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Protein corona can significantly alter the interfacial physico-chemical characteristics and hydrodynamics of
microentities in crowded bio-fluids. However, how this soft boundary affects the confined motion and
intersurface interaction remains unknown. In this study, we used total internal reflection microscopy to
directly measure the mechanical coupling underlying the confinement. By tuning the ionic strength, pH,
and surface chemistry, we observed that the confined motion transitioned from Fickian diffusion to
a sublinear behavior, where the displacements normal to the wall consistently exhibit a non-Gaussian
distribution. This abnormal phenomenon, especially for stuck particles, results in a mechanical-reversal
asymmetry, as evidenced by the intersurface potential energy profiles. The multiscale-dependent
mechanism for soft boundaries under deformation can be correlated with the hydration layer and
inherent Hookean elasticity of protein corona. These observations hold across a wide variety of
examples of near-wall confinement, spanning from superhydrophilic to hydrophobic substrates and

rsc.li/chemical-science further to bio-interfaces.

Introduction

Confined motion is ubiquitous in nature, ranging from bacte-
rial swimming in confined spaces to blood corpuscles flowing
near the vascular endothelium through arteries, veins and even
micron-sized capillaries in single file."*> Moreover, drug delivery
vehicles (e.g., liposomes, polymeric micelles, microspheres, and
nanoparticles) inevitably encounter various rigid boundaries
during production, transportation, and in vivo treatment, for
instance, the interface of a tissue-engineered implant.**®
Confined motion occurs when microscopic entities diffuse at
interfaces or near surfaces, where the diffusion is significantly
slowed down. The nature of this phenomenon, known as the
hindered effect at the colloidal scale and primarily attributed to
surface forces, has long been clarified over the past few
decades.”**

In recent years, total internal reflection microscopy (TIRM)
has been recognized as a mainstream approach to investigate
the near-wall Brownian motion, hindered diffusion tangent to
or normal to a wall, and potential energy profile between
microspheres and the substrate surface.””® The involved
surface forces and particle-surface interactions can be given by
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superposition of the classical Derjaguin-Landau-Verwey-Over-
beek (DLVO) forces (i.e., van der Waals (vdW) attraction and
electrostatic double-layer (EDL) repulsion),’* and emerging
non-DLVO forces (i.e., polymeric steric repulsion, hydrophobic
attraction, attractive depletion force, solvation forces, hydration
force, structural force, and Brownian elastohydrodynamic
forces).”*” The non-DLVO forces are usually attributed to the
introduction of (bio)macromolecules, ions, and surfactants,
where the interfacial/surface properties can be significantly
altered. Under such circumstances, confined diffusion and the
potential energy profile will be greatly influenced by factors like
ionic strength, pH, surface density of polymer chains, thickness
and roughness of the adsorption layer, etc.

Nowadays, biomolecular coronae receive increasing atten-
tion in the biomedical field, especially regarding the micro-/
nanocarriers for targeted anti-tumor therapies.”®**° When
exposed to physiological fluids such as plasma, adsorption-
induced formation of a protein layer onto the surface of the
carriers, termed “protein corona”, takes place almost instanta-
neously. Corona formation defines a new, fuzzy, and soft
boundary, and more importantly completely alters the surface
mechanics. Surface modification, for example, covalent conju-
gation of poly(ethylene glycol), cannot absolutely inhibit the
protein corona formation.*>** Instead, pre-adsorption of
specific plasma proteins or antibodies has been demonstrated
as an effective strategy to achieve a stealth effect and reduce the
non-specific interactions between the drug delivery vehicle and
cellular membrane.**** Nevertheless, the extent of protein

Chem. Sci., 2025, 16, 16625-16637 | 16625


http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc05236j&domain=pdf&date_stamp=2025-09-13
http://orcid.org/0009-0004-8688-3285
http://orcid.org/0000-0002-2897-5577
http://orcid.org/0000-0003-4041-5211
http://orcid.org/0000-0002-6697-409X
http://orcid.org/0000-0002-8515-2673
http://orcid.org/0000-0002-7207-6878
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05236j
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016036

Open Access Article. Published on 18 August 2025. Downloaded on 3/14/2026 4:38:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

adsorption, conformation, morphology, softness and micro-
scopic dynamics are expected to differ from one surface to
another. These variations induce differences in diffusion,
adhesion, and surface-surface interaction, which are crucial for
the stability and functionality of micro-carriers. Therefore, over
the past decade, great effort has been put to understand the
adsorption kinetics and corona components, aiming to prevent
non-specific intracellular uptake and to promote in vivo circu-
lation as well as the targeting efficiency.>*”

However, understanding how a pre-adsorption coronated
vehicle diffuses near a surface, including the bio-interface, and
subsequently interacts with the surface, remains a challenge. To
name a few: (1) whether and how the soft corona boundary
alters the near-wall Brownian motion? Simple Brownian motion
leads to stochastic motion where the mean-square-displace-
ment (MSD) is linearly dependent on time (Fickian diffusion)
and the displacements are Gaussian distributed, anomalous
diffusion presents a sublinear behavior (MSD ~ A¢* with 0 < « <
1) and non-Gaussian distribution, and Fickian yet non-
Gaussian diffusion spans from hard-sphere colloids to active
materials,*®*** yet which model satisfies the situation presented
here or even none remains unclear; (2) how to distinguish the
DLVO forces from non-DLVO interactions in the mechanical
couplings behind near-wall confined motion, including both
freely-diffusing and stuck regimes; and (3) whether and how the
impact of the surface properties (e.g., chemical grafting, wetta-
bility, and biomolecule immobilization) on the particle-surface
interaction depends on the ionic strength and pH in solution.
Addressing these issues can undoubtedly enhance our
comprehension of the confined motion with soft boundaries.

