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complex instrumentation, large amounts of purified protein, or

measurement at extended surfaces. Here, we present an elegant nanoparticle-based platform for the optical detection of protein—
protein interactions in the solution phase. We synthesized gold-coated silver decahedral nanoparticles possessing high chemical
stability and exceptional optical sensing properties. The nanoparticle surface is then tailored for specific binding to commonly used
polyhistidine tags of recombinant proteins. Sequential addition of proteins to the nanoparticle suspension results in spectral shifts of
the localized surface plasmon resonance that can be monitored by conventional UV—vis spectrophotometry. With this approach, we
demonstrate both the qualitative detection of specific protein—protein interactions and the quantification of equilibrium and kinetic
binding parameters between small globular proteins. Requiring minimal protein quantities and basic laboratory equipment, this
technique offers a simple, economical, and modular approach to characterizing protein—protein interactions, holds promise for
broad use in future studies, and may serve as a template for future biosensing technologies.

plasmonic nanoparticles, protein—protein interactions, optical biosensing, solution-phase sensing, surface functionalization,
localized surface plasmon resonance, binding constant, binding kinetics

These techniques span a wide array of modalities, each with
its pros and cons concerning information provided, sensitivity,
and sample requirements.’ The richest data are obtained from
methods that do not perturb the protein sample. One widely
used method is isothermal titration calorimetry (ITC),” which

Protein—protein interactions are fundamental to cellular
pathways, including signaling, spatial cellular organization,
metabolism, and reproduction.’ Understanding not only which
proteins interact with one another, but also the stability and
kinetics of these interactions, is essential for understanding the
molecular mechanisms of cellular pathways, building accurate
systems-level models of cells, and understanding events in
physiology and the progression of disease.”” However, a key
challenge remains the accurate and efficient measurement of
the equilibrium binding affinities and kinetic parameters of
protein—protein interactions.

can measure the dissociation constant (Kp), thermodynamic
parameters (enthalpy and entropy), and even binding
stoichiometries, without any sample modification. However,
it is a slow technique with limited temporal resolution and
throughput while also requiring large amounts of protein
sample. Nuclear magnetic resonance (NMR) can uniquely
provide information on equilibrium and kinetic binding

At the systems level, proteomics methods such as mass constants with residue-level structural information, providing

spectrometry and yeast two-hybrid screening can detect in-depth insight into conformational changes or allosteric
89 . . . .

protein—protein interactions with high throughput."** How- effects.”” However, it requires complex instrumentation and

ever, these measurements are typically binary assessments—

they can only measure whether an interaction has occurred or November 21, 2024 gt
not within the measurement’s dynamic range. Therefore, in February 12, 2025

vitro measurements of purified proteins are widely used to February 13, 2025

characterize binding parameters, including the equilibrium March 15, 2025

dissociation constant (Kp), and the kinetic rates of association =

(k,) and dissociation (kg).
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large amounts of purified protein, with some measurements
also requiring NMR-active isotope labeling.

The high instrumentation and sample demands of NMR and
ITC are due to a lack of sensitivity when measuring nuclear
spins and heat. These demands can be overcome by
introducing a modification to the system: a fluorescent
probe, which serves as a high-contrast local reporter.
Fluorescence-based techniques, such as fluorescence aniso-
tropy,' Forster resonance energy transfer (FRET),"" micro-
scale thermophoresis,'” and stopped flow methods,'” can
provide equilibrium and kinetic binding information with
relatively simple instrumentation and modest sample amounts.
However, conjugation of dyes to specific amino acids without
perturbing protein binding can be nontrivial,'""" often
requiring modification of the protein sequence, thereby
limiting the ease and throughput of these measurements.

Several methods avoid dye conjugation altogether in lieu of
alternative readouts, often at the cost of immobilizing one
binding partner.'® Surface plasmon resonance (SPR) and
biolayer interferometry rely on perturbations of optical
evanescent fields at solid—liquid interfaces to monitor protein
binding.'”'® A relatively new technique based on DNA
nanolevers monitors changes in the movement of DNA on
metal surfaces upon protein binding.'"” Among these
techniques, SPR has emerged as the industry standard due to
its ability to quantify kinetics rapidly, with small amounts of
sample and without dye conjugation. However, downsides of
SPR include high cost, complex instrumentation due to the
integration of microfluidics and specialized metallic chips, and
potential measurement artifacts related to restricted diffusion
at the liquid—solid interface.”*™>*

A simpler and more economical alternative to SPR is the use
of localized surface plasmon resonances (LSPRs) of colloidal
metallic nanoparticles diffusing freely in solution.”* Here,
biomolecular interactions at the LSPR “hotspots” of plasmonic
nanoparticle suspensions produce spectral shifts that can be
detected with conventional UV—vis spectrophotometry.
Despite its innovative design and ease of use, this technique
has remained underutilized, possibly due to its perceived
limitation to the somewhat niche area of lipid—protein
interactions.

In this study, we significantly advance this underexplored
solution-phase LSPR concept by introducing a nanosensor
design that extends its applicability to a domain of broader
interest: protein—protein interactions. We first synthesized
silver decahedral nanoparticles, an understudied class of
plasmonic colloidal nanoparticles, possessing excellent optical
sensing properties, including refractive-index sensitivity and
optical sensing figure of merit (FOM). These nanoparticles
were then coated with a thin layer of gold, improving chemical
stability and compatibility with biological buffers while largely
maintaining their optical sensing performance. Without such a
coating, the silver decahedral nanoparticles would rapidly lose
their sensing capabilities. We then chemically tailored the
nanoparticle surface to reduce nonspecific protein interactions
and also enable specific and modular immobilization of one
protein binding partner via the polyhistidine tag of
recombinant proteins. Finally, we demonstrated not only the
qualitative detection of specific protein—protein interactions
but also the quantification of binding parameters of proteins as
small as ~7 kDa, with good agreement with literature values.
At the cost of immobilizing one protein binding partner, this
technique offers a straightforward, low-cost, and modular
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approach for measuring protein—protein interactions without
complex instrumentation and within the solution phase. These
attributes make this technique an attractive method for
studying the important problem of protein—protein inter-
actions, with the potential to serve as a foundation for future
solution-phase biomolecular sensing applications.

