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Abstract: The dynamic behavior of lipids at membrane

interfaces is essential for maintaining the structural stability fl'j
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and functional specificity of biomembranes, with its J é\ OXIDATION
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redox microenvironment. Understanding the interaction
between proteins and phospholipid membranes, as well as
the impact of redox processes on membrane structures, is
therefore crucial for clarifying membrane functions and
mechanisms. This study developed a phospholipid bilayer-
on-plasmonic nanoparticle (BOM) configuration using an extruder. Based on this configuration, we conducted a
systematic investigation of the dynamic interactions and concentration-dependent effects of bovine serum albumin
(BSA), cytochrome c (Cyt ¢), and lactoferrin (LF) on zwitterionic dioleoylphosphatidylcholine (DOPC) bilayers
coated silver nanoparticles (DOPC@Ag) via surface-enhanced Raman spectroscopy (SERS). Furthermore, by
leveraging a non-physiological artificial electron-transport chain model, we elucidated the redox-dependent
regulatory mechanisms of Cyt ¢ on both synthetic phospholipid membranes and natural cellular membranes. Our
observations provide insight into the lipid-protein-redox interaction network, offering suggestions for membrane
biosensor design, targeted drug delivery systems, and the study of membrane-related physiological and
pathological processes.
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1. Introduction

Biomembranes are fundamental components of cells and their internal organelles. Their inherent fluidity
drives continuous processes of synthesis, remodeling, fission, and fusion [1,2]. This dynamic nature renders the
biomembrane a highly adaptable compartment, providing an indispensable structural foundation for all bio units.
Crucially, core cellular functions, including receptor signaling, intercellular communication, and membrane
transport, rely on the precise modulation of membrane properties by key proteins (such as cytochrome c and iron
transporters) and lipid components (such as cholesterol and cardiolipin) [3—5]. These molecular players exert
spatiotemporal control over biomembrane function by regulating membrane fluidity, phase distribution, and
curvature stress [6—8].

The analysis of lipid-protein interactions faces significant challenges with conventional techniques such as
nuclear magnetic resonance (NMR) [9], infrared spectroscopy (IR) [10,11], and quartz crystal microbalance with
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dissipation monitoring (QCM-D) [12]. NMR demands exceptionally high sample purity and quantity, poses
challenges in establishing membrane-mimetic environments, and entails complex data interpretation. IR
spectroscopy primarily yields low-resolution information on protein secondary structure and suffers from severe
interferences from water vibrational bands. While QCM-D enables real-time monitoring of adsorbed mass changes
and viscoelastic properties, it lacks chemical specificity and pre-identification of interacting molecular species;
furthermore, its measurement of “hydrated mass” complicates quantitative analysis [13—16].

Raman spectroscopy offers distinct advantages for probing lipid-protein interactions [17]. Surface-enhanced
Raman spectroscopy (SERS) combines ultra-high sensitivity with exceptional interfacial specificity, enabling not
only single-molecule detection but also precise interrogation of nanoscale dynamic processes at membrane
interfaces [18]. Critically, it concurrently provides real-time molecular fingerprint information, establishing a
powerful tool for investigating biomembrane interfacial processes [16,19,20].

Although significant progress has been made in the studies of lipid-protein interactions, the mechanism by
which the redox microenvironment orchestrates hierarchical protein-phospholipid interactions across
spatiotemporal scales remains elusive [21-23]. To address this fundamental question, we constructed a
phospholipid bilayer-on-metal particle (BOM) structure using an extruder and investigated its interactions with
diverse proteins via SERS. In this study, we took dioleoylphosphatidylcholine (DOPC) to mimic the cell
membrane and coated silver nanoparticles (Ag NPs) with DOPC to achieve a phospholipid bilayer-on-plasmonic
nanoparticle (BOM) configuration, DOPC@Ag. Owing to the plasmonic enhancement effect of Ag NPs, the SERS
spectra of DOPC bilayers can be significantly improved and analyzed in detail. Our observations revealed that the
SERS behaviors of lipids are concentration-dependent in the presence of spiked proteins. Furthermore, we
systematically compared the redox responses of this biomimetic DOPC@Ag system with the red blood cell
membrane-on-Ag NP system (RCM@Ag). A direct causal relationship between the redox state of membrane-
bound cytochrome ¢ (Cyt ¢) and its regulatory function on the structure and dynamics of lipid bilayers was built.
This work delineates the concentration-dependent interaction modes between three representative proteins and
zwitterionic phospholipid membranes. It also elucidates the molecular mechanism by which redox-state transitions
modulate dynamic processes at the lipid-protein interface, providing a valuable theoretical basis for the field of
membrane redox biology. Additionally, our study demonstrates that this BOM configuration can be a powerful
tool for investigating lipid-protein interactions.