In the present work, we use TIRM to directly measure the
particle-surface interaction for both freely-diffusing and stuck
microspheres with soft corona boundaries. We observe a tran-
sition from Fickian diffusion for the particles which are initially
freely diffusing (yet still confined to the wall) to sublinear
behavior once they are stuck. Intriguingly, the displacements
normal to the wall are always non-Gaussian, giving rise to an
asymmetrical distribution in the potential energy profile.
Furthermore, by elaborately selecting the characteristic
parameters (e.g., Debye length, elastic exponents, and effective
elastic coefficients), we demonstrate that the confined motion,
intersurface potential energy, and the underlying mechanical
coupling are determined by the coordination of various surface-
and solution-related parameters.

Results and discussion
Observation of confined motion near a surface

To visualize the near-wall confined motion of single particles,
we employed an evanescent field with a penetration depth (dp)
of approximately 100 nm, which was generated at an incident
angle of ~68° at the BK7 optical glass-water interface (Fig. 1a,
S1, S2, and SI Methods). Polystyrene (PS) latex microspheres
with a nominal diameter of 3.1 um were pre-incubated in PBS
buffer at an ultralow concentration of Bovine Serum Albumin
(BSA, the most abundant protein in plasma) to form protein
corona. The resulting PS-BSA complex was implemented as the
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model system. The complex exhibited a negative surface charge
at pH 7, and the zeta potential () gradually decreased as the pH
increased, where the isoelectric point (IEP) was determined
around pH 4 (£ = 0) (Fig. 1b). In this case, DLVO theory pre-
dicted a considerable interfacial EDL repulsion, especially at
high pH (ie., pH > 7, { < —35 mV). In addition, the 2D fluo-
rescence imaging and the morphological analysis revealed that
the surface roughness of the coronated particles enhanced with
decreasing pH levels (i.e., from pH 9 to 5) (Fig. 1c and S3). Larger
aggregates were prone to be formed at a low pH level (i.e., pH =
5, close to the IEP). The thickness of the nonuniform corona
varied from a few nanometers to hundreds of nanometers,
resulting in a significant morphological diversity in an aqueous
environment. This indicates that the clustering and inner
structure of protein corona might be tuned by pH. More
importantly, such inhomogeneous aggregation implies
a potential diversity in the stiffness of protein corona, which
might further affect the mechanical coupling under near-wall
confinements. Noteworthily, due to the comparatively small size
of protein aggregates and their negligible difference in the
refractive index with aqueous solutions, the scattering intensity
is predominately determined by the PS microspheres.

We first studied the confined motion of single coronated
particles at various ionic strengths (i.e., ¢ = 0.2-10 mM).
Monovalent ions (i.e., Na* and Cl7) used here are expected to
precisely regulate the Debye length (k '), a well-established
estimate of the spatial decay rate of surface electrostatic
potentials, which is given by k™' o« 1/{/c theoretically*** and
experimentally (Fig. 1i and S4). We observed obvious freely-
diffusing motion at a low ionic strength (i.e., 0.2 mM < ¢ = 1
mM), demonstrated by the random walk-like 2D trajectory in x-
y coordinates and the drastic fluctuation in the scattered
intensity (originating from the large-scale z-direction motion)
(Fig. 1d). On a short time scale, MSD analysis displays a limited
sublinear diffusion behavior in the x-y plane, (65x7(h)) =
(6ayi*(R)) ~ 2DyAt* (0.75 = a = 1) but a Fickian diffusion in the
z-direction, (6a2°(h)) ~ 2D (h)At, where Dj and D, are the
diffusion coefficients corresponding to the motion parallel to
and normal to the wall, respectively, and At is the delayed time
(Fig. S5). Meanwhile, the z-direction displacement displayed
a non-Gaussian distribution (Fig. S6). The above findings
regarding the confined motion share similarities with previous
reports.*®*>*