Silver decahedral nanoparticles (AgDNP) were synthesized by
generally following a published protocol.” In brief, a home-
built photoreactor with 455 nm emission LEDs and a water-
cooling system was used. Fourteen milliliters of Milli-Q water,
0.52 mL of 50 mM sodium citrate, 0.023 mL of 2 mg/mL
PVP-40K, 0.025 mL of S mM L-Arginine, 0.4 mL of 5 mM
AgNO;, and 0.2 mL of freshly prepared 0.1 M NaBH, were
added to a 20 mL glass scintillation vial. This solution was
“aged” for 50 min in the dark, after which a bright yellow
solution was formed. The vial was then positioned 10 mm
above the LED of the photoreactor, and the entire photo-
reactor was shaken at 250 rpm for 10 min in the dark.
Afterward, the LED was turned on (140 mW directly above the
LED), and 0.3 mL 30% H,0, was added while the setup was
shaking. Shaking was maintained for 30 min and then stopped.
Vials were illuminated for 14.5 h.

Gold coating of silver decahedral nanoparticles was based on a
published protocol.’” In brief, 3 mL of a 0.0128 mM HAuCl,
aqueous solution was added to a 3 mL suspension of AgDNP
at a rate of 0.25 mL/h over 12 h under 200 rpm stirring at
room temperature in the dark. The resulting nanoparticles are
the AgDNP@Au.

Extinction spectra were measured using a V-760 UV—vis
spectrophotometer (Jasco). Dynamic light scattering and zeta
potential were measured on a Zetasizer Ultra (Malvern), using
the multi angle dynamic light scattering (MADLS) mode for
the size measurements and ZS XPLORER software for
analysis. TEM images were collected with a Libra 120
instrument (Zeiss) operating at 120 kV. Nanoparticle samples
were prepared on copper grids with lacey carbon films (Agar
Scientific and Electron Microscopy Sciences). STEM was
performed on a Titan Themis (FEI) operated at 200 kV and
equipped with a DCOR probe corrector (CEOS), a SuperX
energy dispersive X-ray spectrometer (EDX), and a Gatan
Enfinium electron energy loss spectrometer (EELS). High-
angle annular dark field (HAADF) images were acquired with
a probe convergence angle of 21.2 mrad and inner/outer
collection angles of 74 and 200 mrad, respectively. EELS
spectra were acquired with a collection angle of 8.1 mrad; the
background was subtracted using a power-law background, and
the spectra were corrected for plural scattering by Fourier ratio
deconvolution.

AgDNP@Au, after synthesis, were redispersed in Milli-Q water
following centrifugation at 10870 g for 10 min. For each
synthesis, 350 yL of nanoparticles, diluted to a peak extinction
of 1.16 as measured by UV—vis spectroscopy, were placed in a
1.5 mL Eppendorf tube. A total amount of 375 uM ligand
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Figure 1. Synthesis and characterization of Ag decahedral nanoparticles (AgDNP) and AgDNP with Au coating. (a) Left: AgDNPs were
synthesized in a home-built photoreactor (455 nm irradiation) equipped with a cooling system to minimize adverse heating effects. Up to six
batches can be synthesized simultaneously. Right: A syringe pump was used to slowly inject a HAuCl, solution over 12 h to form a thin Au coating
on the AgDNPs. Up to two batches could be synthesized simultaneously. (b) TEM images of AgDNP (left) and Au-coated AgDNP (middle).
STEM-EDX image of AfDNP@Au with Ag (blue) and Au (yellow) channels overlaid (right). (c) Stability test of AgDNP (top) and AgDNP@Au
(bottom) against 1.0 M H,O, etching. The TEM image inset shows AgDNP@Au after H,0, etching overnight. (d) Refractive-index (RI)
sensitivity spectra of AgDNP (left) and AgfDNP@Au (middle) in glycerol—water solutions, with black arrows indicating the increasing RI. R values
were confirmed with a refractometer. In measurements of AGDNP, 2 mM sodium citrate was included in the solution to improve nanoparticle
stability (see Figure S3). The spectral amplitude was corrected for dilution. Right: Linear fitting of spectral peak shifts vs RI change was used to

derive RI sensitivities (RIU/meV).

mixture containing mPEG-SH (MW 800, “PEG800” or MW
2000, “PEG2000”) and thiolated alkane-PEG-nitrilotriacetic
acid ("NTA") was added for reaction at room temperature
overnight under 250 rpm shaking. After separation from the
reaction mixture by centrifugation at 10870 g for 10 min, the
PEG/NTA-modified nanoparticles were washed twice with 0.1
M Tris buffer containing 0.025 wt % Tween 20. The particles
were then incubated in 50 yM NiCl, for 2.5 h at room
temperature under 250 rpm shaking. Afterward, the particles
were washed once with 20 mM Tris buffer containing 0.005 wt
% Tween 20.

The nanobiosensors were redispersed in different saline buffers
in bovine serum albumin (BSA)-precoated cuvettes for protein
sensing experiments. BSA precoating was performed using a
2.5% (w/v) BSA in PBS buffer, shaken thoroughly to touch all
surfaces of the cuvettes for 20 min before removal. The coated
surfaces were then washed with Tris-buffered saline and Milli-
Q H,0, and dried using compressed air.
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Desired amounts of protein solution were added to a given
nanoparticle suspension. For measurements near equilibrium,
the extinction spectrum (350—750 nm, 0.2 nm intervals) was
monitored until no further peak shift was observable. A shaking
speed of 250 rpm was applied between measurements to
facilitate mixing.

For kinetic measurements, a smaller range of the extinction
spectrum (+10 nm from the peak position, 4,,,,) was scanned
at a 0.1 nm interval. Once the second protein was added, the
sample was measured every 20—30 s per scan for 25 min. After
the kinetics measurement, the entire spectrum (350—750 nm,
0.2 nm interval) was scanned again to obtain the “final”
spectrum.

