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ABSTRACT: Biomarkers serve as indicators of disease progression or therapeutic response of an medical intervention, and
means for enabling a reliable and sensitive biomarker detection are therefore vital in clinical settings. Most biosensor assays
require high-affinity interactions in combination with an enzyme or fluorescent tag to enable detection and frequently employ
extensive washing procedures prior to signal readout. Attempts to overcome this limitation by using natural biological partners
tend to be demanding, because their very low aflinity is frequently not compatible with the need of reaching low limits of
detection (LODs), especially for circulating biomarkers that possess short half-lives. To address these challenges, we developed
a label-free surface plasmon resonance (SPR) platform for the detection of neuregulin 1 (NRG1) using ErbB4-modified
liposomes offering both signal amplification and affinity enhancement via functional multivalent interactions. Through the
functional avidity interaction between NRG1 and ErbB4, an LOD of 3.5 picomolar was reached, which is about 60-fold higher
than traditional SPR and miniaturized immunoassays. The biosensor displays also an 8-fold higher sensitivity when compared
with a single-molecule immunoassay employing the natural binding partner rather than a high-affinity antibody as one of the
interaction partners. In fact, the liposome-induced avidity between NRG1 and ErbB4 offered an LOD that was comparable to
that obtained using a high-affinity antibody and enabled detection of NRG1 in plasma with a LOD of 36 pM. Employing the
liposome-enhanced platform in conjunction with a low-affinity biomarker receptor thus enables the assessment of the functional
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state of the biomarker at competitive LODs and eliminates the need for high-affinity antibodies.
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S ensitive detection of biomarkers is vital as they are the
indicator of cause, progression, and regression of a disease
and thus can be used for early diagnosis or to follow
pharmacological responses to therapeutic interventions and
treatment follow-up."> However, biomarkers are often present
at very low concentrations in complex biological matrices
where they have highly variable concentrations, especially
during disease states. They are often also subject to rapid
turnover, resulting in multiple more or less functional variants.
One such example is neuregulin 1 (NRG1), which is a key
biomarker for several disease indications and carries a small
fragment EGF-like domain exhibiting short half-life in
circulation that limits its potential to be used for therapeutic
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purposes. To circumvent this problem when employing NRG1
as a biological treatment modality for metabolic homeostasis,
NRGI1 can be tagged with a Fc domain of human IgG1 which
has been shown to exhibit prolonged plasma half-life of up to
40 h.’ It has been shown that Fc-NRG1 can trigger potent
AKT activation in the liver, enhance insulin sensitivity and
glucose tolerance, and suppress food intake in obese mice.’
The NRGI action is triggered by binding through its EGF-
like domain and activates ErbB3 (HER3) and ErbB4 (HER4)
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receptor tyrosine kinases. NRG1 specifically acts on ErbB4
which is the only autonomous NRG1-specific ErtbB. Through
the interaction with the ErbB4 receptor, NRG1 can induce the
growth and differentiation of epithelial, neuronal, glial, and
other types of cells.” NRG1—ErbB4 signaling has been linked
to developmental abnormalities and pathogenesis of multiple
diseases as it is essential during the development of the nervous
system” as well as cardiac development and functional integrity
of the heart.”” Particularly, NRG1—ErbB4 signaling plays a
fundamental role in complex brain disorders such as
pathophysiology of schizophrenia,®” pathogenesis of amyo-
trophic lateral sclerosis, ° pathological development of
Alzheimer’s disease (AD),'" bipolar disorder, and depression.’
Mice-model experiments showed a direct correlation of total
axonal NRGI levels with the myelin sheath thickness."”
Furthermore, increased levels of NRGI expression and
reduced phosphorylated ErbB4 receptor levels were found in
the frontal lobe of a patient with AD."" On the other hand,
ErbB4 can be overexpressed in head and neck cancer while
downregulated in papillary carcinoma and high-grade gliomas,
as well as lung, renal, and breast cancer.'>'* Thus, NRG1 and
its interactions with the ErbB4 receptor can serve as an ideal
diagnostic reporter for drug development especially for
neuronal diseases, heart failure, and several cancer types.

In common for assays designed for the purpose of
monitoring the concentration of NRG1 and other low
abundant and fragile biomarkers is the requirement for low
detection limits, where so called digital single-molecule
platforms have demonstrated impressive promise.'”'® The
Erenna immunoassay system (Singulex Inc.) overcomes the
sensitivity and specificity issues of conventional ELISA by
utilizing microbead-based immunoassays that count fluores-
cently labeled detection antibodies which are directly propor-
tional to the amount of the target analyte present in the
sample. This format was applied to quantify cardiac troponin I
and various cytokines with a limit of detection (LOD) from 10
to 100 pg/mL in 100 L of sample.'”~"? Another ultrasensitive
enzyme-linked digital immunoassay technology with a fully
automated single-molecule array (Simoa from Quanterix
Corporation) was introduced in 2010 that applies enzyme
and fluorescent substrates as a functional read-out.”’ The
Simoa technology digitally counts the number of wells
containing both a bead and fluorescent product. Its sensitivity
increase over conventional ELISA can be up to >1200-fold.”’
This bead-based ELISA technology has been applied to detect
various biomolecules with the capability of multiplexing in
human plasma in the range of 0.01—0.03 pg/mL.”*"*’ Because
of extensive rinsing steps prior to the signal readout, these
assays have in common that they require two high affinity
antibodies and an enzyme/fluorescent tag amplification
chemistry for detection.'™"®