Analyzing the equilibrium histogram of height sampled by
each single particle yielded the particle-surface potential energy
profile, U(h)."® After eliminating the contribution from gravity,
the net potentials were accurately profiled by DLVO theory
(Fig. 1f and S7-S9). A very weak negative potential energy,
—0.14kT > U, > —0.2kT, was observed at ¢ = 0.5-1.0 mM,
showing the emergence of van der Waals attraction between the
coronated surface and rigid wall, where k is the Boltzmann
constant and T is the absolute temperature. Such long-range
attractive interactions beyond a separation distance >~100 nm
are rare in hard-sphere systems. We hypothesized that the bi-
omacromolecular domains in soft corona, particularly for the
outer dangling ones, contributed to the attraction, which is
likely absent when « ' was over ~20 nm. Notably, the coronated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Overview of the experimental method. (a) Schematic illustration of the confined motion evolving from the freely-diffusing to stuck regime
of single microspheres with protein corona near a surface. An evanescent field with a penetration depth of d, ~100 nm is created by total internal
reflection at a glass/water interface. Incident wavelength: 2 = 632.8 nm. Incident angle: § = 68°. Diffusion coefficients for near-wall confinement
— parallel to the wall: Dj and normal to the wall: D, . Right: raw evanescent scattering images for single unstuck and stuck particles. Camera
exposure time: ~1.3 ms. Scale bar: 2 pm. (b) Measured zeta potential, £, for polystyrene (PS) latex microspheres before and after incubation in PBS
buffer with an ultralow concentration of Bovine Serum Albumin (BSA) (left) and coronated microspheres as a function of pH (right). Error bars
denote +standard deviation (+s.d.). (c) Confocal and transmission electron microscopy images for coronated particles at pH 5-9. Red: PS
microspheres labeled by rhodamine B. Green: protein corona labeled by FITC. Dotted lines mark the outlines for protein corona. (d) Intensity
profiles of the single coronated particles at various ionic strengths of c(NaCl) = 0.2-10 mM. The x-y trajectory illustrating the free-diffusing
motion at a low ionic strength of ¢ = 0.2-1.0 mM (left) and the stuck behavior at a high ionic strength of c = 2—10 mM (right). Scale bar: 1 um. (e)
Frequency distribution of the intensity profiles from (d). (f) Net particle—surface interaction potentials, U(h)—G(h) or Upnet, Of freely diffusing
particles. Solid lines: DLVO theory fitting (EDL repulsion and vdW attraction). Dashed dotted lines: EDL repulsion fitting. The dotted arrow denotes
the range of separation distance with a long-range attraction. Inset: arrows denote the weak negative potential energy. (g) Particle-surface
interaction potentials, U(h), of the coronated particles in the stuck regime. The x coordinate is rescaled by Az = h — hg. (h) Plot of equilibrium
height h,, versus c(NaCl) for single coronated particles in both free-diffusing and stuck regimes, showing an approximate relation of h,
exp(—c). Inset; plot of hy, versus Debye length «~* at a low ionic strength of ¢ = 0.2-1.0 mM. (i) Plot of ™ versus c(NaCl) examining the
dependence of k! « 1//c. (j) Distribution of the compressed elastic exponent pl and stretched elastic exponent p2. (k) Plots of effective elastic
coefficient kegr versus ionic strength (left) and keg versus pl (right) at various ionic strengths. The dotted line denotes the negative semi-log
dependence of log(kes) ~ —0.88pl. Error bars in (h), (i), and (k) denote +s.d. for individual measurements under corresponding conditions.
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particles spontaneously equilibrate at a stable position, char-
acterized by an intersurface separation on the order of 4, = 10—
15« " (inset, Fig. 1h). This phenomenon manifested distinc-
tions from the previous reports, where the typical h, was
around 5k .24

Increasing the ionic strength breaks the balance of the DLVO
forces. When «~! was lower than ~7.5 nm, in line with the
dependence of k' « 1/{/c, the free-diffusing motion turned into
the stuck regime that the coronated particle was likely anchored
to the surface at a fixed location. The displacement in the lateral
direction was astricted to vibrate within a length scale of ~500
nm, and a higher ionic strength tended to result in a narrower
local region (Fig. 1d, top-right panel). For the z-direction, the
non-Gaussian displacement distribution unexpectedly holds
(Fig. S10), resulting in an obvious asymmetry in potential energy
profiles (Fig. 1g and S11-S13). Previous reports have revealed
that, for colloidal particles and/or substrates modified with or
bridged by proteins, lipid bilayer, DNA helix, surfactant, poly-
electrolyte, or polymer brush, the potential energy profiles were
typically in a harmonic shape, where the particles were stuck or
tethered to a surface.*** Under such circumstances, a simple
Hookean spring model near equilibrium, AG = — AZ%, can
approximately profile the free energy, thus displaying
a symmetric shape. However, this model is obviously not
feasible for the case studied here.

To tackle this issue, we applied a modified expression based
on the Hookean spring model (namely the diExp elastic model,
see equation S8 in SI Methods). We introduced a compressed
elastic exponent, p1, to characterize the confined motion
towards the wall and a stretched exponent, p2, for displace-
ments beyond the equilibrium position (Fig. 1j). Interestingly,
the average p1 varied from a value greater than 2 to 4, indicating
a stiffer mechanical response than a simple Hookean spring.
On the other hand, the average p2 remained at a magnitude of
around 2, illustrating a standard Hookean spring-like behavior,
that the elastic coefficient remained stable during stretching
the soft boundary away from the wall. We thus speculated that
the asymmetric distribution of the potential energy profile was
derived from a superposition of a hydration force®*—a strong
short-range non-DLVO repulsion acting between two polar
surfaces—and the inherent elasticity of the adsorbed protein
layer. Based on the above hypothesis, the effective elastic coef-
ficient (kes) describing the potential well was determined to be
0.1-0.5 mN m ', which displayed a negative semi-log depen-
dence on the compressed elastic exponent, log(kes) ~ —0.88p1,
but showed no clear correlation with p2 (Fig. 1k and S14).

