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Abstract

Rapid and precise serum cytokine quantification provides immense clinical significance in
monitoring the immune status of patients in rapidly evolving infectious/inflammatory disorders,
examplified by the ongoing severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
pandemic. However, real-time information on predictive cytokine biomarkers to guide targetable
immune pathways in pathogenic inflammation is critically lacking, because of the insufficient
detection range and detection limit in current label-free cytokine immunoassays. In this work, we
report a highly sensitive localized surface plasmon resonance imaging (LSPRi) immunoassay

for label-free Interleukin 6 (IL-6) detection utilizing rationally designed peptide aptamers

as the capture interface. Benefiting from its characteristically smaller dimension and direct
functionalization on the sensing surface via Au-S bonding, the peptide-aptamer-based LSPRi
immunoassay achieved enhanced label-free serum IL-6 detection with a record-breaking limit

of detection down to 4.6 pg/mL, and a wide dynamic range of ~6 orders of magnitude (values
from 4.6 to 1 x 10° pg/mL were observed). The immunoassay was validated in vitro for label-
free analysis of SARS-CoV-2 induced inflammation, and further applied in rapid quantification
of serum IL-6 profiles in COVID-19 patients. Our peptide aptamer LSPRi immunoassay
demonstrates great potency in label-free cytokine detection with unprecedented sensing capability
to provide accurate and timely interpretation of the inflammatory status and disease progression,
and determination of prognosis.

Graphical Abstract
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INTRODUCTION

Cytokines are low-molecular-weight signaling proteins that play central roles in dynamic
regulation of the innate and adaptive immunity, and in the process of inflammation.! Rapid,
precise, and sensitive quantification of cytokines offers valuable clinical and biological
information in monitoring the immune status of patients in cancer, autoimmune, and
infectious diseases.2 The newly emerged coronavirus disease 2019 (COVID-19) caused

by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) induces a hyper-
inflammatory response, the major cause of disease severity and death.3 Recent studies

have suggested that elevated serum levels of inflammatory cytokines such as interleukin 6
(IL-6) have been observed in patients, and could be strong indicators of COVID severity
and good therapeutic targets for effective treatment via the right timing and drug dosage.*%
These have necessitated the profiling of cytokine biomarkers in a real-time manner to guide
immunomodulatory therapeutic interventions to mitigate the pathogenic inflammation.”8

However, accurate and real-time detection of cytokines remains challenging, because of their
low trace amount, highly dynamic secretion, and short half-lives.19 The commonly used
enzyme-linked immunosorbent assay (ELISA) requires labor-intensive sample handling,
labeling, and washing processes, falling short of meeting the urgent demands for sensitive,
dynamic cytokine monitoring. In contrast, label-free biosensing circumvents the need for
secondary tagging by providing direct physical signals upon target binding, rendering them
a consolidated approach for high-speed diagnosis.1213 Among the various transduction
mechanisms of optical, 1415 electrical, 1617 and mechanicall8-19 sensors, nanoplasmonic
biosensors have shown great promise in the compact, simple, and rapid detection of

protein biomarkers.20-23 By utilizing the localized surface plasmon resonance (LSPR),
nanoplasmonic biosensing allows remote transduction of biomolecular binding in a highly
localized environment (~20-60 nm) around the plasmonic nanoparticle (NP) surface,20:24
presenting excellent sensing performance to detect small target analytes such as cytokines.
Despite the great potential, the limit of detection (LOD) of label-free LSPR immunoassay

is reaching its theoretical limit of ~10 pg/mL due to fundamental constraints in the quality
(Q)-factor and sensing volume of the plasmonic NPs, and the binding affinity and mass ratio
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of the antibody—antigen pairs.2> As the serum cytokine levels span across a board range with
lower boundaries at a few pg/mL (i.e., 1.6-4823 pg/mL of IL-6 in COVID-19 patients),323
the current label-free LSPR biosensors cannot afford the rapid cytokine detection with
desirable LOD and dynamic range for precise immune monitoring of patients.

Since LSPR features an enhanced electromagnetic field in the vicinity of NP surface and
decays exponentially into the medium,12:26 jdeal LSPR biosensing craves a thin recognition
layer with analyte binding events occurring in close proximity of the sensing surface.

While antibodies have been predominantly used as the recognition elements, these Y-shaped
proteins with considerably large dimensions (~150 kDa) display clear disadvantages in
probing nanosized cytokines (6—70 kDa) in a label-free LSPR sensing scheme. This opens
opportunities to explore novel probes with much smaller sizes and larger analyte-probe mass
ratios to surpass the theoretical limit of LSPR biosensing. Recent studies in nanobody, 2’

a single domain of camelid heavy-chain antibodies with a molecular weight of 15 kDa,

have demonstrated high binding affinity to target proteins and evolved as a new class

of therapeutic and diagnostic probes. Peptide aptamers derived from directed evolution

have emerged as another alternative, in which a shorter amino acid sequence (~3-5 kDa)
with high affinity against the selected target is embedded in an inert peptide scaffold.28:29
Nonetheless, the conventional approach in generating nanobodies and peptide aptamers
involves cumbersome processes for the construction of phage libraries, affinity selection,
and purification, which greatly hinders the scalable production of these small-sized probe
elements and their practical application in sensitive and timely biomarker analysis.3°