2. Experimental Section
2.1. Preparation of DOPC@Ag

The 200-nm pore-size filter membrane was installed in a micro liposome extruder (as shown in Figure 1a).
Subsequently, 450 uL of the DOPC vesicle solution was subjected to 11 consecutive extrusion cycles through the
membrane. Following this, 500 uL of AgNP solution (~50 nm in diameter, see Supplementary Materials for more
details) was passed through the same membrane. The filter membrane was then replaced with a 100-nm-pore-size
membrane, and the resulting mixture was further extruded 11 times. The final product, DOPC@Ag, was collected
and stored at 4 °C for future use.

2.2. Protein Assembly on DOPC@Ag

To prepare protein-conjugated DOPC@Ag complexes, DOPC@Ag was mixed with BSA in equal volumes
and incubated at 37 °C for 40 min to facilitate complex assembly, then centrifuged at 5300 rpm for 10 min to
remove unbound proteins. The resulting BSA-DOPC@Ag complex was resuspended in PBS for further
characterization. The same procedure was repeated to prepare Cyt c-DOPC@Ag and LF-DOPC@Ag complexes.

2.3. Quartz Crystal Microbalance with Dissipation (QCM-D) Measurements

We employed QCM-D to trace the protein assembly on the DOPC membrane. First, we need a supported
lipid bilayer (SLB) film on the surface of a QCM chip. To fabricate the SLB film, we prepared a bicelle solution
(Stage I, Figure 2). More details for the protocols of bicelles and SLB films can be found in our previous
publication [24]. Briefly, a DOPC chloroform solution was thoroughly mixed at the predetermined molar ratio.
The solvent was then slowly evaporated using nitrogen blowing until the chloroform had completely evaporated,
resulting in a uniform lipid film on the inner wall of the container. The lipid film was subsequently transferred to
a vacuum desiccator and dried continuously for 6-8 h to remove residual organic solvents completely. The dried
lipid film was hydrated with PBS buffer (pH 7.4) and vigorously shaken to form a turbid vesicle suspension. Next,
short-chain lipids were added at a molar ratio of long-chain to short-chain lipids of 3:1 to construct a binary
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phospholipid particle system. The mixed suspension underwent 5-10 freeze-thaw cycles (rapid freezing in liquid
nitrogen for 1 min, thawing in a 60 °C water bath for 5 min, followed by vortex mixing for 30 s each time) until
the solution transitioned from turbid to clear, indicating the formation of homogeneous nanostructures.
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Figure 1. (a) Schematic diagram of phospholipid-encapsulated nanoparticles. (b) Liposome extruder schematic
diagram. (¢) TEM images of DOPC@Ag. (d) A high-magnification TEM image of a DOPC@Ag. (e-g) Zeta
potential measurements of the DOPC@Ag before and after proteins (BSA, Cyt ¢, and LF) were loaded.

The final bicelles were injected into the QCM-D detection cell at a constant flow rate of 50 uL/min to monitor
real-time changes in frequency and dissipation on the surface of the quartz crystal oscillator chip (QSX303,
5 MHz). Once the short-chain lipids were completely dissociated and washed away (Stage 11, Figure 2 top panel),
an intact supported DOPC bilayer was left on the chip surface (Stage III, Figure 2 top panel). The system was
immediately switched to continuous perfusion with protein solutions at the same flow rate (maintaining the same
flow rate). This enabled real-time monitoring of the dynamic interactions between the proteins and the lipid bilayer.

This experiment uses a modular fluid control system integrated with QCM-D technology. For fluid control,
a high-precision, multi-channel peristaltic pump from the Swiss company Ismatec is used to maintain a constant
sample flow rate in the flow cell. The core detection device is a Qense E4 four-channel QCM-D system from
Finland Biolin Scientific AB. This system integrates a constant-temperature control unit and simultaneously
performs real-time monitoring of four independent detection channels at 25.0 + 0.1 °C. The test module uses the
standard flow cell component of the system, and the liquid volume between the flow cell and the sensing chip is
approximately 40 pL. Data collection was accomplished using the QSofts; software. The experimental data were
parsed using the QTools module.