1

Confined motion tuned by surface chemistry and pH

We then explored the influence of pH on the particle-surface
interaction. It was demonstrated that the negative surface
charges of coronated particles increased as the pH level
increased. On the other hand, bare glass slides treated with
piranha solution expose certain amount of silanol groups,
which make the surface hydroxylated and ionizable, with
varying pK values depending on the pH of the solution. Hence,
a strong, long-range EDL repulsion would be substantial if both
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interacting surfaces are charged in the same sign. As expected,
this repulsion was observed at the pH level ranging from 5 to 9,
where the average separation distance at equilibrium, #,,,
varied from ~5 to 15" (Fig. 2a, b and S15-S18). A more acidic
condition (i.e., pH = 5) did not reduce the thickness of the EDL
layer (k' ~ 10-15 nm) but decreased the ratio of A/« *, indi-
cating that the intersurface separation became narrower. None
of the stuck particles could be captured even after being
monitored for hours, reflecting the existence of a stable
potential barrier, which cannot be crossed by stochastic colli-
sion (driven only by the thermal energy). However, an enhanced
negative Uy (~—0.8kT) was observed, when the pH value was
reduced to 5-7. The application of a DLVO-type model, which
incorporates EDL repulsion and vdW attraction, yielded an
average vdW power exponent of 2 < pyaw < 4 (Fig. 2b, right
panel), which was significantly larger than the value in the
sphere-wall model given by Lifshitz theory and the Derjaguin
approximation.*® Considering that the vdW interaction between
two molecules or dipoles diminishes in proportion to the sixth
power of separation, we found that the biomacromolecular soft
boundary (i.e., the protein corona) mediated the vdW power
exponent, which thereby fell between the values of intermolec-
ular interaction (p,qw = 6) and macroscopic object interactions
(pvaw = 2).°® Thus, the long-range intersurface attraction with
a soft protein layer likely decays faster than that in the hard-
sphere model.

A surface, particularly a biomolecular surface, rich in polar
and/or charged groups is prone to form a hydration layer via the
electric force and local H-bonds.”® This hydration layer (or
hydration shell), exactly redefines the steric boundary. To
investigate how the hydration layer influences the intersurface
interaction, we examined the behaviors of confined motion and
the corresponding potential energy profiles where the coro-
nated particles diffused near a superhydrophilic and a hydro-
phobic surface, respectively.

At the superhydrophilic surface, a transition from freely
diffusing to stuck behavior with decreasing pH was observed,
where the ionic strength remained unchanged at ¢ = 1.0 mM
(Fig. 2c and e). For the unstuck particles, the vdW attraction
with a magnitude of —0.5kT first emerged at pH 6 and was
enhanced to —0.8kT when the pH reached 5.5. Moreover, the
equilibrium height decreased as the solution transitioned from
alkaline to neutral, primarily due to shortening of the acting
distance for EDL repulsion. For instance, An/k ' decreased
sharply from ~23.5 (basic, pH = 9) to ~12.5 (neutral to acidic,
pH = 7) at a fixed k' ~ 7.5 nm (Fig. 2c, d and S19-523).
Meanwhile, partial particles “jumped” over the EDL repulsive
potential barrier and eventually adhered to the surface after
diffusing for short timescales (Fig. 2e and S24-S26). These
particles were more sticky at a lower pH (Fig. 2e, middle panel).
We also observed a transient adhesion procedure, where the
particle suddenly turned to be strictly confined (Fig. 2e,
bottom). Thus, for the stuck particles, reducing the pH to be
a bit more acidic (pH 5.5 to pH 5) would also slightly reduce the
equilibrium height (h,)—the lowest position at the bottom of
potential well—and alter the dependence of log(kes) to be
~—1.53p1, whereas the k. and elastic exponents remained

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Tuning the confined motion using surface chemistry and the pH in solution. (a) Net particle—surface interaction potentials, U(h)-G(h), of
freely diffusing particles on bare hydroxylated glass surfaces. The x coordinate is horizontally shifted by h® to achieve the master curve. Solid lines:
EDL repulsion fitting (pH 9) and DLVO theory fitting (pH 5-7). Arrows indicate the negative potential energy by vdW attraction at pH 5-7. Inset:
original net potential U(h)-Gl(h) versus h—x. or h, solid lines denote the EDL repulsion fitting (pH 9) or DLVO theory fitting (pH 5-7). (b)
Distributions of equilibrium height hp, (left) and vdW power index pyqw (right) as a function of pH. Middle: plot of hy, versus Debye length «* at
various pH values. (c) U(h)-Gl(h) profiles of freely diffusing particles on superhydrophilic surfaces. Solid lines: EDL repulsion fitting (pH 7-9) and
DLVO theory fitting (pH 5.5-6). (d) Distributions of hy, (left) and pyqw (right) as a function of pH. Middle: plot of h, versus k~* at various pH values.
(e) Particle—surface interaction potentials, U(h), of coronated particles in the stuck regime on superhydrophilic surfaces. The x coordinate is re-
centred by h — hg, where hg is the equilibrium position at the bottom of potential well. Solid lines: diExp elastic model fitting. Bottom: intensity
profile capturing a single adhesion event and the corresponding x—y trajectory displaying freely diffusing (blue) and initial stuck regions (orange).
Scale bar: 500 nm. (f and g) Distributions of hq (f) and elastic exponents (g) at various pHs and ionic strengths. (h) Left: distribution of the effective
elastic coefficient ke for potential wells in (c). Right: plots of keg-versus-pl and keg-versus-p2 at various pHs and ionic strengths. (i) U(h) profiles
of stuck particles on hydrophobic surfaces. Solid lines: diExp elastic model fitting. Right: zoom-in of the potential energy profiles with multiple
minima at pH 5. Bottom: intensity profile showing a large-scale fluctuation and the corresponding x—y trajectory identifying a creeping motion.
Scale bar: 200 nm. (j and k) Distributions of hg (j) and elastic exponents (k) at various pH values. (1) Left: plot of k¢ from potential wells in (i). Right:
plots of keg-versus-pl and keg-versus-p2 at various pH values. Error bars in (h) and (1) denote =+ s.d. for the corresponding keg measured on