Even though the high-affinity antibodies typically used in
these assays are excellent in the context of reaching low
detection limits, they may fail to discriminate functional from
dysfunctional states of rapidly circulating biomarkers. This
could be easily overcome by replacing at least one of the
antibodies in conventional immunoassays by a natural
interaction partner; however, the affinities of such interactions
tend to be orders of magnitude lower than that of high-affinity
antibodies, which in turn has devastating influence on the
LOD. In this work, we demonstrate how this challenge can be
overcome by increasing the affinity of natural interaction
partners using multivalent interactions, accomplished by
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replacing one of the antibodies in conventional assays designed
for NRG1 detection with liposomes decorated with its natural
interaction partner ErbB4. To verify the feasibility of the
concept, we employed surface plasmon resonance (SPR)
spectroscopy, which allows us to directly access information on
how the interaction kinetics is influenced by the degree of
multivalency. The interaction strength was optimized by
tuning the coverage of his-tagged ErbB4 to Ni**-NTA modified
liposomes with a diameter of 90 nm. In particular, sufficiently
fast association and slow dissociation kinetics between NRG1
and ErbB4-coated liposomes was defined as a hallmark of
increased affinity mediated through avidity effects. The
resulting LOD using liposomes as avidity and signal
amplification elements using conventional SPR as the readout
principle was 3.5 pM, which is ~60-fold more sensitive than
conventional tools such as miniaturized immunoassay, while
the corresponding improvement was 8-fold compared to
single-molecule digital platform, when for the latter ErbB4
was used as one of the recognition elements. Furthermore,
because the sensitivity of low-affinity natural interactions is in
this way boosted through liposome-induced functional avidity,
our sensor can access differences in the functional states of
rapidly circulating biomarkers with an LOD comparable to that
of conventional immunoassays that employs two high-affinity
antibodies which tend to reduce the capacity to distinguish
different functional states of biomarkers.

B EXPERIMENTAL SECTION

Materials. Unless otherwise stated, all chemicals were purchased
from Sigma-Aldrich. All lipids were purchased from Avanti polar
lipids. Human ErbB4 receptor was purchased from Acro Biosystems
(Cat. no: ER4-HS221) and dissolved as per the manufacturer’s
protocol. CaptureSelect Biotin Anti-IgG-Fc was purchased from
Thermo Fisher Scientific.

Expression of Fc-NRG1 and NRG1-ab. Fc-NRG1 was purified
in an endotoxin-free environment at 4 °C. In brief, the protein was
overexpressed and secreted into the media using HEK293 cells. The
media was cleared by centrifugation at 4000 rpm for 15 min.
MabSelect resin was directly added to the cleared cell culture media
and left overnight at 4 °C with gentle agitation. The MabSelect resin
was packed on a column, washed with buffer until the chromatogram
baseline was stable and bound protein was released by an elution step
with a glycine buffer at pH 3. The protein was concentrated for 2 h at
3400g (Beckman Coulter—Allegra 2SR centrifuge) using Amicon
spin tubes with a 30 kDa cut off. Finally, the concentrated protein was
applied on a SEC 26/60 S200 (GE Healthcare) gel filtration column
and collected. Anti-NRG Monoclonal Hybridoma Antibody (AZN-4-
S) was purified using a S mL protein A affinity purification in PBS.
The final concentration was 2.025 mg/mL.

Generation of NTA Liposomes. Liposomes composed of 96.5
wt % 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 2.5 wt % 1,2-
dioleoyl-sn-glycero-3-[ (N-(S-amino-1-carboxypentyl)iminodiacetic
acid)succinyl] (DGS-NTA), and 1 wt % 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (PE-Rho)
with a total lipid mass of 2 mg were dissolved in 1 mL of chloroform
in a small round beaker and subsequently dried in a nitrogen
environment for at least 1 h. Lipid mixtures were rehydrated in HBS-
N buffer [0.01 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) pH 7.4, 0.15 M NaCl] (GE Healthcare) containing 1 mM
Ni2* at 1 mg/mL and extruded at least 21 times through a 30 nm
polycarbonate membrane (Whatman). To remove the free nickel
ions, a Nap-10 column was used. We show the size distribution of
liposomes in Figure S1, which is Z,y¢raee = 90 nm and Pdl = 0.2. The
average size of the liposomes was determined using Zetasizer
APS2000 (Malvern) from three independent measurements.