2.4. SERS Measurements

The experimental procedure involved mixing DOPC@Ag and Ag@RCM solutions with the protein solution
at a 1:1 volume ratio, followed by incubation at 25 °C for 40 min to allow the complexes to self-assemble
completely. A series of concentration gradient systems was systematically prepared for subsequent use. After
incubation, the reaction mixtures were centrifuged (5300 rpm, 10 min) to remove unbound proteins, with the
resulting precipitates being retained for further characterization.

SERS measurements were performed a confocal Raman spectrometer (T64000, HORIBA JOBIN YVON,
Villeneuve d’Ascq, France) using a 532 nm excitation laser. The laser power was carefully maintained at | mW by a
precision optical power meter. All spectral acquisitions were conducted under identical experimental conditions,
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employing a single accumulation with an integration time of 20 s. Throughout the experimental process, a constant-
temperature environment was rigorously maintained to ensure system stability and measurement reproducibility.
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Figure 2. Schematic diagram of QCM-D analysis for protein adsorption kinetics (Top panel). QCM-D analysis of
protein adsorption kinetics on DOPC (AF denotes the frequency variation; AD denotes the dissipation variation).
Arrows indicate injection time points. BSA (a—c), Cyt ¢ (d—f), and LF (g—i), respectively, with the concentration
of 10 uM, 100 uM, and 1.0 M.

2.5. Spectral Processing

To quantitatively analyze the lateral packing order of lipid acyl chains, peak deconvolution fitting was
performed on the C-H stretching vibration region (2800-3000 cm™!). The position of the third peak, along with
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the full width at half maximum (FWHM) and height of all peaks, was treated as a free parameter and iteratively
optimized using the nonlinear least squares method until convergence. The spectra in this region were fitted with
a Voigt profile. The peaks near 2850 and 2890 ¢cm™' correspond to the symmetric stretching vibration and
asymmetric stretching vibration of the methylene group, respectively. The peak near 2927 cm™! is assigned to the
primary symmetric stretching vibration of methylene groups [17].

To ensure the physical significance of the fitting results and avoid overfitting, the peak positions of the three
methylene vibration bands at 2848, 2890, and 2927 cm ™! were fixed during the fitting process, using values derived
from the spectral characteristics of highly ordered pure DOPC control samples. The peak position of the third peak,
as well as the full width at half maximum (FWHM) and peak height of all fitted peaks, were set as free variables. The
fitting was optimized iteratively via nonlinear least squares until convergence. The goodness of fit was verified by a
coefficient of determination (R?> = 0.97 > 0.95) and the random distribution of residual plots [25,26].

3. Result and Discussion
3.1. Characterizations of Protein Assembly on DOPC@Ag

DOPC liposomes, prepared via the thin film hydration method [27], were mixed with the as-prepared Ag
NPs. The mixture was then extruded through a polycarbonate membrane with a 100-nm pore size using a liposome
extruder. Figure 1a shows schematic diagrams of phospholipid-encapsulated nanoparticles. Figure 1b is a photo
of the liposome extruder used in this study. During extrusion, phospholipid molecules undergo dynamic
reorganization under shear forces and membrane-pore constraints, thereby enabling the passive encapsulation of
nanoparticles from the aqueous phase into the liposome bilayer and yielding the DOPC@Ag composite.

To mimic cell membranes, we decorated the DOPC@Ag with various proteins: bovine serum albumin (BSA),
cytochrome ¢ (Cyt ¢), and lactoferrin (LF). To verify protein interaction with electrically neutral DOPC@Ag,
TEM and Zeta potential characterization were performed. Figure 1c shows TEM images of DOPC@Ag. It can be
observed that DOPC was successfully coated onto the surface of Ag NPs. Figure 1d is a high-magnification TEM
image. The thickness of the DOPC bilayers is 4.8 nm, indicating the successful formation of an intact phospholipid
bilayer on the surface of Ag NPs. Decorating proteins on DOPC@Ag induces shifts in zeta potential upon
interaction. It can be observed that negatively charged BSA decreased the potential from an initial value of 0.1 mV
to =4.4 mV, —6.8 mV, and —14.2 mV at BSA concentrations of 10 uM, 10 uM, and 1.0 mM, respectively.
Conversely, incubation with positively charged Cyt ¢ and LF increased the potential to +2.1, +5.2, and +8.7 mV
for Cyt c, and +3.8, +7.8, and +11.2 mV for LF as the concentration increased from 10 uM to 1.0 mM. These
potential changes provide direct evidence of the protein’s adsorption onto the DOPC@Ag.

