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ABSTRACT

Protein-protein interactions (PPIs) govern most biological processes and are frequently altered in disease. However, in vitro
characterization methods are often limited to binding affinities, specialized instrumentation, or are susceptible to extended-surface
artifacts. Moreover, many remain incompatible with physiological media. Nano-optical biosensing based on nanoparticle (NP)
localized surface plasmon resonances (LSPRs) offers an attractive in-solution alternative, but their performance has been limited
in complex environments. Here, we present a solution-phase optical platform based on plasmonic nanoparticles functionalized
with programmable peptide-hybrid ligands. We use sequence-defined ligands that combine nanoparticle anchoring, suppression
of non-specific interactions, and site-specific bioconjugation. Unlike conventional polymers, these ligands are molecularly precise
via solid-phase peptide synthesis. We show how this architecture effectively suppresses nonspecific adsorption while preserving
colloidal stability and optical performance, and can be adapted to diverse protein targets through click chemistry and Sortase-
mediated ligation. This platform enables high-sensitivity, label-free PPI detection via standard UV-vis spectrophotometry and
minimal sample amounts. We quantify binding affinities of low molecular-weight proteins directly in undiluted serum, along with
kinetic profiling in buffer. Furthermore, we demonstrate applicability over multiple protein pairs in buffer and serum, as well as
proof-of-concept detection and quantification in human serum, highlighting its potential for future diagnostic applications.

1 | Introduction functions are not carried out by individual proteins acting
alone but by protein interactions with other biomolecules.
Protein-protein interactions (PPIs) are central to the organi- These interactions control a variety of processes such as sig-

zation and regulation of biological systems, as most cellular  nal transduction, gene regulation, enzymatic activity, immune
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recognition, and structural organization within cells [1]. Disrup-
tions to protein-protein interactions are associated with numer-
ous diseases, including cancer, neurodegenerative disorders, and
infectious diseases, making PPIs important targets for therapeutic
intervention [2].

Quantitative measurements of protein-protein interaction
parameters—particularly binding affinity, specificity, and
kinetics—provide important mechanistic insights and can guide
the development of therapeutics such as small molecules that
compete with PPIs [3]. However, biologically relevant PPIs occur
in complex biological environments. As such, development of PPI
sensors that are compatible with complex biological fluids such
as serum, cell lysate, or whole blood is critical for translating PPI
measurements toward clinical and biomedical applications [4,
5]. There is a need for simple, reliable, and cost-efficient methods
for detecting and quantifying PPIs in complex biological media
for both fundamental research and biomedical applications.

Surface Plasmon Resonance (SPR) has long been consid-
ered the industry standard for the label-free measurement
of protein binding affinities and kinetics [6]. However, tra-
ditional SPR platforms face several practical hurdles, includ-
ing high instrumentation costs, a dependency on specialized
microfluidics that can be prone to clogging from serum pro-
teins [7], and the requirement for expensive metallic sensor
chips with limited reuse [8]. Additionally, the presence of an
extended planar surface can perturb the natural 3D diffusion of
molecules, potentially interfering with the accuracy of binding
measurements [9, 10].

Other common analytical techniques such as isothermal
calorimetry (ITC), microscale thermophoresis (MST), and
fluorescence anisotropy are limited to measuring equilibrium
affinities, have limited sensitivity, have strict sample
requirements, or are incompatible with complex biological
media [11, 12]. Nuclear magnetic resonance (NMR) can provide
unique insights into binding mechanisms, kinetics, and structure
with residue-level resolution [13], but requires specific sample
preparation and costly high-field instrumentation. Biolayer
interferometry (BLI) and grating-coupled interferometry (GCI),
which share conceptual similarities to SPR, are still dependent
on costly instrumentation and extended planar surfaces [10, 14].

As a more accessible and cost-efficient alternative, in-solution
localized surface plasmon resonance (LSPR) biosensors have
been developed [15, 16]. This sensing principle employs noble-
metal nanoparticles (NPs) whose LSPR confines and enhances
electromagnetic fields within nanoscale near-field sensing vol-
umes that enable highly localized molecular detection [17]. When
biomolecules enter these volumes, they induce a change in the
local refractive index, resulting in a shift in the LSPR extinction
spectrum (Figure 1a) [18]. With highly sensitive silver-gold core-
shell decahedral nanoparticles, interactions between proteins of
<15 kDa molecular weight can be detected [16].

A key practical advantage of this approach is that these
spectral shifts can be detected photometrically using standard
UV-vis spectrophotometers, which are available in most lab-
oratories, while also maintaining low material demands due
to the minimal quantities of reagents and sample required

for nanoparticle synthesis, functionalization, and measurement.
Furthermore, with nanoparticle sensors diffusing freely in solu-
tion, artifacts originating from extended 2D surfaces are mostly
avoided.

However, maintaining binding selectivity and sensitivity within
physiological fluids remains a major challenge due to nanopar-
ticle surface biofouling [19]. In such environments, high-
abundance proteins and other biomolecules often adsorb onto
NPs, forming a “biomolecular corona” that can mask the target
signal [20]. Despite recent advances, existing approaches remain
limited for quantitative, label-free PPI analysis in serum without
the use of extended surfaces.

