ment.!! However, the large sizes, complex structures, and
relatively expensive and laborious production of IgG-based
antibodies have led to the development of alternative affinity
proteins.Zl Small single-domain antibodies (or nanobodies)!!

affinity binders would have significant
advantages for bioassays based on Forster
resonance energy transfer (FRET) and
nanoparticles. The limited FRET dis-
tance of =10 nm® and the requirement
of oriented and multivalent conjugation
on nanoparticles,!1% in combination with
their already relatively large sizes clearly
favor the use of small biomolecules for
biosensing. Surprisingly, only a few
studies have reported the combination of synthesized scaffold
proteins with FRET!!'112l or nanoparticles.'*!*] Semiconductor
quantum dots (QDs) are important optical nanomaterials for
immunoassays,>'°l and exhibit unique properties for versatile
FRET diagnostics.?-°] Nanobodies have been conjugated to
QDs?%271 and applied for both FRET immunoassays!?®?%! and
FRET imaging!3% in combination with supramolecular terbium
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QD625-CL4

Figure 1. A) QD705 was conjugated with ADAPT6-Cys via a sulfhydryl
reaction by adding sulfo-EMCS to introduce maleimide to the amino-PEG
QD705 surface. QD625 was conjugated with ADAPT6-Hisg via Zn-Hisg
self-assembly. B) Mixing of Tb-conjugated 1gG (Pertuzumab), ADAPT-
conjugated QDs, and soluble HER2 led to the formation of immunological
sandwich complexes and a concomitant close proximity between Tb and
QD, which, in turn, resulted in Tb-to-QD FRET for HER2 quantification.

(Tb) complexesPY and time-gated (TG) detection.’?l The appli-
cation and performance of even smaller engineered scaffold
proteins in such QD-FRET immunosensors remains to be
demonstrated.

Here, we show that a new class of very small (=6.5 kDa;
~1.0 X 1.5 X 2.5 nm?) albumin-binding domain-derived affinity
proteins (ADAPTs) against the human epidermal growth factor
receptor 2 (HER2),3334 which have previously been used for
in vivo radionuclide imaging of HER2 positive tumor xeno-
grafts,33% can be applied for advanced Tb-to-QD FRET immu-
noassays. Specifically engineered anti-HER2-ADAPTs with
histidine tags (Hisg) or single cysteines (Cys) were used for
conjugation to two different QDs emitting at 625 and 705 nm,
respectively, whereas Tb were conjugated to Pertuzumab anti-
HER2 antibodies (Genentech/Roche Diagnostics). TG-FRET
sandwich immunoassays were performed on a clinical immu-
nofluorescence plate reader (KRYPTOR, Thermo Fisher) in
TRIS buffer containing 0.5% bovine serum albumin (BSA) and
10% serum. All detection limits were in a clinically relevant
concentration range of soluble HER2 for breast cancer diagnos-
tics (7-3000 ng mL™)B37l and in the case of the ADAPT6-Hisg-
QD625 conjugates even below the clinical cutoff level of
15 ng mL™" HER2.?738] The ADAPT6-Hiss-QD625 also outper-
formed QD conjugates based on nanobodies, Fab’ fragments, and
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Figure 2. Absorption (dotted lines) and PL emission spectra of QD625
(orange) and QD705 (red), PL emission spectrum of Tb (green), and
transmission spectra of the bandpass filters used for Tb and QD detection
(gray). The absorption maximum of Tb is =339 nm (not shown).

IgG antibodies that were previously used in similar Tb-to-QD
FRET immunoassays for HER2.128]

To produce ADAPT-QD conjugates, we applied two different
approaches (Figure 1A; see Supporting Information for experi-
mental details) that we previously used to prepare various QD
conjugates with antibodies and nanobodies. The first conjuga-
tion strategy attached histidine tag containing ADAPTs by
metal-affinity mediated self-assembly?®l to the Zn-rich surface
of commercial QD625 (Qdot625, Thermo Fisher), coated with
compact zwitterionic ligands (CL4).*l This direct conjuga-
tion procedure allowed for a very close proximity between the
QD surface and the anti-HER2-ADAPT. The second conjuga-
tion technique, attached cysteine (Cys) terminated ADAPTS to
the amino-PEG coated surfaces of QD705 (Qdot705, Thermo
Fisher) via a N-e-maleimidocaproyl-oxysulfosuccinimide ester
(sulfo-EMCS) crosslinker.*% In contrast to the QD625-ADAPTS,
the additional PEG coating on the QD705 placed the ADAPTs
significantly further from the QD surface. The more than 1000-
fold difference in extinction coefficients at 280 nm between the
QDs and ADAPTs did not allow for a quantification of the exact
number of ADAPTs per QD but an excess of ADAPTs per QD
could be confirmed by the FRET immunoassays (vide infra).
Taking into account a conjugation efficiency of close to unity
for Hisg-Zn self-assembly on QD surfaces, we assumed =20:1
ADAPT/QD625 labeling ratio. The large excess of ADAPT-Cys
per QD705 (107:1) during conjugation and the larger size com-
pared to the QD625 let us estimate an even higher number of
ADAPTs per QD705. As we did not aim at systematically stud-
ying the valency of ADAPT molecules on QDs, an ADAPT-sat-
urated QD surface (without knowing the exact number) was an
adequate condition for our FRET immunoassays.