To further investigate the lipid-protein interaction, QCM-D was used to monitor protein adsorption kinetics
on DOPC bilayers. We first fabricated DOPC bilayers on the QCM chip using the bicelle method [24]. Next,
protein solutions at different concentrations (BSA, Cyt c, and LF) were injected. The protein adsorption kinetics
on DOPC bilayers were recorded, as shown in Figure 2. The measured frequency shift (AF) and dissipation shift
(AD) reveal pronounced protein-specific and concentration-dependent behaviors in interfacial adsorption,
membrane embedding, and structural remodeling of DOPC bilayers, with each protein exhibiting a distinct mode
of action at each tested concentration (Figure 2j). At the lowest protein concentration of 10 uM, overall interactions
between the proteins and DOPC membranes were negligible, with only LF yielding measurable interfacial binding.
Specifically, BSA shows only trace adsorption and fails to form a stable interfacial structure (Figure 2a). For Cyt
¢, only a minimal decrease in AF and limited fluctuations in AD are detected, further confirming the near-absence
of adsorption under this condition (Figure 2d). In contrast, LF forms a loose, stable interfacial structure via surface
adsorption onto the phospholipid membrane, representing the only protein capable of effective interfacial binding
to DOPC at 10 uM (Figure 2g).

Upon increasing the protein concentration to 100 uM, all three proteins exhibited significant interfacial
interactions with DOPC membranes, albeit with fundamentally distinct interfacial structural features and
molecular mechanisms. The BSA system shows a marked decrease in AF accompanied by a continuous increase
in AD, a profile indicative of BSA predominantly embedding in the phospholipid bilayer via hydrophobic
interactions and concentration-driven conformational rearrangement, establishing a dynamic adsorption
equilibrium at the interface (Figure 2b). By comparison, increasing the Cyt ¢ concentration to 100 uM results in a
significant reduction in AF while AD stabilized after the initial change, suggesting the formation of a more compact
interfacial layer (Figure 2e). This enhanced structural integrity is attributed to the directional insertion of the heme
domain of Cyt c into the phospholipid bilayer in a vertical orientation, enabling tight association with DOPC
molecules. At the same 100 uM concentration, the LF system exhibits initial dynamic profiles similar to those of
BSA, namely a pronounced decrease in AF and a continuous increase in AD. However, unlike BSA, the increase
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in AD for LF is substantially larger and sustained without reaching a plateau, indicating that LF did not achieve a
stable embedded equilibrium state. Consequently, the adsorption of LF leads to a much looser, more dynamic
phospholipid interface (Figure 2h).

At the highest protein concentration (1.0 mM), all three proteins induced substantial structural remodeling of
the DOPC membrane, ultimately forming flexible protein-phospholipid composite interfaces, yet with marked
differences in interaction strength, interfacial structural characteristics, and the underlying molecular mechanisms.
BSA exhibits a distinct adsorption mode at this concentration. QCM-D monitoring reveals a continuous decrease
in AF alongside a synchronous increase in AD, with both parameters eventually intersecting at a new equilibrium.
These trends demonstrate that BSA is deeply embedded into the phospholipid bilayer via the synergistic effects of
hydrophobic and electrostatic interactions, transforming the native DOPC membrane into a water-rich, soft BSA-
DOPC composite interface (Figure 2¢). This transition is mediated by concentration-triggered conformational
rearrangement of BSA, which exposes specific functional domains and thereby markedly enhances its binding
affinity to the DOPC bilayer. In contrast, Cyt ¢ at 1.0 mM also induced a membrane softening effect, characterized
by a decrease in AF and an increase in AD (Figure 2f). This phenomenon arises from a concentration-dependent
transition in adsorption behavior, indicating that Cyt ¢ formed a relatively compact, flexible interface with DOPC
in dynamic equilibrium. More notably, LF at 1.0 mM triggers the most pronounced AF and AD responses among
the three proteins, revealing that LF molecules induced a deeper level of structural perturbation to the phospholipid
bilayer, significantly altering the assembly structure of the lipid membrane without compromising its integrity
(Figure 2i). This effect stems from the high cationic charge density of LF. The dense positive charges
electrostatically shield the negatively charged phospholipid headgroups, while a fraction of LF molecules can even
penetrate the headgroup region into the hydrophobic core of the bilayer, inducing disordered lipid packing.
Meanwhile, the formation of protein-phospholipid complexes further drives membrane curvature remodeling and
redistribution of interfacial tension.