In our previous work, protein immobilization to nanobiosen-
sors relied on poly-histidine tag (“His tag”) coordination to
Ni/NTA groups functionalized to nanoparticle surfaces [16].
While convenient, modular, and effective in buffer, this approach
performs poorly in complex biological media such as serum.
To enable nano-optical PPI sensing in such environments, two
key challenges must be addressed: (1) minimizing nonspecific
interactions with serum proteins and (2) maintaining specific
interactions to proteins of interest (POI) and their binding
partners.

Here, we introduce a strategy that borrows not from the antifoul-
ing literature, where polyethylene glycol (PEG), polyzwitterions,
and poly(oxazoline)s are common [21], but from peptide syn-
thesis. 2-[2-(2-Aminoethoxy)ethoxy|acetic acid (AEEA) is a short
PEG-like building block commonly used in therapeutic peptides,
like the side chain of tirzepatide [22], or with peptide nucleic acids
(PNAs) as a flexible, soluble, and biocompatible linker [23, 24].
We employ it here as a nanoparticle surface ligand for antifoul-
ing, with anchoring to the nanoparticle gold surface achieved
via cysteine-terminated thiol linkage [25, 26]. While all-peptide
zwitterionic ligands can offer effective shielding, their reliance
on canonical amino acids can also inadvertently introduce native
peptide-protein recognition motifs. Our hybrid design avoids this
by utilizing a poly(AEEA) spacer as the primary shielding layer,
effectively eliminating amino-acid-based recognition sequences
within the stealth domain while confining peptide blocks strictly
to the anchoring and terminal targeting sites.

Because Cys-Poly(AEEA) is synthesized entirely via solid-phase
peptide synthesis (SPPS), it is monodisperse and sequence-
defined (Figure S1), avoiding the polydispersity inherent in
conventional polymer-based ligands. This architecture integrates
three required functions—surface anchoring, antifouling, and
distal bioconjugation handles—within a single ligand sequence.
In principle, the use of precise sequence-defined surface lig-
ands promotes batch-to-batch reproducibility and quantitative
interpretation of binding assays, as each ligand is molecu-
larly defined. Moreover, poly(AEEA) length, linker spacing,
and bioconjugation motifs (SPAAC-compatible azide, Sortase
recognition sequence, etc.) [27, 28] can be independently opti-
mized through iterative SPPS design—an advantage more easily
achieved compared to most polymer variants.

We have developed and validated a highly specific in-solution
nanoparticle-based LSPR platform with sequence-defined hybrid
peptide ligands for anti-fouling and site-specific, bio-orthogonal
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FIGURE 1 | Antifouling Hybrid Peptide Ligands for Protein-Protein Interaction Sensing. (a) Schematic of the solution-phase nanobiosensor
operating principle for detecting protein-protein interactions. Target protein (POI2) binding to proteins of interest (POIl) on the nanoparticle surface
increases the local refractive index, causing red-shifts of the LSPR peak. The magnitude of the shift scales with the surface coverage of bound protein.
(b) Cartoon illustrating the challenge of solution-based LSPR biosensing in complex media using nanobiosensors with the Ni/NTA bioconjugation
strategy. In a complex biological medium, such as fetal bovine serum (FBS), nonspecific interactions and protein corona formation lead to diminished
sensor capability. (c) Scatterplot showing the cumulative LSPR spectral shifts of modified nanosensors in buffer and undiluted FBS. Upon addition of
His-PEX52 (15 nm) followed by its interaction partner PEX14 (1 pm for full binding saturation), no apparent LSPR shift was observed in FBS, whereas
clear LSPR shifts corresponding to protein binding were observed in buffer (Table S2). (d) Comparison of measured and calculated LSPR peak shifts upon
transfer from buffer to FBS for NPs functionalized with PEG800:NTA (+Ni?*) and CysPoly(AEEA) hybrid ligands (Table S1). Hydrodynamic diameter
distributions of (e) PEG800:NTA and (f) CysPoly(AEEA)-functionalized NPs measured by dynamic light scattering (DLS) before and after incubation
in FBS. (g) Violin plots with data points showing the number of hydrogen bonds with surrounding water molecules per average surface brush for Cys—
Poly(AEEA)-modified and thiol-PEG800:NTA-Ni**-modified gold surfaces over a 500 ns MD simulation (Figure S6). (h) Cumulative number of BSA
residues forming specific and persistent contacts (i.e., contacts present after 100 ns), including ionic interactions (salt bridges and Ni** coordination)
and hydrogen bonds (Figure S5), with surface brushes of mixed thiol-PEG800:NTA-Ni?* or Cys-Poly(AEEA) modified gold surfaces, for three BSA
orientations (Figure S7), A (teal), B (orange), and C (purple), over a 1000 ns MD simulation.
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protein immobilization. This system enables reliable and quan-
titative determination of thermodynamic and kinetic binding
parameters in both buffer and undiluted animal serum via stan-
dard UV-vis spectrophotometry. We demonstrate specific detec-
tion of multiple protein—protein interactions, including intrin-
sically disordered protein regions or small proteins (<15 kDa),
and quantification of target analytes at defined concentrations
directly in human serum — addressing a critical unmet need in
bioanalytical PPI sensing and highlighting the platform’s clinical
and diagnostic potential.