Herein, we report a LSPR imaging (LSPRi) immunoassay enabled by rationally

designed antibody-derived peptide aptamers (ADPAS) for label-free detection of ultralow
concentration of 1L-6 in serum. The ADPAs were constructed by joining three
complementarity-determining region (CDR) loops of a camelid anti-1L-6 antibody with
minimalist linkers that could connect various N- and C-termini of loops in the structure
without imposing structural strains (Chart 1a). Compared to its antibody counterpart, the
ADPA exhibits a much smaller dimension (1.5 nm) and lower mass ratio to cytokines
whiling maintaining high specificity and reasonable affinity, serving as an “ideal” biosensing
interface for enhanced nanoplasmonic cytokine detection (Chart 1b). By integrating with a
simple microfluidic device and a dark field imaging system, our ADPA-LSPRi immunoassay
achieved label-free detection of IL-6 with a total assay time of 35 min and a LOD down

to 4.6 pg/mL, using a minimal sample of 3 4L (Chart 1c). The immunoassay was validated
by physiological samples extracted from cocultivated epithelial cells, macrophages, and
SARS-CoV-2 S-protein, and further applied for rapid analysis of IL-6 profile in 16 blood
samples from COVID-19 patients under different treatment conditions.

RESULTS AND DISCUSSION

Rational Design of Antibody-Derived Peptide Aptamers.

IL-6 is a critical pro-inflammatory pleiotropic cytokine involved in a variety of biological
processes, such as the acute inflammatory response. Therefore, anti-1L-6 antibodies have
been extensively developed as effective theragnostic agents for the detection and suppression
of IL-6 activity to alleviate inflammation. Based on the camelid monoclonal anti-IL-6
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antibody 61H7 with well-identified CDR structure,31:32 we explored a strategy for the
rational development of anti-IL-6 ADPAs. In the crystallography structure of the antigen—
antibody complex (Chart 1a, PDB ID 409h), all three CDR loops of 61H7 heavy chain

are in contact with IL-6, contributing to the binding specificity and affinity. Therefore, we
designed ADPA sequences by connecting three CDR loops (CDR1-3) of 61H7 heavy chain
with linkers (see the Experimental Section). Briefly, minimalist linkers were designed to
ensure that all three CDRs in the ADPA can adopt similar conformations upon binding

IL-6 as in the original antibody-i.e., not too short to impose structural strains between
neighboring loops in the bound state and also not too long and flexible with increased
entropy loss upon binding the target. Cystines were introduced to the termini of loops as the
anchors for direct surface functionalization on the gold nanoparticles (AuNPs, 40 nm x 80
nm) through Au-S bonding. The shape and size of our sensor AUNRs have been specifically
selected to yield optimal sensing performance33 with small LOD values. The engineered
nanoparticles are highly sensitive to the local refractive index with a relatively large sensing
volume, displaying a notable scattering intensity change upon analyte surface binding.34:3%
Two schemes of peptide aptamers (denoted as “Scheme 1” and “Scheme 2”) were designed
with distinct ordering of the CDR loops (Figure 1b). Given the close proximity, only one
cysteine was included at the C-terminus of CDR1 before the second linker. Because the
second linker features close proximity between the CDR2 C-terminus and the N-terminus
of either CDR1 or CDR3 and also a sharp turn of the backbone, we adopted the sequence
of Gly-Proline-Gly known to favor turn structure in proteins.36 For the first linker, we

used the flexible and hydrophilic (Gly-Ser),, tandem repeats that are commonly used in
protein engineering.3"-38 The repeat number 77 was chosen to be the minimum length that
can physically connect the C-terminus of CDR2 or CDR3 with the N-terminus of CDR2
without introducing structural strains in the bound state of ADPA with IL-6 and had the
value of 2 and 4 for Scheme 1 and Scheme 2, respectively (e.g., the structure of Scheme 1
ADPA is depicted in Figure S1 in the Supporting Information). Atomistic discrete molecular
dynamics (DMD) simulations3%-41 were applied to assess the possible binding between the
designed ADPA and IL-6 on the surface of AuUNP (see Figure 1a, as well as Movie 1 in

the Supporting Information). Our DMD simulations confirmed that the designed sequence
shown in Figure 1a could adopt the “native-like” conformation compatible for target binding
and cysteines could hop on the surface, to allow peptide conformational sampling (Movie 1
in the Supporting Information). Compared to the Fab of 61H7, the ADPA displayed further
reduced molecule weight (~3 kDa) and mass/size ratio to the bound IL-6, as clearly shown
in the generated simulation figures (see Chart 1b and Figure 1a).

SPR Characterization of Peptide Aptamer.

The affinities of anti-1L-6 ADPAs were analyzed by surface plasmon resonance (SPR). A
series of human IL-6 standards with concentrations of 6.3-150 nM were injected into an
SPR sensor chip functionalized with Scheme 1 or Scheme 2 at a surface coverage of 83.3
pg/mm?2. By fitting the sensorgram with a one-to-one binding model, Scheme 1 displayed
an association constant (k) of 6.9 x 104 M~1.s71, a dissociation constant (ky) of 2.8 x 1073
s71, and an equilibrium dissociation constant (Kp) of 40.7 nM (see Figure 1c and Table