Taken together, although BSA, Cyt ¢, and LF all form flexible composite interfaces with DOPC at 1.0 mM,
their interaction strengths and molecular mechanisms are fundamentally distinct. In short, BSA acts primarily via
conformational rearrangement-mediated membrane embedding, Cyt ¢ relies on directional insertion of its heme
domain as the core binding mode, and LF induces the most significant interfacial softening through strong
electrostatic interactions, hydrophobic insertion, and global structural perturbation of the bilayer. These distinct
molecular interaction modes—weak adsorption, conformationally regulated membrane embedding, charge
screening, and hydrophobic insertion—exhibit characteristic interfacial stability profiles across the protein
concentration gradient. Elucidating these molecular mechanisms provides a critical theoretical foundation for the
precise regulation of protein-phospholipid interactions.

These distinct concentration-dependent and protein-specific interaction behaviors observed by QCM-D are
fully consistent and quantitatively correlated with the SERS results as described in Section 3.2. The mass
adsorption, membrane embedding, and structural remodeling processes, as revealed by changes in AF and AD,
directly induce lipid chain disordering, packing variation, and fluidity modulation, as quantified by the SERS
lateral order parameter (Sia). Specifically, QCM-D provides the dynamic kinetic evidence of how proteins interact
with the membrane over time, while SERS offers the molecular structural evidence of how lipids respond to protein
binding at the atomic level. Together, they establish a complete and multi-scale mechanistic description of lipid-
protein interactions.

3.2. SERS Characterization of protein assembly on DOPC bilayer

By analyzing the characteristic spectral peaks of phospholipids, such as phosphatidylcholine and
phosphatidylethanolamine, we can accurately assess membrane structural stability [28,29]. Spectral analysis
combined with multidimensional data models can reveal associations between abnormal phospholipid metabolism
and cardiovascular and neurodegenerative diseases, facilitating biomarker discovery and early diagnosis [30].
Thus, studies on the spectral nature of phospholipids using Raman analysis have always attracted considerable
attention [31]. However, normal Raman usually provides low signals of analytes. To amplify the Raman signal of
lipids, we developed a unique phospholipid bilayer-on-metal particle (BOM) configuration using an extruder.
Owing to the phospholipid being close to the plasmonic nanoparticle, the short-range and long-range enhancement
effects are both involved, which significantly amplify the Raman scattering signals of the phospholipid. Thus, we
can further explore protein-induced phospholipid disturbances using high-quality SERS spectra of phospholipids
obtained with the BOM configuration.

To directly verify and mechanistically explain the protein-induced membrane structural changes observed by
QCM-D at the molecular level, SERS was employed to monitor the lipid acyl chain ordering and packing density.
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The SERS results are in excellent agreement with QCM-D observations. The adsorption, insertion, and interfacial
remodeling behaviors identified by frequency and dissipation shifts directly correspond to the changes in lipid
chain conformation and membrane fluidity revealed by SERS. Accordingly, we correlated the QCM-D kinetic trends
with the SERS spectral features and the quantitative Six values for each protein across all tested concentrations.

To investigate the effects of proteins at distinct binding sites on phospholipids, the lateral interaction order
parameter [Si; see Formula (1)] was calculated from the ratio defined in Formula (2). Si. quantifies both the
strength of lateral interactions between phospholipid chains and the degree of chain ordering [17,28].

Iy, — 0.7
Stat = e ()
12890
Ji =
cHz L1850 @

Siat was calculated from the Raman peak intensity ratio lseo/l2ss0. All data represent the mean + standard
deviation of three independent experiments. The mean and variance of the Igoo/l2sso ratio are shown in
Supplementary Figure S1.