2 | Results and Discussion

To establish a solution-phase nanoparticle biosensing platform
for PPI detection, we previously developed high-sensitivity Au-
coated Ag decahedral nanoparticles (AgDNP@Au) functional-
ized with PEG:NTA ligands for immobilization of polyhistidine-
tagged proteins of interest (POI-1) through Ni** coordination
(Figure 1b). The NPs were synthesized using a home-built
photoreactor, with an updated model shown in Figure S2,
and unfunctionalized AgDNP@Au characterized using elec-
tron microscopy and dynamic light scattering (Figure S3). This
assembly allowed efficient and convenient detection of binding
thermodynamics and kinetics between POI-1 and its partner,
POI-2, in buffer [16].

However, the performance of these nanobiosensors has been
significantly compromised in complex biological media such as
fetal bovine serum (FBS, Figure 1b). Figure Ic directly compares
the PPI sensing performance of PEG800:NTA-functionalized
nanobiosensors in buffer versus serum, using the interaction
between two peroxisomal proteins as a well-characterized model
system: the intrinsically disordered N-terminal domain of Perox-
isomal Biogenesis Factor 5 (“PEX5”) and the globular N-terminal
domain of Peroxisomal Biogenesis Factor 14 (“PEX14”). Two PEX5
constructs were employed — “PEX51” (residues 1-113, Table S4)
and “PEX52” (residues 110—230, Table S4) — alongside “PEX14”
(residues 16—80, Table S4) [16, 29].

In buffer, sequential addition of His-PEX52 (POI-1) to
nanobiosensors, followed by its interaction partner PEX14
(POI-2), produced subsequent LSPR peak shifts, confirming
successful protein immobilization and protein-protein binding,
and thus validating sensor functionality (Figure 1c). In contrast,
no LSPR shifts indicative of specific protein binding were
detected in serum. Critically, even pre-functionalization of the
nanosensor surface with His-PEX5 failed to restore sensing
capability, as no LSPR shift was observed upon subsequent
PEX14 addition (Figure S4).

To further pinpoint the origin of this effect, we compared the
initial LSPR peak shift upon nanoparticle exposure to serum
with the shift expected solely from the bulk refractive-index (RI)
difference between water and FBS (ARI = 0.0099), as determined
by refractometry. For CysPoly(AEEA)-functionalized NPs, the
measured initial LSPR shifts closely matched the calculated
bulk refractive index change (Figure 1d), indicating negligible
contributions from extensive protein adsorption at nanoparti-
cle surfaces. In contrast, PEG800:NTA-functionalized NPs both
with and without Ni** exhibited substantially larger shifts than

predicted from bulk refractive index alone. We attribute this
additional shift to non-specific adsorption of serum proteins onto
the nanosensor surface.

This interpretation is further supported by dynamic light scat-
tering (DLS) measurements of hydrodynamic diameter after
incubation in undiluted FBS and subsequent washing. The
washing step selectively removes loosely adsorbed proteins of the
“soft” corona while retaining the tightly bound “hard” corona [19,
30]. PEG800:NTA-coated AgDNP@Au exhibited an increase in
hydrodynamic diameter of ~15 nm (Figure le), consistent with
substantial serum protein adsorption [31] and the formation of a
stable hard protein corona [32]. In contrast, NPs functionalized
with CysPoly(AEEA) hybrid ligands showed a negligible size
decrease of ~5 nm after washing (Figure 1f), indicating that no
hard corona was retained under identical conditions. The absence
of a measurable hard corona suggests that CysPoly(AEEA) hybrid
ligands either prevent strong nonspecific protein adsorption
altogether or promote the formation of a soft, dynamic corona
that is readily displaced upon washing [33, 34]. A dynamic, soft
corona would present a lower steric and energetic barrier to
analyte access, facilitating specific binding at the sensor surface
in complex biological media.

To explore the mechanistic basis for the contrasting antifouling
behavior of the two ligand systems, we performed atomistic
molecular dynamics (MD) simulations for PEG800:NTA (3:2)
and CysPoly(AEEA) ligands grafted to a gold surface via thiol
linkages (Figure S6) and examined two key properties. First, we
assessed brush hydration over a 500 ns simulation window, as the
capacity of polymer brushes to retain water molecules is a well-
established indicator of antifouling performance (Figure 1g and
Figure S6 for time traces) [35]. According to these calculations,
we found that PEG800:NTA brushes formed a median of 8
hydrogen bonds per chain with surrounding water molecules,
compared to 11 for CysPoly(AEEA) brushes. The substantially
higher hydration of the CysPoly(AEEA) system implies that a
greater number of water molecules must be displaced prior to
non-specific protein adsorption, providing one molecular-level
explanation for its superior antifouling properties relative to
> PEG800:NTA.

