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ABSTRACT: Poly(ethylene glycol) (PEG) is widely used as a stealth polymer to
enhance drug stability and circulation by reducing immune recognition. However, anti-
PEG antibodies are increasingly reported in humans, leading to accelerated drug
clearance and adverse immune responses. While ensemble assays have clarified the
scheme of PEG−antibody binding, they lack the resolution to probe molecular-scale
mechanics. Here, we used atomic force microscopy-based single-molecule force
spectroscopy (AFM-SMFS) to examine how PEG terminal chemistry and antibody
maturation modulate these interactions. Methoxy- (m-PEG) and hydroxy-terminated
PEG (HO-PEG) were tested against Fv-clasps from two anti-PEG IgMs: the naiv̈e IgM
M9 and the affinity-matured IgM M11. M11 bound PEG more strongly and at shorter
rupture distances than M9, with 2D force−distance maps revealing the most intense
signatures for M11 and m-PEG pair. Complementary quartz crystal microbalance with
dissipation (QCM-D) and Fourier-transform infrared (FTIR) spectroscopy confirmed
higher binding by M11 and a terminal preference of M9 for m-PEG. In addition to antibody maturation, we report that the hydrated
structure of PEG plays a significant role in PEG−antibody binding. HO-PEG forms extended, hydrated layers, whereas m-PEG
adopts compact, collapsed conformations, shaping antibody accessibility and binding mechanics. These results provide molecular-
level insight into how antibody structure and PEG hydration state dictate binding, offering design principles for PEGylated
therapeutics with reduced immunogenicity and improved performance.
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■ INTRODUCTION
Prolonged circulation of therapeutic agents in the bloodstream
is essential to maintain effective drug concentrations at target
tissues.1−3 However, protein-based drugs and nanoparticle
carriers are often rapidly cleared due to immune recognition
and degradation.4−6 To address this challenge, hydrophilic
“stealth” polymers are commonly used as surface coatings to
enhance systemic circulation, reduce immunogenicity, and
improve drug stability.7−9 Among these polymers, poly-
(ethylene glycol) (PEG) is the most widely adopted in drug
delivery systems due to its excellent biocompatibility, hydro-
philicity, and tunable molecular architecture.10−15 When
grafted onto therapeutic surfaces, PEG forms a dense, brush-
like steric barrier that minimizes opsonization and subsequent
clearance by the immune system.16−19 Nevertheless, despite its
widespread use and historical classification as nonimmuno-
genic, accumulating evidence has revealed that PEG can elicit
immune responses, particularly through the induction of anti-
PEG antibodies.20−24 These antibodies can recognize and bind
PEG-modified therapeutics, resulting in accelerated blood
clearance and reduced pharmacological efficacy.25−29

To better understand the molecular basis of these immune
responses, several analytical techniques have been employed to

characterize how anti-PEG antibodies interact with PEG.
Techniques like surface plasmon resonance (SPR), enzyme-
linked immunosorbent assays (ELISA), and X-ray crystallog-
raphy have revealed PEG-binding motifs in affinity-matured
antibodies.26,27,30−36 However, these studies mainly reflect T
cell-dependent (TD) responses and not the initial recognition
by naiv̈e B cell receptors (BCRs).30,37 In contrast, PEG-
modified therapeutics without protein components often
induce IgM responses via the T cell-independent (TI)
pathway, which lacks affinity maturation.38−40 Studying these
TI-induced IgMs offers a more accurate view of how naiv̈e
BCRs engage PEG, which is essential for designing PEGylated
drugs with reduced immunogenicity. More importantly, while
this type of antibody response helps explain the origins of anti-
PEG immunity, addressing the broader challenges of PEG
immunogenicity requires a detailed understanding of the weak,

Received: October 6, 2025
Revised: December 4, 2025
Accepted: December 4, 2025
Published: January 20, 2026

Articlewww.acsabm.org

© 2026 The Authors. Published by
American Chemical Society

1450
https://doi.org/10.1021/acsabm.5c01967
ACS Appl. Bio Mater. 2026, 9, 1450−1462

This article is licensed under CC-BY-NC-ND 4.0This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Glenn+Villena+Latag"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hiroyuki+Tahara"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Airi+Katase"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shoichi+Maeda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yiwei+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yoshimitsu+Kakuta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takamasa+Teramoto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takamasa+Teramoto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takeshi+Mori"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomohiro+Hayashi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsabm.5c01967&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01967?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01967?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01967?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01967?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01967?fig=agr1&ref=pdf
https://pubs.acs.org/toc/aabmcb/9/3?ref=pdf
https://pubs.acs.org/toc/aabmcb/9/3?ref=pdf
https://pubs.acs.org/toc/aabmcb/9/3?ref=pdf
https://pubs.acs.org/toc/aabmcb/9/3?ref=pdf
www.acsabm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsabm.5c01967?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsabm.org?ref=pdf
https://www.acsabm.org?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


transient, and heterogeneous interactions that underlie PEG−
antibody recognition.34,41−43 These subtle features are often
masked in ensemble-averaged measurements and are best
resolved using single-molecule techniques.

Atomic force microscopy-based single-molecule force spec-
troscopy (AFM-SMFS) has emerged as a powerful tool for
probing biomolecular interactions,44−47 including antigen−
antibody binding.48−51 By applying controlled forces in the
piconewton range, AFM-SMFS enables direct measurement of
unbinding forces and dissociation kinetics for individual
binding events. This technique is particularly well suited for
characterizing the weak and dynamic interactions involved in
PEG−anti-PEG antibody recognition. Furthermore, compar-
isons of force signatures across PEGs with different molecular
weights33 or terminal functional groups, such as hydroxy versus
methoxy end groups,22,52,53 can reveal structural features that
influence antibody binding.54,55