Liposome-Amplified SPR Assay. The assay has been conducted
on a Biacore 2000 instrument (GE Healthcare) at 20 °C. The capture
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Figure 1. (A) Schematic depiction of the liposome-enhanced detection of NRG1 using the SPR biosensor. A SA-coated, 30 nm thick sensor chip is
employed to tether a biotinylated antibody that is directed against the CH3 domain of human IgG-Fc. The Fc-tagged NRG1 can be subsequently
captured through this antibody with a steady-state affinity of 5 nM (see Figure S3), thus resulting in a stable binding signal. Ni**-NTA liposomes
that have been coated with ErbB4 have been employed in the next step to assess the functional concentrations of the captured Fc-NRG1. As SPR is
a mass-sensitive method, enhancer elements that increase the mass of the analyte can boost the sensitivity tremendously. The SPR sensorgram for
(B) injection of 200 pM Fc-NRG1 for 180 s followed by 60 s injection of 2.5 yM ErbB4. (C) ErbB4-coated liposomes binding to NRG1 (red
curve). Injection of 200 pM Fc-NRG1 for 180 s followed by 60 s injection of 150 nM ErbB4 coated to 125 ug/mL Ni**-NTA liposomes before

regenerating the biosensor surface.

antibody (CaptureSelect Biotin Anti-IgG-Fc) that is provided in a
biotinylated form was tethered onto a streptavidin (SA)-coated
(SAHC 30m, XanTec) sensor chip to a level of ~3000 RU using
HBS-P buffer (0.01 M HEPES pH 7.4, 0.15 M NaCl, 0.005% v/v
P20). In order to ensure controlled directionality of the Fc-NRGI
tethering, among a set of Fc-directed antibodies that are tested, the
biotinylated anti-IgG-Fc (Hu) conjugate worked best in terms of
binding stability and sensitivity (data not shown). After capture of the
biotinylated antibody, the surface was blocked with 10 pg/mL biotin
for 120 s via two consecutive injections at a flow-rate of 20 yL/min.

For the affinity measurements in Figure 2, NRG1 was captured at
35—65 RU and then increasing levels of ErbB4 (0—600 nM) and
NRGlab (0—12 nM) and increasing levels of ErbB4 (0—150 nM)-
coated to 200 ug/mL Ni**-NTA liposomes passed on the sensor chip
at a flow-rate of S yL/min. The surface was regenerated with a 60 s
injection of 100 mM glycine pH 2.1 followed by 10 uM CHAPS
injection at a flow-rate of 30 yL/min in preparation for the next cycle.
SPR data was analyzed using either a kinetic fit to the data applying a
1:1 binding reaction model or using the steady state data (only for
NRGI and ErbB4 interactions) for fitting a 1:1 binding model to the
data. A global nonlinear fit applied to calculate NRG1 and ErbB4-
coated liposome interactions using association then dissociation curve
fitting in GraphPad Prism 8.0.

For the liposome-amplified detection, Fc-NRG1 was captured for
600 s at a flow-rate of 5 yL/min in 2X HBS-P buffer. Plasma samples
have been diluted 25% with 2X HBS-P buffer and injected for 600 s at
a flow-rate of 5 yL/min in 2X HBS-P to capture total NRG1. Plasma
EDTA K2 has been obtained from male RCCHan:WIST rat
(Envigo). The series of ErbB4-coated liposomes has been prepared
by mixing 200 pug/mL Ni**-NTA liposomes with SO nM ErbB4
receptor (his-tagged, ACRO Biosystems) (see Table S1) in HBS-N
buffer and was subsequently injected over the surface for 2—5 min at a
flow-rate of S yL/min to optimize the receptor binding competency
of the captured material (Figure S2).

Gyrolab Miniaturized Immunoassay. NRG1 concentrations
were measured using the Gyrolab miniaturized high-sensitivity
immunoassay method (Gyros, Inc, Warren, NJ). NRG1 samples
were diluted in Rexxip A Max buffer (Gyros AB, Inc. catalogue
number P0004995) in a 96-well plate (Thermo Scientific catalogue
number AB-800). The concentrations of the fluorescently labeled
ErbB4 and NRGlab were diluted to 0.26 and 0.08 nM in Rexxip F
buffer (Gyros AB, Inc. catalogue number P0004825), respectively.
The capture reagent biotinylated anti-Fc-IgG was prepared in PBS
containing 0.01% Tween-20. Samples were sealed with microplate
covers (Gyros AB, Inc., catalogue number P0003313) and mixed
thoroughly in a plate shaker for 60 s. To remove the possible bubbles,
plates were centrifuged at 1000 rcf for 300 s at 20 °C. After ensuring
that there were no bubbles in the bottom of the wells, the samples
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were measured in a Bioaffy 1000 CD (Gyros AB, Inc., catalogue
number P0004253) in the Gyrolab xP workstation. A 3-step C-A-D
method was executed on the Gyrolab xP workstation: (1) capture
antibody biotinylated anti-Fc-IgG was flowed through a column
containing SA-coated particles, (2) followed by the analyte (NRG1)
applied to activated columns in a parallel manner, one sample per
column and (3) the detection antibody which is Alexa 647 labeled
ErbB4 (AL647-ErbB4) or NRGlab (AL647-NRGlab) was applied to
each column. The Gyrolab xP workstation performed washes of PBS
containing 0.01% Tween-20 (Calbiochem, Inc. catalogue number
655206) in between each step. Visualization and measurements were
achieved by laser-induced fluorescence detection at 647 nm. Alexa
647 fluorescence labeling was performed using a labeling kit
(Invitrogen by Thermo Fisher, catalogue number A-20186) as per
the manufacturer’s protocol.