Second, to evaluate direct ligand-protein interactions, we quan-
tified persistent contacts between the ligands and BSA (i.e.,
sustained for >100 ns) over a 1000 ns simulation across three dis-
tinct BSA orientations relative to the surface (denoted A, B, and C
in Figure 1h and Figure S7). Here, we selected BSA for modeling as
it is the most abundant protein found in serum and, subsequently,
on nanoparticle surfaces upon insufficient surface passivation
[36]. For PEG800:NTA, the charged character of the NTA ligand
drove predominantly ionic interactions across all three orien-
tations, manifesting as salt bridges between NTA carboxylate
groups and basic BSA residues (Lys/Arg), coordinate bonds
between surface-chelated Ni** and acidic residues (Asp/Glu),
with additional hydrogen bond contacts in orientations A and
C. In contrast, CysPoly(AEEA) ligands exhibited markedly fewer
persistent contacts across all BSA orientations, which were
exclusively hydrogen bond-mediated, with no ionic interactions,
as the CysPoly(AEEA) ligands are uncharged. This distinction has
direct thermodynamic consequences: Ni** coordination bonds
and salt bridges generally exceed the strength of hydrogen bonds
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[37-39], making BSA substantially more prone to non-specific
adsorption onto PEG800:NTA than onto CysPoly(AEEA), where
only weaker, more transient contacts persist.

To isolate the contribution of the ligand scaffold itself from that
of NTA/Ni**, we compared CysPoly(AEEA) against molecular-
weight-matched, NTA-free PEG thiols on the same nanopar-
ticle batch. We found that CysPoly(AEEA) maintained col-
loidal stability where SH-PEG800 induced aggregation, and that
CysPoly(AEEA)-N; gave a narrower LSPR linewidth than SH-
PEG-N; (237 vs. 306 meV), corresponding to a ~23% higher figure
of merit, assuming equal refractive-index sensitivity (Figure S8).

Altogether, these experiments and simulations support a model
of nonspecific adsorption of serum proteins to the nanoparticle
surface leading to the formation of a “hard”, relatively imperme-
able protein corona, perhaps via interactions with charged groups
such as NTA. This corona can sterically and electrostatically
hinder the accessibility of NP surface binding sites both for
His-POI-1 immobilization and subsequent binding of POI-2.

Overall, our results demonstrate that CysPoly(AEEA) hybrid
ligands confer superior antifouling properties relative to the
previous PEG/NTA system, serving as a foundation for reliable
biosensing performance in complex biological environments.

Having established the antifouling properties of CysPoly(AEEA),
we next introduced site-specific bioconjugation for protein immo-
bilization to the nanosensor surface. As our simulations implicate
ionic contacts as key drivers of nonspecific binding in the
PEG:NTA system (Figure 1g,h), we designed two uncharged
CysPoly(AEEA) variants with distinct terminal functional groups
(Table S1 and Figure S9), each enabling site-specific covalent
protein attachment in place of the non-covalent Ni**-His-tag
approach (Figure 2a).

For the first strategy, we used strain-promoted azide-alkyne
cycloaddition (SPAAC) click chemistry. First, we engineered
a C-terminal cysteine residue to our POI-1 and reacted the
cysteine thiol with a maleimide-dibenzocyclooctyne (DBCO)
linker, generating a protein-DBCO conjugate [40]. Successful
conjugation and a degree of labeling of 0.79 were confirmed by
UV-vis spectroscopy from extinction at 280 and 309 nm (Figure
S10). Next, we reacted the DBCO-functionalized protein with
an organic azide (azido-alanine) positioned at the C-terminus
of the CysPoly(AEEA) hybrid ligand (Table S1) via 1,3-dipolar
cycloaddition, producing a highly stable covalent 1,2,3-triazole
linkage [41].

In the second bioconjugation strategy, we used Sortase-A medi-
ated ligation to achieve site-specific covalent immobilization of
POI-1. We synthesized a CysPoly(AEEA) hybrid ligand function-
alized with a C-terminal Sortase recognition motif (LPETGGG,
Table S1 and Figure S9) [42]. Upon addition of the mutant
Sortase4M [43], the enzyme catalyzes a two-step transpeptidation
reaction. First, cleavage occurs between the threonine and glycine
residues of the LPETGGG motif via nucleophilic attack by the
active-site cysteine of Sortase4M, forming a thioacyl intermedi-
ate. In the second step, an N-terminal glycine-modified ligand
protein resolves this intermediate, resulting in covalent ligation
of the protein to the CysPoly(AEEA) ligand. The requirement

for an N-terminal glycine as the nucleophile, as well as the
optimal ligation time, was confirmed using a bacterial Sortase
substrate assay, which showed that ligation proceeds selectively
with glycine-modified proteins and not with proteins bearing
alternative N-terminal residues (Figure S11). Successful ligation
was confirmed by MALDI-TOF mass spectrometry (Figure S12).
Further optimization revealed that a 10:1:10 molar ratio (lig-
and:Sortase:protein) yielded the most efficient conjugation, as
evidenced by MALDI-TOF analysis (Figure S13).