1), while, for Scheme 2, the measured values were k; = 3.3 x 104 M 1s71 4y =1.1 x
1073571, and Kp = 33.4 nM, respectively (see Figure 1d and Table 1). The two schemes
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showed similar affinity, while Scheme 1 displayed a faster binding rate and dissociation rate
with IL-6. Compared to the antibody (with estimated values of k; = 2.0-3.2 x 10° M1
s~land kg = 0.6 x 1074 s71), both ADPAs exhibited lower ; and higher 4y, indicating

a slower initial binding and faster disassociation behavior. This reduced affinity resulted
from the fact that the light chain in contact with IL-6 (see Figure Sla in the Supporting
Information) also contributed to the ultrahigh affinity of the original antibody. In addition,
the weaker affinity might also be due to the structure alteration of the framework region
(FR), which serves as a scaffold of the CDRs and a stabilizer of the antigen-binding

site. The mutations of FRs loop have been reported to be associated with the affinity
variation of antibodies.#? In addition, the amino acid—gold interactions possibly resulted in
undesired interaction between CDRs and the gold surface, followed by unexpected folding
of the CDRs. For instance, Arg, Asn in CDRs can be adsorbed on gold through Au-N
interaction, while the carboxylic group on the side chain of Asp allows its proximity to

the gold surface.*3 Despite a slightly reduced affinity than the corresponding antibody, our
ADPA s still showed a comparable affinity level with some other anti-1L-6 antibodies, such
as siltuximab (11.7 nM), an FDA-approved anti-IL-6 monoclonal antibody.*4 Thereby, both
ADPAs were used for the following investigations on their immobilization optimization for
enhanced plasmonic sensing.

Optimized Immobilization of ADPA on Gold Nanorods (AuNRs) for Enhanced Plasmonic
Sensing.

Based on the Mie theory, the highly localized electric field of LSPR is sensitive to subtle
refractive index variations surrounding the AuNP, while the strength of the electric field

decays exponentially with the distance away from the nanoparticle/medium interface, as
shown below:4°

R = mAne™ W1 — ¢~ %/l @

where Ris the plasmonic response (e.g., wavelength shift, intensity change), mis the
refractive-index sensitivity from the plasmonic nanoparticle, Az is the refractive index
difference induced from adsorbed layer, /; is the decay length, and @ and @ are the
thicknesses of recognition layer and analyte layer, respectively. Accordingly, R increases
with thinner recognition layers and/or thicker analyte layers (suggesting smaller probes),
larger analyte-to-probe mass ratios, and more available binding sites for enhanced plasmonic
sensing. As a result, the tiny-sized anti-1L-6 ADPA with a much smaller MW, relative to

its antibody counterpart, allows the binding of IL-6 molecules in much closer proximity

to the AuNP surface and a relatively thicker analyte binding layer (larger b/ d; ratio;

see Figures 2a and 2d), leading to higher IL-6 sensitivity. Moreover, the conventional
approach to assemble the biomolecular probes on the AuNP sensing surface is mainly
through 1-ethyl-3-[3-(dimethylamino)propyl] carbodiimide/ A-hydroxysuccinimide (EDC/
NHS) coupling chemistry (see Figure S2 in the Supporting Information). Such non-site-
specific labeling often results in random orientations of immaobilized antibodies, which could
reduce the density of available antigen binding sites and thereby compromise the sensitivity
of the immunoassay.#647 In the computationally designed anti-IL-6 ADPA, we intentionally
introduced cystine residues in the FRs, enabling site-specific direct functionalization of
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ADPA via Au-S bonding for optimized sensing performance. In addition, the ADPAS
possess net positive charges in physiological conditions (pH 7.4) that are naturally

in favor of interacting with negatively charged citrate gold nanorods (Cit-AuNR).48-50
Hence, Cit-AuNR was selected in place of commonly used hexadecyltrimethylammonium
bromide capped gold nanorods (CTAB-AUNR) as the sensing NPs, due to easier ligand
exchange.51:52

We first performed a series of experimental characterizations to confirm the direct
immobilization of ADPA on AuNRs yields a thinner recognition layer for enhanced
plasmonic sensing. The bare Cit-AuNRs before surface functionalization were imaged by
scanning electron microscopy (SEM), showing high monodispersity with a dimension of
~40 nm in width and ~80 nm in length (Figure S3 in the Supporting Information). After
functionalization with ADPA Scheme 1, Scheme 2, or anti-IL-6 antibody, the size and
surface properties of the AuNRs were characterized by dynamic light scattering (DLS),
zeta potential (£) analysis, and scattering-type scanning near-field optical microscopy (s-
SNOM).46 The DLS measurements of bare AUNRSs showed an average hydrodynamic size
of 87.3 nm in length (Table 2), which is consistent with the result from SEM (Figure S3).
The immobilization of Scheme 1 and Scheme 2 resulted in small size increases of 4.2 and
2.3 nm, respectively. Meanwhile, antibody-coated AuNRs displayed a larger hydrodynamic
size increase of 12.3 nm, indicating the formation of a thinner ADPA layer on the AUNRs
than that of antibody. Zeta-potential measurements revealed the as-expected positive surface
charges of +19.5 and +11.0 mV for Scheme 1 and Scheme 2 ADPAs, and -10.6 mV for
anti-1L-6-Antibodies at pH 7.4, respectively (Table 2). The functionalization of ADPAs
neutralized the surface charge of the bare AUNR (-29.2 mV) and resulted in a less-charged
complex under physiological conditions (-10.3 mV for Scheme 1-AuNR, -13.5 mV for
Scheme 2-AuNR). Successful complex formation of antibody or ADPAs on AuNRs was
further verified with s-SNOM by scanning the images at the characteristic infrared spectrum
(1660 cm™1) of amide | band from peptides and proteins (Figures 2b and 2e).53 Specifically,
the well-dispersed bare AUNRSs were imaged with bright hot spots at the apexes, showing
enhanced localized electrical fields due to the antenna effect. The dense dark coating
observed for the antibody-AuNR (Ab-AuNR, Figure 2b) and ADPA-AUNR (Figure 2¢)
originated from the stretching vibration of the amide | band at 1660 cm™=1, confirming the
presence of antibody and ADPAs on the AuNRs. The height profiles displayed an average
value of 40.1 nm for isolated AuNRs. This height increased to 51.5 nm (Figure 2¢) upon
antibody assembly, while only 43.8 nm (Figure 2f) upon ADPA assembly, indicating a
significantly thinner recognition layer of ADPA-AuUNRs. Note that the dimensions of NPs
imaged by s-SNOM appeared to be slightly larger than the SEM results, which is mainly due
to the relatively large radius (~35 nm) of the tip apex used in our experiment.>3