superhydrophilic and hydrophobic surfaces.
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undisturbed (Fig. 2f, h, S27 and $28). At a fixed pH of 5, we
found that reducing the ionic strength to 0.1 mM remarkably
weakened the elasticity by ~60% (Fig. 2h, left panel). Compared
with the k. at high ionic strengths (Fig. 1k), we found that the
ionic strength played a key role in mechanical coupling behind
the confined motion of stuck coronated particles. Indeed, the
presence of more ions would compress the EDL layer, making
the electrostatic potential decaying more rapidly with the
distance. Nonetheless, the increased ionic strength substan-
tially enhanced the density of ions on the top surface of and
within the protein corona. As a result, more hydrating water
(surrounding ions and bonding to the ionizable groups in the
protein layer) was involved. This led to an amplified hydration
force between the soft protein boundary and substrate surface,
as well as between the inter-biomolecular chains. To this end,
the hydration force in fact enhanced the internal stress of
protein corona, contributing to high elasticity in appearance.

Subsequently, we examined the confined motion near
a hydrophobic surface. In contrast to the free-diffusing behavior
at the hydrophilic or superhydrophilic surfaces, we observed
a total and intense adhesion in the whole examined pH range
(Fig. 2i and S29-S31). When the solution transitioned from
alkaline to acidic, a dramatic decrease of 4, from ~90 nm to ~5-
10 nm was observed (Fig. 2j). Such a low equilibrium height (<10
nm) specified that the protein corona was in a highly
compressed or a force-loaded state, implying the existence of
a strong short-range intersurface attraction, possibly attributed
to the hydrophobic interaction. Direct force-measuring tech-
niques have already proven a true hydrophobic attraction or
force existing between two hydrophobic surfaces and groups in
water (<100 A).>® The force has also been demonstrated to affect
some basic thermodynamic properties of biomacromolecules
including protein folding.”® The presence of a short-range
intersurface hydrophobic force validated the strictly confined
motion of the coronated particle on the hydrophobic surface
studied here. By elaborately excluding the effect of hydration
layer on the mechanical coupling underlying the potential well
under hydrophobic conditions, the potential energy profile
instead exhibited a considerable symmetry (Fig. 2i). We there-
fore confirmed the rationality of the fitted parameters for both
elastic exponents (i.e., p1 = p2 = 2) at pH 7-9 (Fig. 2k). The
harmonic distribution of potential combined with the elastic
exponents (i.e., equal to 2) based on a simple Hookean spring
model accurately profiled the mechanical coupling for the
coronated particle stuck on the hydrophobic surface. The
protein layer first adhered to the surface driven by hydrophobic
force and was further compressed, manifesting pure Newtonian
elasticity.

Furthermore, the fluctuation in z-direction displacement
was constrained within a very narrow range. For example, at pH
7, the Az was lower than 15 nm, corresponding to a high kg (=2
mN m '), which was ~100 times larger than that under
superhydrophilic conditions (Fig. 2l). Besides, the slope of
log(kesr)/p1 increased to ~—0.45, further verifying the strength-
ened adhesion of protein corona to the hydrophobic surface
(Fig. 21, middle panel, and Fig. S32). Notably, at pH 5, more than
one minimum emerged at the bottom of the potential well
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(Fig. 2i, right panel), coincidently revealing the rolling or
creeping motion of the stuck particles. Correspondingly, the
large-scale fluctuation of scattering intensity or separation
distance was observed (Fig. 2i, bottom, and Fig. S33). The x—y
trajectory indicated that the stuck particle was not entirely in
a “stuck” state. It initially rotated locally, then slowly crept for
a short distance (e.g., about 300 nm for minutes). Such
a confined yet not completely stationary motion—known as
creeping—of single soft coronated vehicles near a hydrophobic
surface has rarely been observed. This novel migration behavior
could be significant for microbiological and nanophysical
transport, or biochemical reactions at interfaces, especially on
microscopic scales.

Confined motion on SLBs

To mimic the application scenario of the colloidal-sized vehicles
(e.g., the coronated vehicles diffuse very close to a cell
membrane during ¢trans-membrane drug delivery), we employed
supported lipid bilayers (SLBs) as a model bio-interface. The
SLBs were prepared by layer-by-layer deposition by transferring
the lipid monolayer from the air-water interface (II = 45 mN
m ™) to a glass slide through a Langmuir-Blodgett trough (LB
trough) (Fig. 3a). The flowing chamber sandwiched by glass/
sealing-O-ring/glass was entirely assembled under water to
ensure the integrity of SLBs, which was further confirmed by
confocal imaging both before and after the TIRM measure-
ments. The SLBs were negatively charged, with the { value
ranging from ~—10 mV to —75 mV depending on the pH level
(IEP =3) (Fig. 3a, right panel).

Similar to the confined motion on superhydrophilic
surfaces, when the pH decreased, a transition from freely-
diffusing to stuck regime was also observed for coronated
particles on SLBs, but the dynamic adhesion process along with
the involved mechanical coupling was totally different. Firstly,
the free-diffusing motion was dominant under alkaline condi-
tions, while it partially appeared under neutral conditions (pH 9
to 7, Fig. 3b and S35-S38). Under such conditions, DLVO theory
predicted an expected EDL repulsion between the protein
corona and the SLBs. The Debye length ' remained almost
unchanged with a magnitude of ~10-15 nm, but the ratio of A,/
k"' reduced to ~5-10 (Fig. 3d), indicating the equilibrium
position of coronated particles moved closer towards the
surface of the SLBs—the average hm/k~ decreased by ~40%, if
compared with that on superhydrophilic surfaces. Thus,
immobilization of biomolecules like lipids on a surface effec-
tively weakened the EDL repulsion and further shortened the
separation distance of a charged vehicle, potentially facilitating
the targeted delivery.