Notably, for both bioconjugation strategies, nanobiosensor
assembly required pre-ligation of protein to the CysPoly(AEEA)
ligand in solution prior to nanoparticle grafting, as direct
conjugation to ligand-functionalized NPs was ineffective (data
not shown). This is consistent with reports that steric hindrance
at crowded surfaces limits reactive terminus accessibility for
both SPAAC and SML [44, 45]. Hence, we first formed the
pre-conjugate, which was then grafted onto the NP surface for
both SPAAC and SML.

In the final step of nanobiosensor assembly, we performed
backfilling using shorter CysPoly(AEEA) ligands [46]. By filling
unfunctionalized gaps of the sensor surface, this treatment
substantially enhanced the stability and antifouling properties of
the nanobiosensors. The detailed workflow for peptide-protein
conjugation followed by nanoparticle immobilization to generate
the nanobiosensors is illustrated schematically in Figure S14. This
process includes the removal of unreacted His-tagged Sortase
using magnetic Ni-NTA beads, as demonstrated in Figure S15.

To quantify the surface functionalization, supernatant deple-
tion assays yielded a Cys-poly(AEEA) grafting density of
2.2ligands/nm? (Figure S16) and a protein surface coverage of 0.14
proteins/nm? (PEX52C, Figure S17, Supplementary Discussion).

Successful conjugation was further confirmed spectroscopically:
Figure 2b,c displays the UV-vis spectra of unfunctionalized NPs,
NPs functionalized with CysPoly(AEEA) ligands alone, and NPs
conjugated to proteins via SPAAC and SML, respectively. Upon
functionalization, a red shift of the plasmon resonance peak was
observed relative to the unfunctionalized NPs. Furthermore, for
both conjugation strategies, functionalization was accompanied
by an increase in hydrodynamic diameter and {-potential relative
to the as-synthesized and ligand-only NP controls (Figure 2d,e).
The measured {-potential values following protein conjugation
remain within ranges commonly reported for stable colloidal NP
dispersions [47].

To further characterize the platform, we benchmarked sens-
ing performance using the well-characterized, high-affinity
biotin-streptavidin interaction, measuring streptavidin binding
to biotin-functionalized nanobiosensors conjugated via SPAAC
(Figure 2f and Figure SI18). From a fit to the linear range of the
concentration curve and the standard deviation of repeated peak
measurements (Figure 2f and Figure S18c), we measured a limit of
detection (LOD) of 43 pm. Notably, no LSPR shifts were detected
for nanosensors functionalized with CysPoly(AEEA) without
biotin (Figure 2f). The determined LOD for biotin-streptavidin is
competitive with chip- and fiber-based LSPR sensors reporting
values in the low-picomolar range (2 pm, 94 pm) [48, 49],
and notably outperforms other colloidal solution-phase systems,
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FIGURE 2 | Modular Covalent Protein Attachment to Nanosensors via CysPoly(AEEA) Ligands (a) Schematic of two strategies for covalent
bioconjugation of a protein of interest (POI) to the CysPoly(AEEA) hybrid ligand: strain-promoted azide-alkyne cycloaddition (SPAAC, left) and
Sortase-mediated ligation (SML, right). Bottom, grey box: illustration of surface chemistries and intermediate steps in modification of NPs for both
methods. (b,c) Cropped extinction spectra of nanosensors during stepwise surface functionalization via (b) SPAAC and (c) SML. Teal: unfunctionalized
nanoparticles (LSPR); orange: CysPoly(AEEA) ligands; purple: final nanobiosensor with CysPoly(AEEA)-POI, where PEX52 (SPAAC) and PEX51 (SML)
were bioconjugated (Tables S1 and S4). (d,e) Scatter plots showing changes in zeta potential and hydrodynamic diameter of nanosensors at each
functionalization step: unfunctionalized, after CysPoly(AEEA) grafting, and after CysPoly(AEEA)-POI conjugation via (d) SPAAC and (e) SML. Note
that different NP batches were used for the respective experiments. (f) Binding titration curve for biotin-conjugated nanobiosensors via SPAAC, showing
the response to streptavidin addition within the linear range. CysPoly(AEEA) functionalized NPs without biotin were used as a control. The limit of

detection (LOD) was calculated by dividing 3 times the LSPR peak deviation (Figure S18c) by the sensitivity (slope of the linear fit).
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which have only reached low-nanomolar (5 nm, 3 nm) sensitivity
[50, 51]. These results demonstrate that covalent poly(AEEA)
functionalization maintains high sensing performance, while
enabling operation in complex biological media (Figure S18).

We quantified protein-protein interactions using
CysPoly(AEEA)-functionalized NP biosensors for both bio-
orthogonal conjugation approaches. For the PEX52-PEX14
interaction pair, NP biosensors were functionalized with
CysPoly(AEEA) hybrid ligands using SPAAC chemistry. PEX52
was site-specifically labeled via maleimide-DBCO conjugation
and reacted with CysPoly(AEEA)-azide before grafting onto the
NP surface.

For PEX5 protein constructs, conjugation handles were intro-
duced at the C-terminus of each construct for both SML (glycine)
and SPAAC (cysteine) to minimize perturbation of the native
binding interface [52].