Comparative analyses of the data in Figure 3g—i and Table 1 indicate that LF exhibits unique membrane
interactions, fully supported by QCM-D results. Here, QCM-D provides real-time, quantitative information on the
kinetics and thermodynamics of protein adsorption, as well as the viscoelastic properties of the resulting interfacial
layer. SERS provides molecular-level insight into the structural changes in lipid molecules induced by protein
binding, directly linking macroscopic interfacial properties to microscopic molecular conformations. At the trial
of 10 uM LF, QCM-D shows that LF was the only protein capable of effective interfacial binding to DOPC (Figure 2g),
corresponding to a remarkable 380% increase in Si.c in SERS—far higher than BSA (50%) and Cyt ¢ (205%) at
the same concentration. This confirms that LF has superior membrane-binding affinity even at low concentrations.
In the case of 100 pM LF, AD for LF increased substantially and sustained without reaching a plateau (Figure 2h),
indicating a much looser, more dynamic phospholipid interface. This corresponds to a further increase in Siy to
400%, consistent with the continuous structural perturbation observed by QCM-D. As for the result of 1.0 mM LF,
it can be observed that LF triggers the most pronounced AF and AD responses among the three proteins (Figure 2i),
corresponding to an extraordinary 995% increase in Si... This demonstrates that LF molecules induce the deepest
structural perturbation of the phospholipid bilayer, significantly altering lipid membrane assembly without
compromising its integrity. This effect stems from the high cationic charge density of LF. The dense positive
charges electrostatically shield the negatively charged phospholipid headgroups, while a fraction of LF molecules
penetrate the headgroup region into the hydrophobic core of the bilayer, inducing disordered lipid packing. This
is corroborated by the QCM-D signal, which indicates an increase in intact membrane mass. This observed
diversity in protein-membrane interactions and their specific concentration dependencies provides multi-
dimensional experimental insights into the mechanisms of biomacromolecular transmembrane transport. Taken
together, the QCM-D and SERS results are fully consistent and mutually reinforcing.

The correlation between AF/AD trends and Si,c values across all three proteins and all concentrations confirms
that both techniques are measuring the same underlying protein-membrane interaction processes. This cross-
validation significantly strengthens the reliability of our conclusions and provides a comprehensive understanding
of how different proteins interact with phospholipid membranes.

Table 1. Si variation rates in protein/DOPC@Ag assembly systems at varying concentrations.

Specimen T2890/ 2850 Slat Siat Change Rate/%
DOPC@Ag 0.90 +£0.02 0.13+0.01

10 uM BSA/DOPC@Ag 1.00 + 0.04 0.20+0.03 50.0
100 uM BSA/DOPC@Ag 1.66 £0.09 0.64 +0.06 380.0
1.0 mM BSA/DOPC@Ag 1.26 £0.06 0.37+£0.04 180.0
10 uM Cyt ¢/DOPC@Ag 1.31+£0.03 0.41+0.02 205.0
100 uM Cyt ¢/DOPC@Ag 1.30+0.04 0.40 +£0.03 200.0
10 uM LF/DOPC@Ag 1.66 £ 0.04 0.64 +0.03 380.0
100 uM LF/DOPC@Ag 1.7+0.03 0.67 £0.02 400.0
1.0 mM LF/DOPC@Ag 2.89 +0.03 1.46 +0.02 995.0
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Figure 3. SERS spectra of DOPC@Ag (a) upon exposure to different proteins corresponding to BSA (b,c¢), Cyt ¢
(d—f), and LF (g—i), with the concentration of 10, 100 uM, and 1.0 mM, respectively.