Erenna Paramagnetic Microparticle-Based Immunoassay.
Singulex experiments were carried out using the Single Molecule
Counting (SMC) Erenna Instrument (Singulex, Inc.). A method for
the detection of Fc-NRG1 was developed by optimizing capture and
detection reagent concentrations. The method was setup according to
the protocol recommended by the manufacturer using SMC Bead-
Based Immunoassay Development Buffer Kit (Merck, catalogue
number 03-0078-00). Briefly, the capture antibody (biotinylated anti-
Fc-IgG) was precoated onto paramagnetic microparticles (MPs) at a
concentration of 12.5 ug/mg beads using standard procedures
provided by the manufacturer (Merck, catalogue number 03-0077-
02). The coated MP in assay buffer (5 mg/well) and 100 uL Fc-
NRGI in standard buffer or plasma were added into microplates,
incubated for 2 h, and then washed. 20 uL of fluorescently labeled
detection antibody (0.08 nM) or ErbB4 (0.26 nM) was added to each
well and incubated for 2 h, followed by another wash step. Incubation
with elution buffer released the labeled antibodies or receptors from
the MPs, and the neutralized supernatant were transferred to the
reading plate. The number of fluorescently labeled NRG1 antibodies
or ErbB4 was detected and counted by the Erenna System (Singulex,
Inc.), which is directly proportional to the amount of target analyte
present in the sample upon capture.

B RESULTS AND DISCUSSION

Creating a Capture SPR Assay with Liposomes. We
created an SPR capture assay that enabled the determination of
the concentration of NRGI through binding to liposome-
bound ErbB4. To enable full accessibility of the tethered ligand
to the liposomes, the biotinylated capture antibody was
attached onto a SA-coated sensor chip with low thickness
(30 nm). The thin coating compared with the extension of the
evanescent sensing depth (~150 nm) offered improved
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Figure 2. (A) Multicycle kinetics between NRG1 and ErbB4 (red curves). NRG1 binding level is S0 RU (bulk concentration 13 nM) to anti-Fc-
antibody which is captured on a SA-coated biosensor. Increasing concentration levels of ErbB4 molecules (150 nM maximum ErbB4 with 1:2
dilution) have been passed over the sensor chip. Data was fitted (black curves) by applying a 1:1 binding reaction model (K = 127 nM) using the
Biacore $200 Evaluation Software 1.0. (B) Single-cycle kinetic data (red curve) and fittings (black curve) for binding of NRGlab to NRGI.
NRGlab (12 nM maximum with 1:2 dilution) was passed over the NRG1-bound (65 RU), SA-coated sensor chip. The inset shows the details of
the association curves in the figure. The data is fitted to 1:1 binding model (black curve) using the Biacore S200 Evaluation Software 1.0. (C)
Multicycle kinetics between NRG1 and ErbB4-coated liposomes. The NRGI1 capture level is 35 RU at each cycle. Increasing concentration levels of
ErbB4 molecules (150 nM maximum ErbB4 with 1:3 dilution) coated to 200 yg/mL liposomes were passed over the NRG1-attached sensor chip.
(D) Zoomed in area (dashed square) in (C). Kinetic parameters were calculated from a non-linear fit of the data using GraphPad Prism. The data
in the ErbB4 concentration regime between 5.5 and 150 nM were used to estimate the observed affinity Ky(obs).

Table 1. Affinity and Dissociation Rates for NRG1—ErbB4

construct Ky (nM) k, (1/M s) kg (1/s)
NRG1-ErbB4 127+ 6 1% 10° + 1.9 x 10° 14X 107 + 1.7 x 1072
NRGI-NRGIlab 0.02 + 0.007 22 x 10 + 1.9 x 10° 44 x 107 + 1.2 X 1075
NRG1—ErbB4 coated liposome ([ErbB4] = 5.5—150 nM) “0.07 + 0.03 95.5 X 10° + 2.4 X 10° 2.5 %x 107 £ 2.0 x 107
NRG1—ErbB4 coated liposome ([ErbB4] = 0.2—1.85 nM) nd nd 10X 107% + 5.5 X 107°

“K4(obs) = observed affinity, k,(obs) = observed association rate, and nd = not determined, n = 3.

sensitivity for the liposome-enhancement step while simulta-
neously offering low unspecific binding of a liposome-bound
analyte to the surface.