Titration with PEX14 produced a binding curve that fit the Hill-
Waud equation, giving an apparent Ky, of 350 + 51 nm (Figure 3a).
Control experiments with BSA as POI-2 or without immobilized
PEX52 showed no detectable binding. In the case of the PEX51-
PEX14 binding pair, PEX51 was immobilized on the NP surface
via SML. Titration with PEX14 constructs yielded a saturable,
concentration-dependent response, also fitted with the Hill-
Waud equation, resulting in a K, of 330 + 39 nm (Figure 3b).
Binding was again absent in controls using BSA or in the absence
of immobilized PEX51, confirming interaction specificity.

The apparent dissociation constants measured here for the
PEX51-PEX14 interaction are in close agreement with values
reported in our previous work (K, ~ 289 nm) [16] and are
consistent with measurements obtained using isothermal titra-
tion calorimetry (~157 nm) [53] and surface plasmon resonance
(~87 nm) [52]. Similarly, the PEX52-PEX14 affinities measured
using SPAAC-functionalized biosensors are consistent with prior
reports (Kp = 171 nm) and fall within the range determined by
isothermal titration calorimetry (~139-344 nm) [53]. Together,
these results establish that both SPAAC and SML functional-
ization strategies support robust and reliable quantification of
equilibrium binding affinities consistent with other established
biophysical measurement techniques.

Quantifying biomolecular interactions consists of more than
equilibrium dissociation constants - kinetic information is valu-
able and an important consideration in drug discovery [54].
We used our CysPoly(AEEA)-functionalized NP biosensors for
measuring real-time kinetics of both PEX51-PEX14 and PEX52-
PEX14 binding (Figure 3c,d). To achieve sufficient temporal
resolution, measurements were conducted by monitoring the
LSPR extinction at a single wavelength positioned at the point of
maximum absolute slope on the red side of the LSPR spectrum
(Figure S19). To ensure sufficient signal-to-noise ratio, POI-2 was
added at concentrations above the apparent K, (~3xKp,). Repre-
sentative kinetic traces for PEX52-PEX14 and PEX51-PEX14 were
fitted with a single exponential function, yielding observed rate
constants of k,,, = 0.141 + 0.004 s~! and k,,, = 0.231 + 0.009
s71, respectively. Combined with the equilibrium dissociation
constants determined above, association and dissociation rate
constants were calculated to be k, = (1.04 + 0.05) x 10° M~'s™,

kq = (3.7 £ 0.4) x 1072 s7! for PEX52-PEX14, and k, = (1.7 + 0.1)
x 10° M71s7!, ky = (5.7 £ 0.6) X 1072 s7! for PEX51-PEX14. These
rates are in good agreement with previous reports [16, 52], with
deviations possibly due to mass transport differences between
different techniques.

To assess the modularity and broader applicability of our plat-
form, we measured several additional low-molecular-weight
protein-protein interaction pairs (6-14 kDa, Table S4), including
TAD-NCBD, TAD-MDM2, and ACTR-NCBD, using both bio-
conjugation methods. In these measurements, POI-1 was immo-
bilized onto CysPoly(AEEA)-functionalized NPs using either
SPAAC or SML, followed by addition of the corresponding
interaction partner POI-2 at concentrations near literature Ky
values (Table S3) [55, 56]. For each protein pair, specificity was
evaluated against parallel negative controls in which BSA was
added instead of POI-2 at the same concentrations (Figure 3e,f). In
all cases tested, the target binding partner produced a measurable
spectral shift, whereas BSA controls showed negligible shifts,
demonstrating that both immobilization strategies reliably sup-
port detection of diverse PPIs with high specificity and minimal
nonspecific fouling in buffer.

Having established robust equilibrium and kinetic binding mea-
surements in buffer using both immobilization strategies, we next
evaluated the performance of our NP biosensors in complex bio-
logical media. Specifically, we quantified the equilibrium binding
of the PEX52-PEX14 and PEX51-PEX14 interactions in undi-
luted fetal bovine serum (FBS). As in buffer-based experiments,
appropriate control measurements (without POI-1, addition of
BSA) were performed to assess nonspecific interactions. Prior to
binding measurements, the nanobiosensors were incubated in
FBS for 1 h to allow for equilibration of the NP surface. UV-
vis spectra recorded before and after incubation and throughout
the binding titration measurements showed no evidence of
nanoparticle aggregation, as supported by the absence of peak
broadening or shoulder formation (Figure S20).

Equilibrium binding isotherms obtained under these conditions
yielded apparent dissociation constants K, that were compa-
rable to those measured in buffer (PEX52-PEX14: 350 nm in
buffer vs. 470 nm in FBS; PEX51-PEX14: 330 nM vs. 320 nm),
indicating that the serum environment did not substantially
perturb binding affinity or sensor performance (Figure 4a,b). This
is consistent with the negligible response to BSA addition to
the PEX5-functionalized nanobiosensors in buffer (Figure 3a,b).
Notably, unlike our previous NTA-Ni-His-tag protein immobi-
lization strategy with impaired sensing in serum (Figure 1b),
the functionalized peptide hybrid ligands used here provide an
antifouling interface while permitting specific interactions. This
preserves sensor functionality and enables reliable measurements
in complex biological environments such as undiluted FBS.