We then conducted finite-element analysis (FEA) simulations on a AUNR complexed with
varied probes to validate the effect of the recognition layer thickness on plasmonic sensing.
Based on our SEM and s-SNOM results, a 40 nm x 80 nm AuNR model was constructed,
and its scattering resonance peak was calculated to be at ~649 nm (Figure 2g). The local
refractive index change induced by the presence of a recognition layer generated a shift in
resonance wavelength (AA) and a relative scattering intensity increase (A// fp) of the AuNRs.
As shown in Figures 2g—j, the formation of a dense packed antibody layer on the AUNR
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resulted in a large resonance wavelength shift of 25.8 nm, while the ADPA-AUNR displayed
an ~9.0 nm red-shift in resonance peak. Subsequently, the binding of a single layer of IL-6
on Ab-AuNR induced a small change in AA (5.3 nm) and a corresponding A/ fy of 16.4%.

In contrast, the IL-6 layer coated on the ADPA-AUNR yielded a red-shift of the resonance
peak of 11.6 nm and a much stronger scattering intensity increase of 32.1%, highlighting the
significance of a thinner capture layer for enhanced LSPR response to analyte binding.

In practical sensing applications, conjugation of antibodies on AuNPs often requires a
thiolated linker (i.e., thiolated alkane HS-(CH5);1-COOH, (C11)) to form a monolayer3®
on NPs to allow subsequent surface function (Figure S2 in the Supporting Information).

To understand how our ADPA-based direct immobilization strategy affects the sensor
performance, we compared the plasmonic signal (AA and A/ /y) upon IL-6 binding in four
conjugation models (Figures 29, 2i, and S4 in the Supporting Information). As indicated

in Figures 2h and 2j, the ADPA-AUNR elicits enhanced plasmonic response in two ways:
(i) small-sized ADPA-based sensor induces stronger plasmonic signals than conventional
antibody-functioned LSPR sensor; (ii) direct functionalization of probes brings the binding
close to NP surface by eliminating additional surface layers, leading to notable higher
signals in all models. The coupling of these two effects have thus drastically altered the
calculated plasmonic enhancement for the bound IL-6 layer, achieving a 3.3-fold intensity
increase in comparison to conventional Ab-AuNR sensor conjugates. It is worth noting that
all the simulation results are based on the assumption that all the antibodies and ADPAs are
oriented in a manner to sterically favor the IL-6 binding on the sensor surface.

ADPA-LSPRi Immunoassay for Serum IL-6 Detection.

In comparison to conventional spectrum-based approaches, intensity-based LSPRi platforms
have recently been reported as one of the most sensitive label-free cytokine immunoassays
with limits of detection (LODs) down to 11.3-45.6 pg/mL.23 As these LSPRi immunoassays
involve exclusive use of covalently linked antibodies, the substitution with ADPASs has

the potential to further push down the detection limits and allow ultrasensitive real-time
measurement. Hence, we devised the computationally designed anti-1L-6 ADPAS to
construct an ADPA-LSPRi immunoassay to demonstrate enhanced label-free IL-6 cytokine
detection in serum. As shown in Figure S5 in the Supporting Information, the workflow

of the immunoassay involves AUNR immobilization, direct ADPA functionalization, and
on-chip sensing. Notably, with the scalable prefabrication of the AuNR patterned chips that
can be stored for at least a few weeks, the subsequent one-step ADPA functionalization
requires only 1 h of incubation to prepare the immunoassay ready for on-chip protein
quantification. Figure 3a presents the real-time sensing curves of IL-6 in serum using the
ADPA-LSPRi immunoassays. The introduction of IL-6 (100 pg/mL) resulted in relative
intensity changes (A// fp) of 2.5% for ADPA-Scheme 1, 2.1% for ADPA-Scheme 2, and 0.7%
for antibody after 30 min IL-6 incubation and 5 min buffer washing. Both ADPA schemes
showed excellent selectivity toward IL-6 (see Figures 3b and 3c). The LSPRi heat maps

and corresponding calibration curves of the three probes were established by measuring

a set of serum samples with varied IL-6 concentrations in three replicates (Figures 3d—

f). The ADPA-LSPRi immunoassay displayed significantly higher IL-6 sensitivity (signal
magnitude that corresponds to unit concentration change of IL-6) at the low concentration
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region with 0.25%/pg mL~1 for ADPA-Scheme 1 and 0.17%/pg mL~1 for ADPA-Scheme