As SPR is a mass-sensitive method, enhancer elements that
increase the mass of the analyte can boost the sensitivity
tremendously.”® By adapting from previous work,”>*’ Ni*'-
NTA liposomes that have been coated with ErbB4 have been
employed to assess functional concentrations of NRG1 (Figure
1A). The assay allows the observation of the binding of NRG1
as well as binding of ErbB4 to be monitored in the same
experimental cycle. For the proof-of-concept, we tested
binding of ErbB4 and ErbB4-coated liposomes to surface-
tethered NRG1 (Figure 1A). Injection of 200 pM Fc-NRG1
for 180 s resulted in about 13 RU binding to anti-Fc-antibody.
Upon exposure of surface-bound NRGI1 to 2.5 yM ErbB4
(Figure 1B), the response saturated at ~7 RU, while upon
addition of 125 ug/mL Ni**-NTA liposomes preincubated
with 150 nM ERbB4 (Figure 1C), the response increased to
~57 RU without reaching a saturation level. This shows that
the SPR response is magnified more than 20 times when ErbB4
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is attached to liposomes, which further increases to more than
100 times when employing much lower ErbB4 concentrations.

Avidity Effect on NRG1—ErbB4 Affinity with Lip-
osomes. To measure the affinity between NRG1 and ErbB4,
increasing concentrations of ErbB4 (150 nM maximum ErbB4
with 1:2 dilution) were passed over a NRGI1-functionalized
sensor chip to generate multicycle kinetic data as shown in
Figure 2A. The Fc-NRGI1 capture level on the Fc-tagged
antibody was 50 RU. One-to-one binding reaction model
fitting to the data resulted in 127 + 6 nM moderate affinity
between NRG1 and ErbB4 (Table 1). This result is consistent
with earlier affinity measurements of ErbB4 with NRG1 at pH
8.0 (146 nM)*° and pH 7.4 (179 nM).”!

We then determined the interaction kinetics between NRG1
and NRGI antibody (NRGlab) to compare the affinity
between NRGI1 and ErbB4. Increasing concentrations of
NRG1ab (12 nM maximum NRGlab with 1:2 dilution) were
passed over the Fc-NRGl1-coated (65 RU) sensor to generate
single-cycle kinetic data as shown in Figure 2B. SPR results
confirmed the high affinity interactions between NRG1 and
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Figure 3. Liposome-enhanced SPR biosensor for NRG1 detection. Sensorgrams for (A) the interaction of S0 nM ErbB4 with increasing
concentrations of NRG1 (0—17.6 nM, 1:3 dilution) (B) Interaction of S0 nM ErbB4 attached to 200 yg/mL liposome conjugates with increasing
concentrations of NRG1 (0—17.6 nM, 1:3 dilution) at each cycle. (C) Dose—response curves and (D) linear relationship of the initial binding
response of the NRG1 concentration from corresponding dose—response curves obtained after 120 s of injection of the analyte 50 nM ErbB4 in
buffer (red circles), conjugation of SO nM ErbB4 and 200 ug/mL liposome in buffer (blue, full circle) and in plasma (blue, open circle). Data
normalized 0—100% in GraphPad Prism 8.0 and fitted to linear regression equation with R? > 0.975. The illustrated error bars represent the

standard deviation of three repetitive measurements.

NRGlab with a K; = 0.02 + 0007 nM from one-to-one
binding reaction model fitting to the data (Table 1).

Figure 2C displays sensorgrams for increasing concen-
trations of receptor molecules (150 nM maximum ErbB4 with
1:3 dilution) being attached to a constant concentration of
liposomes (lipid concentration 200 pg/mL) at each cycle. The
NRGI capture level (35 RU) was similar to the capture levels
in Figure 2A,B. We calculated the association and dissociation
rates between NRG1 and ErbB4 that are attached to liposomes
using a nonlinear global fitting to the data using GraphPad
Prism (Table 1). Albeit the observed association rate indicates
mass transfer limitation, as seen in the diffusion-limited
association curves, the signal enhancement reached to 250-
fold as a consequence of multivalent interactions induced by
the ErbB4 molecules that are coated on the liposomes (see in
Figure S4). Simultaneous binding of two ErbB4 molecules to
one NRG1 will most likely induce “forced proximity”, that is,
binding of one ErbB4 is expected to force the second tethered
one on the liposome to stay close to its corresponding site.”
This forced proximity favors binding of ErbB4, as well as
rebinding as soon as it dissociates from that site, leading to an
increase in the ErbB4 residence time. Also, this form of
rebinding events increases the local surface concentration of
the dissociated ErbB4 molecules on the liposomes, thereby
increasing the probability for rebinding to its original target
site.”” Observed association rates (k,(obs)) for our liposome-
amplified ErbB4 assay showed similar values when compared
to NRGlab binding to NRGI, and at least 1 order of
magnitude higher on-rates compared to natural receptor ErbB4
binding to NRG1 (Table 1). This avidity effect is much more
obvious when we compared the dissociation rates (k;) (Table
1). The dissociation rate for NRG1 and ErbB4 (Figure 3A) is
0.14 s™!. However, the dissociation rate for NRG1 and ErbB4-
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coated liposomes at high receptor concentrations (>5.5 nM
ErbB4) is 2.5 X 107* 57!, indicating more than 3 orders of
magnitude slower dissociation from the sensor when liposomes
are employed as a signal enhancer and scaffold for ErbB4. At
low receptor concentrations (<5 nM ErbB4), we observe a
moderate 10-fold reduction in the rate of dissociation, which
could be a consequence of a reduced avidity effect (see Figure
S5). Nevertheless, even at those low concentrations of ErbB4,
the observed rate of dissociation is still about a factor of 100
higher when compared to the rate of dissociation of the free
ErbB4 as shown in Figure 2A, highlighting the presence of
polyvalency even at very low levels of ErbB4.