In this study, we employed AFM-SMFS to investigate the
unbinding behavior between anti-PEG antibodies and PEG
molecules at the single-molecule level. Naiv̈e (TI) and mutated
(TD) monovalent anti-PEG Fv-clasps were immobilized on
chemically modified gold-coated silicon substrates, while AFM
cantilever tips were functionalized with thiol-terminated PEGs
bearing either hydroxy or methoxy end groups. Fv-clasp is an
engineered Fv construct in which heavy- and light-chain
variable domains (VH and VL) are paired through a stabilizing
coiled-coil template. Because the coiled-coil is fused to the C-
termini�away from the antigen-binding interface�it does not
interfere with antigen recognition, unlike in some scFv formats
where the VH−VL linker can alter binding. Because IgM carries
ten antigen-binding sites, multivalent engagement varies
among binding events and generates avidity effects that
obscure intrinsic affinity. To isolate single-molecule inter-
actions, we used a monovalent Fv-clasp construct, which
enables evaluation of intrinsic affinity through single-bond
mechanics. We focused on analyzing the distributions of
adhesion forces and rupture distances to capture the
heterogeneity in molecular interactions. We quantified binding
strengths and spatial characteristics through systematic force
mapping and statistical analysis of rupture events. Ensemble
techniques including QCM-D and FTIR were also performed
to support the findings on antibody−PEG binding and to
characterize the hydrated structure of PEG, which may play a
significant role in modulating the binding mechanism. We
believe that these findings will reveal important insights on
how the immune system recognizes PEG and offer practical
guidance for designing new PEGylated drugs that are less likely
to trigger immune responses.

■ MATERIALS AND METHODOLOGY

Si Substrate Preparation
SiO2 wafers were cut into 1 cm2 pieces using a diamond cutter. The
substrates were precleaned by UV/ozone treatment for 15 min,
followed by sequential ultrasonication in acetone, ethyl alcohol, and
deionized water. After drying, the wafers were subjected to a second
UV/ozone treatment for 15 min and briefly immersed in absolute
ethanol with occasional shaking to reduce surface oxides. The
substrates were then dried under a stream of nitrogen. A 50 nm Ge
adhesion layer and a 300 nm Au layer were deposited onto the
cleaned wafers using thermal evaporation in a custom-built high-
vacuum chamber. The gold-coated Si substrates were stored under
vacuum until use.

Self-Assembled Monolayers (SAMs) Preparation
Mixed SAMs were prepared by immersing Au-coated Si substrates in
ethanolic thiol solutions containing 1 mM carboxy-terminated
(COOH) and sulfobetaine-terminated (SB) thiols at a 1:10 molar
ratio, as summarized in Table 1. The data for octanethiol (C8) SAMs

is included in the table for comparison. Prior to thiol immersion, the
substrates were briefly subjected to UV/ozone treatment for 15 min,
followed by rinsing with absolute ethanol to stabilize surface oxides
and minimize interference with SAM formation.56 After overnight
immersion, the substrates were rinsed with ethanol and dried under
nitrogen.
Preparation of Anti-PEG IgM Fv-Clasp
Anti-PEG IgM clones M9 and M11 were kindly provided by Dr.
Tatsuhiro Ishida (Tokushima University). Fv-clasps (chimeric
antibody fragments of ∼37 kDa) of M9 and M11 were prepared
based on our previous report.38 Briefly, synthetic cDNAs encoding
M9 and M11 Fv-clasps, with SARAH domains fused to the VH and VL
cassettes as described previously,58 were subcloned into pE His
vectors containing an N-terminal Ser−Lys−Ile−Lys−His6 tag. VH−
SARAH and VL−SARAH were expressed separately in E. coli BL21-
CodonPlus (DE3)-RIL (Agilent Technologies), induced at OD600
0.4−0.6 with 0.5 mM IPTG overnight at 36 °C. Cells were harvested,
lysed in 50 mM Tris−HCl, 500 mM NaCl (pH 8.0), and inclusion
bodies were isolated and solubilized in 6 M guanidine−HCl, 50 mM
Tris, 150 mM NaCl, and 375 μM β-mercaptoethanol (pH 8.0).
Denatured VH and VL chains were mixed at equimolar ratios and
refolded by sequential dilution into buffers containing 4 M urea/0.4
M L-arginine and then 0.4 M L-arginine, both with 375 μM oxidized
glutathione, 50 mM Tris−HCl, and 150 mM NaCl (pH 8.0).
Refolded proteins were purified by ion exchange chromatography
(Superdex 200, Cytiva) in 50 mM Tris−HCl, 150 mM NaCl (pH
8.0), followed by anion exchange (HiTrap Q) with a linear 0−1 M
NaCl gradient in 20 mM Tris (pH 7.5). Peak fractions were pooled
and concentrated to 8.8 mg/mL (M9) and 11 mg/mL (M11).
Fv-Clasp Immobilization
COOH/SB-functionalized Au-coated Si substrates were activated by
immersion in a freshly prepared 1:1 (v/v) solution of 300 mM N-
hydroxysuccinimide (NHS) (TCI, Tokyo, Japan) and 100 mM N-(3-
(dimethylamino)propyl)-N′-ethylcarbodiimide (EDC) (Sigma-Al-
drich, St. Louis, MO, USA) in phosphate-buffered saline (PBS) for
30 min. After activation, substrates were rinsed five times with PBS to
remove unreacted reagents. The NHS/EDC treatment enables
covalent coupling of antibody Fv-clasps via carboxyl groups on the
COOH SAMs, while SB moieties provide antifouling functionality.
The substrates were then incubated in 0.9 mg/mL solutions of M9 or
M11 Fv-clasps in PBS for 8 h at room temperature. Following Fv-
clasp immobilization, the substrates were rinsed three times with PBS
to remove unbound antibody Fv-clasps. The substrates were stored in

Table 1. A List of SAMs Fabricated with Their
Corresponding Precursor Molecules, Static Water Contact
Angles, and Density Relative to Alkanethiols

Notation for
SAMs (based

on the terminal
group)

The molecular formula of
precursor

Static
water

contact
angle (°)

Density
with

respect to
alkanethiols

C8a HS(CH2)7CH3 112
(3.1)c

�

COOHb HS(CH2)11COOH 18
(4.4)c

95 (2.0)c

SBa HS(CH2)11N+(CH3)2CH2SO3
− 39.6

(3.9)c
59.5

(0.72)d

aPurchased from Sigma-Aldrich and. bProChimia surfaces. Numbers
in parentheses are standard deviations. cn = 5. dn = 12. Data
reproduced from Hayashi et al.57
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sealed, humidified glass containers prior to AFM analysis to prevent
drying.
Cantilever Tip Functionalization
BioLever mini cantilevers (Olympus, Tokyo, Japan; nominal spring
constant: 0.09 N/m) were coated with 25 nm of Ge followed by 150
nm of Au via thermal evaporation. Thiol-terminated methoxy-PEG
(m-PEG, MW = 2000 Da; Biopharma PEG Scientific Inc., MA, USA)
and hydroxy-PEG (HO-PEG, MW = 2000 Da; Biopharma PEG
Scientific Inc., MA, USA) were each dissolved in PBS to prepare 1
mg/mL solutions. Cantilevers were mounted on metal holders and
immersed in 1 mL of the respective thiol solutions for 24 h. After
incubation, the tips were rinsed thoroughly with PBS to remove
physisorbed PEG molecules. The molecular structures of HO-PEG
and m-PEG used in this study are shown in Figure 1.