DNA sequences for TAD and NCBD were optimized
according to the codon usage ofEscherichia coli (E. coli) and
synthesized by Integrated DNA Technologies (Europe). The
genes were cloned into the pETMI10 vector with a non-
cleavable N-terminal Hiss-tag, and the pETM11 vector with
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Hise-tag followed by a tobacco etch virus (TEV) cleavage site
(EMBL, G. Stier), respectively, using Ncol and Kpnl
restriction sites. PEXS (1—113), PEXS (110-230), and
PEX14 (16—80) constructs were obtained from previous
work.”” The His-tagged protein samples were made from the
proteins expressed with the pETM10 vector, and the non-His-
tagged versions of the proteins were obtained from pETMI11
constructs by following a TEV protease cleavage to remove the
His-tag.

The constructs were transformed into (E. coli) BL21 (DE3)
cells and expressed in lysogeny broth (LB) medium. A single
colony was picked randomly and cultured in the medium with
50 ug/mL kanamycin overnight at 37 °C. Overnight cultures
were grown in the medium at 37 °C, diluted 50-fold, and
grown until an optical density of 0.4—0.6 at 600 nm was
reached. Then, protein expression was induced by adding 0.5
mM Isopropyl p-D-1-thiogalactopyranoside (IPTG). The
cultures were continuously incubated at 37 °C for 4 h and
then switched to 25 °C for another 20 h. The cells were
harvested by centrifugation at 5000 rpm for 20 min at 4 °C.
Cell pellets were resuspended in the Ni-NTA binding buffer
(30 mM Tris/HCL pH 8.0, 300 mM NaCl, 10 mM imidazole,
1 mM TCEP) with the addition of 200 ug/mL lysozyme and
10 ug/mL DNase and lysed by pulsed sonication (3 min, 30%
power, large probe, Bandelin UW 2200). The lysates were
incubated at 4 °C for 20 min to digest chromosomes, followed
by the addition of solid urea to the concentration of 4 M, a
second sonication step as described above, and then
centrifugation at 14000 rpm for 60 min at 4 °C. All proteins
were purified using gravity flow Ni-NTA affinity chromatog-
raphy (Qiagen) using 300 mM imidazole. Non-His-tagged
proteins were further purified after TEV cleavage with a reverse
Ni** column. All proteins were then purified by size exclusion
chromatography (Superdex S75, 16/600, GE) in the buffer (25
mM HEPES, pH 7.5, 150 mM NaCl, and 1 mM TCEP).

Nanoparticle optical sensors must satisfy several key criteria in
order to sense protein—protein interactions in the solution
phase. The first set of criteria is related to the physical
properties of the nanoparticle: small size, high chemical and
colloidal stability, and excellent optical sensing performance.
The second set of criteria relates to how these nanoparticles
interface with proteins: the nanoparticle surface should permit
specific protein—protein interactions and eliminate nonspecific
interactions, all while maintaining colloidal stability in
biological buffers.

LSPR-based sensors respond optically to refractive-index
changes within plasmonic “hotspots” located at the nano-
particle surface, typically at edges and tips. Given the small size
of most proteins and their small refractive-index mismatch with
water (~1.45 vs. 1.33),” the optical sensing performance of
the nanoparticle is perhaps the most important criterion for
protein detection. This performance is commonly encapsulated
by the optical sensing figure-of-merit (FOM), which is the
ratio of the nanoparticle’s refractive-index sensitivity to its
spectral line width. In other words, the FOM is maximized
with high refractive-index sensitivity and narrow spectral line
width.
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Both the refractive-index sensitivity and FOM are
determined by the nanoparticle material composition,
geometry, and size. Among plasmonic nanoparticles at visible
wavelengths, silver (Ag) nanoparticles generally possess the
highest refractive-index sensitivities and narrowest spectral line
widths.2™%° Among known geometries, we identified silver
decahedral nanoparticles (AgDNP)™ as a promising candidate
for high-sensitivity refractive-index sensing. However, the low
chemical stability of silver nanostructures in biological
solutions prompted us to explore a gold (Au) coating, which
imbues these nanoparticles with chemical stability, biocompat-
ibility, and possibilities for surface functionalization.

We synthesized silver decahedral nanoparticles (“AgDNP”, ~
40 nm) under 455 nm irradiation’’ using a custom-built,
water-cooled photoreactor, as shown in Figure la . To improve
the chemical stability and biocompatibility, a layer of Au was
coated on the silver core by gradually adding HAuClI, to the
reaction mixture, resulting in so-called “AgDNP@Au”. The
HAuCl, solution was slowly applied over 12 h (Au:Ag = 1:10
molar ratio) in order to suppress the formation of hollow
structures caused by galvanic replacement.”

We confirmed the presence of the Au coating by several
methods. First, transmission electron microscopy (TEM)
showed that the average lengths of the pentagon plane of the
AgDNP and AgDNP@Au were 38.4 and 41.0 nm, respectively
(Figure 1b; for additional images and size distribution analysis,
see Figure S1). This slight difference was also reflected in
dynamic light scattering (DLS), which showed hydrodynamic
diameters of ~38.7 and ~42.5 nm for the particles before and
after Au coating, respectively. Finally, the thickness of the Au
layer was estimated to be roughly 1 nm, or 3—4 atomic
layers,”® by scanning TEM (STEM) and energy-dispersive X-
ray (EDX) elemental analysis (Figure S2).

Optically, the extinction spectra of the Ag decahedral
nanoparticles showed a sharp peak around 472 nm with a full-
width at half-maximum (fwhm) of 140 meV attributed to the
longitudinal dipole LSPR mode (Figure 1¢,d).>® The
AgDNP@Au nanoparticles present a significantly red-shifted
LSPR band around 492 nm with a broadened fwhm of 228
meV, presumably due to higher plasmonic damping of
Au**"** We also observed that the transverse dipolar LSPR
mode of AgDNP around 401 nm was significantly diminished
after Au coating (Figure 1¢,d).*° Next, we demonstrate how
the ultrathin Au layer improves the chemical and colloidal
stability of the nanoparticles without considerably hampering
the optical-sensing properties of the Ag core.