Meanwhile, another two states of confined motion under
neutral conditions were observed (Fig. 3b). One was the
dynamic landing process and the other was likely adhesion
behavior, but essentially it was not. As demonstrated on the
superhydrophilic and/or hydrophobic surfaces, particle landing
or adhering onto the surface was almost a single-way process
that the transition from freely diffusing to a stuck state was
nearly irreversible.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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trough). Lipid monolayers are transferred from the air—water interface (surface pressure IT = 45 mN m™) to a glass slide to achieve the layer-by-
layer deposition. The flowing chamber is assembled under water to ensure the integrity of SLBs. Bottom: fluorescence and atomic force
microscopy (AFM) images of as-prepared SLBs before and after buffer flushing. Right-bottom: distributions of the measured zeta potential, £, of
liposomes at pH 3-11. (b) Net particle—surface interaction potentials, U(h)-G(h), of freely diffusing particles at pH 7-9, and U(h) profiles of the
coronated particles in the stuck regime at pH 5-7 on SLBs. Solid lines denote EDL repulsion fitting at pH 7—-9 and modified Hookean spring model
fitting at pH 5-7. Right: x—y trajectory demonstrating the emergence of a sliding or diffusing-like behavior even in the stuck regime on SLBs.
Scale bar: 500 nm. (c) Intensity profiles (top) and the corresponding x—y trajectories (bottom) for the confined motion under the three situations
at pH 7 in (b). Scale bar: 1 um. The dotted circle marks a detaching event for one stuck particle on SLBs. (d) Distributions of equilibrium height h,
(left) and Debye length «~* (middle) as a function of pH. Right: plot of h, versus k! at pH 7-9. (e) Left: distribution of the effective elastic
coefficient ke for potential wells at pH 5-7 in (b). Horizontal dashed or dotted lines denote representative values of kegs on superhydrophilic or
hydrophobic surfaces, or at a high ionic strength (c > 2 mM). Middle: distribution of elastic exponents at pH 5-7. Right: plots of ke-versus-elastic
exponents at various pH values. The dotted line denotes the negative semi-log dependence of log(kes) ~ —1.38p1.

However, on the SLBs, we found that most landed particles revealed that the sticking position was not fixed or tethered, and
detached again from the SLBs and restored their free-diffusing the landed particles could still diffuse or slide on the SLBs
nature (Fig. 3c, middle panel). The trajectory in the x—y plane under certain confinement, showing a diffusion coefficient D
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~45nm?® ms ™' and a sublinear power index & ~0.7 (Fig. $39 and
S40). The energy barriers (i.e., A®,, and A®,) for particles
jumping from the free-diffusing regime to “stuck” regime were
almost zero, demonstrating that coronated particles can easily
approach the SLBs under neutral and acidic conditions. More-
over, the landed particles on the SLBs displayed in divergent
forms in confined motion. They could rotate locally, slide along
a curved path, or diffuse stochastically on a large length scale
(i.e., several to tens of micrometers) in the lateral direction
while limited in the z-direction (Fig. 3b, right panel; Fig. 3c,
trajectories 1-4, right-bottom).

In brief, the SLBs endowed the coronated particles with
a high degree of freedom in the lateral confined motion at such
soft interfaces, which was probably correlated with the well-
known inherent fluidity of lipid membrane.”**” On one hand,
the hydration layer on the surfaces of protein corona and SLBs
contributed to a stable steric repulsion (i.e., non-DLVO force),
preventing the outer protein domain from anchoring to the
inner side of SLBs. On the other hand, a long-range attraction
adversely pulls the particles downwards the wall, perhaps
induced by the molecular affinity, H-bond, or bridging effect
between the biomolecules (including biomacromolecules). The
two forces (i.e., hydration repulsion and biomolecular affinity)
balanced in competition, resulting in a unimodal and asym-
metric potential well. By comparing the effective elastic coeffi-
cients (kegr) and exponents (i.e., p1 and p2) with those on other
surfaces, it could be concluded that the mechanical coupling on
SLBs was similar to the superhydrophilic situation but differed
in the relationship of kegr and p1 (log(kes) ~ —1.38p1), indicating
weaker adhering strength (Fig. 3e and S43). Subsequently, the
magnitude of the k. on SLBs was identified to be ~25% of that
at high ionic strength and remarkably ~2.5% of that on
hydrophobic surfaces. Therefore, the surface properties posed
a more significant effect on the protein corona-mediated
confined motion and intersurface interaction of the colloidal-
sized microcarriers, in comparison with the ionic strength or
pH in the surrounding microenvironment.

Tracking the single-pass landing

To further explore the adhesion behavior of coronated particles,
we monitored the entire landing process—from freely diffusing
to the initial near-wall sticking. The 3D trajectory and its
projections on x-y, y-z, and x-z coordinates indicated that the
particles were under a confined Brownian motion, accompa-
nied by stochastic collision toward the wall driven by thermal
energy (Fig. 4a and b). The lower limit of z-direction displace-
ment before the final sticking was characterized by a magnitude
of ~100 nm (Fig. 4b, y-z and x-z projections). Combined with
the thickness of the adsorbed protein layer in water (i.e., tens to
hundreds of nanometers), it is hypothesized that that the top
surface of the soft protein boundaries (at least the outer-shell
domains) has already contacted with the substrate surface
during the landing processes.