AFM-Based SMFS Measurements
SMFS experiments have been used to quantify the unbinding forces
between ligands and receptors through a method described by Butt et
al.59 Figure 2 shows a typical force−separation curve acquired from an
AFM experiment employing a PEG-functionalized tip and anti-PEG
antibody Fv-clasps immobilized on the mixed SB/COOH SAM

surface. The functionalized cantilever probe is driven to travel a
vertical separation distance as indicated by the noncontact region of
the approach phase. Then, the probe experiences a positive deflection
as it comes into contact with the substrate. Upon reaching a set trigger
force, the probe retracts and experiences a pulling force (adhesion
force) due to the sum of van der Waals and electrostatic forces
between the antibody and the PEG molecules. A minimum value,
called rupture force, is commonly used as an estimate of the largest
unbinding force of the PEG−anti-PEG antibody reaction pathway.

Force−separation curves were acquired using a commercial atomic
force microscope equipped with a liquid cell (MFP-3D Infinity,
Oxford Instruments, U.K.). Force maps (10 μm2) were initially
recorded to locate Fv-clasp-immobilized regions. Subsequently,
conventional force−distance measurements were performed at each
region (n ≥ 3) or until Fv-clasp signals were no longer detectable due
to thermal drift. Cantilever tips functionalized with thiol-terminated
PEG were approached to the substrate surface at a constant rate of
150 nm/s. The spring constants of the cantilevers were calibrated
using the thermal noise method.

A series of exhaustive force mapping measurements were
undertaken to determine the locations of Fv-clasps immobilized
onto the Au-coated Si substrate. Figure 3a shows a representative
force map acquired over a small area in the substrate. Careful
consideration was taken in choosing the optimal antibody
concentration, typically in the range of 0.5−1.0 mg/mL.60 An amount
greater than the optimal value may result in simultaneous binding
events between multiple antigen and antibody molecules, which will
make the deconvolution of the force curves difficult. On the other
hand, concentrations lower than the optimal value may result in very
few binding sites, which will greatly lessen the probability of
unbinding events. Details on this preliminary determination of the
optimal antibody concentration are shown in the associated content
(Supporting Information S1). The force curves without adhesion
events (Figure 3b) were rejected from the analysis while force curves
with valid adhesion events (Figure 3c) were further analyzed to
extract the adhesion force and rupture distances. Hundreds of force
curves with adhesion events were used to construct 2D visualization
plots.
Force and Rupture Distance Data Analysis
Adhesion force and rupture distance values were extracted from
single-molecule AFM retraction curves. Data for each antibody−PEG
pair (M9 + OH-PEG, M9 + m-PEG, M11 + OH-PEG, M11 + m-
PEG) were processed using custom Python scripts (Python v3.10).
Force histograms and rupture distance histograms were normalized to
reflect percent distribution. To assess uncertainty in the mean values,
10,000 bootstrap resamples were used to estimate 95% confidence
intervals. To gain deeper insight into the joint distribution of adhesion
force and rupture distance, two-dimensional kernel density estimation
(2D-KDE) was performed using the gaussian_kde function (SciPy)
and visualized with Seaborn. Data from all force curves with adhesion
events per condition were pooled, and a bivariate KDE was computed.
KDE maps were evaluated over a grid of 200 × 200 points. From each
KDE map, the global maximum (peak) was identified to determine
the most probable rupture event, while mean values were calculated
directly from the raw distributions. The hotspot area, defined as the
spatial region where the KDE exceeded 50% of the maximum density,
was computed by numerical integration across the force−distance
grid.
QCM-D Measurements
HO-PEG and m-PEG SAM-functionalized Au-coated quartz sensors
were mounted into the flow modules of a commercial QCM-D system
(Biolin Scientific AB, Gothenburg, Sweden). A series of solutions
were introduced into the modules using a peristaltic pump (Minato,
Tokyo, Japan) at a constant flow rate of 50 μL/s throughout the
experiment. The changes in frequency shifts (Δf) and energy
dissipation (ΔD) were recorded over the following time course: (i)
establishment of a stable baseline in phosphate-buffered saline (PBS),
(ii) injection of anti-PEG antibody Fv-clasp solution in PBS until
signal stabilization (∼60 min), and (iii) rinsing with PBS until the

Figure 1. Molecular structures of m-PEG and HO-PEG alkanethiols
used in the study. Both molecules consist of a polyethylene glycol
chain (n ≈ 45 ethylene oxide units) terminated with either a (a)
methoxy or (b) hydroxy functional group, and a thiol group for gold
surface anchoring.

Figure 2. Representative force−separation curve acquired from AFM-
based SMFS. The x-axis denotes the tip−sample separation, and the y-
axis shows the measured force. The red curve represents the approach
phase, while the blue curve corresponds to the retraction phase. Key
stages in the force curve are labeled as follows: (A) noncontact region,
where no interaction is detected; (B) contact point, where the
cantilever tip first contacts the surface; (C) trigger point, where a
defined loading force is reached prior to retraction; and (D) rupture
point, corresponding to the minimum force during retraction (rupture
force) and the corresponding tip−sample separation (rupture
distance), which indicates the unbinding event between the PEG
and the anti-PEG antibody Fv-clasp.
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signal stabilized once again, as described from our previous report.61

For both M9 and M11, PEG SAM-coated substrates were incubated
with antibody solutions at 0.1 mg/mL to ensure comparable
antibody:PEG ratios across experiments. Equilibrium Δf (Hz) and

Figure 3. Representative adhesion force map and example force curves. (a) Adhesion force map acquired over a small area of the substrate using
AFM-based SMFS. Regions of higher adhesion forces are indicated by purple or white tones, while lower adhesion forces appear in darker brown to
black shades. (b) A representative force−distance curve showing no detectable adhesion event. (c) A representative curve exhibiting a clear
adhesion event, characterized by a distinct rupture force during the retraction phase. The bright blue points were used to establish the zero-force
baseline, and the yellow band denotes the noise band.