The K}, values measured by our technique were broadly con-
sistent with literature values, although deviations of ~2 to
4-fold were observed. Indeed, previous measurements of nearly
identical PEX5 and PEX14 constructs using ITC and SPR resulted
in up to 3.3-fold variations in K, [53]. Such variations are com-
mon when comparing highly disparate biophysical techniques.
Unlike ITC, which measures binding thermodynamics in solu-
tion without any modifications, our platform utilizes site-specific,
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FIGURE 3 | PPIdetection and quantification in buffer. (a,b) Equilibrium binding curves of PEX5-PEX14 interactions measured with nanobiosensors
prepared via both bioconjugation strategies: (a) PEX52 via SPAAC and (b) PEX51 via SML. POIs were immobilized via the respective methods, and binding
was assessed by LSPR peak shifts upon PEX14 titration. Data were fitted with the Hill-Waud equation to determine apparent Ky, values; uncertainties
represent one standard deviation from the least-squares covariance matrix. No binding was observed in controls using BSA addition or in the absence of
immobilized protein. (c,d) Representative kinetic traces for PEX5-PEX14 binding at concentrations ~3xKp, for (c) SPAAC and (d) SML. Traces were fitted
with a single exponential function to extract the observed rate constant (k,,s), with uncertainties representing one standard deviation from the least-
squares covariance matrix. (e,f) LSPR peak shifts of nanobiosensors functionalized via (e) SPAAC or (f) SML with different protein-protein interaction
partners (TAD-NCBD, TAD-MDM2, ACTR-NCBD, PEX5-PEX14). Target binding partners and BSA controls were added at concentrations near reported
Kp values (Table S3). Markers with error bars indicate the mean + one standard deviation of three measurements. For PEX5-PEX14, panels (e,f) show
the complementary PEX5 construct to (a,b): PEX51 via SPAAC in (e), PEX52 via SML in (f), confirming that both constructs are compatible with either
conjugation strategy.
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FIGURE 4 | PPI detection and quantification in serum. (a,b) Equilibrium binding curves obtained from LSPR peak shifts for PEX5-PEX14
interactions with proteins immobilized via (a) SPAAC (PEX52) or (b) SML (PEX51). Binding curves were fitted using the Hill-Waud equation to obtain Kp,
with no binding observed in controls lacking immobilized protein. Uncertainties represent one standard deviation from the least-squares covariance
matrix. (c,d) LSPR responses of nanobiosensors functionalized with different PPI binding pairs (TAD-NCBD, ACTR-NCBD, PEX5-PEX14 and TAD-
MDM2 (Table S3)) via (c) SPAAC and (d) SML. Target-binding proteins and BSA controls were added at concentrations near reported K, values (Table
S3). Markers with error bars indicate the mean + one standard deviation of three measurements. (e) Schematic of the diagnostic human serum workflow:
POI-1-functionalized nanobiosensors were first calibrated (red) by titration with recombinant POI-2, then used to quantify POI-2 in an unknown serum
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bio-orthogonal surface tethering. While this targeted immobiliza-
tion prevents random orientation, covalent anchoring unavoid-
ably restricts local degrees of freedom and steric accessibility,
potentially affecting apparent binding. Furthermore, compared
to traditional planar SPR channels, our in-solution nanoparticle
configuration operates under different mass-transport regimes.
Despite these different conditions, the reasonably close quanti-
tative agreement demonstrates that the platform offers a simple,
yet robust and quantitative characterization method even directly
in complex media.

To further assess reproducibility, we performed additional PEX5-
PEX14 binding measurements via both SPAAC and SML in buffer
and FBS, conducted by different researchers on independent
nanoparticle batches and on different days (Figure S21). The
resulting Ky, values (360 + 56 nM SPAAC/buffer, 340 + 45 nM
SML/buffer, 240 + 130 nM SPAAC/FBS, 320 + 75 nM SML/FBS)
fell within the same 2- to 4-fold range noted above, indicating
that this spread reflects typical assay-to-assay variability rather
than an artifact of a specific operator, nanoparticle batch, or
conjugation chemistry.

We next examined several additional protein-protein interaction
pairs in undiluted serum, as in Figure 3e,f in buffer (Table S3).
We tested these interaction pairs (TAD-NCBD, TAD-MDM2,
ACTR-NCBD, PEX51-PEX14, PEX52-PEX14) in undiluted FBS
via both bioconjugation techniques (Figure 4c,d). Here, we
measured distinct differences between the addition of the target
binding partner relative to the BSA control. Although signal
amplitudes were slightly reduced relative to buffer experiments
(Figure 3e,f), specific PPI responses remained readily detectable,
demonstrating robust sensor performance for a variety of protein
pairs in complex biological media.

We note, however, that absolute peak-shift magnitudes are
not directly comparable between the two conjugation strate-
gies. The LSPR response depends not only on binding affinity
but also on how the analyte is presented within the sensing
volume, since the plasmonic near-field decays steeply with
distance from the particle surface. Although both routes are
site-specific and address the same terminus of POIl, they
differ in linker architecture: SML through a Cys-(AEEA)s-
LPETGGG tether, SPAAC through a Cys-(AEEA),-N;/DBCO-
triazole adduct, which results in differences in spacer length,
flexibility, and terminal group bulk that can shift the average
height and orientational ensemble of the tethered protein. These
linker-architecture effects are the likely origin of the differ-
ing peak-shift magnitudes in Figure 3e,f, and peak shifts are
therefore compared within rather than across immobilization
strategies.