Nonspherical Ag nanoparticles are known to be chemically
unstable as the release of Ag atoms from the high-energy facets
occurs even under mild conditions.””*”*° In an oxidative
environment, nanoparticles can be etched away within
minutes.”>*> Figure Ic shows the stability of AgDNP and
AgDNP@Au in a 1.0 M (3%) H,O, solution before and after
Au coating (for detailed etching procedures, see Supporting
Information). The LSPR band of uncoated AgDNP vanished
nearly instantly after the H,0, addition. In contrast, the
extinction spectrum of AgDNP@Au remained nearly un-
changed after overnight exposure, with the large majority of
nanoparticles remaining intact, as also seen in TEM (inset).
These results suggest that the ultrathin Au coating coverage

https://doi.org/10.1021/acsaom.4c00486
ACS Appl. Opt. Mater. 2025, 3, 676—688


https://pubs.acs.org/doi/suppl/10.1021/acsaom.4c00486/suppl_file/ot4c00486_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaom.4c00486/suppl_file/ot4c00486_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaom.4c00486/suppl_file/ot4c00486_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaom.4c00486/suppl_file/ot4c00486_si_001.pdf
pubs.acs.org/acsaom?ref=pdf
https://doi.org/10.1021/acsaom.4c00486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

was not only essentially complete around the AgDNP cores
but also sufficiently thick to protect the cores from oxidative
reactions.

We further examined the stability of AGDNP and AgDNP@
Au in commonly used biological buffers, including phosphate-
buffered saline (PBS), HEPES-, and Tris-buffered saline
buffers (for detailed procedures, see Supporting Information).
We found that, after Au coating, the nanoparticle colloidal
stability was substantially improved up to 24 h in all tested
buffers (Figure S4). A reduced, but largely adequate, stability
was observed at the physiological temperature of 37 °C up to 6
h (Figure SS). Altogether, the ultrathin Au shell evidently
enhanced the chemical and colloidal stabilities of these
nanoparticles, enabling the possibility of their use in
biomolecular sensing.

The sensing ability of LSPR optical sensors is typically
quantified with two metrics: the refractive-index (RI)
sensitivity and the so-called figure-of-merit (FOM), which is
the ratio of the RI sensitivity to the LSPR spectral line width. A
large FOM is highly desired because a smaller perturbation,
such as the presence of a protein, results in a more evident
spectral shift.”**® We determined the RI sensitivity and FOM
of our AgDNP and AgDNP@Au by measuring their spectral
shifts in varying glycerol—water mixtures, with the refractive
index verified with a refractometer (for detailed procedures,
see Supporting Information). Figure 1d shows the changes in
the LSPR spectra of both Ag and Au-coated nanoparticles with
increasing medium refractive index. As expected, the spectra
red-shifted, broadened, and increased in intensity with
increasing refractive index.”’ The magnitudes of the spectral
shifts were used to calculate the RI sensitivity.

Together with reported literature values, the RlI-sensitivity
and FOM values are summarized in Table 1. Our homemade

Table 1. RI Sensitivity and FOM Values of Ag and Au
Nanosensors in the Literature and in this Work”

RI sensitivity

Nanoparticles Size (nm) (meV/RIU) FOM Reference
Au rod 73 X 41 640 2.1 26
Au cube 77 580 1.5 26
Au sphere 15 200 0.6 39
Au bipyramid 27 X 19 450 1.7 39
Ag sphere 40 1100 2.6 40
Ag triangular 88 X 24 1200 4.6 38

prism

Ag cube 84 1400 12 26
Ag cube” 84 1000 4.6 26
Ag@SiO, 106 750 17 24
Au@Ag rod 49 X 25 900 3.1 26

AgDNP 38 1200 8.1  This work

AgDNP@Au 41 1200 6.0  This work

“Values have been rounded to two signiﬁcant figures to account for
potential measurement uncertainties. “Quadrupole resonance.

40 nm Ag decahedral nanoparticles possessed a longitudinal
SPR mode at 472 nm, along with one of the highest-reported
RI sensitivities of any nanoparticle at 1170 + S1 meV/RIU.
This value approaches some of the highest reported
sensitivities for colloidal nanoparticles, such as 88 X 24 nm’
Ag triangular prisms®® and 84 nm® Ag nanocubes,”® despite a
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much smaller physical size (Table 1). More strikingly, our
AgDNP reached an FOM of 8.1 + 0.4, nearly seven times the
FOM of 84 nm® Ag nanocubes,” in large part due to the
difference in spectral line width. This value is, by far, the
highest FOM of any reported nanoparticle sensor to our
knowledge.

Unexpectedly, we found that gold overcoating did not
significantly reduce the RI sensitivity of AftDNP@Au (1216 +
111 meV/RIU) compared to AgDNP (Figure 1d, right). This
is a rather surprising finding, as for metallic nanoparticles with
similar shape, size, and LSPR wavelength, the smaller real part
of the dielectric function and the stronger plasmonic damping
of Au compared to A_)g should lead to a larger RI sensitivity of
Ag nanoparticles.”””” We tentatively attribute the high RI
sensitivity of AL DNP@Au to the thinness of the Au layer (~1
nm) and a possible sharpening of nanoparticle tips during the
coating process (see TEM images in Figures 1b and S1).
However, the FOM is reduced to 6.0 + 0.5 after Au coating, as
a result of a broader LSPR band. This spectral broadening may
be due to a combination of plasmonic damping and slightly
higher nanoparticle inhomogeneity. Indeed, compared to
AgDNP, we noted a larger standard deviation of RI sensitivity
values across the three synthetic batches. Increased inhomo-
geneity is perhaps unsurprising, given the accumulation of
deviations over a two-step core—shell synthesis.

Overall, we found that both AgDNP and AgDNP@Au
showed a comparable, if not superior, sensing potential among
the highest-performing colloidal nanoparticle optical sensors
reported to date, despite similar elemental composition (Table
1). With the enhanced chemical and colloidal stability afforded
by the ultrathin Au shell, the AgDNP@Au shows promise for
interfacing with, and sensing, proteins at their surface.