SPR-Based NRG1 Biosensor. Sensor conditions were
further optimized by preparing a series of ErbB4-coated
liposomes by mixing Ni**-NTA liposomes with his-tagged
ErbB4 receptor by keeping the receptor (or liposome)
concentration constant and varying the liposome (or receptor)
concentration (Figure S2). The maximum sensor response was
obtained by mixing S0 nM ErbB4 with Ni**-NTA liposome at
a lipid concentration of 200 pg/mL, which was therefore used
to explore specific detection of Fc-NRGI.

Figure 3A displays sensorgrams for binding of ErbB4 (50
nM) to a sensor chip pre-exposed to increasing concentrations
of NRG1 (0—52.8 nM max, 1:3 dilution). Figure 3B displays
the same type of data but using ErbB4-coated liposomes (50
nM ErbB4 mixed with 200 ug/mL liposomes) at increasing
concentrations of NRG1 (0—17.6 nM, 1:3 dilution). When
liposomes are employed in the system, binding of ErbB4 to
NRG1 is limited by mass transfer as clearly seen in the
diffusion limited association curves (also in Figure 2C). The
maximum response of NRGI1 binding to ErbB4-coated
liposome is ~1600 RU (Figure 3B) and ~1400 RU (Figure
S6) in buffer and plasma, respectively. The maximum absolute
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Figure 4. Gyrolab-detected (A) dose—response curves and (B) LOD for NRG1 binding to ErbB4 (red) and NRG1 binding to NRG1ab (green) in
buffer (full square) and plasma (open square). Erenna (Singulex)-detected (C) dose—response curves and (D) LOD for NRG1—ErbB4 (red) and
NRG1-NRGlab (green) in buffer (full triangle) and plasma (open triangle). 0.26 nM ErbB4 or 0.08 nM NRG1ab labeled with AL647 fluorophore
has been passed through the columns at each cycle for both Gyrolab and Singulex measurements. Data fitted to linear regression equation with R* >
0.98. The illustrated error bars represent the standard deviation of three repetitive measurements.

response is significantly higher for ErbB4-coated liposomes
(Figures 3B and S6) than for free ErbB4 (Figure 3A).

Because mass transfer limitations is a signature for slow
diffusing molecules exhibiting fast binding reactions, the
phenomenon could be used to determine concentrations
from the linear regression curves at the boosted sensitivity, as
they depict linearity in the initial binding responses. Figure 3C
displays dose—response curves for ErbB4 binding to NRG1 in
buffer (red) and ErbB4-coated liposomes binding to NRG1 in
buffer (blue, full circle) and plasma (blue, open circle)
conditions on logarithmic axis fitted to the Hill equation.™
Under these conditions, binding of ErbB4-coated liposomes
(50 nM ErbB4 and lipid concentration of 200 pg/mL) is linear
up to 0.36 nM NRGI1 concentration after which it exhibited an
exponential behavior. In Figure 3D, the LOD for the detection
of NRG1 was determined from the linear regression equation,
through the 30 rule (o = standard deviation of the background
signal). Employing free ErbB4, the LOD was 200 pM, whereas
the LOD was improved to 3.5 pM in the presence of liposomes
(n = 6). This represents about 60-fold enhanced sensitivity,
which is attributed to the liposome-induced avidity effect for
the interaction between ErbB4 and NRG1. The corresponding
LOD upon liposome enhancement was for the plasma samples
estimated to 36 pM. This is one order of magnitude higher
than that of the obtained LOD using buffer conditions, which
can be attributed to the increased background due to
nonspecific binding of ErbB4-coated liposomes.

Gyrolab- and Singulex-Detected NRG1 Biosensor. To
compare the liposome-enhanced assays with conventional
diagnostic platforms, NRG1 was quantified using the Gyrolab
miniaturized immunoassay method (Gyros, Inc., Warren, NJ)
in dose—response curves shown in Figure 4A. First, the capture
antibody (biotinylated anti-Fc-IgG) was flowed through a
column containing SA-coated particles, followed by addition of
NRGI to activated columns in a parallel manner, one sample
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per column. The detection molecules, Alexa 647 labeled 0.26
nM ErbB4 (ErbB4-AL647) or 0.08 nM NRGlab (NRGlab-
AL647), were subsequently applied to each column. The
curves exhibit an S-shape which were fitted using the Hill
equation describing the equilibrium behavior of reversible
biomolecular binding. Using Gyrolab, we detected NRG1
when interacted with its natural receptor ErbB4 and NRG1lab
both in buffer and plasma. To calculate the sensitivity of the
assay, we show the calibration curves fitted with a linear
regression equation in Figure 4B. The LOD is 198 and 0.6 pM
for NRGI1 binding to ErbB4 and NRG1 binding to NRG1ab,
respectively. In plasma, these values were estimated to 201 and
30 pM, respectively.