To examine the hypothesis, we quantitatively analyzed the
diffusion coefficient D and its associated power index « (noting
that MSD ~ At*). Before landing, the particles probably had
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made several attempts to approach the surface that they would
stay close to the wall (~50-150 nm) for seconds and then
departure to a higher location. We accordingly recognized six
contacting or collision events and six adjacent high-location
freely diffusing regions, denoted by region of interest (ROI) 1-12
(Fig. 4e and S44). The final landed region for the initial several
seconds was thereafter denoted as ROI 13. We then calculated
the MSD based on these segmental displacements in the z-
direction. The MSD indicated a Fickian diffusion behavior in
ROI 1-12 (a = 1, Fig. 4c and d), including the collision events.
This behavior suggested that the particles remained within the
scope of normal Brownian motion before the initial adhesion,
although the diffusion was confined by the wall. Meanwhile, it
was found that the diffusion coefficient for collision events (D
~10 nm* ms ') was reduced to ~33-25% of that for freely-
diffusing regions (D ~30-40 nm” ms ™).

We also quantified the equilibrium height and duration time
for the six collision events (ROI in even number), while no
significant correlation or obvious tendency could be observed
(Fig. 4h and i). After that, a sharp decline in height from ~96 nm
to ~30 nm was captured, indicating the completion of the final
sticking behavior. We thus analyzed the MSD for the initial
landing and confirmed a non-Fickian diffusion with & = 0.2 in
ROI 13 (Fig. 4d). The asymmetric distribution of potential
energy for ROI 13 (inset figure in Fig. 4g) combined with the
histograms of equilibrium height for ROI 1-12 (Fig. 4h) indi-
cated a widespread non-Gaussian diffusion behavior for the
near-wall confined motion with a soft boundary. Therefore, we
propose that the near-wall freely diffusing motion fit a Fickian
yet non-Gaussian diffusion, while the near-wall sticking unex-
pectedly yields a non-Fickian and non-Gaussian diffusion.

Potential energy and mechanical coupling for initial adhesion

We further investigated the dynamical landing processes from
the aspects of free energy and mechanical coupling, particularly
focusing on the initial sticking period. The effect of the pH in
solution was also discussed. To meet the criteria of ergodicity,
we repeatedly captured the entire adhesion process of indi-
vidual single particles. By thoroughly sorting out the intensity-
versus-time profiles and the associated potential energy profiles,
three typical types of energy landscape were identified (Fig. 5a
and S45). The first one can be defined as the “single-well” energy
profile, where the initially freely diffusing particles directly
jumped into the stuck regime, staying at an ultra-low and stable
location (i.e., at h,) as mentioned above. In this case, there
existed a high energy barrier (i.e., A®,,) for the coronated
particles to reach the surfaces, primarily originating from the
electrostatic and steric repulsions (Fig. 5a, top panel). The latter
two energy landscapes displayed a “dual-well” structure, char-
acterized by the step size in intensity or height profiles. Once
the particles get trapped in the stuck regime, their separation
distance would undergo short-scale step-like vibrations (Fig. 5a,
middle panel), and the potential well was thereafter split into
two parts. In some cases, it can also divide into more wells, as
illustrated by the multiple minima in energy profiles (Fig. 2i,
right panel). The particles repeatedly jumped between the two
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Fig.4 Quantification of a single landing process. (a) Three-dimensional (3D) trajectory of one coronated particle diffusing near a surface. Colors
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Projections of the 3D trajectory on x—y, y—z, and x—z coordinates. (c) Mean square displacements (MSD) in the z-direction, (6.z%), as functions of
the time increment z, for the six high-location free-diffusing regions (ROl 1, 3, 5, 7, 9, and 11, blue), the six collision events (ROI 2, 4, 6, 8, 10, and
12, red), and the final landed region (ROI 13, wine). Details regarding the ROI can be found in Fig. S44. The triangle denotes the slope or power
index a = 1 (MSD ~ %), showing a Fickian diffusion before particle landing. The dotted line denotes & = 0.2 in ROI 13, indicating a sublinear
diffusion behavior after landing. (d) Diffusion coefficient D (sharing the same color code in (c)) and the power index « for individual ROI. (e)
Intensity (blue) and height (red) profiles as a function of time. (f) Frequency distribution of the intensity profile in (e). (g) Plot of potential energy
versus height for the single landing process. Inset: zoom-in of the potential energy profile after particle landing, with the solid curve indicating the
asymmetric potential well. (h) Height profiles for the six collision events as a function of time. Solid curves are non-Gaussian fittings (log-normal
distribution). Center values of the histograms are presented in each panel. (i) Equilibrium height and duration time for each ROI.

adjacent heights, iy and &,, where h; represented the secondary trapped in the secondary potential well for a certain period,
equilibrium location (Fig. 5b). The associated secondary energy then jumped across A®,, and finally remained in a deeper well
barrier, A®,, is likely lower than A®,,. The last situation also in the vicinity of &, (Fig. 5a, bottom).