The Au layer over the AgDNP core not only improves the
stability of these nanoparticles in biological buffers but also
permits covalent Au-thiol chemistry,""** a versatile approach
to introducing surface ligands. The surface ligands that create
ideal nano-bio interfaces should fulfill three conditions: (1)
maintain the colloidal stability of the nanoparticle in the
biological buffers used for protein—protein sensing, (2)
minimize the nonspecific interaction of proteins with particle
surfaces,”> and (3) allow for immobilization of selected
proteins through specific binding. With these considerations,
a known strategy for engineering nanoparticle surfaces for
nano-bio interactions involves a combination of “stabilizing
ligands” and “linker ligands” to achieve high colloidal stability,
modular design, and specific protein immobilization.
Thiolated polyethylene glycol (PEG-SH) and its derivatives
are commonly used surface ligands for stabilizing noble metal
nanoparticles in buffers and conferring biocompatibility.****
Attaching PEG molecules with high molecular weights (MW)
typically improves the colloidal stability of nanoparticles and
reduces nonspecific interactions between proteins and particle
surfaces through steric hindrance.”®*” However, larger PEG
ligands would also reduce the nanoparticle’s ability to sense
biomolecules, as longer surface ligands would restrict access of
analyte biomolecules to the LSPR hotspots at the nanoparticle
surface.” Given this trade-off, we employed methoxy PEG
thiol (mPEG-SH) with low MW (~0.8 kDa, “PEG800”) to
function as the “stabilizing ligand”, while also including Tween
20 in the washing and protein—protein sensing steps to
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Figure 2. Surface modification of AZDNP@Au for protein—protein interaction sensing. (a) Schematic of protein—protein interaction sensing via
NTA-Ni-His-tag linker and the stepwise change in LSPR band from refractive-index sensing. The “1* peak shift” and “2™ peak shift” are defined as
the spectral shift after the attachment of the His-tagged protein and the protein partner, respectively. (b) Schematic of workflow of particle surface
modification. Rpm refers to shaking speeds during incubation steps (see Supporting Information). (c) The effect of NTA:PEGS800 ratio on LSPR
peak after surface modification. The total ligand to nanoparticle ratio and total amount were kept the same. Nanoparticles were redispersed in H,O
for the measurements. The spectra were normalized except for 0% NTA (100% PEG800)-modified particles, which could not be redispersed.
Insert: zoom-in of the spectral peak. (d) Extinction spectra of nanoparticles after PEG800/(20—80%)NTA-Ni surface modification. Particles were
redispersed in 20 mM HEPES, 150 mM NaCl, 0.025 wt % Tween 20, pH 7.5 buffer. (e) Effect of mPEG-SH length used in PEG/NTA surface
modification on LSPR peak. For comparison, the spectrum of nanoparticles modified with 100% PEG2000 is shown. (f) STEM-EDX images of a
representative PEG/NTA-Ni modified AgDNP@Au. 80% NTA-Ni was used to improve detectability of Ni. From top to bottom: bright-field
image, Ag channel (blue), Au channel (yellow) and Ni channel (pink).

effectively reduce particle loss caused primarily by sticking to LSPR hotspot (Figure 2a). Specifically, we used a thiolated

container walls.** alkane-PEG-NTA chelated with Ni(II) (“NTA-Ni”) to bind to
These “stabilizing ligands” can then be used in combination the His-tag of recombinantly produced proteins.>® With a low
with “linker ligands” to specifically tether proteins to the molecular weight of only ~1.5 kDa including a Hiss-tag, this
nanoparticle surface. Several different strategies are applied in linkage is significantly smaller than those of other common
both chip-based SPR and nanoparticle-based LSPR sensing linkers such as biotin—streptavidin (~53 kDa), bringing the
technologies to bind biomolecules to gold surfaces. Common protein analyte much closer to the nanoparticle surface.
linkers include biotin—streptavidin linkage,** protein-A/G-IgG Moreover, NTA-Ni-His-tag linkage allows for straightforward
linkage,” and Ni(II)-nitrilotriacetic acid (NTA)-poly(6)- modular applicability to many recombinant proteins, which are
Histidine (“NTA-Ni-His-tag”) linkage.so_52 In this work, we routinely purified using immobilized metal ion affinity

chose to immobilize Ni(I)NTA functional groups onto the chromatography, based on the same principle.”
AgDNP@Au surface in order to bind proteins as close as A schematic of the workflow to produce surface-modified
possible to the nanosensor for maximal spatial overlap with the Au-coated AgDNPs for protein—protein interaction sensing is
681 https://doi.org/10.1021/acsaom.4c00486
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given in Figure 2b. With two incubation and washing steps, the
AgDNP@Au surface was prepared with both mPEG-SH
(“stabilizing”) and NTA-Ni (“linker”) ligands. In order to
select the optimal NTA:PEG800 ratio for high colloidal
stability and sufficiently high specific linkage sites, the NTA
content was varied (20—80%) while keeping the total applied
ligands in constant excess (375 uM ligands to ~0.1 nM NPs;
for estimation, see Text S1, eqs S3—S5 and Text S2, eq S6). As
shown in Figure 2¢, nanoparticles modified with only PEG800
could not be redispersed in water. With only 20% NTA,
however, nanoparticle colloidal stability was significantly
enhanced, and a +2.0 nm (—10.4 meV) redshift along with a
peak width broadening by 23%, were observed. Higher NTA
ratios of 40—80% yielded similar but more significant redshifts
of +6.6 to —8.0 nm (—34.0 to —41.1 meV), which reflected
successful surface ligand attachment providing adequate
specific linkage sites. In addition, compared to 20% NTA,
peaks experienced less broadening (12.5—15.3%), suggesting
reduced plasmonic damping with increasing NTA and
decreasing PEG800. Finally, electron energy loss spectroscopy
(EELS) confirmed the appearance of sulfur and an intensified
nitrogen signal on the modified particle surface after ligand
incorporation (Figure S6).

We further investigated PEG800/NTA-Ni surface-modified
AgDNP@Au after incubation in excess NiCl, (50 uM NiCl, to
~0.1 nM NPs, also see Text S1, eqs S3—SS and Text S2, eq
S6). In Figure 2d, particles modified with 20—60% NTA-Ni
(i.e., 80—40% PEGS800 correspondingly) were well redisper-
sible in HEPES saline while maintaining their spectra. Dynamic
light scattering (DLS) did not indicate any aggregate formation
(Figure S7) after PEG800/40%NTA-Ni modification, and also
revealed a nanoparticle hydrodynamic diameter increase of
~3.1 nm, similar to previous findings for Au nanospheres
functionalized with similar ligands.SI’55 With 80% NTA-Ni,
however, a shoulder appeared in the spectrum at ~550 nm
upon nanoparticle redispersion in HEPES saline, indicating the
formation of nanoparticle aggregates.’® Taken together, the
spectra of Figure 2¢,d and DLS measurements indicate that
40—60% NTA, with corresponding 60—40% PEGS800,
provided adequate linker sites, while also maintaining colloidal
stability of AgDNP@Au in saline buffers after Ni(II)-NTA
conjugation. 40% NTA-Ni was selected as a promising ligand
combination for further application as particles were not
susceptible to aggregation or LSPR peak broadening, even
when larger mPEG-SH (MW ~ 2 kDa, “PEG2000”) was used
as the stabilizing ligand, which tends to lead to broadened
spectra that lower optical sensing performance (Figure 2e).