Figure 4. Overview of this work. (a) Artistic representation of the AFM-SMFS setup, with anti-PEG antibody Fv-clasps immobilized on self-
assembled monolayers (SAMs) and the AFM cantilever functionalized with HO-PEG or m-PEG. The probe was driven in approach−retract cycles
to measure PEG−antibody rupture forces and distances. (b) Representative force map with adhesion events highlighted in white/purple pixels and
(c) example retraction curve with valid adhesion event representing the highlighted pixels. (d) Rupture forces and distances were pooled, and mean
values for naiv̈e (M9) and mutated (M11) antibodies with HO-PEG or m-PEG were compared using histograms. Ensemble measurements
included are (e) QCM-D to monitor PEG layer formation and hydration and (f) assess antibody binding, and (g) FTIR spectroscopy to probe
hydration dynamics through OH stretching bands. (h) These results suggests that HO-PEG and m-PEG adopt distinct hydration structures, which
in turn shape their interactions with naiv̈e and mutated anti-PEG antibodies.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.5c01967
ACS Appl. Bio Mater. 2026, 9, 1450−1462

1453

https://pubs.acs.org/doi/10.1021/acsabm.5c01967?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01967?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01967?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01967?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01967?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01967?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01967?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01967?fig=fig4&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.5c01967?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ΔD (ppm) were calculated as the difference between the signals at
time points (i) and (iii). These shifts were monitored at six odd-
numbered overtones (n = 3, 5, 7, 9, 11, and 13) to assess adsorbed
mass on the PEG layers. The adsorbed mass of the Fv-clasps was
quantified using the Sauerbrey relation (Supporting Information S2).
Following each measurement, the fluidic system was cleaned with 2%
sodium dodecyl sulfate (SDS; Wako, Osaka, Japan), followed by
rinsing with ultrapure water to ensure complete removal of residual
proteins and surfactants. A separate series of QCM-D measurements
were also performed to detect the real-time formation of the PEG
SAMs onto the surface of the bare Au-coated quartz sensors.
Solutions containing 1 mg/mL of m-PEG and HO-PEG in PBS were
injected and equilibrated overnight to ensure the complete formation
of the SAMs. Various parameters such as layer thickness, shear
modulus and viscosity were calculated using QSense DFind software
(v1.3.0) employing the Voigt viscoelastic model (Supporting
Information S3). All other QCM-D analyses were processed using
custom Python scripts (Python v3.10).

FTIR Measurements
FTIR spectra were collected using an FT/IR-6600 spectrometer
(JASCO Inc., Tokyo, Japan) equipped with a diamond attenuated
total reflectance (ATR) prism. Spectra were recorded over the
wavenumber range of 4000−500 cm−1 with a resolution of 4 cm−1. All
measurements were performed at room temperature under a constant
purge of dry nitrogen gas to minimize atmospheric interference. A
background spectrum was first acquired using the clean ATR prism.
Spectra were then obtained for the following samples: m-PEG and
HO-PEG SAMs in both dry and hydrated states (in D2O), to assess
differences due to hydration. Additional measurements were taken for
m-PEG and HO-PEG SAMs incubated with anti-PEG antibody Fv-
clasps (M9 and M11) in the dry state to confirm successful binding.
Following incubation, the substrates were rinsed thoroughly with PBS
to remove unbound antibodies before analysis in the dry state. The
spectra were normalized using the C−O−C band after ensuring
identical incubation and washing conditions. For reference, dry-state
spectra of PEG powder were also recorded. Three replicates were

measured for each condition. The ATR prism was thoroughly cleaned
with ethanol between measurements to prevent cross-contamination.
All spectra were processed using custom Python scripts (Python
v3.10).

■ RESULTS AND DISCUSSION
An overview of our integrated experimental strategy is
presented in Figure 4, which frames the connection between
single-molecule binding mechanics and interfacial or structural
responses as revealed by ensemble techniques. We utilized
SMFS as the primary approach to quantify PEG−antibody
interactions at the single-molecule level, focusing on adhesion
forces and rupture distances. Complementary ensemble
measurements provided additional insights, with QCM-D
probing the formation and hydration of PEG layers at
interfaces and FTIR spectroscopy capturing conformational
features of PEG and antibody binding.
Preliminary Ensemble Measurements
QCM-D measurements were conducted to quantify the
binding interactions between anti-PEG antibody Fv-clasps
and PEG SAMs with different terminal groups. The Fv-clasp is
an engineered Fv fragment stabilized by a coiled-coil domain
that promotes correct pairing of heavy and light chains,
enabling immobilization at high density on substrate
surfaces.58 Specifically, Fv-clasps of naiv̈e (M9) and mutated
(M11) antibody were introduced to gold sensors function-
alized with PEG SAMs terminated with either hydroxy (HO-
PEG) or methoxy (m-PEG) groups. Figure 5 presents
representative real-time Δf profiles recorded during the
injection of M9 and M11 onto the PEG-functionalized sensors.

The initial adsorption of the Fv-clasps onto the PEG-
functionalized surfaces proceeded rapidly, with the majority of
the frequency shift occurring within less than 5 min of Fv-clasp

Figure 5. Representative real-time Δf at overtones 5, 7, and 9 for all four Fv-clasp and PEG pairings: (a) M11 + m-PEG, (b) M11 + HO-PEG, (c)
M9 + m-PEG, and (d) M9 + HO-PEG. The light blue band at the beginning indicates the establishment of the PBS baseline, while the band on the
right marks the rinsing phase with PBS to remove unbound antibody Fv-clasps.
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injection. Notably, the magnitude of Δf observed for M11 was
significantly greater than that of M9, irrespective of the PEG
terminal group. These results reflect the enhanced affinity of
the mutated M11 antibody toward PEG, as compared to the
naiv̈e M9 antibody.38 To provide a quantitative comparison of
the antibody−PEG binding, the bound mass of the Fv-clasps
was calculated from Δf using the Sauerbrey equation. The
resulting bound masses for each Fv-clasp−surface combination
are summarized in Figure 6, which highlights the substantial

difference in binding between M11 and M9, as well as the
influence of PEG terminal chemistry on antibody recognition.
The amount of bound Fv-clasp was consistently greater for
M11 than for M9 on both PEG surfaces, reflecting the typical
difference in binding affinity between affinity-matured antibody
and naiv̈e one. M11 exhibited similar adsorption levels on m-
PEG (39.3 ± 15.3 ng/cm2) and HO-PEG (34.5 ± 5.7 ng/
cm2), consistent with previous reports indicating that M11
primarily recognizes the PEG backbone, rendering the terminal
groups largely inconsequential to binding.52 In contrast, M9
showed higher binding with m-PEG (10.4 ± 0.5 ng/cm2), with
significantly lower binding on HO-PEG (5.6 ± 1.6 ng/cm2),
which supports M9’s preference to the terminal methoxy
motif.38,52