3.3. SERS Characterizations of Redox State Transitions of Cyt c on DOPC@Ag and RCM@Ag

We further investigated lipid behavior at the membrane interface during redox-state transitions. The
significant attenuation of the characteristic peak at 1635 cm™! serves as a key indicator of Cyt ¢ reduction [32,33].
Figure 4a demonstrates that Cyt ¢ immobilized on the DOPC@Ag nanocomposite surface remains fully reduced
across the NADPH concentration range of 25~200 uM. Notably, at an NADPH concentration of 50 uM, Figure 4b—d
shows a significant peak in the Si. parameter for the phospholipid (Table 2), corresponding to an approximately
2.4-fold increase relative to the control group. This phenomenon elucidates the regulatory mechanism by which
Cyt c-mediated redox reactions influence lipid-protein interfacial dynamics. During electron transfer,
conformational changes in Cyt c likely attenuate van der Waals interactions between adjacent lipid acyl chains.
This attenuation promotes an increase in the proportion of gauche conformers relative to all-trans conformers
within the acyl chains, thereby reducing the lateral packing order. This molecular-level structural reorganization
decreases the lateral packing density of the phospholipid membrane, inducing a localized relaxation effect within
the bilayer microstructure. This dynamically modulated membrane environment significantly enhances fluidity
and, crucially, establishes a low-energy-barrier interface conducive to conformational transitions of membrane-
associated proteins and transmembrane substrate transport. Collectively, these structural adaptations likely
underpin the system’s superior performance in biosensing and targeted delivery applications. The Si, parameter
was calculated using the intensity ratio (laseo/lasso) of the characteristic vibrational bands at 2890 cm™! (CH»
antisymmetric stretching mode and 2850 cm™! (CH, symmetric stretching mode). The mean and variance of the
Dg90/Irss0 ratio are shown in Supplementary Figure S2.

Table 2. Percentage change in Siat of DOPC@Ag following Cyt ¢ reduction at varying NADPH concentrations.

NADPH (uM) T390/ 2850 Slat Siat Change Rate/%
0 1.26 £ 0.04 0.37£0.03
25 1.36 £ 0.02 0.44 +0.01 17.9
50 2.03+£0.09 0.89+£0.06 137.5
100 1.64 +£0.05 0.63 £0.03 67.9
200 1.46 +0.04 0.51+0.03 35.7
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Figure 4. In situ monitoring of Cyt ¢ redox state transformation via SERS. (a) SERS of lipids in the reduction
process of cytochrome ¢ adsorbed on DOPC@Ag. (b—f) respectively, with the concentration of 0, 25, 50, 100, and
200 uM NADPH. (g) The redox state transformation diagram of Cyt c.

To further verify the aforementioned conclusion regarding Cyt ¢ redox states, we fabricated RCM@Ag from
red blood cells and investigated its Cyt ¢ redox states using SERS. RCM@Ag with an identical structure was
prepared using readily available natural red blood cell membranes (RCM). As evidenced by the TEM results
(Figure S3), the erythrocyte membrane prepared by the extrusion method successfully formed a homogeneous
coating layer on the surface of Ag NPs. DLS characterization of the nanocomposite system (Figure S4a,b) reveals
that upon RCM coating, the hydrodynamic diameter of the Ag NPs increased from 44 nm to 50 nm, while the
surface zeta potential decreased significantly from —18 mV to —3.3 mV. This concurrent increase in size and
reduction in surface charge indicates the formation of a stable erythrocyte membrane coating on the nanoparticle
surface, mediated by electrostatic interactions. Notably, following the electrostatic assembly of Cyt c, the
hydrodynamic diameter further increased to 58 nm, and the zeta potential rebounded to +2.9 mV. This charge
strongly demonstrates the successful electrostatic anchoring of Cyt ¢ onto the negatively charged cell membrane
surface. The successful assembly of Cyt ¢ on the erythrocyte membrane surface is confirmed, in good agreement
with the above spectroscopic analysis, particle size, and zeta potential characterization (Figure S4).

The same spectral processing was applied to RCM@Ag, and the mean and variance of the I>s90/>350 ratio are
shown in Figure S5. Figure Sc—g demonstrate that surface-loaded Cyt ¢ within a nanocomposite system undergoes
a reduction reaction under a gradient NADPH concentration of 0-200 pM. Notably, at an NADPH concentration
of 50 uM, the S, exhibited a significant response, with its relative change rate approximately 4.6-fold higher than
that of the blank system (Table 3). This response quantitatively aligns with observations in the DOPC@Ag
biomimetic membrane system (where the Si, change rate increased by 2.4-fold), further confirming a universal
regulatory mechanism whereby Cyt c-mediated redox reactions modulate phospholipid interfacial dynamics.
System evidence suggests that Cyt ¢ conformational changes during electron transfer influence membrane
structure through two synergistic pathways: (1) charge fluctuations at its redox center directly weaken van der
Waals interactions between acyl chains, and (2) increased rotational freedom of the heme prosthetic group induces
local hydrodynamic perturbations. These effects systematically elevate the proportion of gauche conformers within
the acyl chains. This molecular-scale dynamic restructuring reduces the lateral packing density of the phospholipid
bilayer, forming a metastable, relaxed interfacial domain. Crucially, the higher Si. responsivity observed in the
native membrane system (3.1-fold vs. 2.4-fold) is likely attributable to cholesterol modulation. The rigid steroid