To validate the successful conjugation of Ni(Il) to surface
NTA ligands, we characterized the elemental composition of
the surface-modified nanoparticles with scanning transmission
electron microscopy (STEM)-EDX. Figures 2f and S8 show
that the Ni signal was detected on nanoparticle surfaces after
incubation in NiCl, solution and redispersion in a HEPES
buffer. The zeta potential shifted slightly from —32.7 + 0.9 mV
for PEG800/40%NTA-Ni-modified nanoparticles to —28.3 =+
1.2 mV, which aligns with Ni precharging of surface NTA.>?
Given these observations, we utilized the PEG800/40%NTA-
Ni surface-modified AgDNP@Au (subsequently referred to as
“AgDNP@Au nanobiosensors”) for protein—protein interac-
tion sensing measurements.
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We demonstrate the capabilities of AgDNP@Au nano-
biosensors using two sets of well-studied protein interaction
pairs. The first is the interaction between the intrinsically
disordered transcriptional activation domain of the tumor
suppressor protein pS3 (“TAD”) and the molten-globular
nuclear receptor coactivator binding domain of the CREB-
binding protein (“NCBD”).*”*® The second protein pair is the
interaction between the intrinsically disordered N-terminal
domain of the cytosolic peroxisomal targeting protein PEXS
(“PEXS”) and the globular N-terminal domain of the
peroxisomal membrane-associated import protein PEX14
(“PEX14”).°7%" Specifically, we measured two PEXS con-
structs, PEXS (1—113) and PEXS (110—230), and one PEX14
(16—80) construct. All protein constructs were in the molar
mass range of 7—1S5 kDa (see Table S1).

As depicted in Figure 2a, protein—protein interactions were
measured in the solution phase. First, the nanobiosensors were
redispersed in biological buffers, where their unperturbed
spectra suggested good colloidal stability. Next, the His-tagged
protein (Hiss-tag on the N-terminus of TAD and PEXS,
“hTAD” and “hPEXS”) was added to the nanobiosensors to
bind to the NTA-Ni via NTA-Ni-His-tag coordination
chemistry. This initial conjugation was allowed to approach
equilibrium as tracked by the spectral shift of the LSPR
extinction spectrum (“first peak shift”, typically achieved within
20 min). After this, the partner protein was manually added,
and the spectrum was monitored kinetically, and/or near
equilibrium, to extract binding information (“second peak
shift”). We note that intermediate purification steps were not
needed, underscoring this technique’s straightforward nature
and ease of use.

In Figure 3a—c, we validate the sensing of the interaction
between His-tagged TAD (“hTAD”, 7.0 kDa) and NCBD (6.9
kDa) by recording the spectral changes of the nanobiosensors
upon the two-step protein addition in Tris-based buffers at
different NaCl concentrations. At 10 mM NaCl (Figure 3a),
we observed a large redshift of +6.2 nm (—30.4 meV) after 10
s of manual mixing, but several minutes afterward, the peak
broadened with a red shoulder and reduced intensity, an
indication of nanoparticle aggregation.’® This behavior can be
explained as follows. Kim et al. reported the highest binding
affinity of TAD and NCBD at 10 mM NaCl (K, = 0.104 M)
among the three NaCl concentrations tested here (10 mM, 30
mM, and 150 mM).>® Under these conditions, multiple
contacts could occur between a single soluble NCBD protein
and several TAD-nanoparticle complexes,”® leading to the
formation of nanoparticle oligomers.

When increasing the NaCl concentration to 30 and 150
mb,, the second peak red-shift decreased to +3.2 nm (—15.5
meV) and +1.0 nm (—4.9 meV) (Figure 3b—d). These
findings match the reported trend of reduced binding affinities
at higher salt concentrations, as a larger red-shift is expected
for lower equilibrium dissociation constant K, as more NCBD
binds to nanoparticle-immobilized hTAD at the same solution
NCBD concentration (Kp = 1.6 uM at 30 mM NaCl to 29.9
UM at 150 mM NaCl).*® The spectral line shapes remained
narrow throughout the measurements, indicating stable
colloidal dispersions.
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Figure 3. Measuring His-Tagged TAD (“hTAD”, 0.16 uM) and
NCBD (0.27 M) interaction in 10 mM Tris buffer, 0.025 wt %
Tween 20, pH 7.5, containing (a) 10 mM NaCl, (b) 30 mM NaCl
and (c) 150 mM NaCl. The nanobiosensor concentration was kept at
an estimated ~0.025 nM. Inset of (b) and (c): zoom-in of spectral
peaks. Spectral intensities were corrected for the dilution effect from
protein addition. ® and @ indicate the 1st and 2nd peak shifts,
respectively. (d) The 2nd peak shifts after addition of NCBD to
hTAD-immobilized nanobiosensors at 25 min (near equilibrium) in
Tris buffer containing 30 and 150 mM NaCl. (e) The peak shifts after
addition of 1.6 yuM BSA to hTAD-immobilized and bare nano-
biosensors at 25 min (near equilibrium) in Tris buffer containing 150
mM NaCl Black dots and error bars in (d) and (e) represent the
mean values and standard deviations of triplicate experiments,
respectively. (f) Stepwise LSPR-peak blue shifts after changing
NaCl concentration from 30 mM to 90 mM, then to 150 mM. The
salt concentration effect was measured for nanobiosensors attached
either with hTAD alone (“~NCBD”) or with hTAD and NCBD
(“+4NCBD”), for comparison.