2, compared to antibody-LSPRi immunoassay with 0.06%/pg mL~1. The LODs (defined as
three times the standard deviation of a blank sample over the slope of the calibration curve,
30a1S) were calculated as 4.6 pg/mL for ADPA-Scheme 1 and 6.7 pg/mL for ADPA-Scheme
2, which were 8-fold lower than the antibody-LSPRi immunoassay (37.4 pg/mL). Such
enhanced sensing performance on the low level of IL-6 can be ascribed to the thinner
recognition layer formed by the smaller peptides, as predicted in our optical simulations.
Moreover, the ADPA-LSPRi immunoassay exhibited a wider dynamic range that spans
across ~6 orders (5 to 1 x 108 pg/mL), compared to their antibody counterpart (37 to

5 x 10 pg/mL). This is likely due to the combined contribution of larger binding site
density on gold surface and uniform desired orientation of ADPAS via cysteine-targeted
immobilization, offering higher accessibility of IL-6 molecules to the sensing surface. The
ADPA-LSPRi immunoassays were further validated in a blind test, together with the “gold
standard” ELISA by measuring the IL-6 levels in 10 unknown samples in cell culture
medium (see Figure S6 in the Supporting Information). The results from our immunoassay
and ELISA were in good agreement (a correlation coefficient of R2= 0.99 was observed),
demonstrating the computationally derived ADPAs as valid probes for LSPRi immunoassay
to provide enhanced sensing capability for label-free cytokine detection to achieve real-time
immune monitoring.®

On-Chip Analysis of SARS-CoV-2 S-Protein-Induced Inflammation.

To unveil the potential of the ADPA-LSPRI as a translation approach for in situ cytokine
monitoring under clinically relevant conditions, we performed on-chip cytokine detection
for quantitative analysis SARS-CoV-2 S-protein-induced inflammation using in vitro

and patient samples. At the onset of COVID-19, the pathophysiology of SARS-CoV-2
infected lung is worsened with a hyperinflammatory response, eliciting excessive release
of inflammatory cytokines such as IL-6.455 In an attempt to create a biomimetic immune
status of COVID-19 patients upon viral infection, we incubated epithelial cells and/or
macrophages with SARS-CoV-2 and conducted time-course measurements (confirmed by
ELISA, as shown in Figure S7 in the Supporting Information) of IL-6 production, in
response to different doses of S-protein utilizing our ADPA-LSPRi immunoassay (Figure
4a.i). The isolated macrophages, comparing to epithelial cells and control samples, showed
elevated immune response with increased SARS-CoV-2 concentration (Figures 4b and 4c).
When cocultured with epithelial cells, the macrophages exerted an acute inflammatory
response by the viral S-proteins with a significantly heightened IL-6 expression overtime.
This is primarily due to a positive feedback loop between epithelial cells and macrophages
initiated by the binding of viral S-proteins on host cells via angiotensin-converting
enzyme 2 (ACE2),%6 which activates a series of intercellular pathways and results

in the upregulation of pro-inflammatory cytokines (i.e., IL-6). The pro-inflammatory
cytokines attract macrophages to the site of infection, exacerbating the inflammation
response by further production of IFN-y and establishing the positive feedback loop.

We further examined the immune status of COVID-19 patients by measuring the IL-6
concentration in 16 blood samples with our ADPA-LSPRi immunoassay. These human
serum specimens were collected from two groups of COVID-19 severe patients with and
without immunomodulatory treatment of tocilizumab (Figure 4a.ii) from the University of

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2023 November 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

He et al. Page 10

Michigan Hospital (patients or their authorized representatives provided informed consent
for the use of biospecimens, as approved by the Institutional Review Board of the University
of Michigan (HUMO000179668)). The serum specimens were separated from the whole
blood samples, following the standard procedure, and directly used for ADPA-LSPRi
immunoassay without dilution. The results from the 9 samples of COVID-19 patients that
had not received any treatment showed a range of 10.4-1452.4 pg/mL with an average 1L-6
level of 374.3 pg/mL (Figure 4d). For 7 patients after treatments, IL-6 level was elevated to
the range of 91.5-5277.4 pg/mL with an average of 1250.1 pg/mL. The elevated serum IL-6
might be explained by the inhibited receptor-mediated clearance of serum IL-6, induced by
the tocilizumab.57-59 All the results above from ADPA-LSPRi immunoassay were validated
by the ELISA method (Figure S8 in the Supporting Information), which again prove the
feasibility of ADPA-LSPRi immunoassay for accurate quantification of cytokines across a
wide concentration range in clinical diagnosis.

CONCLUSIONS

In conclusion, we have demonstrated a computation-assisted rationale design of ADPAs
as a translational sensing interface for sensitive label-free detection of IL-6 in pathogenic
inflammation. In place of traditional approach for anti-IL-6 PA generation, the anti-IL-6
ADPAs were readily constructed by assembling three CDR loop structures with designed
spacers to form the much-simplified antibody alternatives. The tiny-sized ADPAs allowed
proximity of target molecule to AuUNR surface down to 1.5 nm upon recognition with

high selectivity, adequate affinity, and ample binding sites, which greatly advanced the
nanoplasmonic sensing of IL-6 in a label-free setting. Such enhancement was verified by
both FEA simulation and experimental results, yielding a LOD of 4.6 pg/mL and wide
dynamic range for IL-6 that surpassed most of the antibody-LSPRi immunoassays. The
ADPA-LSPRi immunoassay showed high consistency with the “gold standard” ELISA

by testing under physiological conditions and in COVID-19 patient stratification. Most
significantly, this computational approach can be applied as a general method to produce
the corresponding ADPAs from antibodies for any emerging biomarkers. Coupling the
label-free nature of the LSPRi with the excellent sensing performance enabled by APDAS,
the ADPA-LSPRi immunoassay could establish a new paradigm for rapid, high-throughput
diagnosis, and can be readily integrated with microfluidic systems to provide in situ,
multiparametric, point-of-care analysis. Further investigations in the robustness of the
approach in constructing ADPAs for target analytes, the scalable production of designed
ADPAs, the system variation in immunoassay fabrication, and the reproducibility of assay
performance in complex biological medium are essential to overcome the limitations to
provide practical clinical tools to better understand the human physiology and improve
disease treatment for better health care.