To compare the results obtained with liposome-enhanced
SPR (Figure 2), we also used the ultrasensitive Erenna
microbead-based single-molecule detection platform for
NRGI1. Figure 4C shows the dose—response curves for
NRG1 when interacted with ErbB4 and NRGlab that were
labeled with AL647, both in buffer and plasma conditions. In
Figure 4D, the corresponding linear regression fits for NRG1
quantification are shown. With the Erenna immunoassay, we
obtained LOD of 28 pM for NRG1 when ErbB4 was the
detection analyte in buffer. This value did not shift much in
plasma samples (LOD = 40 pM). As expected, antibody NRG1
showed more potency and we could detect 2 pM of Fc-NRG1
as a LOD in buffer and down to 7.4 pM of Fc-NRG1 in plasma
samples.

Detection of molecular biomarkers typically requires access
to pairs of specific, high-affinity antibodies that involve
mutually inclusive binding to generate a measurable signal.
Finding a matching and fruitful combination of high affinity
antibodies is the key for achieving the required specificity and
sensitivity. Albeit most antibodies are typically not conforma-
tion-sensitive and thus do not inform about the functional state
of the biomarker, this information can be expected to be of
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Table 2. Detection Limit for NRG1 Using Different Methods”

ErbB4 buffer (pM)

ErbB4 plasma (pM)

NRGlab buffer (pM) NRGlab plasma (pM)

method LOD LOQ LOD
SPR 200 666 nd
Gyrolab 198 660 201
Singulex 28 94.6 40
liposome-amplified SPR 3.5 12 36

LOQ LOD LOQ LOD LOQ
nd na na na na
671 0.6 2.0 30 102
134 2.0 6.6 7.4 25
120 na na na na

“nd = not determined; na = not applicable; LOD = limit of detection; LOQ_= limit of quantification.

high physiological relevance. Whilst this in theory can be
achieved via functional reporters, their lower affinity and
transient binding properties makes them unsuitable for highly
sensitive detection purposes. The employed assay architecture
makes use of liposomes coated with multiple functional
binders, thereby eliminating this shortcoming through a
combination of liposome-mediated avidity and signal amplifi-
cation.

Fusing the Fc domain of an IgG to a receptor protein,
peptide, cytokine, or antibody domain is a typical strategy to
increase the plasma-half-life of such a Fc-fusion protein if
considered as a biologic.”**> Many of these Fc-fusion proteins
and monoclonal antibodies have been approved for marketing
and more are currently in clinical trials as a result of their
extended half-life in circulation that permits less frequent dose
administration and more effective therapeutics.*®*” In
addition, the Fc region can also serve to provide a defined
orientation on a biosensor surface.’”® In this study, the Fc-
region on the NRGI serves as an epitope for the first antibody
that captures the analyte and brings it in an orientation to
interrogate the active concentration of the biomarker.

In this work, we show the avidity effect for the interaction
between NRG1 and its functional interaction ErbB4 being
coated on liposomes fulfilling the combined purpose of a signal
amplifier and increased affinity. This was shown to enable 4
orders of magnitude higher affinity, attributed to consecutive
rebinding events of liposome-attached ErbB4 molecules to
multiple NRGL. In fact, the dissociation rate with the liposome
employed assay (Figure 2C) is comparable to the dissociation
rate of the high affinity antibody (Figure 2B). We attribute the
apparent biphasic pattern during dissociation of ErbB4-
decorated liposomes to heterogeneity in the ErbB4 coverage
on different liposomes.” This deviation from the theoretical
mono-exponential release rate hinders a correct quantification
of residence time of the ligand. However, because the
liposome-amplified NRG1 and ErbB4 interactions do not
reach equilibrium, it is reasonable to assume that the Kj values
for the interaction between NRGI1 and ErbB4-coated lip-
osomes are orders of magnitude lower than for the monovalent
NRG1 and ErbB4 interactions. Indeed, the observed affinity
between NRG1 and ErbB4 is boosted at least 4 orders of
magnitude, approaching low picomolar affinity when ErbB4
molecules are coated on the liposomes (Table 1), thus
approaching the high-affinity interaction observed between
NRG1 and NRGlab. This observed affinity enhancement
appears to be a direct consequence of a decrease in the rate of
dissociation. Such frequent observations for high-affinity
polyvalent interactions can be mainly attributed to the high
thermodynamic cost for simultaneously breaking multiple
interactions between the two polyvalent species.‘m’4 However,
the thermodynamic cost for building up the first interaction
during the association process is almost the same for
polyvalent ligand—receptor interactions as compared to the
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analogous monovalent interactions, suggesting that association
rates will be fairly similar. This is in fact supported by our data
as shown in Table 1. In summary, the dissociation of
polyvalently interacting species requires breaking of a larger
number of ligand—receptor interactions, which causes slower
dissociation in the case of polyvalent interactions as compared
to monovalent interactions.*” This is the main origin for the
observed affinity enhancement.