As the donor counterpart for the HER2 FRET immunoas-
says (Figure 1B), we used a full length IgG anti-HER2 antibody
(Pertuzumab) that was conjugated with Lumi4-Tb.[2841 Pertu-
zumab was used as Tb donor antibody since it recognizes a
different epitope on HER2 than anti-HER2 ADAPT. Upon addi-
tion of HER2 containing samples to solutions of Tb and QD
conjugates, both Tb-Pertuzumab and ADAPT-QD bound to
HER2, which brought Tb and QD in close proximity and led

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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to FRET from Tb to QD after excitation of Tb (Figure 1B). As
shown in Figure 2, the photoluminescence (PL) spectrum of Tb
and the absorption spectra of both QDs overlap significantly,
which resulted in Forster distances of Ry(Tb/QD625) = 9.7 nm
and Ry(Tb/QD705) = 10.4 nm (see Supporting Information
for determination). In addition to the larger R, the Tb-QD705
FRET pair also provided a spectrally broader detection of FRET-
sensitized QD PL with significantly lower background PL
from Tb (Figure 2). This usually results in higher sensitivity
compared to Tb—QD FRET pairs with shorter QD PL wave-
lengths.3%] On the other hand, the CL4-coated QD625 allowed
for a direct attachment of ADAPT and therefore a shorter dis-
tance to the QD surface and a higher FRET efficiency.

To evaluate the biosensing performance of the ADAPT-QD
conjugates, we studied homogeneous Tb-to-QD FRET immu-
noassays for HER2 with both conjugates (ADAPT6-Hisg-QD625
and ADAPT6-Cys-QD705). The ADAPT6 constructs had similar
affinities to HER2 than Pertuzumab (Kp(ADAPT-Hisg) = 1.3 x
107 M; Kp(ADAPT-Cys) = 4 x 107 M; Kp(Pertuzumab) = 1.9 x
1072 m),1333542] suggesting their suitability for sensitive detection
of HER2 in FRET-based assays. The immunoassays were per-
formed both in TRIS buffer containing 0.5% BSA and in TRIS
buffer containing 0.5% BSA and 10% of serum, because initial
experiments with 10%, 20%, and 30% of serum (Figure S2,
Supporting Information) showed the best performance for
10%. Assay calibration curves (Figure 3) were acquired on a
KRYPTOR compact PLUS, which simultaneously detected the
time-gated (0.1-0.9 ms) PL intensities of Tb donor (Iy,) and
QD acceptor (Igp).1®*4 The FRET-ratio = Igp/Iy, was used to
determine HER2 concentrations. All assay curves showed a
strong increase of FRET-ratio with increasing HER2 concentra-
tion from 0.075 X 107 M to =3 x 10~ m, after which the curves
started to level off and remained at an approximately constant
FRET-ratio between 6 X 10 M and 12 x 10~ M HER2. Such satu-
ration is typical for homogeneous separation-free FRET immu-
noassays and is caused by the complete binding of one or both
affinity binders (ADAPT or antibody) to the HER2 antigens.
Fifty microliters of HER2 (3 x 10~ M) were added to a 100 uL
solution of 1.5 x 10 M Tb-Pertuzumab and 0.75 x 10~ m
ADAPT-QD (concentrations of Pertuzumab and QD, respec-
tively). Thus, 3 x 10~ m HER2 corresponded to 1 x 10~ m in the
measuring volume of 150 pL, which showed that the saturation
was caused by the Tb-Pertuzumab concentration (1 X 107 m
in 150 pL). It also confirmed the excess of ADAPT per QD,
because the QD concentration was only 0.5 x 10 m in the
150 pL assay volume.

Although both types of ADAPT-QD assays could distinguish
HER2 concentrations in clinically relevant concentrations for
breast cancer diagnostics,**® the slopes (sensitivity), the FRET-
ratio saturation values of the calibration curves (Figure 3A),
and the limits of detection (LODs, Figure 3B and Table 1)
clearly show the superior performance of the ADAPTG6-Hisg-
QD625. While 10% of serum inside the sample led to slightly
higher LODs, they were still below the clinical cutoff level rec-
ommended for soluble HER2 (15 ng mL™).738 The Tb-Per-
tuzumab-HER2-ADAPT-QD625 FRET assay also outperformed
other affinity binder combinations including nanobodies,
Fab' fragments, and IgGs.”!l Only a combination of VyH
nanobodies that were attached to QDs by a terminal cysteine
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Figure 3. A) Calibration curves of Tb-to-QD FRET immunoassay for
HER2 using ADAPT-Hisg-QD625 (triangles; blue and red) and ADAPT-
Cys-QD705 (circles; magenta and green). Concentrations correspond to
HER2 in a 50 pL sample of TRIS buffer with 0.5% BSA and without serum
(filled symbols; red and magenta) or with 10% of serum (open symbols;
blue and green). Concentrations in a pure serum sample (5 puL within the
50 uL sample) would be tenfold higher. Dotted lines present the linearly
increasing part of the calibration curves at low concentrations. B) Lower
concentration range of the calibration curves from (A), which was used
to estimate the LODs (30 above zero). Error bars correspond to standard
deviations (o) with n =3 for all HER2 containing samples and n = 30 for
the zero-control (no HER2).