EXPERIMENTAL SECTION

Computational Design of Antibody-Derived Peptide Aptamers.

Based on the X-ray crystallography structure of the antibody—antigen complex (Figure Sla
in the Supporting Information), coordinates of three heavy-chain CDR loops were obtained
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as the starting template for designing ADPAs. Since CDR2 happens to be positioned
between CDR1 and CDR3 in space and the C-terminus of CDR2 is in close proximity

to the N-terminus of the other two loops (Figure S1b), two sequence design schemes
were selected to connect three loops—Scheme 1: Cys-CDR3-Cys-Linker-Cys-CDR1-Cys-
Linker-CDR2-Cys, and Scheme 2: Cys-CDR2-Cys-Linker-Cys-CDR1-Cys-Linker-CDR3-
Cys. Here, cystines (Cys) were introduced to flank the CDR loops and serve as anchors
to bind to AuNPs via Au-S bonding. Loop structures were generated using Modeler.59
All-atom DMD simulations were performed to assess whether the designed peptides
bind 1L-6 as in the original antibody.61 DMD simulations of proteins interacting with
gold and silver nanoparticles (AuNPs and AgNPs, respectively) have been described in
detail elsewhere.62:63 Briefly, a (1 1 1) gold surface with five atom layers (e.g., Figure
1a) was used to model the local environment of AuNP for APDA binding. The major
physical interactions considered for Au and Au interaction with proteins include van der
Waals solvation energy, and the electrostatic interaction of “image” charges, where the
corresponding interaction parameters were adopted from the first-principles based GolP
force field.64

Surface Plasmon Resonance Analysis.

A bare gold sensor was thoroughly cleaned in piranha solution (30 mL of 98% sulfuric
acid, 10 mL of 30% hydrogen peroxide) for 10 min, followed by 15 min ultrasonication
in 50:50 (v/v) ethanol/H,0. A quantity of 30 gL of Scheme 1 or Scheme 2 stock solution
(1 mg/mL) was added into 60 L of 10 mM TCEP solution for disulfide bond reduction.
The mixture was incubated in darkness for 1 h and diluted to 1 mg/L with pH 7.4 PBS.
The obtained solution was injected at a rate of 30 zL/min through the bare gold sensor
until a surface coverage of 83.3 pg/mm? was achieved. The sensor surface was passivated
by 6-mercaptohexanol (3 mM) in pH 7.4 PBS for 30 min, and thoroughly washed with
PBST buffer (pH 7.4 PBS, 0.05% Tween-20). The affinity analysis was performed by
challenging the ADPA functionalized sensor with a series of standard concentrations of
IL-6 in PBST buffer (250 yL) at a flow speed of 30 /min under room temperature.
After each run, the sensor was regenerated by flowing NaOH solution (pH 12.3) for

30 s, which showed repeatable baseline recovery and minimal effect on probe activity
within six replicates. The sensograms were fitted using a one-to-one interaction model

in the TraceDrawer software version 1.5 (Ridgeview Instruments, Uppsala, Sweden). The
kinetic parameters, including the association constant (43), dissociation constant (&), and
equilibrium dissociation constant (Kp = &g/ k;) were determined by the model fitting.

Dynamic Light Scattering and Zeta Potential Measurements.

A quantity of 200 gL of freshly prepared sample solution (bare AuNRs, ADPAs, antibodies,
ADPA-AUNRSs, or antibody-AuNRs) was diluted with 600 L of deionized (DI) water
and transferred into a capillary zeta cell (Malvern). The measurement of zeta potential
and hydrodynamic size was performed by Zetaiszer Nano ZS90, according to standard
procedures.
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Scattering-Type Scanning Near-Field Optical Microscopy.

The morphology of AUNR complex was characterized by nano-IR images from scattering-
type scanning near-field optical microscopy (s-SNOM, Neaspec). The samples were
prepared by drop-casting 1 mL AuNR, ADPA-AuUNR, or antibody-AuNR solution onto a
silicon wafer and dried at room temperature. The tapping-mode atomic force microscopy
(AFM) was performed with a tapping amplitude of 40 nm and tapping frequency at 250
kHz. The AFM tip with a radius of 10 nm was coated with PtIr5. A monochromatic IR
quantum cascade laser (QCL) was used to illuminate the AFM tip during the imaging. The
backscattered optical signal off the tip was collected and demodulated at the third harmonics
of the tapping frequency to obtain genuine near-field optical responses.

Fabrication of LSPRi Sensors.