Finally, to evaluate the diagnostic potential of this platform
in a clinically relevant setting, measurements were performed
in diluted human serum. A four-fold dilution was used to

minimize optical turbidity, which hinders UV-vis detection.
This turbidity arises predominantly from the largest lipopro-
tein classes, which are present in adult human serum but
largely absent from fetal bovine serum [57]. Here, functionalized
nanobiosensors were introduced into serum containing a known
concentration of target protein, and the resulting LSPR shift
was converted to an apparent concentration by referencing a
binding titration curve generated in parallel with the same
nanoparticle batch (Figure 4e). The calculated concentration
showed good agreement with the known analyte level (PEX52-
PEX14: 500 nm vs. 1.4 um; PEX51-PEX14: 300 nM vs. 270 nM
(Figure 4f,g), demonstrating quantitative protein detection in
a complex biological fluid for both bioconjugation methods
(Figure 4f,g). Together, these results show that the overall
platform enables quantitative detection of protein-protein inter-
actions, even for small and intrinsically disordered proteins,
and remains effective under physiologically relevant, protein-rich
conditions.

Comparable inter-assay variability is well documented for estab-
lished methods in complex biological matrices where coefficients
of variation of 15%-30% are commonly reported for BCA and
ELISA, and 11%-26% for antibody-based serum protein quantifi-
cation even after normalization [58-60]. The spread observed in
our datasets falls within this range, indicating that the quantita-
tive precision of our platform in serum is comparable to that of
established clinical quantification methods.

We note that quantitative analyte recovery in human serum is
subject to several sources of variability absent from the buffer-
and FBS-based measurements (Figures 3a,b and 4a,b; Figure S21).
Unlike measurements in buffer and FBS, human serum required
dilution, and yet residual scattering still resulted in optical back-
grounds that differed between independently prepared aliquots
of the same stock. The accuracy of the extracted shift is therefore
limited more by the optical quality and heterogeneity of the
matrix, which must be optimized and calibrated prior to clinical
deployment in the future.

3 | Conclusion

In this work, we introduce a solution-phase nanoparticle optical
biosensing platform that enables quantitative, real-time analysis
of challenging protein-protein interactions directly within com-
plex biological media. Exploiting the versatility of solid-phase
peptide synthesis, we employ sequence-defined CysPoly(AEEA)
ligands that integrate three functionalities—surface anchoring,
antifouling, and site-specific bioconjugation—within a single
molecular construct. These ligands substantially reduce non-
specific protein adsorption and enable modular, covalent, and
site-specific bioconjugation via click chemistry and enzymatic
ligation. The subsequent nanobiosensors can reliably detect
and quantify specific protein-protein interactions in buffer and

sample (orange). PEX14 was detected in four-fold diluted human serum using PEX5-functionalized sensors prepared via SPAAC (f) or SML (g); calibration
curves (red) quantified PEX14 (orange) at 500 nm (SPAAC) and 300 nm (SML). Uncertainties represent the standard error of the mean (n = 3) propagated
through the inverse Hill-Waud calibration function. For PEX5-PEX14, panels (c,d) show the complementary PEX5 construct to (a,b): PEX51 via SPAAC
in (c), PEX52 via SML in (d), confirming that both constructs are compatible with either conjugation strategy.
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serum with good agreement with literature values without
compromising colloidal stability. The platform is straightforward
to operate, does not require expensive or unique instrumentation,
and is compatible with common buffers as well as human and
animal serum. The modular conjugation chemistry makes the
platform readily adaptable to a broad range of protein targets and
interaction systems.

Our platform retains robust performance in complex biologi-
cal environments, delivering selective and detectable responses
for multiple intrinsically disordered protein pairs in undiluted
serum. Even in diluted human serum, target analytes at known
concentrations were recovered through binding titration curves,
demonstrating the diagnostic potential of this approach, while
indicating that matrix-related optical variability remains to be
addressed for quantitative clinical applications.

Although we have demonstrated nanosensor functionality across
multiple PPI pairs and environments, we note that performance is
still likely protein-dependent, as the physicochemical properties
of the immobilized protein can influence nonspecific adsorption.
As such, the full breadth of nanosensor compatibility with
other proteins remains to be determined and likely requires
optimization for each protein pair and media. Nevertheless, the
combination of an antifouling CysPoly(AEEA) hybrid ligand
interface with versatile covalent conjugation strategies provides
a broadly applicable framework for diagnostics and biomolecular
interaction studies under physiologically relevant conditions.

4 | Experimental Section/Methods

For methods, experimental details, and supplementary data and
figures, please see the Supporting Information.

4.1 | Statistical Analysis

Descriptions of sample sizes, markers, and error bars are included

in the figure legends. No statistical tests were performed in this
study.
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