192



Mater. Interfaces 2026, 3(2), 184—195 https://doi.org/10.53941/mi.2026.100012

ring of cholesterol generates enhanced steric hindrance relaxation, thereby significantly amplifying the change in
the order parameter [34—36]. This consistency in behavior between biomimetic and native systems provides a key

theoretical basis for designing nanobiodevices that precisely regulate membrane environments.
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Figure 5. (a) Preparation flow chart of RCM@Ag. (b) SERS of lipids in the reduction process of Cyt ¢ adsorbed
on RCM@Ag. (c—g) respectively, with the NADPH concentrations of 0, 25, 50, 100, and 200 uM.

Table 3. Percentage changes in Siat of RCM@Ag following Cyt c reduction at varying NADPH concentrations.

NADPH (uM) 2890/ 2850 Siat Siat Change Rate/%
0 1.04 £ 0.03 0.23+£0.02
25 1.20+£0.03 0.33+0.02 47.0
50 2.09+0.11 0.93+£0.07 308.8
100 1.58 £ 0.04 0.59+0.03 158.8
200 1.49 +0.02 0.53 +£0.01 132.3

4. Conclusions

We systematically elucidated the dynamic interaction mechanisms and concentration-dependent behaviors
of BSA, Cyt c, and LF with DOPC phospholipid bilayers. Key findings reveal distinct protein-specific binding
modes: BSA embeds in the hydrophobic membrane core via hydrophobic interactions, exhibiting weak adsorption
at low concentrations and triggering deep insertion, acyl chain loosening, and the formation of flexible interfacial
layers at high concentrations. Cyt ¢ demonstrates orientation-dependent binding anchoring to polar headgroups
via its heme moiety at low concentrations, while undergoing hydrophobic insertion that drives membrane softening
and formation of a relatively compact yet flexible interface at elevated concentrations. LF exhibits concentration-
dependent binding through strong electrostatic interactions and hydrophobic insertion, significantly enhancing
lipid chain fluidity without compromising membrane integrity. Furthermore, the order parameter for lateral
interactions of phospholipids Siat (Z2800//2850) 1s established as a sensitive probe for quantifying phospholipid bilayer
order, providing a novel basis for analyzing protein-membrane dynamic equilibria. Notably, the study reveals the
redox-responsive behavior of Cyt ¢ in both biomimetic (DOPC@Ag) and real cell membrane (RCM@Ag) systems,
detailing its regulatory mechanism at the membrane interface. Redox reactions weaken van der Waals forces between
acyl chains, increase gauche conformer populations, and reduce membrane lateral packing density. Comparative
analysis highlights that cholesterol-mediated synergistic steric hindrance in real cell membranes significantly
amplifies this interfacial remodeling. Collectively, this work elucidates the intrinsic molecular link between redox-
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state transitions and membrane dynamic remodeling, providing a crucial theoretical foundation for designing redox-
responsive biosensors and developing targeted delivery systems that leverage enhanced membrane fluidity.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/
others/2606161457297769/M1-26030236-SM.pdf. Figure S1. Normalized fs90//2s50 ratio of DOPC@Ag treated with BSA, Cytc,
and LF at varying concentrations. Data are normalized to pure DOPC@Ag and presented as mean + SD (n = 3). The ratio refers
to the Raman peak intensity ratio /2s90/l2s50. Figure S2. Normalized /2890/I2s50 lipid ratio of DOPC@Ag during the reduction of
adsorbed Cyt c. Data are normalized to pure DOPC@Ag and presented as mean £+ SD (n = 3). The ratio refers to the Raman
peak intensity ratio of lipid acyl chains at 2890 cm™! and 2850 cm™!. Figure S3. TEM images of RCM@AgNPs. Figure S4. (a)
Zeta potential of Cyt ¢ assembled RCM@AgNPs; (b) Size distribution of Cyt ¢ assembled RCM@AgNPs. Figure SS.
Normalized s90/l2s50 lipid ratio of RCM@Ag during the reduction of adsorbed Cyt c. Data are normalized to pure RCM@Ag
and presented as mean = SD (n = 3). The ratio refers to the Raman peak intensity ratio of lipid acyl chains at 2890 cm™! and
2850 cm™!. Reference [37] are cited in supplementary materials.
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