Polydimethylsiloxane (PDMS) prepolymer was prepared by mixing 1:10 (m/m) silicone
elastomer base and curing agent (SYLGARD 184). The resulting mixture was poured over
silicon molds and degassed for 30 min, followed by 4 h of curing at 65 °C. Glass slides
were washed repeatedly by DI water, dried thoroughly at 65 °C, and cleaned in the piranha
solution (the mixture of 98% H,SO,4 and 30% H,0,) to remove organic residues. Following
15 min of ultrasonication, cleaned glass slides were placed in a closed desiccator with 0.5
mL APTES placed nearby for 48 h. Further APTES fixation was accomplished by heating
the obtained slides at 100 °C for 30 min. The prepared PDMS layers with microfluidic
channels were detached from silicon molds and attached to the APTES-modified glass
slides. Cit-AuNR solution was loaded into the microfluidic channels at 1 zL/mL for 8 min
and incubated for 12 h, allowing the negatively charged Cit-AuNRs to be immobilized onto
the positively charged APTES-modified glass slides via electrostatic interactions. Thorough
washing was performed to remove unbounded AuNRs. 50 pg/mL probe solution (antibody
or ADPA) was subsequently injected at 1 zL/mL for 8 min. Following 1 h of incubation,
excessive probes were washed away by pH 7.4 PBS. The sensor surface was passivated by
1% BSA in pH 7.4 PBS for 1 h. The PDMS layers used above were discarded and new
layers of PDMS was applied perpendicularly onto the as-prepared nanoplasmonic chips for
the following LSPRi immunoassay.

LSPRi On-Chip Sensing.

The prepared nanoplasmonic chips were placed on a motorized stage (ProScan Ill, Prior
Scientific). An oil dark-field condenser lens was used and gently attached to the bottom
side of the nanoplasmonic chip with immersion oil. Under dark-field mode, only scattering
light was allowed to pass through an objective lens (10x, Nikon Instruments, Inc.), filtered
by a band-pass filter (645-695 nm, Chroma), and recorded by an electron multiplying
charged coupled device (EMCCD) (Photometrics Evolve 512, Teledyne Photometrics) in a
10-s temporal resolution. The collected images were analyzed by a customized MATLAB
code for real-time LSPR signals. Prior to a single measurement, pH 7.4 PBS solution (cell
culture medium used in cell analysis experiment) was flowed through the microfluidic
channels to stabilize the baselines. A series of standard IL-6 samples spiked in human serum
were injected into loading channels for 30 min (Figure 3a bottom) with LSPRIi signals
(Al fy, the scattering light intensity change (A/) from target barcode region divided by the
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initial scattering light intensity of the same area (/)) recorded in real time. pH 7.4 PBS
solution was subsequently injected for another 5 min to remove nonspecifically bound serum
components. The calibration curve was obtained by fitting the data into the dose-response
model in Origin.

Cell Culture and SARS-CoV-2 Surface Protein Stimulation.

A human leukemia monocytic cell line (THP-1) was cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium with 10% fetal bovine serum and 1% penicillin-streptomycin
in a 5% CO, humidified incubator at 37 °C. Macrophages were differentiated from THP-1
by 48 h of incubation in the aforementioned cell culture medium with 100 ng/mL phorbol
12-myristate-13-acetate (PMA). Lung epithelial cells (ATCC) were cultured in Keratinocyte
serum-free medium (Gibco) with 0.05 mg/mL bovine pituitary extract (Gibco), 5 hg/mL
epidermal growth factor (Gibco), and 10 ng/mL cholera toxin (Invitrogen). The above
macrophages (108 cells/mL) and epithelial cells (108 cells/mL) were seeded in a 12-well
plate overnight prior to SARS-CoV-2 surface protein stimulation. SARS-CoV-2 surface
proteins were added at varying concentrations (1 g/mL to 20 pg/mL) for varying incubation
time (0-48 h). The cell culture supernatants were subsequently collected for IL-6 analysis.

Finite Element Analysis (FEA) Simulation.

The electromagnetic simulations of AUNR, ADPA-AuUNR, and antibody-AuNR were
performed by multiphysics simulation software (COMSOL). The dimension parameters of
AUNR, antibody, and ADPA were obtained from the SEM and DLS results. The simulation
model constructed a 40 nm x 80 nm AuNR, with a shell of recognition layer (12 nm
thickness for antibody; 1.5 nm for ADPA), where a far-field domain was defined within

a sphere with a diameter equivalent to the incident light wavelength. A perfectly matched
layer was set as the boundary condition of scattering. A polarized electric field was defined
parallel to the longitudinal direction of the AuNR. The frequency-dependent dielectric
constant was calculated from the Lorentz—Drude model, where the relative permittivity of
the antibody and ADPA was set as 2.25.2

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) A representative snapshot structure of ADPA-1L-6 complex on a gold surface obtained

from DMD simulations. (b) Three CDR loops were adopted from a full sequence of anti-
IL-6 antibody (PDB ID 409h). Two ADPA schemes were designed by connecting three CDR
loops with spacers and cystine residues were introduced for site-specific functionalization on
gold. (c, d) SPR kinetics of interaction between two ADPA schemes and human IL-6.
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Figure 2.

(a, d) Respective illustrations of typical antibody- and APDA-antigen binding scenarios
in LSPR sensing scheme, where the binding occurs at different locations from AuNR-
dielectric interface. (b, e) Respective representative s-SNOM images of isolated AUNRS
patterned on the substrate and antibody/ADPA directly functionalized on AuUNR. Bottom
shows cross-sectional profiles of particles taken along the dashed line. (c, f) Statistics of
particle heights of AUNR/Ab-AuNR and AUNR/APDA. Each dot represents an individual
measurement of the particles (/7= 20). Box plots depict the 25th percentile, median, and 75th

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2023 November 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Heetal.