To further demonstrate that these spectral shifts arose from
the protein—protein interactions themselves rather than NaCl,
we monitored the spectrum of a single nanobiosensor sample
containing hTAD and NCBD undergoing the addition of NaCl
(Figure 3f). As expected, we observed rapid, stepwise blue
shifts in the LSPR peak position when increasing the NaCl
concentration first from 30 mM to 90 mM, then to 150 mM,
indicative of enhanced dissociation at higher salt concen-
trations. Much smaller blue shifts were observed for nano-
biosensors immobilized with hTAD alone in the absence of
NCBD (Figure 3f). Altogether, these results indicate that the
specific protein interaction between hTAD and NCBD is
primarily responsible for the observed LSPR spectral changes
in Figure 3.

As a final verification of the specificity of the protein—
protein interaction detected, we performed control experi-
ments where the protein binding partner (NCBD) was
replaced by a protein not expected to bind to TAD: bovine
serum albumin (BSA, 66.5 kDa). As shown in Figure 3e, the
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addition of BSA to hTAD-immobilized nanoparticles led to
essentially no spectral shift, confirming the lack of binding
between BSA and TAD, in complete contrast to the addition of
NCBD to TAD (Figure 3d). We also show that BSA addition
to AgDNP@Au nanobiosensors in the absence of hTAD
resulted in a gradual but significant redshift in the LSPR
position (Figure 3e). This points to some nonspecific
interactions between BSA and the modified nanoparticle
surface, in agreement with previous studies showing that PEG
alone, particularly at low molecular weight, generally cannot
fully prevent protein adsorption to Au nanoparticle surfa-
ces.”>*> However, with sufficient hTAD loading, nonspecific
interaction sites on the nanoparticle surface appear to be
minimized, permitting the detection of specific protein—
protein interactions. We note that contributions of BSA, or
any protein without a metallic or chromophore cofactor, to the
extinction spectrum are negligible compared to the extinction
of the nanoparticle LSPR at the concentrations used in this
study.

In similar experiments, we demonstrate the binding
specificity between both PEXS constructs and PEX14 using
BSA (Figure 4a). Similar to hTAD, the attachment of either
His-tagged PEXS construct (“hPEXS”), hPEXS (1-113), or
hPEXS (110—230), prevented nonspecific binding of BSA with
the nanoparticle surface. However, significant peak redshifts
were observed in the presence of the PEXS binding partner
PEX14 (16—80). Perhaps more substantially, these measure-
ments demonstrate the modularity of this sensing platform, as
the same nanobiosensors could be applied to either protein
binding pairs, without any additional modification, to sense
their specific interactions.

Beyond the qualitative detection of protein—protein inter-
actions, we investigated the use of these nanobiosensors for
quantifying binding affinities and kinetics. Figure 4b—e shows
the magnitude of shifts in the LSPR peak position caused by
the addition of different concentrations of PEX14 (16—80) to
either of the two His-tagged PEXS constructs tethered to the
nanobiosensors. The nanoparticles maintained colloidal
stability throughout the entire binding curves, spanning a
dynamic range of up to S orders of magnitude in PEX14
concentration (see select spectra in Figures S9 and S10). The
equilibrium dissociation constant (Kp) can be derived from fits
to each of the binding curves using the Hill-Waud equation
(eq SI, also see Supporting Information). K of PEXS (1—
113) and PEX14 was determined to be 289 nM, which is close
to values reported by isothermal titration calorimetry (ITC,
157 nM) and surface plasmon resonance (SPR, 87 nM) (see
Table 2).°° 1t is well-known that measurements of K, for the
same protein pair can vary, sometimes by 2-fold or more, for
different techniques or even the same technique under slightly
different conditions.”> Hence, our AgDNP@Au nanobiosen-
sors appear capable of measuring K, in a fashion comparable
with established techniques. Differences in the buffer solution,
e.g, the presence of Tween 20 and a more basic pH, the
presence of the His-tag on PEXS, and, of course, the presence
of nanoparticles, may also have contributed to the slight
discrepancies with literature values.

The kinetic change in the LSPR peak for PEXS (1—113) and
PEX14 binding is shown in Figure 4f. The average observable
rate k,,, was 0.00398 = 0.00220 s, as determined from the
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Figure 4. Quantifying the PEXS-PEX14 interaction. (a) LSPR peak shifts caused by addition of 0.15 M PEX14 (blue and green dots) or 0.15 uM
BSA (gold and orange dots) to nanobiosensors decorated with hPEXS (1—113) or hPEXS (110—230) at 0.015 M. The peak shifts caused by 0.15
uM BSA addition to nanobiosensors without any PEXS are shown for comparison (violet dots). Black dots and error bars represent the mean
values and standard deviations of triplicate experiments, respectively. (b) The binding curve of PEXS (1—113) and PEX14 (16—80) pair. (c) The
binding curve of PEXS (110—230) and PEX14 (16—80) pair. (d,e) Zoomed-in view of the high-concentration (d) and low-concentration (e) parts
of the full binding curve in (c). Hill-Waud equation (eqs S1, S2) was used for the fittings in (b—e). (f) A typical kinetic measurement of the PEXS
(1-113) and PEX14 (16—80) interaction without premixing at a PEX14:PEXS ratio of 10:1. For each measurement, 0.015 M hPEXS construct
was added to ~0.025 nM nanobiosensors in a 20 mM sodium phosphate buffer containing 100 mM NaCl and 0.025 wt % Tween 20 at pH 7.9. The
solid line is an exponential fit through the data.