In Table 2, we summarized the LOD and limit of
quantification (LOQ, calculated from 10c/slope) for four
different detection platforms. LOQ is originally developed as a
clinical diagnostic tool and thus more applicable in pharma
industry compared to LOD.** LOD and LOQ for NRG1 when
interacting with its natural receptor ErbB4 using liposome-
amplified SPR corresponds to 3.5 and 12 pM, respectively.
This sensitivity is about 60 times higher than the traditional
SPR (LOQ = 666 pM) and miniaturized immunoassay with
Gyrolab (LOQ = 660 pM). When comparing the sensitivity
with highly sensitive single-molecule Erenna immunoassay
(LOQ = 94.6 pM), our biosensor showed 8 times higher
sensitivity. Liposome-enhanced SPR allowed us to measure
NRGI in plasma samples (LOQ = 120 pM) with a sensitivity
that is in the same order of magnitude as the single-molecule
Erenna immunoassay (LOQ = 134 pM) and hence much
lower than the Gyrolab immunoassay (LOQ = 671 pM).
Although not necessarily representing the functional state of
the detected biomarkers, antibodies are from the perspective of
reaching low LODs more potent than natural receptors. We
therefore measured the interaction between NRGI1 and
NRGlab using the Gyrolab and Singulex platforms (Table
2). With these techniques, the detection sensitivity for Fc-
NRG1 when employing a high affinity antibody was
comparable to our liposome-enhanced SPR, although the
natural receptor ErbB4 exhibits 4 orders of magnitude lower
affinity.

In the context of comparisons of LODs and LOQs using
different binders and platforms, it is relevant to recall, that the
dissociation rate for NRG1 and ErbB4 (Figure 2A) was 3
orders of magnitudes lower for ErbB4-coated liposomes
(Figure 2C) and approaches the antibody dissociation rate
(Figure 2B). This is a much more comparable parameter as it
reflects the evidence of functional avidity. Moreover, the
observed affinity between NRG1 and ErbB4 is boosted at least
3 orders of magnitude for the liposome assay and come close
to the low picomolar regime (Table 1). Further, although in
this work serving as a functional reporter for NRG1 detection,
ErbB4 is in its own right a critical biomarker, and thus its
detection can be vital for early diagnosis of several cancer
types.'>'* To this end, we reversed the detection platform
proposed in Figure 1A and measured ErbB4 concentrations
from the dose—response curves as shown in Figure S7. LOD
for ErbB4 when bound to liposomes is calculated as 32.8 pM
from the linear regression curve.
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B CONCLUSIONS

The developed liposome-enhanced biomarker detection
approach based on SPR displays sensitivities in the range of
single-molecule digital platforms without requiring a fluores-
cent label or a high-affinity secondary antibody. It enables the
detection of low-affinity natural binding partners via functional
affinity, which through liposome-induced avidity effects lead to
comparable binding affinities to those offered by high-affinity
antibodies. To the best of our knowledge, this is the first
biosensor for the detection of NRGI1 and ErbB4 at low-
picomolar LOD without a fluorescent readout. It is worth
noting, that the phospholipid vesicles that have been employed
as signal enhancers also mimick the cell membrane surface.
The proposed sensor is thus suitable and compatible with a
wide variety of biomarker—receptor pairs that can be either
soluble or membrane-bound. Equally important, the generic
setup and approach of this strategy allows an effective transfer
to a whole range of other biomarker systems. As liposomes
very much resemble the architecture of exosomes, it appears to
be highly feasible to use exosomes for the detection of surface-
exposed biomarkers with the aim of addressing different
biological matrices. In another step, one can also explore the
dynamics of low-affinity binding antibodies and receptors using
single-molecule fluorescence microscopy, furnishing the
opportunity to further increase the current sensitivity obtained
by liposome-enhanced SPR by several orders of magnitude.
The deployment of a more sensitive single-molecule platform
will further increase the technical feasibility around the
expected sensitivity gains. By simultaneously focusing on a
wider set of challenging biomarkers, this biosensor platform
will further ensure the generation of significant scientific
impact in an area of high diagnostic need. Finally, we used in
this work a commercial SPR system with integrated micro-
fluidics and fully automated liquid handling designed for high-
throughput drug discovery. However, the added value of the
liposome-enhancement assay is not dependent on these
features, thus ensuring full compatibility with most types of
optical biosensor detection principles. Given the rapid
development of simplified SPR systems focusing on point of
care application,* our contribution may thus become valuable
far beyond functional analysis of rare and sensitive biologics as
it ensures detection of biomarkers in their functional state
while simultaneously opening for the use of a more versatile set
of inherently weak binders.
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