Page 20

percentile; whiskers show the 95% confidence intervals. (g, i) Predicted scattering spectra
of AUNR, AuNR coated with Ab/ADPA, and after binding with cytokine. A 2D illustration
of the model is given in the top-right corner in the plot, and 2D and 3D electromagnetic
field distributions are given in the top-right and bottom-right corners, respectively. (h)
Comparison of scattering resonance wavelength shift induced in each step. (j) Comparison
of relative scattering intensity increase in each step.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2023 November 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

He et al. Page 21

as b c
— ._ S 2o 1 ADPA-S1 M ADPA-S2
Flow |§ % N AR 100 100
= 6{direction | TouSS v 23 ~ K8 4| 1 s
< cb-s-‘.-'--- R eue! ease |2 =
= Stabilizing | Sample loading I Washing T w©
BT = : 7
= -S2p-- -S2 control &
& [FAb T-Abcontrol ;v 100 poimL o SO o 50
3 2 | Qe %0 pg/mL| & 2
. |-100 pg/mL{
[oF 3 { saven O pafmy 0 IR, S 0
S 2 0 2 o 2
9 Assay time (min) 20 VRN \\;\2\{( ARV W \f\i N
d20 €20 f 20—
i) y = 0.0631x + 0.0025 i) y = 0.2499x + 0.0036 i) y = 0.1694x + 0.0041
R?=09665n=3 R?=0.9241,n=3 R2=09062,n=3
~151 LOD = 37.37 pg/mL | 5157 LOD = 4.56 pg/mL =151 LOD = 6.73 pg/mL
S o9 %’ 3.0 < |20
o ° [15
510406 510420 5101 i
w 0.3 « 7 1.0 i 8
i : o 1.0 « |05
o 0 3‘, 0 o
@ 54 0 50 100 3 51 0 50 100 @ 59
Ab . ADPA-S1 ole ADPA-S2
10° 10" 102 10° 10¢ 105 10°  10° 10' 107 10° 10° 10° 10°  10° 10" 107 10° 10* 10° 10¢
IL-6 concentration (pg/mL) IL-6 concentration (pg/mL) IL-6 concentration (pg/mL)
i) 0 LSPR signal (%) 5 i) 0 LSPR signal (%) 14 i) 0 LSPR signal (%) 14
Bar1 Bar1 i Bar1
Bar2 Bar2 Bar2
Bar3 Bar3 Bar3
10° 10' 10® 10 10° 10° 10° 10° 10" 102 10® 10% 10° A10° 10° 10' 10 10° 10* 10° 10°
IL-6 concentration (pg/mL) IL-6 concentration (pg/mL) IL-6 concentration (pg/mL)

Figure 3.
(a) Real-time monitoring of scattering light intensity change during a LSPRi immunoassay.

(Top) Cross-sectional views of the channel during baseline establishment, sample loading,
and washing process. (b, ¢) Selectivity test for ADPA-Scheme 1 and ADPA-Scheme 2. (d-f)
Calibration curves for Ab (panel (d)), ADPA-Scheme 1 (panel (e)), and ADPA-Scheme

2 (panel (f)) LSPRi immunoassay. Insets show the corresponding linear regions of the
calibration curves. The bottom panels present the corresponding heatmaps of the LSPR
signals.
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Figure 4.
(a) (i) Mlustration of SARS-CoV-2 infected host cells with a positive cytokine feedback

loop and (ii) blood test workflow for COVID-19 patient. Macrophages cocultured with
epithelial cells were stimulated by SARS-CoV-2 surface protein and the resulting cell
medium was collected for ADPA-LSPRi immunoassay. IL-6 secretion levels under (b)
different concentrations of surface protein and (c) incubation times. (d) Blood test results
using ADPA-LSPRi immunoassay for patient stratification.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2023 November 22.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

He et al. Page 23

a CDR3: SGFTFSSYRM

Antibody (Ab)

C i) EMCCD-coupled i) - AuNR

dark-field microscopy : ’ -
Sample flow —> _ - : J ;
| - A X O
B @ ' *® B 2 B

g 4 S S, . R hee # B R

Yy el T e eae

i) iv) _ v) — Before capture
= - - ; — After capture
MS layer 2; :I o P
W Plasmonic 65 ' . T @
/

nsing array > _
‘s Sgﬁme \Se'r;sing Optica
strate loading spots
Chart 1.

filter
600 630 660 690 720
Wavelength (nm)
Schematic Illustration of ADPA Design and ADPA-LSPRi Immunoassay: (a) The Solved
Antibody-Antigen Complex Structure,® (b) Schematic Structures of IL-6 Captured by
Antibody (Left) and ADPA (Right) on a Bare Gold Surface,? and (c) The Illustration of
APDA-LSPRi Immunoassay Platform¢
4Here, 1L-6 (olive)was recognized by three CDR loops from heavy chain on the antibody
(cyan). #The dimensions of the antibody, ADPA, and IL-6 were calculated to be 12.0,
1.5 and 4.0 nm, respectively. “Cit-AuNRs were firstly patterned on a glass substrate,
followed by the direct functionalization of ADPA. As-fabricated LSPRi chip was mounted
under an optical dark-field microscope. IL-6 in samples captured by the ADPA-functioned
AUNRs generated an increase in scattering light intensity, which can be monitored by a
high-resolution EMCCD in real time.

Scattering intensity
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