Table 2. Comparison of the PEXS-PEX14 Binding Parameters in this Study and from Refs. 59 and 61

(His-tagged)
PEXS PEX14 This work Reported values
1-113 16—80 Ky = 289 nM, k, = 0.906 X 10* M~ s7}, Kp (ITC) = 157 nM, Kp (SPR) = 87 nM, k, = 7.0 X 10* M~ 57/,
ky=262%x1073s7! ky=6.1x 1073 s
110-230 16—80 Kp; = 171 nM Kp, = 24.7 uM Kp, (ITC) = 139—344 nM Kp, (ITC) = 6.31 uM

“Note 1: In Ref. 59, PEXS (1—117) was used instead of PEX (1—113). However, the same binding motifs were involved. Note 2: The binding
between PEXS (1—113) and PEX14 only concerns the interaction between the WO motif and PEX14, whereas multiple motifs of PEXS (110—230)
can interact with PEX14. Kp, of the initial binding stage seems to reflect the sum of the interaction between PEXS W1—-W3 motif and PEX14,
whereas Kp, seems to reflect the binding between the W4 motif and PEX14 (see Ref. 59 for more details). Note 3: These references are co-
authored by one or more of the co-authors of this study.

average of three separate measurements and their fits to PEX14 (16—80).°" Motifs W1—W3 bind strongly to PEX14,

exponential functions (see also Figure S13). The association showing small K, values in a narrow range of 139—344 nM, as
and dissociation rate constants k, and kq were derived from kg, measured by ITC. The farthest motif, W4, interacts much
and Kp to be 0.906 x 10* M™' s7' and 2.62 x 1073 s7}, more weakly with PEX14 and exhibits a Kp of 6.3 M. These
respectively. These values are 7.7-fold and 2.3-fold smaller than disparate Kp, values appear to be reflected in the two inflection
the values reported by SPR (see Table 2).>” While the points of the binding curve of PEXS (110—230) and PEX14 in
measured dissociation rate ky is close to the literature value, the Figure 4c.

association rate k, is smaller, most likely due to diffusion Each inflection point can be analyzed separately using the
limitations from inadequate manual mixing. Hill-Waud equation (eq S1) to give Kp; = 171 nM and Kp, =

As described in Gopalswamy et al,, PEXS (1—113) contains 24.7 uM (Figure 4d,e). Kp; can be attributed to the strong
a single motif WO, whereas PEXS (110—230) carries four binding between motifs W1—W3 of PEXS (110—230) and
diaromatic peptide motifs W1—W4 that can interact with PEX14. Kp, seems to be slightly underestimated compared to
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the literature,”" which can be rationalized by the larger distance
of W4 to the nanoparticle surface compared to other motifs
(the Hisg-tag is at the N-terminus of the PEXS construct and
therefore closer to the W1 motif). Given that the LSPR
sensitivity is highest at the nanoparticle surface and decays
exponentially away from the surface, sensing could be
diminished at farther motifs. We also cannot rule out the
contribution of nonspecific interactions with the nanoparticle
at such high protein concentrations and, of course,
perturbations arising from protein immobilization to a
nanoparticle. Finally, we note that evidently different Hill’s
coeflicients were observed for the first and second inflection
points (n; = 0.838 < 1, n, = 1.19 > 1) of PEXS (110—230) and
PEX14 (Figure S12, eqs S1,52). This difference may not be
surprising as the first inflection point corresponds to three
binding sites and the second to one. However, pinpointing the
underlying mechanism would require more detailed structural
studies, which are beyond the scope of this study.

As with the PEXS (1—113) and PEX14 pair, the binding
kinetics of the PEXS (110—230) and PEX14 could also be
measured using the AgDNP@Au nanobiosensors. Near the
first inflection point in the binding curves of PEXS (110—230)
and PEX14, we find k, = 1.24 X 10* M™' s™! and k; = 2.12 X
1073 s7* (Figure S11). These rates are similar to that of PEXS
(1-113) and PEX14, though with the same potential mixing
caveat. Overall, the AgDNP@Au nanobiosensors have proven
to be capable of sensing various protein—protein interactions
in the solution phase both qualitatively and quantitatively, and
both near equilibrium and kinetically.

In this study, we have presented a simple and elegant optical
sensing technique for measuring protein—protein interactions
using colloidal nanoparticles in a liquid suspension. This
technique is based on Ag decahedral nanoparticles coated with
a thin layer of Au, which are chemically and colloidally stable
in biological buffers, possess excellent optical sensitivity and
sensing figures-of-merit, and permit straightforward surface
functionalization chemistry. In order to target specific protein—
protein interactions, we have used a combination of surface
ligands (PEG800, NTA) that serve to minimize the distance of
proteins to the nanoparticle surface, reduce nonspecific
binding, and specifically bind to polyhistidine tags of
recombinant proteins. With these nanobiosensors, we were
able to detect the binding between two sets of small globular
proteins, TAD—NCBD and PEX5—PEX14, demonstrating
specificity, straightforward modularity, and quantification of
binding parameters in good agreement with literature values.
This work greatly extends prior efforts to utilize the highly
sensitive LSPR of metallic nanoparticles for biomolecular
sensing in the solution phase. Metallic nanoparticles adherent
to surfaces are, unfortunately, susceptible to artifacts related to
the nearby extended surface.”> Prior efforts to use nano-
particles in liquid suspension have been limited to measuring
lipid—protein interactions.”*** In this study, we have shown
that our design, which integrates several advancements in
nanomaterials synthesis and surface modification, permits the
measurement of specific protein—protein interactions with
performance comparable to popular methods such as surface
plasmon resonance (SPR) and isothermal titration calorimetry
(ITC). Furthermore, this technique does not require special
instrumentation or amino acid modification, demands little
protein sample, and avoids extended surfaces. These features,
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combined with its relative cost-effectiveness, make this
technique a complementary, or even preferred, alternative to
other established methods.

This solution LSPR sensing platform is not without its
challenges. Some challenges are inherent to many biosensing
technologies, such as the optimization of buffer conditions,
care taken to avoid nonspecific interactions, and taking into
account the immobilization of one protein partner. Other
challenges are inherent to the use of nanoparticles in the
solution phase, such as issues with colloidal stability and
manual mixing. The use of alternative surface ligands or ligand
combinations and an automated injection setup should
mitigate these challenges. An additional consideration arises
from the tight LSPR confinement to the nanoparticle tips. This
tight confinement contributes to the high sensitivity of the
particles but also means that the sensing volume is optimized
for protein pairs of particular molecular weight combinations.
This molecular weight dynamic range remains to be
determined.

Beyond the measurement of purified proteins in solution,
the customizability of our platform suggests extension to other
applications. For example, the ligand chemistry can be adapted
to immobilize other types of biomolecules, such as nucleic
acids, to study a variety of different biomolecular interactions.
Improved surface chemistry may also permit measurements in
complex biological mixtures, such as serum, cell extract,
solutions under oxidizing conditions, and potentially even live
cells or tissue.
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