presented a stepwise landing but in a large scale. More impor- We first analyzed the distribution of energy barriers or free
tantly, the sticking process is irreversible, and the z-direction energy as a function of pH. The energy barrier A®,,, physically
displacement decreased monotonously. Particles were first defined as the energy difference from the bottom of the freely
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elastic coefficient ky versus stretched elastic coefficient k, at pH 5-9. Box plots of k; and k, are presented in each panel. (h) Frequency distri-
butions of elastic exponents, pl and p2, at pH 5-9. Solid curves denote Gaussian fitting. (i) Plot of elastic exponents versus pH values.

diffusing potential energy profile to the near-end of the stuck
regime, was the first barrier that particles had to overcome in
the energy landscape. Upon increasing the pH from 5 to 9 at
a constant ionic strength, the A®,, level increased by ~30%,
from ~2.48kT to ~3.23kT (Fig. 5c and d). It is reasonable

16634 | Chem. Sci, 2025, 16, 16625-16637

considering the sticking would get harder for the particles to
diffuse within the solution at a high pH level, in line with that
observed on various surfaces (Fig. 2). Besides, the high surface
charge density of the protein corona under alkaline conditions
is attributed to the large repulsive potential energy, A®,,. In
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contrast, the second energy barrier A®,—describing the energy
difference across the “dual-well” induced by the stepwise
jumping—decreased by ~58% as the pH increased from 5 to 9.
This phenomenon indicated that once particles broke through
the first high barrier A®,,, it would be more easy to jump into
the deeper well, approaching the final stuck position.

To further investigate the intersurface adhesion strength,
particularly at the very beginning of sticking, we monitored the
fluctuation in the z-direction displacement (Fig. 5e and f).
Obviously, a large-scale fluctuation resulted in a wide potential
well, corresponding to a weak intersurface adhesion. By
applying the diExp elastic model, we observed no significant
correlation between the elastic coefficients and the pH level,
regardless of the compressed elastic coefficient k; or the
stretched elastic coefficient k, (Fig. 5g). Moreover, the two
elastic coefficients varied widely, indicating the diversity of the
mechanical coupling. The magnitudes of k; and k, were roughly
at the same level that there was no significant difference in the
mechanical strength under compression or stretching in the
initial landing period.

We then examined the dependence of elastic exponents on
pH (Fig. 5h and i). First, the stretched elastic exponent p2
remained lower than 2 (i.e., ~1.6-1.8) at pH levels ranging from
5 to 9, showing a relatively weaker mechanical response than
the Hookean spring. Such behavior strongly suggested that
partial free energy could be dissipated during the stretching of
protein corona in the initial stuck regime, probably originating
from the relaxation of the temporarily unstable corona struc-
ture, the internal stress release, breaking of H-bonds within the
corona, or a synergy of the above factors. In contrast, unlike the
unimodal distribution of p2, the compressed elastic exponent
pl presented a bimodal distribution, particularly at pH 9
(Fig. 5h, right panel). The highly negatively charged protein
corona required sufficient time to reconfigure its structure,
internal stress, intermolecular bridging, and exclusion of
hydration layer in the area in contact with the wall at the initial
stage of sticking. Overall, p1 was larger than p2, while both
increased with the pH level, indicating a stronger mechanical
coupling than that of the Hookean spring when the corona was
under compression.

Conclusions

This study provides a solid description of near-wall confined
motion and the corresponding particle-surface interaction for
protein-coronated microspheres, evolving from freely diffusing
to adhering to various surfaces. The involved surfaces range
from superhydrophilic to hydrophobic, and to the biomimetic
membrane, which is relevant to the diffusion, migration, and
targeted binding of life entities. The long-overlooked physical-
mechanical mechanism underlying the stuck regime, including
initial landing until over-aged adhesion, is particularly
emphasized. The protein corona-mediated confined motion
undergoes a transition from Fickian to non-Fickian diffusion,
where the displacement normal to the wall always obeys a non-
Gaussian distribution. This finding indicates a novel mode of
near-wall confinement, which gives rise to an asymmetric
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potential energy profile for stuck particles with a soft protein
boundary, calling for a re-evaluation of archetypal notions in
the previous harmonic vibration model (e.g., the polymer-teth-
ered or biomolecule-bound intersurface interaction or elas-
ticity-related parameters). In essence, the mechanical coupling
underlying the asymmetric potential well demonstrates a stiffer
response when the soft boundary is compressed while main-
taining standard Hookean elasticity under stretching. This
phenomenon has been observed at a bare superhydrophilic
interface as well as a bio-interface (ie., SLBs), suggesting
a concerted action involving a hydration effect (or hydration
repulsion) and the inherent elasticity of the protein aggregate.
Instead, such asymmetry can degenerate into a simple
harmonic vibration model when particles are firmly confined by
alkylated hydrophobic surfaces under alkaline or neutral
conditions, while multiple local minima at the bottom of the
potential well observed under acidic conditions can be further
correlated to a creeping motion or stepwise vibration in the
stuck regime. Indeed, the pseudo-stuck particles can experience
a creeping motion on a nanoscale in the lateral direction on
a hydrophobic surface and SLBs. Under such circumstances,
particles may rotate locally for certain periods and then move
away along a curved path. An isolated hydration layer and/or
membrane lipid fluidity are expected to contribute to the
creeping or sliding motion. Notably, on the SLBs, a reversible
landing-departure process was observed, demonstrating the
weak interaction between the protein corona and the bio-
interface. The concept invoked here for the near-wall confined
motion of single coronated particles may also apply for micro-
biological and nanophysical transport of micro-/nano-sized
carriers at bio-interfaces.
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