(oriented conjugation) showed similar LODs (Table 1) but only
in buffer (addition of serum led to nonspecific binding). Our
assays also provided lower LODs compared to QD-to-quencher
(1 x 107 m) and QD-to-dye (12 x 1072 M) FRET immunoassays
for the vascular epidermal growth factor receptor (VEGF),l22
QD-to-gold nanoparticle FRET immunoassays for the hepa-
titis B surface antigen (HBsAg, 9 ng mL™" or 380 x 10712 m),[23]
QD-to-dye FRET immunoassays for octachlorostyrene (OCT,
3.8 x 107 m),? and QD-to-dye or QD-to-quencher FRET
immunoassays for 2,4,6-trinitrotoluene (TNT, 20 ng mL!
or 90 x 107 wm).’>] Only amplified QD-based immuno-
assays resulted in significantly lower LODs for prostate
specific antigen (PSA, 1.8 pg mL™ or 60 fM)"} or VEGF
(5 x 10712 m).22l Commercial enzyme-linked immunosorbent
assays (ELISAs) for HER2 advertise LODs down to a few pg mL™!

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. LODs for HER2 in 50 pL samples using combinations of dif-
ferent engineered and natural affinity proteins (ADAPT, VyH nano-
bodies, Fab’ fragments, and 1gG).

Current work LOD (x10°wm)  LOD (ng mL™)
Tb-1gG/ADAPT-Hisg-QD625 0.04 £0.01 8+2
Tb-1gG/ADAPT-Hisg-QD625 10% serum* 0.05 £0.01 10+2
Tb-1gG/ADAPT-Cys-QD705 0.30£0.02 50+ 4
Tb-1gG/ADAPT-Cys-QD705 10% serum* 0.30+0.03 60+6

LODs in previous workl?8l (only buffer)

Tb-1gG/IgG-QD650: 0.09 X 107 M Tb-V4H/V,H-QD650 (oriented):

0.05x10° m

Tb-1gG/IgG-QD605: 0.15 x 107° m Tb-VyH/VH-QD650 (random):

0.08 x 10 m

Tb-IgG/Fab’-QD650: 0.11 x 10 m Tb-ViyH/V4H-QD605 (oriented):

0.04x10°m
Tb-lgG/Fab-QD605: 0.12 x 10~ m Tb-V4H/V,H-QD605 (random):

0.12x10°m

*Concentrations of LODs correspond to those in the 50 UL samples that contain
5 UL of serum. Therefore, LODs in a serum sample would be tenfold higher.

(e.g., Aviscera Bioscience), but these assays are heteroge-
neous and therefore more time and labor consuming than
ourhomogeneousassays. Byoptimization ofthe ADAPT-Hisg-QD
conjugation, e.g., by a detailed investigation of different num-
bers of ADAPT per QD,* or multiplexing with different
QDs,* further improvement of the performance and versa-
tility of the ADAPT-QD conjugates for biosensing should be
possible.

In conclusion, we have demonstrated that small engineered
affinity proteins, namely ADAPTs with an approximate molec-
ular weight of 6.5 kDa, can be efficiently self-assembled to
625 nm emitting QDs via histidine tags and that these ADAPT-
QD conjugates can be applied for highly sensitive FRET immu-
noassays for HER2. This new nanobiomaterial combination
showed an improved FRET assay performance compared to QD
conjugates with antibodies, antibody fragments, or nanobodies
and may become a useful tool for many other optical biosensing
and clinical applications in both spectroscopy and imaging. We
also showed an alternative conjugation approach of cysteine-
terminated ADAPTs through labeling to amino-PEG coated
QDs via sulfo-EMCS crosslinkers. Although the detection
limits were higher for this conjugate, our results demonstrated
the versatility of ADAPT-conjugation to nanoparticles and the
application to another QD color (emitting at 705 nm) showed
the general possibility of color multiplexing. Our future efforts
will be directed to further sensitivity optimization, the imple-
mentation of ADAPT-QD conjugates for different biomarkers,
and the multiplexed detection of different analytes from single
samples by different QD acceptors. Our proof-of-concept study
showed the benefits of combining small affinity binders with
QDs for improved FRET biosensing and we believe that, with
the development of ADAPTSs against various biomarkers, this
nanoaffinity concept can become a very versatile and practical
tool for FRET biosensing and other bioanalytical and clinical
applications.
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