To confirm that the Δf observed in QCM-D measurements
arose from specific binding between the PEG molecules and
the antibody Fv-clasps, we analyzed the PEG-functionalized
substrates after Fv-clasp injection using FTIR spectroscopy.
Figure 7 shows the normalized FTIR spectra of PEG SAMs
injected with the two types of antibodies (m-PEG and HO-
PEG with anti-PEG antibodies M11 and M9) in the dry state,
recorded over the 1800−1000 cm−1 wavenumber region. The
spectra display characteristic peaks at ∼1650 cm−1 and ∼1540
cm−1, corresponding to the Amide I and Amide II vibrations,
respectively, of the antibody Fv-clasps which confirm their
successful binding to the PEG SAMs. In addition, M11 showed
pronounced Amide I and Amide II peaks, further corroborat-
ing its reported higher binding affinity toward PEG compared
to M9, which exhibited weaker and less distinct amide bands.
These observations align well with previously reported
ensemble measurements of anti-PEG antibodies interacting
with PEG-functionalized surfaces, further supporting the
distinct binding behaviors of naiv̈e and affinity-matured
constructs.

Single-Molecule Force Spectroscopy Experiments
To assess the molecular interactions between PEG and anti-
PEG antibodies, we analyzed the distributions of adhesion
forces obtained from AFM-SMFS, as shown in Figure 8. The
results reveal clear differences in binding behavior based on
both the antibody type and the PEG terminal group. Across
both PEG types, the mutated antibody M11 consistently
exhibited higher adhesion forces (28.12 pN against HO-PEG
and 33.21 pN against m-PEG) compared to the naiv̈e-type M9

Figure 6. Adsorbed mass of Fv-clasp antibodies M11 and M9 on m-
PEG and HO-PEG surfaces, calculated using the Sauerbrey equation
at the seventh overtone. Error bars represent standard deviation (n =
3). Statistical significance: *p < 0.01; n.s. = not significant.

Figure 7. Normalized FTIR spectra of m-PEG and HO-PEG SAMs
before and after incubation with anti-PEG antibody Fv-clasps (M9
and M11) in the dry state. Spectra highlight the emergence of protein-
associated bands alongside the PEG backbone signature. Spectra of
clean m-PEG and HO-PEG SAMs are included for comparison. All
spectra were normalized using the C−O−C ether stretch peak
(∼1095−1120 cm−1) as a reference.

Figure 8. Histograms of adhesion force distributions for different
antibody−PEG interactions. (a) M9 antibody interacting with HO-
PEG, (b) M9 with m-PEG, (c) M11 with HO-PEG, and (d) M11
with m-PEG. Each histogram represents the distribution of unbinding
forces collected from SMFS measurements. The mean adhesion forces
were computed using bootstrapping due to non-normal distribution
of the data. Variations in the force distributions reflect differences in
binding strength and interaction profiles between antibody types and
PEG terminal groups.
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(14.38 pN against HO-PEG and 21.19 pN against m-PEG).
These greater force values observed in our SMFS measure-
ments suggest a stronger interaction between M11 and the
PEG chains at the single-molecule level, reinforcing its
reported superior recognition and affinity over M9.38,62 M11,
which was generated through the T-cell-dependent pathway,
possesses higher binding affinity due to structural maturation
in the complementarity-determining regions (CDRs).63−65

For both Fv-clasps, m-PEG yielded higher mean adhesion
forces than HO-PEG. This trend was particularly pronounced
for M9, which displayed significantly stronger binding to m-
PEG suggesting that the methoxy terminus either promotes
more frequent interactions or facilitates stronger binding
events. This aligns with prior studies showing that M9 favors
binding to m-PEG than HO-PEG.52 Liu et al. reported from
simulations that the PEG terminus interacts more frequently
with certain hydrogen bond-forming residues in the M9 Fv-
clasp.38 They suggested that the hydrophobic methoxy group,
rather than the hydroxy group, may better stabilize these
contacts, thereby contributing to M9’s preference for m-PEG
over HO-PEG. Although our ensemble studies and other
reports showed that M11 responds similarly to both m-PEG
and HO-PEG, our SMFS results show a slight increase in
adhesion force with m-PEG than HO-PEG (33.21 pN for m-
PEG and 28.12 pN for HO-PEG). This discrepancy highlights
the enhanced sensitivity of SMFS in detecting subtle
differences in molecular binding strength that may be averaged
out in bulk measurements.

Additionally, the observed differences in adhesion force may
stem from how terminal chemistry influences PEG chain
conformation. m-PEG chains, with more hydrophobic methoxy
ends, are prone to loop formation in which the termini are
partially buried, promoting tighter antibody engagement and
higher rupture forces. In contrast, HO-PEG forms looser, more
extended chains that remain more hydrated, leading to lower
binding forces. This conformational effect is likely most
pronounced for M9, which has lower intrinsic affinity and
depends on PEG chain loops as the epitope. Further
characterization of the m-PEG and HO-PEG molecules in
the context of the differences in their hydrated structure is
presented in detail later in this manuscript.

Next, we plotted the histograms for rupture distance
distributions which offer insights into the spatial and
mechanical aspects of antibody−PEG interactions at the
single-molecule level, as shown in Figure 9. Notably, the
rupture distance histograms exhibit a tail extending up to
approximately 15 nm, which corresponds closely to the
estimated fully extended contour length of a PEG2000 chain.
Across all conditions, we observed that M11 (5.46 nm against
HO-PEG and 5.19 nm against m-PEG) exhibited slightly
shorter rupture distances than M9 (6.08 nm against HO-PEG
and 5.42 nm against m-PEG). This suggests that M11 may
form more compact and rigid binding complexes with PEG,
resulting in earlier bond rupture under applied force. In
contrast, M9 may permit greater extension prior to rupture,
consistent with a more flexible interaction mechanism. In
terms of terminal group effects, both Fv-clasps demonstrated
slightly shorter rupture distances with m-PEG than with HO-
PEG, albeit to varying extents. This trend may also be
rationalized by the conformational behavior of the PEG
termini. m-PEG’s supposedly compact and collapsed structure
may limit chain extension and facilitates tighter, more localized
binding. When force is applied, these compact interactions

rupture quickly, yielding shorter rupture distances. In contrast,
HO-PEG’s more extended and hydrated conformation may
increase the effective chain length accessible for interaction. As
a result, rupture events occur after more chain extension,
leading to longer rupture distances.

To better resolve the molecular interaction profiles of PEG−
antibody pairs, we analyzed two-dimensional kernel density
estimation (2D-KDE) contour plots of adhesion force versus
rupture distance, as shown in Figure 10. These plots reveal
distinct interaction signatures for each pair, highlighting
differences in binding strength and configurational dynamics.
Among the M9 antibody interactions, M9 + HO-PEG
exhibited a broadly distributed and the weakest binding
profile. This broad, low-density region suggests flexible, low-
affinity interactions characteristic of water-mediated binding
with minimal spatial constraint. In contrast, M9 + m-PEG
displayed a modest increase in both peak and mean adhesion
forces, accompanied by an expanded hotspot area. These
findings are consistent with the notion that the terminal
methoxy group stabilizes interactions by reducing hydration
competition, resulting in a moderately enhanced affinity while
retaining a flexible interaction geometry.

For the mutated M11 antibody, both PEG types yielded
significantly stronger adhesion signatures. M11 + HO-PEG
exhibited a peak and mean forces, with a large hotspot area.
These values indicate high-affinity interactions that may occur
at different positions along the flexible PEG backbone.
Notably, M11 + m-PEG produced the strongest interaction
values. However, its hotspot area was the broadest among all
conditions, suggesting that despite the increased strength and
specificity toward the methoxy group, the binding landscape
remains structurally heterogeneous.
Role of Antibody Structure in the PEG−Antibody
Interaction
Our SMFS measurements revealed that antibody structure
critically influences PEG binding. M11 exhibited consistently

Figure 9. Histograms of rupture distance distributions for different
antibody−PEG interactions. (a) M9 antibody with HO-PEG, (b) M9
with m-PEG, (c) M11 with HO-PEG, and (d) M11 with m-PEG.
Rupture distances were extracted from AFM-based SMFS measure-
ments and reflect the separation distance at which unbinding occurs.
The mean rupture distances were computed using bootstrapping due
to non-normal distribution of the data. Differences in rupture
distances suggest variation in interaction geometry or flexibility
between antibody types and PEG terminal groups.
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higher adhesion forces and shorter rupture distances than M9,
reflecting its affinity-matured, high-affinity interaction mode.
KDE maps further supported this, showing concentrated high-
force hotspots for M11−PEG interactions, while M9−PEG
interactions displayed broader, lower-force distributions
indicative of weaker and more flexible binding. Both antibodies
favored m-PEG over HO-PEG, with M9 showing greater
sensitivity to the terminal group. According to Liu et al., the
crystal structure of M9-PEG complex shows PEG bound in a
shallow pocket as a hairpin loop, with minimal hydrogen
bonding, consistent with its lower affinity. In contrast, M11
binds PEG in a tunnel-like groove, stabilizing linear PEG
chains through hydrophobic interactions.38 The tunnel-like
structure in M11 is formed by hydrophobic interactions
between Tyr and Trp residues in CDR-H3 and CDR-H1,
respectively. A Val−Ala insertion immediately upstream of the
Tyr in CDR-H3 is the key mutation that induces this structural
rearrangement. A similar tunnel structure was also observed in
the crystal structure of another TD anti-PEG antibody clone.33

Moreover, molecular dynamics simulations revealed faster
PEG sliding and shorter binding durations in M9, whereas
M11 maintained prolonged binding with slower chain
movement.38 Notably, M9 interacted more frequently with
the PEG terminal methoxy group through transient hydrogen
bonds involving residues in the light chain CDRs, a feature
largely absent in M11.38 These molecular dynamics trends
align with our SMFS results, supporting weaker binding for M9
and stronger binding for M11.
Role of PEG Hydrated Structure in the PEG−Antibody
Interaction

From previous observations, the differences in adhesion force
and rupture distance between PEG and anti-PEG antibodies
(M9 and M11) were attributed to variations in the hydrated
structures of m-PEG and HO-PEG molecules. Specifically, m-
PEG is hypothesized to adopt a more collapsed or compact

conformation, whereas HO-PEG is thought to form a more
extended and hydrated structure. To support this hypothesis,
FTIR measurements were conducted to probe differences in
the hydrated states of m-PEG and HO-PEG SAMs. Figure 11a
shows the normalized FTIR spectra of m-PEG and HO-PEG

Figure 10. Kernel density estimation (KDE) contour maps of force−distance interactions between antibodies and PEGs. (a) M9 antibody
interacting with HO-PEG, (b) M9 with m-PEG, (c) M11 with HO-PEG, and (d) M11 with m-PEG. Each contour map represents the density of
unbinding events across rupture distance and force, as obtained from AFM-based SMFS. Denser regions (brighter contours) indicate frequent
binding events, allowing comparison of interaction profiles between antibody types and PEG terminal groups.

Figure 11. FTIR spectra of m-PEG and HO-PEG self-assembled
monolayers (SAMs) in D2O. (a) Full spectra over the wavenumber
range of 4000−500 cm−1. (b) Expanded view of the C−H stretching
region (2950−2870 cm−1), showing characteristic alkyl chain
vibrations, (c) 3000−3800 cm−1 region, highlighting differences in
the broadness and intensity of the O−H stretching band (3500−3200
cm−1) and (d) CH2 wagging/twisting vibrations (1340−1370 cm−1),
often associated with ordering of the PEG backbone.
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SAMs in D2O, with normalization performed using the C−O−
C ether stretch peak (∼1095−1120 cm−1) as an internal
reference. The FTIR spectra of dry m-PEG and HO-PEG
powders are also shown in the Supporting Information S4 for
reference.

The OD stretching band at ∼2500 cm−1 was more intense
for HO-PEG than for m-PEG, likely due to a greater exchange
of the terminal −OH hydrogens with deuterium to form −OD
in HO-PEG. In addition, only a subtle difference was observed
in the C−H stretching region (2950−2870 cm−1), as shown in
Figure 11b, where m-PEG exhibited slightly stronger peak
compared to HO-PEG, attributable to the minor contribution
of the terminal methoxy (−OCH3) group relative to the ∼45
ethylene glycol repeat units. Most notably, the O−H stretching
band (3500−3200 cm−1) for HO-PEG appeared significantly
broader and more intense than that of m-PEG (Figure 11c).
This broadening and increased intensity likely arise from
ambient H2O vapor partially re-exchanging deuterium back to
hydrogen and may reflect the presence of a more extended
hydration network around HO-PEG. Additional conforma-
tional information was obtained from the CH2 wagging
(∼1350 cm−1) mode (Figure 11d). When normalized to the
CH stretching band at ∼2950 cm−1, this peak was more
pronounced for HO-PEG compared to m-PEG, suggesting that
HO-PEG chains adopt a more ordered helical backbone
structure. Helical ordering is consistent with a more extended,
hydrated chain conformation stabilized by hydrogen bonding
with surrounding water molecules.66,67 By contrast, the weaker
intensity of these modes in m-PEG indicates a loss of helicity
and greater conformational collapse, consistent with its
compact, less hydrated layer, which may influence antibody
binding.

To corroborate this interpretation, we next performed
QCM-D measurements to directly probe the interfacial
hydration and viscoelastic properties of the PEG SAMs.
Specifically, QCM-D measurements were performed to
monitor the real-time formation of PEG SAMs on gold-coated
sensors. Representative real-time profiles of Δf vs time, ΔD vs
time, and ΔD vs Δf are provided in the Supporting
Information S5. The equilibrium Δf and ΔD values for m-
PEG and HO-PEG SAMs across all overtones are summarized
in Figure 12. Notably, the equilibrium Δf exhibited a
substantial spread and a considerable ΔD values, indicative
of the viscoelastic nature of the formed PEG layers.

To gain further insight into the physical and mechanical
properties of the PEG layers, the QCM-D data were analyzed
using a Voigt-based viscoelastic model. This modeling yielded

estimates of the layer thickness, shear modulus, and viscosity,
which are summarized in Table 2. The viscoelastic analysis

showed that m-PEG SAMs formed relatively thinner layers
with higher shear modulus and viscosity, whereas HO-PEG
SAMs formed thicker and softer layers. These differences in
thickness and mechanical properties are probably due to the
conformational changes of PEG molecules during the SAM
formation, associated with the release of internal water from
within the molecular structure as indicated by the positive Δf.
HO-PEG exhibited a more substantial positive shift in Δf
immediately after the injection of PEG solutions as compared
to m-PEG (Supporting Information S6), consistent with its
higher hydrophilicity due to the hydroxy terminal group. This
enhanced water affinity accounts for the formation of a more
extended and hydrated HO-PEG layer compared to the more
compact m-PEG layer. The calculated thickness, shear
modulus, and viscosity consistently support the hypothesis
regarding the differences in the hydrated structures of m-PEG
and HO-PEG molecules which highly impacted how anti-PEG
antibodies bind to PEG molecule with different terminal
motifs. However, we caution that the absolute values derived
from Voigt modeling depend on simplifying assumptions
regarding homogeneity, layer uniformity, and bulk-like
viscoelastic response. Differences in surface coverage or
adsorption kinetics may also contribute to the observed trends
and cannot be fully decoupled from hydration effects.

Collectively, our findings support the conclusion that m-
PEG adopts a more compact and less hydrated configuration
than HO-PEG. Previous studies have reported that m-PEG
exhibits a higher probability of chain backfolding or loop-like
conformations compared with hydroxy-terminated PEG.68−70

Consistent with these reports, our QCM-D and FTIR
measurements show that m-PEG forms a thinner, less
hydrated, and more viscoelastic layer than HO-PEG. The
shorter rupture distances observed in SMFS further support
that a subset of m-PEG chains adopt less extended
conformations under our experimental conditions. Although
AFM-SMFS does not directly visualize loop geometries, the
combination of theoretical expectations, literature reports, and
our multimodal measurements indicates that loop-like behavior
is plausible under the conditions of this study.
Proposed Model of PEG−Antibody Interactions
In AFM-SMFS, the Fv-clasp antibodies were covalently
coupled to COOH-terminated alkanethiol SAMs via EDC/
NHS chemistry. This conjugation strategy is widely used for
immobilizing proteins on gold surfaces and preserves their
structural integrity and biological activity, while generating an
orientationally heterogeneous ensemble that avoids artificial
geometric constraints.60,71 PEG chains on the AFM tip were
attached through thiol−gold chemistry, a well-established
approach known to maintain native PEG chain flexibility,
dynamics, and hydration and experimentally validated on

Figure 12. Equilibrium Δf (left) and ΔD (right) from the formation
of m-PEG and HO-PEG SAMs, measured at overtones 3, 5, 7, 9, 11,
and 13. Error bars denote standard deviation (n = 6).

Table 2. Parameters Obtained from the QCM-D Data Using
the Viscoelastic (Voigt Fitting) Model

Type of PEG
SAMs

Layer thickness
(nm)a

Shear modulus
(kPa)b

Viscosity
(μPa s)c

m-PEG SAM 4.5 (0.1) 19.6 (2.6) 1635 (25)
HO-PEG SAM 4.7 (0.2) 10.4 (4.7) 1499 (91)

aNumbers in parentheses denote standard deviation (n = 6).
Statistical significance. bp < 0.1. cp < 0.01.
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SAM-modified gold.72,73 Consistent with these expectations,
our QCM-D viscoelastic modeling and FTIR analysis
confirmed that m-PEG and HO-PEG layers exhibit their
anticipated differences in thickness, hydration state, and
configuration, indicating that immobilization does not impose
abnormal conformational distortion. Despite differing immobi-
lization geometries across AFM-SMFS, QCM-D, and FTIR, all
three modalities consistently show enhanced binding to less
hydrated m-PEG and suppressed recognition of highly
hydrated HO-PEG. These results are also in agreement with
previous SPR and ELISA measurements in solution,74,75

suggesting that the single-molecule behavior observed here
reflects intrinsic PEG−antibody recognition rather than an
artifact of surface attachment.

We converge our combined findings from AFM-SMFS,
FTIR spectroscopy, and QCM-D measurements into a
mechanistic model describing how antibody structure and
PEG terminal chemistry govern PEG−antibody interactions, as
illustrated in Figure 13. In this model, m-PEG adopts a

compact, collapsed conformation with reduced hydration,
while HO-PEG forms an extended and hydrated layer at the
interface. These conformational differences modulate the
accessibility of PEG chains to antibodies.

For M9, which binds PEG through a shallow binding pocket,
interactions are relatively weak and often comprised by chain
sliding. Consequently, its binding is highly sensitive to PEG
terminal chemistry and conformation, i.e., compact m-PEG
provides more favorable termini for interaction, while the
extended hydration network of HO-PEG reduces accessibility
and weakens binding. In contrast, M11 contains tunnel-
forming mutations that stabilize linear PEG chains within a
groove, producing consistently stronger and more localized
interactions across terminal chemistries. Ensemble measure-
ments emphasized the methoxy terminal group dependence
primarily for M9, but the higher sensitivity of SMFS revealed
that methoxy interactions also contribute to M11 binding.

We provide a unified mechanistic framework in which PEG
hydration state and antibody structural features jointly
determine binding strength, specificity, and molecular

dynamics. This integrated model highlights how hydration-
mediated polymer conformations and antibody structural
maturation intersect to define PEG recognition. These
single-molecule insights have direct implications for PEGylated
nanomedicines, where balancing long-circulating “stealth”
behavior with efficient targeting remains a central design
challenge.76 Recent work has emphasized that the clinical
performance of PEGylated nanoparticles is strongly influenced
by how their surface chemistry modulates interactions with
antibodies and serum proteins. Our results suggest that densely
PEGylated nanocarriers bearing methoxy-terminated PEG may
present localized “hot spots” for anti-PEG recognition in
patients with preexisting antibodies, potentially accelerating
clearance, whereas more hydrated terminal groups or mixed/
hybrid stealth coatings could reduce immunogenic recognition.
In a broader context, the hydration-dependent accessibility of
PEG observed here may serve as a design principle not only for
optimizing PEG architectures, but also for engineering
alternative stealth polymers (e.g., zwitterionic or PEG-
alternative hydrophilic chains) that better evade antibody
binding while maintaining favorable pharmacokinetics.

■ SUMMARY AND CONCLUSION
In this study, we investigated the interaction mechanisms
between anti-PEG antibody Fv-clasps and PEG molecules
terminated with hydroxy or methoxy groups, using AFM-
SMFS, QCM-D, and FTIR spectroscopy measurements. This
multiscale approach allowed us to correlate the molecular
binding behavior of anti-PEG antibodies with the structural
and mechanical properties of the underlying PEG molecules.

QCM-D ensemble measurements confirmed that the
mutated antibody M11 consistently exhibited higher binding
to PEG SAMs than the naiv̈e-type M9, reflecting the role of
affinity maturation in enhancing molecular recognition. M11
binding was largely independent of terminal chemistry,
showing similar binding to m-PEG and HO-PEG, consistent
with its reported backbone recognition. In contrast, M9
displayed a clear preference for m-PEG than HO-PEG,
indicative of its sensitivity to terminal group chemistry. FTIR
analysis of PEG−Fv-clasp complexes supported these findings
by revealing more pronounced Amide I and Amide II signals
for M11 compared to M9. AFM-SMFS further demonstrated
that M11 bound more strongly to PEG than M9, consistent
with its reported higher affinity as an affinity-matured antibody.
Both antibodies exhibited stronger adhesion to m-PEG than
HO-PEG, with M9 showing a more pronounced terminal
preference. Rupture distance analysis distinguished their
binding mechanics, wherein M9 showed longer rupture
distances, characteristic of flexible, low-affinity interactions,
while M11 exhibited shorter rupture distances indicative of
strong, localized binding. 2D-KDE plots of force versus
distance revealed broad, low-force distributions for M9−HO-
PEG interactions, consistent with weak, water-mediated
binding. M11−PEG interactions displayed high-affinity bind-
ing with broad hotspot areas, suggesting the presence of
multiple binding modes involving both terminal and backbone
engagement. To understand how the structural and hydration
properties of PEG molecules influence these interactions, we
characterized the hydrated states of m-PEG and HO-PEG
using FTIR and QCM-D. FTIR spectra in D2O revealed that
HO-PEG exhibited broader and more intense O−H stretching
bands and more prominent O−D bands, indicating a more
extended hydration network compared to m-PEG. QCM-D

Figure 13. Proposed mechanistic model of PEG−antibody inter-
actions derived from AFM-SMFS, FTIR, and QCM-D. (a) M9
(naiv̈e) engages PEG through a shallow binding pocket, resulting in
weak interactions dominated by chain sliding. (b) M11 (mutated)
contains tunnel-forming mutations that stabilize linear PEG chains
and produce consistently stronger binding. Both antibodies interact
with the methoxy terminus; however, while ensemble measurements
indicated terminal sensitivity primarily for M9, the higher resolution
of SMFS revealed terminal interactions for both M9 (c) and M11 (d).
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measurements of PEG SAM formation, analyzed via
viscoelastic modeling, showed that m-PEG formed thinner,
stiffer, and more viscous layers, consistent with a compact,
collapsed conformation whereas HO-PEG formed thicker,
softer, and more dynamic layers, indicative of an extended and
hydrated structure. The compact and less hydrated structure of
m-PEG favors localized, high-affinity binding while the
extended, hydrated HO-PEG layer reduces binding, especially
for the naiv̈e M9 antibody.

These findings highlight how both antibody maturation and
PEG terminal chemistry influence the strength, spatial
characteristics, and modes of PEG−antibody interactions.
Although methoxy terminals are commonly favored in
PEGylated drugs for their chemical stability, our results show
that they may increase recognition by anti-PEG antibodies. In
contrast, hydroxy terminals, though more chemically reactive,
appear less immunogenic in SMFS measurements. These
insights deepen our understanding of the molecular determi-
nants of anti-PEG recognition and have important implications
for the rational design of PEGylated therapeutics with reduced
immunogenicity and improved biocompatibility. To achieve
both chemical stability and immune invisibility, future stealth
polymers may need to decouple these properties through more
refined molecular designs.
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